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Abstract

Organic Chemistry through Visualisation
Laura Rice

This regarch aimedo develop and evaluate a visualization approach for teaching
Organic Chemistry at Senior Cycle in Ireland. The Organic Chemistry through
Visudisation (OCV) programme was designed pr omot e studentsoé (i)
of the interrelation béween different representations of organic molecules and (ii)
their ability to predict the physical properties and reactivity of organic molecules. The
use of physical models to promote accurate mental models of organic structures and
development of studérargumentation are core elements of the approach. Organic
chemistry forms the basis of pharmaceutical chemistry, green chemistry, biochemistry
and nanotechnology. However, in secéenkl teaching, this area of chemistry is often
reduced to simply the retlearning of functional groups and their reactivity without
development of understanding of the nature of this reactivity. Many organic molecules
that students use in their everyday life are considered too complex in structure for
second level studentsorf example vanillin. The approach adopted in this research
0reducesd6 complex molecules to O6simplydé | oo
electrons are located and how the molecule is constructed. By locating areas of high
and low electron density inraolecule, it is possible to suggest reactive centres in the
molecule and hence predict its reactivity. The findings of this research study indicate
that while the majority of students were successful in translating between different
representations, somelisheld 2-dimensional mental models of organic structures. The
OCV approach was particularly successful in enabling students to predict and critically
compare the physical properties of a range of organic molecules. Students were not
only able to identif multiple reactive centres within organic molecules but alse to
suggest the most likely reactive centre in the presence of electrophiles and nucleophiles.
Following a full evaluation of the OCV approach, a suggested sequence for learning
organic chenstry through the wsof physical models has emergé&tie results of this
research have implications for the ongoing review of the current Leaving Certificate
chemistry syllabus in Ireland.
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Introduction

This research study aimed to explore whethercste nt s | earni ng
chemistry could be enhanced through the integration of visualization and pedagogic
processes, focused on fostering meaningful understanding of molecular structures
and chemical reactivity. The inspiration for this study emerffjech my
experiences as a pservice teacher, teaching organic chemistry to a fifth year
chemistry class, where | encountered large numbers of students struggling with the
core organic chemistry curriculum. It became apparent through a deep review of
the organic chemistry curricula and scientific literature that the root of these
problems most likely resulted from difficulties in understanding organic/ molecular
structures and in identifying areas of high and low electron density (thus,
contributing to a dck of understanding in chemical reactivity). | applied for
postgraduate funding from the Irish Research Council during my final
undergraduate year, and was awarded the Embark Initiative scholarship, which
enabled me to pursue fillme this research studyf organic chemistry education

(through visualization)

This research took place in the context of a syllabus review of Senior Cycle
Chemistry which is currently ongoing in Ireland. In order to understand why a new
syllabus is required, we must look a¢ thupose of the LGn Ireland. Following a

review of the Senior Cycle as a whole, the National Council for Curriculum and
Assessment (NCCA) has outlined a key skills framework which highlights five key
skills as central to teaching and learning acrossctiigculum at Senior Cycle
(NCCA, 2009). Thee are: Information Processing;jommunicating Being
Personally Effective, Working with Otherand Critical and Creative Thinking.
However, when we look at the nature of questioning in the organic chemistry
questions of the LC bemistry exam, they are primig contentknowledge based

lower order (Walshe, 2015). There is no evidence of the development or assessment
of any of the key skills identified by the key skills framewuwiikhin the context fo
chemistry Thus, there is a need to not only rethink the syllabus but the assessment
practises, to ensure students are being encouraged to think conceptually and at a
higher order.



The objective of this research is to examine organic chemistry at second level in
Ireland, and develop an alternative approach to the teaching and assessment of
organic chemi stry which i s focused on
understanding. This approach, entitled Organic Chemistry through Visualisation
(OCV), has been developedtlw an aim to move students away from a rbte

learning system of studying organic chemistry towards an ability to problem solve

and apply their knowledge, particularly to unfamiliar problems.

A wide range of representations are used in organic chemistege can be both
2-dimensional (2D) and -8imensional (3D). An understanding of these
representations and an ability to move seamlessly between them is a foundational
skill which students require in order to successfully engage with organic molecules
at aconceptual level and master all areas of organic chemistry (Treagust et al, 2010;
Cheng and Gilbert, 2009; Kieg and Rubba, 1993). Research has shown that this is
the first hurdle which students can fall at when studying organic chemistry
(Bernholt et al,2012; Cooper et al, 2010; Nicoll, 2003; Hassan et al, 2004). If
students can not engage fully with these representations and select the required
information from the structures, this can hinder their understanding of structural
concepts such as isomerisndaclassifying organic compounds (Domin et al, 2008;
Schmidt, 1997). Without a clear understanding of structures, the development of
alternative conceptions and misunderstandings of struptopeerty relations,

organic reactions and organic mechanismsacese.

The substantial numbenf difficulties experienced by students when studying
organic chemistry has led to the perception of organic chemistry as a difficult
subject, with many students avoiding it if pddsi Students in upper second level
educaton in Ireland are not operating at the cognitive level required to engage in
the abstract and multimensional nature of organic chemistry (McCormack,
2009). A culture of rote learning has emerged as a result.

The structurgelated difficulties and neetb develop higher order thinkingn

students led to the development of the research question that will guide this project:

Can students learn organic chemistry through an approach where
the focus is on meaningful understanding of (a) molecular structure,

and (b) the basis of chemical reactivity?



This thesis comprises 8 chapters. Chapter 1 addresses the key difficulties
experienced by students studying organic chemistry and examines several theories
of learnings to suggest why these difficulties arise. \teriapproaches that have

been developed to address these difficulties will also be discussed.

Chapter Zescribs aganic chemistry in afrish context. This chaptestablisies

the link between learning outcomes and assessment. Organic chemistry guestion
which have ppeared on LC leemistryexams in previous years aggamined to
show the low cognitive demand required to successfully answer them. Several
international comparisons arede. A brief snapshot of how gear undergraduate
science students gage with representation$ organic chemistry ialsogiven.

Having placed this projedh a clear context in Chapters 1 and 2, an overview of
the metlodology for the research described in Chapter 3. The thinking which led

to the development of the e=rch questin isdescribed. A theoreticaldmework

for the research idescribed, along with the timeline of the research project, the
participants of the research and the data sources collected during implementation

of the OCV programme.

This researclollows the action research cycle with a case study design. It is cyclic

in nature which allows for the OCV approactbeevaluated in an iterative manner.

The OCV approach underwe a 4week pilot and two trial implementatians

Participants in the OCV eluation were primarily second level studentghair

fifth year. Two exploratory studies at third level were also conducted. The first was

a representational exploratory study involving first year third level students whose

purpose wastocomparestudert abi | ity to engage with rep
structures with the literature. The second was a process modelling exploratory study

with second year prservice teachers using a virtual modelling environment with

animation tool.

Chapter 4describs the development of the OCV approach and materials.
Development othe OCV programme went through thneain cycles. The first
cycle involved the development of preliminagtivities which were piloted with
single 3" Year diemistry class. The second ayéhvolved evaluation of feedback

from this pilot, redevelopment of resources and assessment materials and full



development of the OCV programme. Implementation 1 took place during cycle 2

and involved six chemistry classes.

The data collected during Imghentation 1 was analysed to identify areas of
student achievement and student difficulties. The effectiveness of assessment

materials was also examined. This is discussed in Chapter 5.

Feedback from and evaluation of Implementation 1 identified a neediévelop

the student assessment to include more 3D assessment. A 3D form of assessment
was developed during cycle 3. A second implementation took place to evaluate the
effectiveness of the redeveloped student assessment. Chapter 6 will describe the

evaluation of Implementation 2.

The OCV programme focuses on the wuse
creation of accurate mental models. Comparison of student tasks in Implementation
2 allowed for a suggested sequence for teaching organic chemistry ugsicpph
models. This will be described and compared with an existing sequence in the

literature in Chapter 6.

The processnodelling exploratory study which examines the use of virtual
model |l i ng usi ng ani mati on software t

chemical phenomena at a processliewk be described in Chapter. 7

The implications of the use of a visualisation approach like OCV for teaching
organic chemistry and the significance of the findings from this project will be

discussed in Chapter 8.

o
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Chapter 1

Teaching and Learning Organic Chemistry

Organic chemistry is an important part of senior cycle chemistry. It has particular
relevance to us in our everyday liv€som the food we eat, to the dye used in our
hair colour, to the medication uséal battle our illnesses, our everyday lives are
rooted in core organic chemical processes. Newspapers often contain headlines
which can, really, only be explained or engaged with using a level of chemical or

organic chemical understanding, see Figure 1.1.

Man in mid-20s dies after taking banned Doctors blame student’s almost-fatal
slimming pills brain blood clot on the contraceptive

Garda and health products authority investigating ‘fat burning’ drug containing DNP pl"
Natalie Lovait

Widespread use of steroids as much a part

of rugby’s culture as tying your laces

Rugby peorle <peak prvalely of cosches teling youna plavers o buk o RUSSIAN world champion Lovchev among 17 new doping
cases from 2015 World Weightlifting Championships

. . By Michael Pavitt @ Saturday, 25 December 2015  asacomment 5] FY (] B
Death of mother-of-two (31) caused by

accidental paracetamol overdose

Figure 1.1: Newspaper headlinesCullen (2015), Howell(2 0 1 5) , MBHar a (
Osbourne (2016), Pavitt (2016

Despite the plethora of examples of the relevance of organic chemistry, the subject

has gained a 6kill er c gidensfiedénthe itggatuteat i on ar
as one of the most difficult topics in chemistry, both at second and third level, both
internationally and in Ireland (Ratcliffe, 2002; Jimoh, 2005; Schroder and
Greenbowe, 2008; O6Dwyer and Childs, 2011)

The aim of this reearch project is to develop an alternative approach to the teaching

and assessment of organic chemi stry whic
predictions and understanding. The purpose of this chapter is to inform this

research. fie particular difficultes experienced by students when studying organic

chemistry are summarised. Theories regarding how students learn are next
examined to identify why these difficulties may arise. Approaches that have been

taken by researchers and teachers to address theseidc ul ti es and ai d
study of organic chemistry are considered. Finally, international assessment

practises are examined and compared.



1.1 Areas of Difficulty for Students Studying Organic Chemistry

Following a review of the literature, the difficids experienced by students when
studying organic chemistry can be categorised under five main headings, as shown

in Figure 1.2. Each of these categories will now be discussed.

//_7'_,,_7—1\_\\ 7
/ 1.1.1 \
/ Understanding 1.1.2
r of w Understanding |

representations | @,ﬂ

used in organic
chemistry

Difficulties
experienced by
students studying
organic
chemistry

/"7/-7- T T __\\
1.1.4 \
Identifying 113 \

[ organic reactions | Un]fjerstandmg \
and predicting | of strucure
organic
mechanisms

property
relations
Figure 1.2: Categories of difficulties experienced by students when studyianic
chemistry.

/

1.1.1 Understanding of Representations used in Organic Chemistry

Chemists use thredifferent levels of representation to refer to chemical
phenomenathe macroscopic, the symbolic and the-subroscopic (molecular),

all of which ae directly related to each other (Treagust, Chittleborough and

Mamalia, 2003). The relationship between these levels was first represented by
Johnstone (1991) as a OTriangle of Chemis

chemistry education.

Mahaffy (2006)has since proposed the addition of a fourth vertex to this triangle
to emphasise the Ohuman el ementodé of c hemi

Chemistry, see Figure 1.3 (a).



Human Element

Symbolic

Molecular Macroscopic

@) (b)

Figure 1.3: (@Ma haf f yds Tetrahedron of Chemistry
(b) Etharol as an example

The human element focuses on the human learner and the human context for
learning chemistry; it focuses on the relevance of chemistry to students and their
everyday lives. The macroscopic level refers to what is observable and tangible.
Chemists use the symbolic level of representation to communicate and represent
the macroscopic level. This can include structural and molecular formula, chemical
equations and reaction mechanisms. The molecular level, based on the particulate
nature of matr, is what is molecular and invisible. It is used to explain the
phenomena observed on a macroscopic level in terms of the movement and
behaviour of particles such as molecules, atoms and electrons (Talanquer, 2011;
Treagust, Chittleborodgand Mamalia, @03; Johnstone000a).

Ethanol is used as an example to demonstrate the multiple levels of chemistry, as
shown in Figure 1.3 (b). The human element which students can most relate to is
the social situation of drinking in a pub with frienolst also relate to thehuman
interactions, e.g. communication between teacher/student or student/student in
teaching and learning of chemistBthanol is viewed at the macroscopic level as a
colourless liquid. It is represented at the molecularfaidsoscopic level byts
structural formula and -8imensional (3D) molecular structure. The molecular

formula of CHCH>OH represents ethanol at the symbolic level.



Particular issues arise in organic chemistry due to the multitude of representations

used in organic chemistryFigure 1.3 demonstrates the variety of levels of
representation used in chemistry, and indeed organic chgmistithin the
molecularsubbmicroscopic levethereis a further multitude of representations used

in organic chemistry. These can be categdraseeither 2limensional (2D) or 3D.

There are five key formulae used to represent organic compounds in 2 dimensions;

structural formula, condensed structural formula, extended (or expanded) structural
formul a, skeletal st r ucmeuExamplesofdhesacaoc o mp o unc
be found in Table 1.1.

Table 1.2 Examples of 20ormulae used to represent organic compounds

IUPAC Structural Condensed Extended Skeletal
Structural Structural
name Formula Structure
Formula Formula
CH3CH>CH-OH .
or L N~ on
Propanol HaC-CHp-CHy- CHz(CH.).OH H_T_T_T_OH
OH H H H

In addition to these 2D rementations, 3D representationsoth physical and
computer generat@¢adan be used to represent the structures of these molecules.

These are shown in Figure 1.4.

(@) (b) (€) (d)

Physical baH Computer generated Computer generated Computer generated
andstick 3D 3D model electrostatic spacefilling model
model potential map

Figure 1.4 3D models for represéng molecules

Students need to be able to move seamlessly between all types of representations
of organic molecules in order to master all areas of organic chemistry (Treagust et
al, 2011; Cheng and Gilbert, 2009; Kieg and Rubba, 1993). This skill leas be
described in the literature under several different names. Gilbert (2005) described



it asvibsmeatlai zati ond capabilities, t hat

visualisation. He argues that this is central in the process of learning science. This

involves at least the capability to:

1 Demonstrate annderstandinggpf t he O6conventiondé for

macroscopic, suimicroscopic and symbolic) andimensionality of
representations;

1 Demonstrate the capacity t@anslatebetween different leveland modes
of representation;

1 Demonstrate a capacity to be abletmstructa representation within any

level and dimensionality for a given purpose.

Students need to be able to use a variety of representations to aid their explanations
of chemical phenmena. Kozma and Russell (1997) defined a set of
representational competencies which students require to be able to do this. Students

should be able to:

1 Generate representations that express their understanding of underlying
entities and processes;

1 Use thes representations to explain chemical phenomena at the observable,
physical level in terms of chemistry at the particulate level (molecular and
structural);

1 Identify and analyse features of representations and use them to explain,
draw inferences, and makaredictions about chemical phenomena or
concepts;

1 Take the epistemological position that representations correspond to but are
distinct from the phenomena they observe and their understanding of them;

1 Use different representations that are appropriatdifi@rent purposes;

Use language in a social context to communicate chemical understanding
and make explicit connections across representations that convey
relationships between different representations and between symbolic
expressions and the phenomémay represent(Kozma et al200Q p. 136)

Thus, Johnstoneéb6s triangle and Mahaffyds

the multilevel nature of chemistry; it should not be seen as a static image with the

i S

di
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levels of representation at each apexhef triangle or tetrahedron but should be
viewed as fluid and dynamic, in which movement between each level of

representation is shown.

The main issues that have been identified
these representations used in oigahemistry can be summarised as: (a) difficulty

interpreting 2D formulae, (b) difficulty translating between 2D and 3D
representations and (c) an inability to perform mental rotations on organic

molecules. These will now be discussed.

a) Difficulty interpre ting 2D formulae
The simplest representations available to chemists for representing molecules are
2D formulae. Bernholt et al (2012) detected upper second level (Classes 9, 10 and
11) studentsdé difficulties inamalentifying
carbon atom in chemical formulae like &BH>-Cl, see Figure 1.5 (a) for an
example question. Between 40 and 50% of the 135 students surveyed in this study
were successful in this question, as can be seen in Figure 1.5 (b). Evena@hen H
was usd instead of Ceti n an ef fort to clarify bondi
performance did not improve (see molecule b and c in Figure 1.5 (a)). The age range
of students in this study did n@appear to significantly influencet udent s 6
performance in thesedks. While these results do indicate that students struggle
with reading these structural formulae, the mistakes made by the unsuccessful

students are not detailed.

Which atoms are directly connected to the atom markeded?
a) OH—CH,—CH,4 ¢] CHy——CH,—Br
b) H.C—CH,—Cl d) HO—CH,—CH;
(a)
100
% g o
c &0 | _ Correct
o -]
S 40 = Incorrect
E 20 Not attempted
o
S 0
a b (= d
(b)

Figure 1.5: Example questiofa) and resultgb) from Bernholt et al (2012)
Note: This question and results are translated from Bernholt et al (2012)

10



Another 2D representation used in organic chemistry that has not been mentioned
is the LewisDot structure. Drawing LewdBot structures ign important skill for

a student studying organic chistny, as it will allow them to identify areas of high

and low electron density, and thus, predict physical properties and possible reactive
centres within a molecule. Cooperal(2010) used OrganicPad, a tablet-P&3ed
structure drawing programme, tov e st i gat e uni versity organi
(N=70) representational competence when drawing L-®wisstructures of organic
molecules. The students in this study were enrolled in a common organic chemistry
module. Students were given a range of madkcformulae, including CkO,
CH3COOH, CHO, HCN, CHOH, and asked to construct valid Levidst
structures for each. This required students to be able to elucidate the correct
arrangement of atoms before finishing the Leld® arrangement. In total, 527

Lewis-Dot structures were collected and analysed.

A number of revealing trends arose from this research that will have implications
for teaching organic chemistry. It was found that as the number of atoms in the
structure increased from six to seven ahdve (species with more than one

carbon), the percent of students constructing correct representations fell
significantly from around 80% (one carbon atom) to around 30% (two or more

carbon atoms).

Similar to the work of Kellet and Johnstone (1980), thresentation of formulae
i nfluenced studentsod success,; over 90% of
correct structure for C¥H, while a significantly lower percentage (60%) drew

the correct structure for CB.

These studies demonstrate the need focatdus to emphasise to students the
variety of 2D representations of organic molecules. Students need to be trained

explicitly in reading these and translating from one to another.

Not only do students struggle with translating between these 2D repteses)ta

they also have difficulty moving between 2D and 3D representations.

11



b) Difficulty translating between 2D and 3D representations
Difficulties and misconceptions in organic chemistry, and chemistry in general,
result from inadequate and inaccurate taemodels at the molecular level
(Tasker and Dalton, 2006).

A study <carried out by Nicoll (2003) I nv
between the symbolic and molecular/sulzroscopic representations of molecules

by asking them to build freerm mocels when they were given the molecular

formula for formaldehyde, COH5tudents wee asked to represent the Levidst

structure and molecular model of formaldehyde, a compound which they were

familiar with. Students were given different coloured clay affémint sized sticks.

Four exampl es -Ddtstrectuns dnel theirscd@rrespoading sodels

are shown in Figure 1.6.

5
(9]

Co e

’,)--”IZ[ ¥ (_./ o g ::,é: e ‘5;3 =
.. ....‘.‘/4.-’. ‘-_I,:;;, “ M. o W o
B il -t &S SR Y A <Rl
Lol .
ojes

L H-C=omH

Figure 1.6 : Examples othe types of models and Lewot structures of formaldehyde

from Nicoll (2003 p. 208). A, a junior tiing organic; B, a sophomre taking organic; C a
freshman in general chemistry for science and engineering majors; D, a freshman in general
chemistry for chemistry majors. The colours of the clay are represented by the following
letters: ggreen, kblue, yyellow and ppink.

All students differentiated the atoms by colour. Students A and D were considered
to have the correct arrangement of atoms. Student A differentiated with size also,

however incorrectly constructed oxygen bigger than carbon.

The resultof this study suggest that students do not necessarily have a developed

or accurate mental image of how atoms are arranged in a specific molecule. Of the

12



56 students surveyed in this study, 39% of students built their models with oxygen
as the central atona common explanation for this being that students started with
a water molecule and added atoms to it to build up the structure of formaldehyde,

see student B in Figure 1.6.

Confusion arose over the size of the atoms; only 21% of students made the carbo

the | argest, while 37% incorrectly made t
more electronsao. As students came from a
minoring and majoring in chemistry, it is interesting to note that these difficulties

weredist i but ed across all groups; indicating
resistant to change, despite increased educational level in chemistry.

Students need an understanding of the 3D nature of organic molecules in order to
fully understand their 2[Bepresentations. As students advance through their studies

of organic chemistry, they are required to not only translate between these
representations, but also perform mental operations, asclotation, on 3D

structures.

c) Inability to perform mental rota tions on organic molecules
The ability to visualise a 2D representation as a 3D structure and mentally rotate it
has been identified as a key skill for students in understanding key organic
chemistry concepts, particularly when they meet organic mechsuidmaner and
Domin, 2000).

Tuckey and Selvaratnam (1991) tested secor
to rotate and reflect ball and stick representations of molecular structures. In order
to avoid student failure due to a misunderstanding of &he s 6rotationé
oreflectiond and Oaxi sbo, the test it ems i
being referred to in the question. An example of a rotation task and a reflection

task from this study can be found in Figure 1.7 (a) and (b) respgctivel

13



Consider the octahedral molecule represented in| Consider the trigonal bipyramidal molecule

diagram 1 below: represented in diagram 1 below:
© ®
G"-a; AD Ep' ;__ Iy
oa e .
Which one of the diagrams (2, 3, 4 or 5) Which one of the diagrams (2, 3, 4 or 5)
shows what the molecule could look like it shows what the mirror image of the molecule
were turned around the axis corresgiog to would look like?

the dashed line MN?

() f_'.} (£)

'J-"Jv\L o Ta o e Sl 5

. f-_‘"T‘l —ie, _':T""_- (o) 1g oy o O
b w, o :\ﬁ/ pL o @]

2

ok

@ (b)

Figure 1.7: Examples of ga) rotational tasknd(b) reflectional tasKadapéed from
Tuckey and Selvaratnarh991)

The majority of students in the study (N=31) had difficulty visualising the position
of atoms after rotation or reflection. In the exaes given in Figure 1.7, 40 % of

students were unsuccessful in (a) and 30% of students were unsuccessful in (b).

Foll owi ng on from this research, Fer k e
Visualisation Testodé (CVT) to oaavwameiyne st ude
of 3D representations of organic molecules. Five main tasks were examined,

examples of which are shown in Figure lai&mely, Perception (can students

perceive the 3D nature of the structure; Perception and Rotation (can students

mentally roite a 3D structure), Perception and Reflection; Perception, Rotation and

Reflection; Perception and Mental Transfer of Information.

In total, 124 students were involved in this study; 42 primary school students (13

14 years old), 55 secondary school stusl€h718 years old) and 27 fourth year

undergraduate students 215 year s ol d). As would be exp:
contributed to the studentsd success in t|
studentsdé age or edudeadased when thel nember lof, t heir
incorporated processes increased. When only the correct perception of the

mol ecul esd 3D structure was required for
school students, 89.1% of secondary school students, and 96.3% of itynivers

students were successful. When a combination of two mental process was required

(Perception and Rotation or Perception and Reflection) for solving the task the

14



student s6 success decreased by about 25 %,
processesHer cepti on, Rotation and Refl ection)
further dropped by about 25%.

Students who are unable to mentally rotate structures have been shown to have a
lower spatial ability and perform worse in organic chemistry tasks tivatvie

mental visualisation or rotation of structures.

Students who were most successful in the CVT test were shown to have a superior

spatial ability by Ferk et al (2003). Likewise, students with the lowest spatial ability

performed the least successyul on t he CVT t ask. Studentso
tested using the 6Rotations Testodé (Pogachn
which focuses on mental rotation of a given visual representation. The tasks consist

of three nomsymbolic visual objectsSome of them are rotated versions of the

model and some of them are its mirror projections or other objects. Students are

required to identify the rotated representations of the model and also check that the

other objects do not resemble the model.
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The link between spatial ability and success in organic chemistry, particularly
spatial tasks, has been well documented. Studies have shown that students with high
spatial ability sores performed better on organic chemistry questions requiring
problemsolving skills at third level (Pribyl and Badr, 1987; Small and Morton,
1983). This appeared particularly true for questions that involved drawing or
manipulating molecular represations; it was found that students with a higher




spatial ability were more likely to draw correct structures and diagrams than those
with lower spatial skills. Both studies also found that spatial ability had little impact
on those questions that could deswered using memorised material or simple
numerical procedures. Pribyl and Bodner (1987) found a significant correlation
between two spatial ability tests (Purdue Visualisation of Rotation Test and the
Find-a-Shape Puzzle, see Figure 1.9 for exampled) @arformance on organic
chemistry exam questions that required students to carry out one of the following
tasks: use, draw or name structural formulas or transform between representations
of molecules (either projections, names or structural formulasitifg what is
missing or wrong in a particular molecular structure or formula; complete a
synthesis either by specifying reactants and reagents, or by proposing an entire

multistep synthetic route; analyse the 3D structure of a molecule.

(a) (b)

Figure 1.9: Examples of questions from spatial ability tests; (a) the Purdue Visualisation
of Rotation Test and (b) the FirsdShape Puzzle.

The ability to diagnose student sadd who
third level due to their spatial ability isvaluable tool. Bodner and Guay (1997)
recently validated the Purdue Visualisation of Rotation Test as a predictor of
students who may experience difficulty when studying organic chemistry and/or
biochemistry. One of the problems students face when taktogrse that requires

the use of spatial skills is that instruction may not directly help them learn how to
use the spatial skills required to solve problems (Harle and Towns, 2011). Thus, if
educators are able to identify students who may be at ristpefiencing difficulty,
they can tailor their instruction to
development of the required spatial skills.
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Students who are not able to move between the various types of 2D and 3D
representations of structuraad form mental models of these structures, may go
on to struggle with core concepts of organic chemistry, such as isomerism,

functional groups, organic reactions and organic mechanisms.

1.1.2 Understanding of Structural Problems

Structure is absolutelgritical to the study of organic chemistry. It forms the basis
for predicting and rationalising reactivity on the molecular scale and physical
properties at the macroscopic level (Hassan et al, 2004). Difficulties experienced
by students related to thepresentation of organic compounds can lead to
difficulties recognising isomers of organic compounds. Without an understanding
of the structural representations of organic compounds, students find it difficult to
recognise isomers, and often resort to sglgccompounds that have the same
shape (branched or straight) as isomers (Schmidt, 1997).

Schmi dt (1997) identified an Oalternati ve
around isomers, i.e. that compounds can only be isomers if they belong to the same

organic family. The term,alternative framework as opposed talternative

conceptons describes a set of studentsd ideas

logically coherent alternative tosgience concept (Kuiper, 1994):

60The observed esulteddrom aanpepanagfd redasbnng process,
showing at the same time that there was ar

Hassan et al (2004) used structural communication grids to identify incoming first

year undergraduat e cUeakundesstanding of orgadie nt s & ¢
chemistry concepts in a Scottish university. An example of a communication grid

and the questions which accompanied the grid are shown in Figure 1.10. Structural
communication grids are highly recommended for insights intocequnal

understanding (Reid, 2003). Structural communication grids present data in the

form of a numbered grid, students are given questions and asked to select
appropriate boxes in response to these questions. Use of these grids gives an insight

into subconcepts and linkages between ideas held by students, so that

understanding can be assessed. Students are not told how many correct responses
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there are. In this way,hé wrong answers selected by students can reveal

misunderstandings and misconceptionsl il students.

A B C D
1 HC_  CH, HiC, 0
H\C Co__ CH, “"OH , =0 HyC__ C
~0” CHy H,C CHY TOH
E F G H
||| HyC, HJC\O_CH;.C“X HeCr—O~CHy
- Cc=0
HyC— 1 ~CH; /
OH H
1 J K L
Ho _H CH; H, H H
=0 _ | ~—C C=C
H™ C5He C =0
- H.C” | OH H H1C CH;
; CHs
Correct
responses
(a) | An isomer of the compound shown B.E
in box G
(b) | A secondary alcohol E
(c) | An aldehyde (alkanal) F.K
(d) | A compound which reacts with I
bromine to form 1,2-dibromobutane
(e) | An ester A

Figure 1.10:Exampe of communication grid (from Hassan etz004)

In part (a) of this particular question, 33% of students correctly identified both

isomers, while a further 14% identified one of the two. Another 30% identified both

but added a third option, with many selecting an identical molecule in box H that

was shown in a different way. The molecule in box H is a mirror image of the

molecule in box G, with the CHCHs condensed to £is. Similar results were

found in other questits examining isomer understanding.

Thi

identifying all possible isomers and also differentiating between structures of the
same molecules with different orientatsfpresentationsStudents need to have a
good foundation of understanding structures and how to extract the appropriate

information from the various representations of structures in order to successfully

S

study

demonstrates
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classify organic compounds. This will in turn inform structpreperty relations
and the ability to engage with organic reaction mechanisms

Domin et al (2008) described two methods of categorisation that may be used in
organic chemistry: rukbased and similarity based. The rbesed method is strict

ard rigid, involving procedural knowledge to make a clear yes or no decision. In
rule-based categorizations, items are grouped together on the basis of whether they
satisfy a particular abstract proposition. The similabi#ged method is dependent

on t he st udmgiontfsadommonrcha@aeristice

There are a number of significant features presented to students when they are asked
to categorise a giveorganic compound. Domin et @008) listed seven of these

features:

9 Number of carbons
1 Types of heteroatoms presen
1 Connectivity of parent compound
1 Presence of multiple bonds between atoms
1 Presence of chiral centres
1 Stereochemistry associated with a chiral centre

1 Different types of functional groups (Domin et al, 2008
As can be seen from this list, categorisatian be a complex and intricate process.
It can be difficult for students to identify the most prominent feature that could lead
to a corect categorisation. Domin et @008) found that the critical feature used
by students to categorise organic compauadtually changes as they progress
through studying organic chemistry. Functional group has been found to be the most
common feature used by both higher and lower ability students for categorisation
(Domin et al, 2008; Hassan et 2004).

Categorisationusing functional group has been shown to cause difficulty for
students A study by Strickland et aR010) found that many organic chemistry
students were unable to clearly explain or define what a functional group was. To
the novice student, all organioropounds may appear very similas a molecule
composed of carbon, hydrogen and oxygen. The most common functional groups

in introductory organic chemistry courses, both at second and third level are:
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alcohols {OH); aldehydes-CHO); ketones (>C=0); canlylic acids {COOH);
esters{COO); aliphatic and aromatic hydrocarbons; haloalkanes

The presence of oxygen, hydrogen and carbon in most of these functional groups
can cause difficulty for students when trying to differentiate betvieectional
groups(Hassan et aR004), especially aldehydes and ketones as both contain the
carbonyl group (>C=0). Difficulties classifying organic compounds can lead to
difficulties when understanding physical properties of organic compounds, organic

reactions and organimechanisms.

1.1.3 Understanding of StructureProperty Relations

The relationship between the molectllvel structure of a substance and its
properties is a core concept of chemistry and a key skill for understanding a subject
like organic chemistry. Ténfoundational idea that the arrangement of atoms in a
substance directly affects the macroscopic, observable properties and reactivity of
that substance is important and can provide students with a scaffold on which to

build their understanding of a widange of chemical phenomena.

Without a robust understanding of the underlying ideas that allow the structure
property relationship, students, out of necessity, resort to memorisation (Cooper et
al, 2013). This is particularly relevant to organic chemigtryhich large numbers

of different reactions can be introduced within the one course. If students are unable
to use structural cues to determine how and why molecules interact, it is not

surprising that organic chemistry is thought to be all about meatam.

There are many studies documenting student
misconception that has been identified in the literature is that during the processes

of boiling and melting, covalent bonds (intramolecular bonds) are broken, rather

than intermolecular forces being overcome (Smith and Nakhleh, 2011; Schmidt et

al, 2009; Othmann et al, 2008; Taagepera and IN2QOO).

Schmidt et al (2009) i nvestigated upper s
predicting the relative boilinggints of organic compounds. While students were

able to arrive at both correct and incorrect predictions by assuming that boiling

involved breaking bonds, the information gathered did not allow the researchers to

identify student s 6iling|Theg warea however, ableotd el s o f
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identify a variety of ideas around hydrogen bonding, including: hydrogen bonding
only occurs between molecules containingi®H group; a hydrogen bond is
formed if dipolar molecules line up so that the positive end efreolecule is close

to the negative end of another; dimethyl ether forms hydrogen bonds because water

molecules do so

Taagepera and Noori (2000) used a-paad postest method to construct a
knowledge structure for novice organic chemistry studentsigérsity. In doing
so, they identified four key problem areas that can arise during the study of organic

chemistry:

1 Bond polarities depend on absolute electronegativities of atoms only,
regardless of what they are connected to, i.e. hydrogen will alveays b
positively charged, chlorine will always be negatively charged,;

1 Confusion around intermolecular bonds, intramolecular bonds and boiling,
i.e.: intramolecular bonds are broken on boiling;

1 Inability to recognise reaction types, such as a simple protosféran
reaction;

1 Belief that hydrogen bonding involves a covalent bond between
molecules.

Cooper et al (2013) investigated the understanding of strogtaperty
relationships of college chemistr-y student
structured ingrview protocol was used that also required students to draw structures

of compounds to aid their verbal responses. Students were required to have
completed one semester of organic chemistry to participate in this study. While

much of the literature ideffiges individual misconceptions, their results suggested

that student difficulties in this area arise from a complex interplay of problems from

different sources, some of which have already been discussed here. These

difficulties were classified under thelliowing headings:

Mental models of phases/phase chaigght of the seventeen students interviewed

did not possess a coherent model of the structure of solid, liquid and gaseous simple
molecular compounds, which typically emerged when students weretastieav
structures representing the different phases.

Use of representation®Nine of the seventeen students interviewed experienced

difficulty when trying to represent their thoughts on paper, for example; translating
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from a 2D Lewis structure to a 3Drstture or representing bonds breaking during
phase change.

Language and terminology:he majority (fourteen) of the students interviewed

struggled with scientific terms such as hydrogen bonding, intermolecular bonds,
intramolecular bonds and covalent bden

Use of heuristics in student reasoniAfi:students employed some sort of heuristic

or O6ruled in prediction tasks. While
many of them did not and several were complicated by problems with
representationsind terminology, demonstrating the intekked nature of these

difficulties. Examples of heuristics that students used include; a molecule with
oxygen will have a higher boiling point than a similar hydrocarbon; an alcohol will
have a higher boiling poirthan an ether; heavier molecules have a higher boiling

point as heavy mol ecules are harder t

For every student in this study, each of these problematic areas combined with

Some

get

others in slightly different ways,ank i ng each studentdés respo

indicates that student difficulties in this area should not considered as individual
misconceptions or difficulties but a result of interactions between understandings
of what words mean, what structures meanthed models of how phase changes

ocCcur.

1.1.4 Identifying Organic Reactions and Predicting Organic Mechanisms

Cl assi fi cat iaddsancafiditianal cognitivetdemarnd, wihich does not
automatically bring the (baben2002p 2).t hat

There is much research highlighting the misunderstandings and misconceptions
related to the reactivity of compounds due to bonding and electron density that
make organic reactions difficult for students. Huat Bryan (2007) identified a
number of conceptual questions put forward byevel students in Singapore,

including:

Why are alkenes more reactive than alkanes, in spite of the fact that double bonds

are Astrongero than single bonds?
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How does t he detttronsiathéenzane ring mak®if more stable
than expected?

If the benzene ring is stable, why do arenes still undergo reactions such as

halogenation and nitration?

Why does OH activate, and Cl deactivate the aromatic ring towards electrophilic
subst it ut ithgmups hghlyeetedironedatove and electvathdrawing?

60Curly arrows©éb, 0 epl ueschtirnognd paunsdh i dhaywor, v edda r a ro
names used to describe the methods of electronkesbing used to keep track of

electrons in chmical reactions. Hssan et a(2004) likened learning of organic

chemistry to learning a foreign language:

AStudents must | earn the vocabul ary (ne
grammar (reactions, mechanisms) in order ultimately to develop a rudimentary

style of comparisof mec hani sti c explanations, evi denc
(Hassan et al, 2004; 40)

A study by Rushton et §2008) demonstrated how the improper assimilation of
disciplinespecific terms such as chirality, stereochemistry and aromaticity can
result in stuént sé6 confusion of concepts to whi
Ultimately, the misapplication of these t
chemi stryl ocAddt pirmk oc ol was used to unear
fourth year undergraduate chetnysor biochemistry majors while they solved

multiple choice questions from an American Chemical Society (ACS) Organic

Chemistry Examination. Questions that assessed fundamental organic chemistry

concepts were chosen. Nineteen students volunteered tpaekia the study. An

example of the misapplication of terms was shown by a student attributing the term

6ar omat i emembe@d rings withioxly one double bond to explain a

resonancsestabilized, noraromatic molecule.

Reaction mechanisms also causerfusion in this study: in a question which asked
students to determine the correct reactior
curved arrow notation and instead evaluated the proposed products. The question,

of course, required students to actpadvaluate the curved arrow notation to

determine the correct bond formation and breaking
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This misunderstanding of the curved arrow notation for reactieshranisms was

also identified ina st udy by Bhattacharyyal candld Bodne
protool was al so used to assess studentsod pr
that the curved arrows used in electron pushing mechanisms held no meaning for

the students involved; students did not understand the function of the mechanism

to expl ad nandc edé vothyoow of t he reaction. Their
to be useless by the justification that t
asked to explain each step, it was clear that students had simply reproduced
memorised material. Studenteem able to produce correct answers without an

understanding of the concepts on which their solutions are based.

Further to this study, Anderson and Bodner (2008) explored the experiences of a
student who was very successful in general chemistry but nssccessful in
organic chemistry. They showed that the student had difficulty in moving between
various representations used in organic chemistry. In particular, the student
struggled to explain the chemical symbols (Le®® structures, condensed and

skdetal structures and reaction mechanism) that compose the subject.

Bhattacharyya and Bodner (2005) concluded that the reason students cannot
understand curved arrows is because their cognitive understanding of organic
chemistry is not yet at a formal opéipnal stage. Taber (2002) also acknowledged
the link between an understanding of how and why reactions occur with a complete
background knowledge. If students do not have a strong foundational knowledge of
organic chemistry concepts, they will not beeatiol understand, predict and classify

reactions and mechanisms.

Ferguson and Bodner (2008) outlined the steps that students must be able to do in

order to draw a correct mechanism:

Understand chemical principles;
Apply complex and abstract theories andgac
Look at the problem from different perspectives;

Selectively apply chemical and physical concepts;

= =4 4 -4 -

Correctly draw starting intermediate

25



While practising chemists (experts) use mechanisms to explain reactions and
understand new reactions, there areualper of conditions which can hinder

studentsdé ability to engage with these mec

Ferguson and Bodner (2008) used the 06Con:
I mportance of the studentsod prior knowled
mechanism. They descri bed the factors which |

of mechanisms, including:

Inability to recall poor understanding of the rules, concepts and theories and only

applying them sparingly. Too much reliance on memorisation to solyedhem;

Inability to apply or understanaonfusion of reactions that look similar on the

surface. Students fail to make a link between what happens in the laboratory and

drawing curly arrows on paper;

Poorly understood contenpoor application and linkg of general chemistry

concepts with organic chemistry;

Non-contentspecific barriersspatial reasoning abilities, e.g.: linear reactant and

cyclical products. (Ferguson and Bodner, 2008)

This section has addressed the difficulties which stud&ptyience when studying

organic chemistry. It has shown that student difficulties should not be considered

as i ndi vidual di fficulties but a result
understandings of what words mean, what structures mean and their mneofeéd

of chemical processes.

An understanding of representations, both 2D and 3D, and an ability to translate

between these is a foundational skill which students require to successfully engage

with organic molecules at a conceptual level. It has beenrstimat this is also the

first hurdle which students can fall at when studying organic chemistry. If students
cannot engage fully with these represent
information required from the structures, they can struggle withtstalconcepts

such as isomerism and how to classify organic compounds.

Finally, without a strong understanding of structures, alternative conceptions and

misunderstandings of structuypeoperty relations can arise. Without clear and
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established mental rdels and mental process (rotation, reflection, etc.), the
prediction of organic mechanisms and the ¢

the use of curved arrows becomes very difficult.

Having addressed how studentisgreviais f fi cul t i
knowledge and experiences with organic chemistry, Section 1.2 will now consider
why these difficulties arise, in relation to how students learn and assimilate

information.

1.2 How Do Students Learn?

A significant proportion of the difficultiesdentified in the literature involve
studentsodo abilities to engage with repres
further understand why these difficulties occur, we need to examine how students

process and internalise these representations. The spescavhich result in

meaningful learning are examined and compared with those which result in rote

learning of information. The termsental mode| internal representatiorand
visualisationdhave been used in the literature to describe how students ewnigfage

and process their surroundings, including molecular representations. The creation

of mental models and development of visualisation skills will be discussed.

1.2.1 Rote Learning vs Meaningful Learning

The Information Processing Model shown below (iFgy 1.11), depicts how
students perceive, understand and learn information. This model presented by

Johnstone (1997) was originally proposed by Greene and Hicks (1984).

The key factors which this modelentifies as affecting learning angerception

filter, working space and losigrm memory.
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Events
Observatios
Instructions

Preparation Retrieving Sometimes

Memory
Working
Space Storage
Interpreting Storing _
- Rearranging Sometimes
Perception |=>
oocb Comparing branched
Filter
Storage

Feedback Loop

Long Term

as separate
fragments

for Perception filter

Figure 1.11:The Information Processing Mel from Johnstongl997)

The perception filter is a fundamental component of the Information Processing

Model. The perception of new information is dependent on wheeasts already

know: the perception filter is thus controlled by the long term memory (Ausubel,

1968). Ausubel (1968) explained how our prior knowledge and experiences depict

what we can learn in the future. Students can only perceive what is famihanto t

thus, if a new concept is rejected at this stage, it may never pass through the working

memory space to the long term memory and understanding. When there is no

attachment to established frameworks in the long term memory, students are often

forced toturn to rote learning. Perceiving information which is familiar or known

to students facilitates understanding. Many chemistry students cannot see any link

between what they learn in the classroom or the investigations carried out in the

laboratory with heir everyday lives and the world that they live in. While, in fact,

there are

many

exampl es

of organic

compou

lives, such as foods, clothes, materials, pharmaceuticals, etc., teachers often

struggl e
(O6Dwyer,
whi ch

Greenbowe,

t o
2012) .

2008

This is

: Chil ds

per ha pdes

and

adents dveare ot theseadlkieeto thetir Lcomplexities

a

Sheehan,

contr

i denti fy gsereeptienoftosganic ehaemdstrytasaneditber s 6
most difficult areas of chemistry (Rdiffe, 2002; Jimoh, 2005; Schroeder and

200

Contextbased approaches to teaching chemistry will be discussed in Section 3.3.
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Grove and Bretz (2012) reported how prior knowledge, as iteelat the nature

and scope of chemistry, Il mpacted student:
significant theme which emerged from their research was the perceived
0straightforwardness of organic chemistrydod
onestarting compound treated with ordyeset of reagents could leadrtmre than

onecorrect product.

If the perception filter works efficiently, information overload of the working
memory space is less likely (Reid, 2008). The working memory space hasatwo m
functions; temporary stage for incoming information (short termemory), as

well as processing anchaking sense of the filtered eived) information
(Johnstone, 1997). The working memory space has a limit to the quantity of
information that it camold and process (Johnstone, 1997). If the working memory
space is overloaded, learning will cease. It is understandable that the manner in
which a problem or new information is presented to students can limit their working
memory space available, if & not in an approachable format. Working memory

overload can occur for two reasons:

1 The working memory space is shared between processing, short term

storage and sometimes translations;

1 New incoming ideas can displace old ideas if they are not organised
(Johnstone and BBanna, 1986)

Miller (1956) identified the average number of pieces of information that one can

hold within the short term memory as seven. Considering the-tho@nsional

nature of chemistry, it i skingnemgryspase under st
may become overloaded when studying chemistry. Indeed, Johnstone (1991) found

that the reason for much difficulty in science and chemistry is due to information

overl oad and the studentsd | imited workincg

Johnstone and EBanna (1989) suggested that due to the difficult nature of science
and the method by which it is taught, the average number of pieces rofiatifan

that can stored in thehsrt term memory is just five. They proposed the use of
working-memory capacity aa predictor of student performance in chemistry. This
model was verified by Stamovlasis and Tsaparlis (2000) and Danili and Reid
(2004). Stamovlasis and Tsaparlis (2000) showed that the wemriengory

29



capacity of university students correlated with tHatiee achievement scores in
organiesynthesis problem solving.

Danili and Reid (2004) measured both the working memory capacity and field
dependency (the ability to 6see the messac
aged 15 16 years. These werethccompared with performance in chemistry. As

expected, those with higher working memory capacity and those who were field
independent (could select information efficiently from questions) performed better.

Their results showed that average performancee@ases as working memory

capacity increases. This makes complete sense in that working memory overload is

less likely with a higher working memory capacity and those who can select the
Omessaged from the oO6noi sebd6 arinormiterss | i kel

to their working memories, thus causing possible overloads.

Reid (2008) highlighted the importance of setting questions for students to ensure

that the question itself does not overload the working memory space before students

can even begito perceive what is being asked and to answer the question. The
multi-dimensional nature of organic chemistry, and the multitude of representations

used to represent organic molecules hold
wor ki ng memor ynes2006,cpes®). Thid oan mesult an students

resorting to rote learning and information being stored incorrectly in the long term

memory or not even making it that far.

Hassan et al (2004) used the O0si mpled mol e
to illustrate this, see Figure 1.12 below. They suggested that if this structure was

presented to a student with little or no organic chemistry for ten seconds and they

were then asked to reproduce what they saw, the task could be beyond their
capabilities. Hasan et al (2004) suggested that this is simply because the amount

of information in the structure is well beyond the capacity of the working memory

space of the student.

1
HiCr o ~C - CHs

H,

Figure 1.12: Structure of methyl propanoate
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However, a student with some knowledgerganic chemistry may be able to

6chunkd the information from tBHs structur
group could be the first &échunkd (with or
the ester functional groefmalmeh@@dupas t he ne
as a third 6chunk?d.

Unless there is systematic organisation of information from the working memory

space to long term memory, any new ideas can replace older ideas. The long term
memory can be descri bed aubsiinnegt 6t hoef ainnafl oorgny
(Johnstone, 1997): the ability to recall and retrieve information from the long term
memory influences both studentsod6 percepti
process this information and is dependent on how the knowledge hastteeh

If stored in an ordered and organised manner, information will be easily retrievable.

However, if it is stored without order and understanding, information will not be

retrieved or recalled easily. If knowledge is stored in a linked fashion, libevil

more easily recalled (Reid, 2008). Very often, students cannot make sense of
information processed in the working memory space because they cannot link it to

anything in the long term memory. Thus, the accuracy of how prior knowledge is

stored and urerstood can affect how we learn.

Johnstone (1997) referred to Ausubel 6s Sp
describe the difference between how meaningful learning, the development of
misconceptions and rote learning takes place. This spectrum, vemgbsr from

meaningful learning to rote learning, is illustrated in Figure 1.13.

This illustrates the different ways in which information can be stored in the long
term memory (Johnstone, 1997). Meaningful learning can only take place if new
knowledge iscorrectly linked with previous knowledge that is stored in the long

term memory.
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Storage in the
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New knowledge is
Memory
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Linear or branched
organisation

New knowledge

is unlinked Rote Learning

Figure1.13 Ausubel 6s Spectrum of Learning (adap

Alternative conceptions and misconceptions are developed when new knowledge
is incorrectly linkedwith that already existing in the long term memory. If new
knowledge is presented in a sequence, it can be stored in the long term memory in
a linear or branched organisation without a link to other knowledge in the long term
memory. However, if the newnkbwledge presented is unlinked to anythinghia t

long term memory, a studemtust resort to rote learning in order to store it in the

long term memory.

Based on this spectrum and the information processing model, Grove and Bretz
(2012) summarised the tleré&ey requirements for meaningful learning to occur:

1. students must first possess relevant prior knowledge with which to situate
and anchor new knowledge;

2. the knowledge to be learned in and of itself must be perceived by the student
as Or el ev awledgetanod modt dortain significant consegnd

propositionsé®é
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3. the student must chose to learn meaningfully. That is, the students must

6consciously and deliberately choose to
the student already knows in some nontriwad y 6 (Novak, 1998)

In cases where one or more of these conditions is not met, students may use rote

learning techniques (Grove and Bretz, 2012). Information which is rote learned is

mostly unattached and is difficult to recall later (Jobnst 2006). Incorrectly

linked knowledge or separate fragments of knowledge in the long term memory are

stored by memorisation without any clear understanding. Alternative frameworks

lead to the development of alternative conceptions or misconceptions.

Studentsd ability to accurately perceive |
their ability to store this knowledge. The creation of mental models is an important
element of storing representational and structural information with regards to
organic chenstry. The creation of mental models and the process of visualisation

will now be discussed.

1.2.2 Mental Models and Visualisation

Gil bert (2010) wused Paiviods Dual Coding
the process of v i s ad;d thesrg suggests.two Bypes ofi o 6 s  d u
stimuli exist, verbal and newerbal, which are processed in different ways by

sensory systems that are common to both (Paivio, 1986). Verbal stimuli come in

the form of speech while nererbal stimuli comes through asuth, sight, sound

and taste. I n this theory, the pieces of
stored separately but are capable ofcroessf er ence t o form O6associ
Similarly, the pieces of newerbal information are stored sepahatavith the

capability of forming their own associative structures. The two types of associative
structures can then be Ilinked to form Or ef

a pictorial representation of this theory.
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Depending on the referential connections and associative structures that have been
developed, an individual will produce either a verbal or-werbal output. This

activity is visualisation and it operates on models (Gilb&102.

The existence of mental models has been discussed as far back as 1983: Johnson
Laird (1983) proposed the existence of three types of mental constructs: mental
images, mental models and propositional representations. Propositional
representations aressentially abstract, for example, definitions, symbols and
formulae. Mental models are functional representations of the real world which are
constructed by a student through perception or acts of imagination. Finally, mental
images are mental views of mtal models which are dynamic and contain more
visuatspatial information than the models themselves (Buffler et al, 2008).
JohnsorLaird suggested that mental models allow students to work between
mental images and propositional representations. It is te dynamic interplay
between these 3 mental constructs that enables conceptual understanding (Geelan
et al, 2014).

Since it is primarily propositional representations that students are actually tested
on, Geelan et al (2014) suggest the use of extenagles and visualisations to aid

studentsodé6 devel opment of ment al mod el
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understanding of propositional representations (see Figure 1.15). The
external representations will be fully examined in Section 1.3.1.

External Images/ Visualisations
External
Mental
/ Models \ Internal
Mental Propositione
Images representatic

use of

Figure 1.15 Representation of the link between mental constructs and external

representations

Greca and Moreira (2000) attempted to distinguish between mental models and

conceptual models. They describe mental models as internal representations

constructedby students to enable them to understand and explain their surrounding

world and its phenomena. Thus, mental models are personal constructs that are

incomplete and qualitative. According to Greca and Moreira conceptual models are

introduced to students tihe classroom and are generally external representations

that have been created by researchers and teachasiliaté comprehension.

Mental models are fluid and open to charvgaile conceptual models are precise,

complete and coherent with scientifigaaccepted knowledge.

Bodner and Briggs (2005) describe five components of a mental model. The five

components, referent, relation, rules/syntax, operation and result, are a mixture o

static and dynamic components, as follows:
Referentsphysical objets, labels for objects and mental representations.

Relationsthis involves the spatial relationship between referents.

Rules/syntaxa set of rules and syntax by which to order a mental representation.

A 6rul ed is defined akowthe rol®isnimgementeéd n d

Bodner and Briggs (2005) suggest that the creation of mental models is not a

random set of mental images but is an ordered operation.
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Operationt hi s i s the dynamic component of the
processb transforming a representation from
Briggs describe t his process as Ovisual.i

Orepresentationo.
Result:the product of operating on a referent.

Bodner and Briggs go on to describe a nidde molecular visualisation as a
process of mental modelling that uses both representations and operations. They
used aaldotundion kpr ot ocol to study the ment al
in mental model construction and visualisation of fiveoselcyear undergraduate
organic chemistry students. Students were given-diwensional molecular
representations on paper, asked to perform a mental rotation and produce a drawn
representation of the rotated molecule. An example of a task molecule cambe f

in Figure 1.16. The compounds whose molecular representations were used in this
study were composed primarily of carbon and hydrogen atoms, with at least one
oxygen or nitrogen atom as a reference for the rotation instruction. The various
tasks in thé study were of increasing difficulty and were categorised based on three
criteria: the number of atoms in the molecule, the extent of branching of the carbon

chains, and the degree of rotation about each axis.

Figure 1.16 Example of a task moleculevgin to studnts taken from Bodner and
Briggs (2005). The grey filled circles represent carbon atoms, the unfilled circles
represent hydrogen atoms, circle marked A represents an oxygen atom; and circle marked
B represents a halogen atom.

A number of keypoints in relation to mental model construction and visualisation

arose during this study, which have significance for organic chemistry instruction:

1 Being able to distinguish one atom from another is crucial to completing
the task of visualisation and ation. The inability to do this may

indicate a defective or missing visualization operation and would
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prevent a student from constructing a useful mental model of the task
molecule;

1 Students need to be able to recognise spatial and sequential relations
between components in molecules;

T An understanding of the O6rulesd6 in re
the number of bonds formed by carbon and the tetrahedral shape of
singlebonded carbon, is needed for students recognise spatial cues from
drawingsand o check for the reality of o0c
result. Students without rules and syntax were unable to make sense of
the task molecule and visualise it;

1 Some students with a deficiency in their ability to mentally rotate a
molecule attempted favent an alternative operation to replace rotation.

(Bonder and Briggs, 2005)

An important insight from this study suggests that the process of visualisation, or
the creation of a mental model, precedes the operation of rotation in a mental
molecular rotdon task. Improper visualisation can result in a flawed representation

and an incorrect result when asked to perform a mental rotation task. Visualisation

is an operation of dual media; it acts upon both physical and mental objects.

The process of mentaho d e | construction is complex a
ability to process external representations efficiently. Dori and Kabermann (2012)

broke the process of visualisation into a set of modellingskills. These suiskills

were split into 2 types; TypA and Type B. Type A suKills are related to drawing

and transferring between a molecular formula, a structural formula, and a model.

Type B modelling sulskills deal with transferring between symbols and/or models

on the one hand and the microscopmacroscopic, and process chemistry

understanding levels on the other hand.

Dori and Kabermann assessed sixhund@tyr ade st udenitskll® model | i
following participation in an organic chemistry Computerised Molecular Modelling

(CMM) unit. Inthis unit, students explored daily life organic molecules through
assignments and two CMM software packages. This modelling environment will

be discussed further 1 n Sskiéstwer®assessed3 . Stud
through the use of fivguestions which can be found in Figure 1.17. Despite
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learning to model via the CMM, these questions were asked via arahp@aper
test.

Thesesuls ki | | s were arranged in a hierarchy o
success in the questions detailed abdWés hierarchy was represented as a set of

stairs, as shown in Figure 1.18; as the student climbs the steps, they are required to

master increasingly higher level modelling sMills, starting with transferring

from molecular to structural formula at thettom, all the way to transferring from

the symbol to the process level. Each stair contains the modellingkub

definition, while the vertical face of the stair has an example of thaslslibaken

from the questionnaire used in this study.

The twomodelling subskill types were found to batertwined, with sutskills of

Type A beingin general lower than those ofge B. Depending on how high up

the hierarchy of modelling stdkills a student has reached, students will be more
or less successful aolving organic chemistry problems which require these
modelling subskills. It can be assumed that expert chemists are operating at a
higher level than the novice chemist and thus, will make use of their skills in a
different manner to visualise orgammolecules. The differences between expert

and novice visualisation will now be discussed.
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1. The molecular formula of isoprene is CsHg. Write a possible acyclic structural formula
for the molecule. [Transfer from molecular formula to structural formula—a sub-skill
of type Al

2. Draw a model for the structural formula of CsHg you suggested. [Transfer from
structural formula to a 3D model drawing—a sub-skill of tvpe A.]

3. Many organic compounds are considered as air pollutants. One of them is propylene
(propene), which reacts with water and KMnOy to produce propylene glycol (3D
model is given).

a.  Write the molecular and structural formula of propylene glycol. [Transfer from a 3D
model to molecular and structural formula—a sub-skill of type A]

b. Draw a model for propylene. [Transfer from molecular formula to a 3D model
drawing—a sub-skill of type A]

4. The structural formula of patulin is described below. Explain in bonding and structure
terms why the patulin is solid in room temperature. [Transfer from symbols to
macroscopic and microscopic level—a sub-skill of type B.]

H

H O
H O

O. Ao
H  OH H

5. Mal is a white solid substance, whose molar mass is 150 gfmol with melting
temperature of 662°C, while the molar mass of patulin is 154 g/mol, with melting
temperature of 110°C. Describe the melting processes of Mal and patulin. Explain the
difference between these two processes. [Transfer from the symbol level (structural
formula and ionic formula) to the process level expressed as verbal explanations—a
sub-skill of type B.]

Figure 1.17.Questi ons used by Dori and Kaber mann
modelling subskills.

Symbols to the process level (verbal explanation required) T

. Melting Insermolecular inderactions between wons (Nal)
Nal, Patulin @~ ------- +  are stronger than those between molecules
(patalin)

Symbols to microscopic and macroscopic levels Type B
b@‘ ------- - Patulin is solid doe o strong mtermolecular interactions
o incloding hydrogen and Van der Waals

Simple and complex molecules to model drawing
H0O, CH;CHCH.COOH ~ ----- o @

Model to molecular and structural formula 'Iype A

0O
O‘O ----------------- > HIO H/ \H

Y SenempamRssae "

Figure 1.18 Hierarchy of modelling subkills for visualisatbn as proposed by Dori and
Kaberman (2012).
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1.2.3 Expert vs Novice Visualisation

Kozma and Russell (1997) examined how experts and novice chemists use various
chemical visualisations such as graphs, equations, videos and animations of
chemical phenomenahe visualisations were a mixture of dynamic and static. The
novice participants consisted of elevist year undergraduate chemistry students

in their first semester, while the @at participants consisted of fivaoctoral
students of the same univdssifive chemists froma pharmaceutical company and

onecommunity college instructor.

Participants were shown 14 visualisations and then given a card corresponding to
each representation, with the dynamic representations being represented by a single

still frame, examples of these are shown in Figure 1.19.

Participants were asked to sort the cards into logical groups, give a name to each
group and explain the meaning of the name. Both experts and novices created
chemically meaningful groups, however, ra®s used a smaller number of cards to

form their groups and they were from the same media type (e.g., all graphs, all
equations, etc.). Meanwhile, experts used larger groups composed of multiple

media forms.

LY
b
3
a
]
-
o.

I O J
e N,O, = 2NO,
rv.;

& ;

Figure 1.19:Examples of cards and the labfiseach of the types of media taken from
computer displays and used in the sorting task: videos (C), graphs (A), animations (H)
and equations (D)
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Experts also gave largely conceptual explanations for the formation of their groups
whil e novi dtensvére based gponnsarface features. For example, a
similar grouping was created by both a novice and expert participant, however, the
explanation provided by the expert was 0c
provided by the novice participant wad mol ecul es movi ng abou
demonstrates the differing levels of understanding between expert and novice

chemists.

This section has demonstrated the critical influence that the previous knowledge of
students, the method in which organic chemistry isqreed to students and the
processes that students are trained in to handle the information given to them can
have on studendsuccess in engaging with organic chemistry. Educators must take
steps to avoid working memory overload, both during teachingaasdssing.
Students need clear external representations to aid their mental model construction.
Dor i and Kaber mannos -Bkilleindeates that stumdénts model | i
need to be introduced to translations between different representationsrantliffe
stages of their studies and that not all students will be at the same level of
visualisation at any given time. The translations necessary for visualisation and
mental model creation need to be explicitly demonstrated to students. Approaches
that eduators and researchers have devised to aid these modelling skills and
address the difficulties identified in Section 1.1 will now be discussed in Section
1.3.
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1.3 Methods of Addressing Student Difficulties

The studies discussed in the previous sections lwersthat students experience
difficulties in both understanding of how multimodal representations are used to
represent organic chemistry concepts and how to represesnt their knowledge using

multimodal representations.

Researchers suggest that instrutgmphasizing thievel of particlesvould help

students learn chemistry conceptually (Gabel, 1993; Davidowitz and
Chittleborough, 2009; Williamson, 2014). Theonceptual teaching puts an
emphasi s on studentsd abili owcomextoexpl ain
visualize and explain particle behaviour, and to understand the macroscopic,

particulate and symbolic levels.

Various methods and tools have been developed by chemistry instructors to help
studentssisualize particles andnderstand chemicahenomena on these different

levels (Williamson, 2014). This section will discuss the variety of visualizations

which are available for this purpose and conceptual pedagogies which have been
devel oped to i mprove studentsod6 conceptual

1. Visualisatiors:
a. Macroscopic representations;
b. Particulate representations: physical models, student generated
drawings;
c. Virtual environments; animations, molecular modelling software,
drawing tools with animatign
2. Conceptual pedagogies: context based approaches, phemor@nted

inquiry-based network concept (PiGloncept)

1.3.1 Visualisations

Visualisation has been previously discussed in terms of a mental process undertaken

by students. However, the term visualisation can also be used as a noun.
Visualisations can be udeo help studentsisualisea particular phenomenon.

Vi sualisations which can aid studentsdé ab

discussed
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(a) Macroscopic Representations

Macroscopic representations show studewiesvs of the phenomena that can be

sea with their eyes. Tése include practical sessiagmgderiments, demonstrations,

videos and computer simulations of actual laboratories. The use of macroscopic
representations can aid studentsO6 concept
formation of macrosepi ¢ ment al model s in the studen
Millar, 2004).

The amount of student activity may vary with the type of practical sessions;
practical sessions can be categorized as verification, gindedy, or open

inquiry (Abrahams and Millar2004). A verification practical sessions is the
traditional format, in which students have already attended the lecture on the topic
and often know the expected outcome of the session. Students take a more active
role in the inquirybased practical sessis. In guided inquiry sessions, students
collect data on an unknown phenomenon, and then are asked to identify patterns or
relationships in their own data. Opemuiry practical sessions involve students
designing their own procedures Abrahams and M{2804) suggest the use of a
guidedinquiry laboratory to develop achievements in science, enhance retention of

concepts and improve reasoning ability.

Johnstone (1997) does warn, however, that the laboratory is the place for
information overload: most sents may only be aware of and able to comprehend

the macroscopic level of thought, for example: being able to set up the reflux

apparatus without an understanding of the process itself. While the manipulation of
laboratory apparatus is a necessary skilie¢ learned in a practical session, caution

has to be taken to ensure the other dimensions of chemistry are not forgotten, for

example: not recognising what the aim of the experiment actually is. Johnstone

(1991) identified the difficulty that students petience in distinguishing the

60signal 6 from the O6noiseb6 in the | aborato
the practical work, while the 6noisebd refe
students will make during an investigation. Therefterovery little cognitive gain

in formal laboratory work as instructions, manipulation of equipment, recording of
observations, et c. can take wup most of t
reducing the space available for cognitive processing. Thus,impertant for

educators to emphasise and create links for students between what they are viewing
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at a macroscopic level and what is taking place at a molecular level during practical
sessions. The use of parti cufadmihgattheepr esent

molecular level will now be discussed.

(b) Particulate Representations

The Oxford English Dictionary (OED) notes that the word model can be used as a
noun, adjective or verb. As aasmpliied by t he
or idealisal description or conception of a particular system, situation or process,

often in mathematical terms, that is put forward as a basis for theoretical or

empirical understanding, or for calculations, predictions, etc.; a conceptual or

mental representatioon f s omet hi ngo

The term model c an Ta tlesise a fusuallpeathemateca) a ver b
model or simplified descr iHRorthe punposedf a phen:
this literature review, the termodellingwill be used to describe the consition

of a physical model of a system.

Bodner and Briggs (2005) suggest that the meaning of themeelchanges for
students as they progress through their study of chemistry; organic chemistry
students are exposed to models as nouns or adjectivear¢hakplicit in their
nature, such as models that demonstrate collision theory, gas laws, and molecular
models. However, they are rarely asked to take an active role in the physical process

of modelling,i.e. creating physical models

Gilbert (2005) offes a categorisation of the types of models used in science

teaching:

Mental modela private and personal representation formed by an individual either

alone or in a group. I't is formed by an ir

Expressed modea version of a meal model that is placed in the public domain;

Consensus modedn expressed model that has been generally accepted by a group;

Scientific modela consensus model being worked on by a group of scientists at the

cutting edge of their science;

Historical malel: a superseded scientific model,
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Curricular model a simplified version of a scientific or historical model that is

produced to aid learning of these models;

Teaching modela model specially developed to support the learning of curricular

models;

Hybrid model curricular models which merge the characteristics of several

historical models.

A complication with the models used in science teaching is the variety of the
representational modes that can be used any of these model types are placed in the
public domain. Glibert (2005) identifies fivanodes of representation, which are

often combined during instruction (Gobert and Buckley, 2000):

Concrete:ithreedimensional and made of resistant materials, e.g.: a plastic ball

andstick model of an organic compadjn

Verbal: consists of a description of the entities and the relationships between them
in a representation, e.g.: the nature of the balls and sticks in -aniotick

representatiagn
Symbolic:consists of chemical symbols and formulas

Visual: two-dimersional representations of chemical structures; diagrams and

virtual computeibased modejs
Gesturalmakes use of the body or its parts.

Particulate models and representations help students to visualise the nature of

matter at the sulmicroscopic level ol ohnst oneds triangl e. Wi |
suggested the wuse of t he -miearmo s&peritcibc uil n
Johnstoneb6s triangle in order to include a
the abstract nature of organic chemistry makes itcditffor students to visualise

the processes that occur at a particulate level. Thus, instructors should use
techniques to promote the formation of mental models of particles in their students.
Williamson and Jose (2009) suggest the use of (i) physicdélmand (ii) student

generated drawings to promote visualisation at a particulate level.
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0] Physical models
Physical models areoncrete, tangiblebjects that can be used to illustrate the
chemical structures and processes at thecpdate level, for exaple, MolyMod
Kits (Taber,2012). They are, however, limited in quantity, variety of colours and
sizes, and are not amenable to any computational operabams gnd Barak,
2001).

Toon (2012) identified molecular models as props that guide stddents
Oi mang ngso. Tirhagising the lalts landdsticks of the models to be
atoms and bonds; users of molecular models also imagine themselves looking at
molecules, picking them up and twisting them arounhdan be argued that this

60i magi ni n gviBualisisg asdtperfdre@ingtmental tasks on the structures.

Baker et a(1998) designed a molecular model workshop using MolyMod kits to
teach the concepts of isomers and stereoisomers to first year undergraduate
chemistry students. Studemtere encouragetb think of molecules and construct
models of their ownWhile they do not present any data, they suggest that this
handson approach using molecular models helped considerably in teaching the
relationship between different isomers and the importanceymimetry and
structure. They reported a good response from their students, who found it helpful

in understanding the difference between isomers.

Jones et al (2005) discussed the value of allowing students to measure the bond
angle in alkanes and alkenes thond length, etc. to gain a better understanding of
the structure of the molecules. Although, care should be taken when measuring the
bond length as the fleXionds used to represent double bonds in traditional
molecular modelling kits are actually lomginan those used to represent single
bonds. There is a danger that this could cause more misconceptions rather than

aiding understanding.

Nicoll (2003) identified a number of issues with thewentional molecular model
kits:

1 Conventional model kits tehto lead students towards the correct
answer; with a fixed number of holes and a fixed geometry inherent in

each piece of the Kkit;
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1 Conventional model kits do not allow students the freedom to represent
different types of models;

1 Despite using these kitstudents still appear to build their own,
potentially unconventional, representations of molecules; not all

students are positively affected by the use of these kits.

Tasker and Dalton (2006) also acknowledged that molecular models can create new
misconcetions, and that the teacher needs to be aware of these. Teachers need to

integrate  molecular modelling (using model kits, computerised models or

ani mations) into their |l essons in a mannert
memory space. Thus, insttion using molecular model kits need to be designed

and presented with great care to encour ag:
featuresodo and to avoid generating or reinf

Nicoll (2003) highlighted two key advantages of usiltgraative materials, like

the clay and sticks instead of conventional molecular modelling3atee students

in this study tried to bring more to their models than traditionally included in model
kits; for example, one student used clay to include |@es in their model, while
another used colour intensity to represent increasing electronegativity of atoms.

The use of alternative materials also means students can build their own, potentially
unconventional albeit correct representations of molecMiesl{, 2003). Another
student in this study used sticks of a particular lengtindicate the presence of
lone pairs. One student in this study opted not to use sticks at all, but created a

spacefilling model made only of clay.

Some educators wish theistudents to have a common smirroscopic

representation of molecules, which may be achieved by molecular model kits.
However, Ni col |I 6 swhileisomeé students prodocedd soneethieg t hat ¢
that represented traditional model kits, there were ¢tgiadents who had perfectly

correct r e pgthag appearttcahave @xceeded the expectations of the

mo d el kit and built more creat(Nicohb and pot
2003, p.212).

While the use of physical models has been shownpoove student understanding

at the molecular level, they are not widely used in chemistry instructions. A survey
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by Dori and Barak (2001) of 51 science and chemistry teachers regarding the use
of models, revealed that only a minority (17%) indicated uke of models in
individualized active learning while most teachers use models in cooperative
learning (32%) and demonstrations (51%). The teachers who used models in
demonstration mode only, attributed this to budgetary and time constraints.
Unfortunatey, this is an issue facing all chemistry teachers, both in Ireland and

internationally.

Treagust et al (2004) i nvestigated studen
predictve nature of teaching models used to represent organic compounds in an
introdudory organic chemistry course (structural formulae,-batistick models,

computer generated struatgr and spaeflling models). Thirty six students

between 16 and 17 years of age were observed, interviewed and surveyed using a
questionnaire. Thequestn nai re examined studentsod perc:
types of models used in this study while the observations and interviews examined

student sd use of t hem.

The dialogue observed indicated that students were confirming and consolidating

their undersinding of structures and nomenclature using thegpalstick models.

Students were observed using the-baltistick models as explanations for possible

structures and differences between isomers and then relating these to other
representational formatsuch as the structural formula. The dialogue collected in

this study indicates the potential for mothelsed explanations in expanding
studentsd wunderstanding of organic c¢hemi
different representations. Students caalkb make predictions about the reactivity

of a compound, for example, by identifying the site of double bonds, and making
predictions about a compoundbds stability I
result from their questionnaire indicate that studeld not realise that they were

using these models in a predictive manner.

An important recommendation from Treagust et al (2004) is not just the
incorporation of models in chemical instruction and explanation but that teachers
need to teach modelling ils and encourage students to use multiple

representations within their explanations. It also suggested that working in pairs

was an effective way for students to both help and challenge each other.
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Harrison and Treagust (2000 s u g gleasihgetd modléshould be overtly

soci al and involve di scusBoultermand &itbeit negot i a
(2000) highlighted the importance of student discourse when using models
constructively and emphasises the social aspect of the process of modelling. The

use of teaching models can encourage discussion and the articulation of
explanations that encourages students to evaluate and assess the logic of their

thinking (Raghavan and Glaser, 1995).

In this manner, the use of modatsteaching and leaing, places it within the social

constructivism theory of learning. In the classroom, conceptual understanding is
@dependent on the opportunity to socially
per sonal knowl edge t hr oug(brivaaetpl2000cess of di
298). Thus, understanding develops through the course of communicating ideas and

interacting with others.

Anot her method that has been identified t
ideas at a particulate level are student generated drgwitgsh will now be

discussed

(i) Student generated drawing

Quillin and Thomas (2015) define a drawing as:

0 a | eenerated rexternal visual representation depicting any type of content,

whether structure, relationship or process, created in statiedin@ensions in any
me d i (p.@)Hd

While experts use drawings to imagine new relationships, test ideas and elaborate
knowl edge, the science <classroom is mai n
visualisations. When drawing does occur, it is rare that studensystematically

encouraged to create their own visual forms to develop and show understanding
(Ainsworth et al, 2011).

Ainsworth et al (2011) suggest five important reasons to encourage students to draw

in the science classroom:

Drawing to enhance studie engagementto create more interactive, inquiry

|l earning. The aim is to move studentsodé rol
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Drawing to learn to represent in sciengenerating their own representations can

deepen

Aiti s is how a | ine graph

graphs for showing continuous quantitative information);

wor ks o)

st udent s Ospeaifit doaverdgidns af regsamtgtions {e.g.t h e

and

Drawing to reason in scienct show conceptual understanding,demts must

learn how to reason with multiple, often visual, modes;

Drawing as a learning strategyrawing as a learning strategy can help students

overcome limitations in presented material, organize their knowledge more

effectively, and integrate new amedisting understanding; ultimately, they can be

transformative by generating new inferences;

Drawing to communicatehrough drawing, students make their thinking explicit

and specific, which leads to opportunities to exchange and clarify meanings

betweerpeers.

Quillin and Thomas (2015) provide a visual framework for the generative theory of

drawing construction, as shown in Figure 1.20. This model demonstrates that a

drawing may be an ergbint, developed after the creation of a mental manted,

meando creating a mental model; thus creation of internal and external models can

be linear or iterative.

CP >
ce (r o o0 O—(%
0CC
Draw
- I//_‘
< l-@-g® | External
g4 model
[ |
_

Internal
model

Figure 1.20:Framework for the generate theory of drawing constructiom(Quillin and
Thomas 2015). In this model the circles represent verbal andsoial information.
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Quillin and Thomas do warn however, that an ability to draw effectively in one
medium, for example, using pen and paper, does not eitgssean an ability to
draw equally effectively in another medium, for example, computer digawin
software. The main barrier to this effective skation of skill is experiencehus,

students need to be trained, not just in drawing, but in drawing in different media.

(c) Virtual Environments

There are three main types of virtual environments fronthvktudents can learn
from: (i) animations, (ii) molecular modelling software and (iii) molecular

modelling software with animation tool.

(i) Animations
In contrast to drawings, physical models and textbook illustrations, animations can
show the dynamic, intactive and multparticulate nature of chemical reactions
explicitly (Tasker and Dalton, 2006). Students can benefit from the -three
dimensional computer representations of chemical events and gain a better mental

image of the course of a reaction (Flematal, 2000).

A computer animationiéa series of visual i mages di sp

on a computer screen, pBukedadldld®d the il |l usi

Fleming et al(2000) investigated how computerized models can be useful in

facilitating students understanding of chemical reactions and mechanisms, which

have often been identified as the most difficult topics of organic chemistry for

students. They designed computerised representations that showed a ball and stick
perspective and the ape filling representation. The goal of the animations was to

dacilitate visualisation and understandinpflé el ect ronegati vity di
bond polarisation, del ocalisation of char
distribution withinmo | e ¢ u I meng @t al(260D, e.790). Being able to see

molecular orbital interactions helps in understanding the electron flow in a reaction

and why certain molecules react the way they do (Fleming et al, 2000).

Molecular Workbenclprovides a variety of redime, irteractive simulations of
chemical phenomena by adding sets of rules describing chemical reactions to a
molecular dynamics modelling system (Xie and Tinker, 2008). The goal of
Molecular Workbenchis to use advanced computational techniques and
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visualizatiors to help students develop appropriate mental models of different
chemical systems and concepts. All simulations are calculated and displayed for a
two-dimensional molecular dynamics model with the potential energy for forming
molecules at 0 K taken as th@m of electronic energies for each bond and adjacent
pair of bonds with the total potential energy the sum of amal threecenter terms.
Added to the potential energy are terms for intermolecular forces for van der Waals,
electrostatic, bond stretclgnand bond angle bending. The software has the
flexibility to allow users to set most initial parameters including the atoms, their
positions, velocities, and bonds as well as all potential energies parameters. To
simplify use, an initial simulation wit preset values for these parameters is
provided for each topic. Many topics allow users to add or subtract thermal energy

and rerun the simulations.

Pallant and Tinker (2004) found that when students deleécular Workbench

they accurately recalled arigements of the different states of matter, and could
reason about atomic interactions. The results were independent of gender and they
held for a number of different classroom contexts. Additionally, a close evaluation
of studentsd r e ouenes efsatonsskamdunblectlds eevedlad | k
that fewer students had misconceptions following the intervention as compared to
their responses on the gest. Followup interviews indicated that students were
able to transfer their understanding of phagesaiter to new contexts, suggesting

that the knowledge they had acquired was robust. Xie and Tinker (2004) claim their
work with other simulation systems (Pallant and Tinker, 2004) indicates maximum
learning occurs when students experiment with the stioakwith some instructor
guidance. Kozma and Russell (2005) suggest that instructors might ask students to
determine if products will form if any one of the four activation energies is set to
its upper limit with the other three set low, perform theutations and explain

what they observe.

Fleming et al (2000) identified how the use of computerised molecular animations

not only has learning benefits for students beginning their study of organic

c h e mi s seeing the yoledules undergoing the reactionthe ball and stick

movi(e@d 792) but can al so aobsgrveswreoanced un

el ectronic effecté.reaction réveémpsiTO2h)ity
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The VisChemproject was funded to produce a suite of molecular animatio
depicting the structures of substances and selected chemical and physical changes
(Tasker and Dalton, 2006). The work of Tasker and Dalton (2006) ivisiihem

project indicates that animations and simulations can communicate many key
features about thmolecular level effectively, and these ideas can further link the

laboratory macroscopic level to the symbolic level.

Tasker and Dalton (2006) identified specific learning benefits of computerised

animations of molecules for students:

1 Animations encouige a student with low prior knowledge to develop new
ideas in long term memory to create their mental models;

1 High prior knowledge in the long term memory allows a student to perceive
subtle but relevant features in an animation enabling development ef mor
sophisticated mental models;

1 High prior knowledge also enables comparison of an image in working
memory from viewing an animation, with an existing mental model in long
term memory, leading to confirmation or modification of the existing mental
models;

1 High disembedding ability allows a student to perceive the desired key
features in a Obusy6 ani mati on;

1 High working memory space ensures a student is able to manage
information from complex animations effectively, and construct and
manipulate mental modets the phenomena;

1 Adoption of deegearning strategies and not surface learning approaches
enables a student to relate d6ékey featur
term memory for deep understanding

(Tasker and Dalton, 2006, p. 150)

Geelanetal(ZD4) i nvestigated the effect of visu:
development in seven Australian chemistry classrooms; a total of 129 students.
Students completed one teaching sequence with and without the use of scientific
visualisationsinatleastwo of the foll owing subject are
Intermolecular Forces and Thermochemistry. One or two visualisations for each
subject were chosen from free online sources, which were intended to model ways

in which classroom teachersuseddui sati ons. Student s® conce

53



was measured using conceptual knowledge tests based on the Chemistry Concept
Inventory (CCIl) (Mulford and Robinson, 2002). The tests were designed to

di stinguish the extent t octwhiscchi esnttuidfei nct sco
in relation to a topic, rather than a numb
found no significant difference in student
use of visualisations. It did, however, identify serious flawghe visualisations

used. This demonstrates that it is important for teachers to consider the type of

visualisations used in their teaching.

With that in mind, Burke et al (1998ummarised some characteristics of effective

instructional animation sequees:

Short: 2060 seconds per concept seem to work best;
Accurate chemistry content;

Option for accompanying text or audio narration explanation;
Panel with pause forward, reverse and exit control buttons;
Non-linear navigation;

Addresses a misconcepticgported in the literature;

= =4 4 4 -4 -4 -2

Interactivity, decision making, and prediction incorporated for active
learning;

=

Appropriate assessment and feedback;
Provides an opportunity to construct knowledge;

Faculty testes, student tested and classroom tes{Bdrkeet al,p. 1658)

Viewing dynamic 3D animations can i mprove
of the dynamic nature of chemical reactions (Sanger and Badger, 2001). However,

it has also been shown that engaging students in creating their own representation

can be an effective instructional tool to foster their conceptual understanding and
representational skills (Aimgrth et al, 2011; Gilbert, 2010Thus, engaging

students in molecular modelling software can be an effective tool to further aid

s t u d mantal snédels.
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(i) Molecular Modelling Software
Molecular modelling software enables students to interactively construct a range of
models, such as badindstick, spacdilling, and electron density models, even for
large molecules. Interactive modellingograms provide for the construction of
molecules from atoms, measure bond lengths and angles for this structure, and
manipulate and rotate the model to be viewed from @iffeangles (Dori and
Kabermann, 203,ZKozma and Russell, 2005).

Asking studentsa draw or visualise their conceptions can also help to probe their
understanding (Cheng and Gilbert, 2009). There are a number of molecular
modelling software programmes that can be incorporated into organic chemistry
instruction for these purposes. SevVdrae version are available online and will

now be discussed.

As already discussed in Section 1.2.2, Dori and Kaberman (2012) assessed students
modelling subskills following the use of a computerised molecular modelling
(CMM) environment. The environmeiricluded two CMM software packages,
which the students downldad from the Internet: the ISIS/&w from MDL (2000)

and the WebLab Viewer from MSI (2000). The ISIS/Draw software enables
students to construct molecules by determining the type and numdsemaos and

the covalent bonds between them according to the bonding rules. It is also possible
to draw carbon chains, sugar rings and amino acid molecules, as well as to add
different functional groups to the drawn molecules. After constructing the
molecule students are shown its thréenensional structure. For example, given

the formula of lactic acid, C4CH(OH)COOH, students are asked to construct the
molecule using ISIS/Draw. They then view the molecule in 3D using WebLab

Viewer (see Figure 1.21).

The ®ftware enables the transfer of the 2D drawing between three molecular
representation forms (line, balhdstick and spacélling), the rotation of the
molecules, and measuring bond length and angle size betwféenerd atoms
(Barnea and Dori1999).
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OH (
H |l 0 7
H=T X
- OH -
2D representation— Ball-and-stick Line Space-filling
molecular structure Bond length (A)
cC 154
c-0 1.39
c=C 124
OH 1
\ISIS-draw representation Molecular representations and bond lengths as seen via
WebLab Viewer

Figure 1.21: Four molecular representations of lactic acid in the CMM (Dori and
Kaberman2012). The 2D representation is created by students and it is then translated by
WebLab Viewer into other types of representations

The assessment used in thedst by Dori and Kabermann has been discussed in

Section 1.2.2, see sl Figure 1.18. Their pmaedsttest design showed an

i mpr ovement i n student sé overall model | i
assessment. Following learning through the CMM unit, appratdély 80% of

students were able to complete the transfer from molecular to structural formula

and 3D model to structural formula of propylene glycol.

Wu et al (2001) reported similar improvements in translations by students,
following the use of a computdased visualisation tool called eCheaChem
provides three tasks: Construct, Visualize and Analyse. In Construct, students
create organic molecular structures, view them from all possibiges, and
manipulate themIn Visualize, students are providedth multiple views of
different compounds and various representations such aaruoksdtick, wireframe

and spacdill simultaneously. In Analyse, students can make connections between
molecular models at the microscopic level (molecular structures) tlaeid
collective behaviours at the macroscopic level (chemical and physical properties).
This software provides students with direct training for creating structures,
translating between different representations and using the structure to explain
physicalproperties Additionally, the analysis of interviews suggested that using
eChem enabled students to reason with chemical representations either mentally or

on a computer screen.

56



An element that the CMM and eChem are missing is the provision of immediate

feedback to students on their success in drawing an accurate structure. An example

of a programme which does this is OrganicPHais is an interactive freehand

drawing application for tablet PCs for drawing Lewis structures of organic

molecules (Cooper etl, 2009). OrganicPad has a number of key features for its

use as a teaahg tool for organic chemistryhé Draw tool allows students to use

the tablet PC stylus to draw atomic symbols, bonds, electron dots and charges and

the software will recognise the and convert them to parts of the structure. This

all ows students to draw as they would on p
has been drawn is about to be converted into a second carbon atom.

The Tutorial Mode allows students to receive vitlial feedback on the structures

t hat they dr aw; by selecting the 6Checkbd
against a series of rules that define valid Lewis structures. In instances where the
studentsbo dr awing does n ot Padcftagsfther m t o t
problematic areas of the structure and provides immediate feedback for students on

how to fix it. An example of this can be seen in Figure 1.22 (b).

@ (b)

Figure 1.22:0OrganicPad screenshots: (a) A halrdwn C about to converted into a carbon
abm (b) A structure which has been flagged by

| f studentsd structures are drawn correct
structure, see Figure 1.23. There are three 3D options for students to vieamdoall
stick, space filling and electrostatic potential map. Students can also rotate their

molecule using this tool.
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Figure 1.23:Example of ball and stick model from OrganicPad

The CMM, eChem and OrganicPad are all examples of molecular modelling
software wht h have been shown to I mprove
representations and modelling sskills. However, this drawing of structures is a
static process and does not addr ess
processes which molecules undergo. sThmolecular modelling software with
additional animation tools have been created.

(i)  Drawing Tools with Animation
A drawing tool with animation function allows students to express their ideas or
externalise their dynamic mental images about chemical mesd€hang et al,
2014). Chemation allows students to construct simple 2D molecular models and
flip-book-style dynamic animations on handheld computers. Chemation has three
types of objects: atoms (or particles), links, and labels. Objects are creaigd usin
the toolbar which can be seen in the first frame of Figure 1.24. Flipiytek
animations are created through a simple process of copying and mofdtifymes,
as shown in Figure 1.24I'he frame is copied and can be slightly modified by
adding, deletingpor moving atoms and adding or deleting links. Continuing this
process of copying and modifying frames creates a series of frames that can then
be played back by clicking the APl ayo
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Figure 1.24 Examples of creating a flipook style animation using Chemation

Chang et al (2014) used Chemationandtt@ink oud i nt er vi ews t o
understanding of chemical reaction processes. Their study identified four types of
connections that students made as they used Chenptagse are shown in Figure
1.25.

Chang et al (2014) compared students who were able to create dynamic
visualisations with those who only created static visualisations; they found that

students who were unable to generate dynamic visualisations werdikatyr¢o

show incoherent understanding of chemical reaction processes. Their study had

three key implications for assessment of student understanding:

1 Engaging students in constructing visualisations can help to assess gaps in
their conceptual understandg;;

9 Asking students to interpret the visualisation they generate can reveal how
well they reconstruct their chemistry knowledge or what alternative
conceptions they might have;

1 Requiring students to visualize the intermediate process of a chemical
reaction at the molecular level (i.¢he dynamic visualization of chemical
reactions) can indicate how well they develop an integrated understanding

of chemical reactions.
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Figure 1.25:Four types of connections made around visualisations of chemical processes
(from Chang et al, 2014)

Very similar to Chemation, the ChemSense Animator enables students to create

drawings and animations of chemistry concepts (Schank and Kozma, 2002). Schank

and Kozma found that enabling students to create ChemSense drawings and

anmations helped them to develop representational competence such as the ability
to construct and use representations to think about and explain chemical phenomena
(Kozma and Russell, 2005).

A key element of both ChemSense and Chemation is that #veraeo pre
constructed molecules from which to choose. This forces students to make critical
design decisions as to how they are going to use these building blocks to represent
the molecule and the phenomenon in their task: What atoms do | need? How many
are ttere? What type of bonds are there? Which atoms are bombdledzhemSense
Animator has an advantage over Chemation, in that it can be used on any laptop/
PC while Chemation is made specifically for handheld devices.

While virtual mdecular modelling has bae shown t o i mprove stud:e
understanding and ability to translate between representations, teachers require an
expertise in modelling and the particular software in order to facilitate this (Aksela

and Lundell, 2008). Dori and Kaberman (2012) did no#¢ their CMM included

an additional element: well trained teachers.

While both physical and virtual models have shown to increase student
understanding, studies have shown the largest gain to occur when both physical and
virtual models are used. Dori andafdk (2001) recommend incorporating a

combination of virtual and physical models in chemistry learning. Their study
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investigated the effect that teaching organic chemistry using virtual and physical
model s had on studentsoO wusdndtrthe spatmldi ng of
structure of new molecules. It was found that experimental students who worked

with both physical and virtual models gained a better understanding of the model

concept. These students were more capable of defining and implementing new
corcepts and were able to transfer between the different levels of understanding
(symbolic, macroscopic and microscopic). Similar results were found by Copolo

and Hounshell (1995) in the study of organic structures and isomerism. This study

also showed thatisdents who used both physical and virtual models had greater

retention of information, indicating better storage in the long term memory

The studies discussed thus far have involved students actively engaging in the
molecular modelling process throughtuial environments. There is disagreement

in the literature as to whether viewing 3D computer models of structures is enough,
or if students need to actually interact with them. Stull et al (2012) found that
students who simply viewed a 3D model but did intgract with it performed no

better on a test to measure representational translation than students who did not
see the models at all. Similar results were found by Barak and Hurssea)

(2013); students who did not learn via haodsexploration of wb-based models

did not improve their ability to transfer across different modes of molecular

representation.

Springer (2014) suggested that students may not necessarily need to perform

specific manipulations themselves and that simply viewing the apai®pr

manipulations being performed by an instructor may be enough to improve
understanding. Computer models were presented alongside standard 2D
representations of organic structures in lectures of an introductory organic

chemistry course for nechemistrymajor undergraduates. Although dioing so

the amount of infanation presented to the student increadleeir study showed

that viewing the appropriate rotational manipulations with a verbal explanation of

how to interpret the modekgnificantly improeda st udent sd wunder st a

molecular structure.

This study was of pre/pesest design withboth an experimentagroup who
received lectures witbomputer models and 2i@presentations and control group,

who received dctures with just 2Drepresentions. Although the experimental
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group students performed significantly better ttretontrolgroup students on the
posttest, t is unclear from this studyhy they benefitted from the experimental
treatment; their study cannot say anything alvdwthe experimental design was
effective just that is was. Thesearcher suggested that it vpassible to assume

the experimental group students performed better on theégstftecause they were
better at performing mental representational translationy; ¢bald create 3D
mental models from 2D images presented to them. However, without qualitative

data, it is not possible to tell what the students were thinking.

An understanding of the particulate level, both the representations and the process
whichoccu , i s an i mportant el ement of a stude
chemistry. Whether physical or virtual, static or dynamic, particulate models and
representations have been shown to be su

conceptual understandirag a particulate level.

1.3.2 Conceptual Pedagogies

The aids which have been effective in helping students engage with molecular level

and particulate representation have been discussed. Over the past 20 years, different
approaches aimed improvingstudt s® engagement and concept
have been discussed in the literature. The approaches which have particular
relevance to this study are a Social Constructivist Approach, CeBased

Learning and Phenomenariented InquiryBased Network Corpt (PIN

Concept). These will now be discussed

(a) Social Constructivist Approach
According to Vygotsky, cognitive development is largely a social process and
| anguage plays an essenti al role in the
functi ons d97%).\Hg maintamdd yhat language and action are equally
important in development and that they are components of the same complex
psychological function. Vygotsky believed that the most significant moment in
intell ectual d e wheeh eppeathana tpractical cactivity, eévdbo 0
completely independentlines@& & e |l o p me n t(1978cp@4).ver ge 6
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Vygotsky challenged the traditional Ostati
to make progress in school | emicgciongeskHe ndge
to gain a deeper insight into the chil dods
interviews between the child and a psychologist. The psychologist compares the

chil ddés unassisted responses wainbtboutt hei r f i
possible solutions to the test i1item. This
learn. Vygotsky showed quantitatively that the information derived from this mode

of testing |l ead to better predngovern ons of

the next two years than the previously wus
1994).

Vygotsky believed that with help, a child could perform tasks which would
normally be considered out of their mental capabilities. Thus, learning is a social

construct.

Krajcik (1991) outlined the social constructivist modetlaswn in Figure 1.2@By

this model, students only construct new information when they have to reconsider

their current understanding. Students have to reconsider their understanding when
asked to communicate it or when exposed to conflict situations that create

dissatisfaction with their current views.

[ Students describe their own understanding ]

Y

Students restructure own understanding

Students and Sludents exposed Students
- leachers exchange lo conflict siluations construct new 3
and clarify through discrepant understanding
understandings events
v J
Students apply new understanding \
Y

Y

Y

Students compare new understanding
with prievious understandings

Y

Figure 1.26:Model of social constructivisnirom Krajcik, 1991).
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Treagust et al (2003) provided a number of examples of studentdiscoeing

used to reinforce their understanding of the bonding structure of carbon and the
general formula for an alkane and compare timeb®js used to represent them (p.
1365).

The relevance of organic chemistxty to a s
based learning a particularly pertinent pedagogy to the teaching of organic

chemistry. The importance of linking the macroscopic and observable phenomena

with processes at the particulate level to succeed in organic chemistry has already

been discussed@hus, the PIN Concept also has particular relevance to the teachinf

of organic chemistry. Theseill now be discusged context based learning and the

PIN-Concept.

(b) Context Based Learning
Students often find conventional chemistry curricula quite abstfaalienging to
learn and unrelated to the world that they live in. As a result, students can become
di sconnected from the infor matbiaosne dtdoh a't t
approach to teaching chemistry is where a topic is introduced by showing the
stitents how the chemistry is relevant to t
Learning chemistry through context and applications helps students to make sense
of the world around them and understand the relevance of what they are learning.
Some chemisy curricula only O6tag ondé applicat:i
chapter wothtappti éati ons of <chdReidstry onl
2000, p.381). Reid (2000) suggested many possible application areas: clothes,
washing, dyeing, food andidk, cooking and cleaning, cosmetics and cleanliness,
drugs and medicine, and colours. Of course, different applications will be more
appropriate for different societies and cultures, which is something both teachers

and curriculum developers need to beasaof.

The Salterés Advanced Cheantowssewhchl€dsur se (S
to the ALevel examinations (aged 18) in the U.K. This course and examination has

been nationally validated amgualifies candidates for thircevel courses. The

examinaion consists of both written and practical elements. The main aims of the

SAC are:
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1 To show the ways chemistry is used in the world and in the work that
chemists do;

1 To broaden the appeal of chemistry by showing how it relates to
peopleds | ives;
To broaderthe range of teaching and learning activities used;
To provide a rigorous treatment of chemistry to stimulate and challenge
a wider range of students, laying the foundations for future studies yet
providing a satisfying course for those who will take tiedg of
chemistry no further.

(Bennet and Lubben, 2006, 3003)

The SAC has three core resources: Chemical Storylines book, a Chemical Ideas
book, and an Activities folder. The Storyl
introducing the contexts witth which chemical ideas and skills are developed. As
studentsé progress through the stories,
sections of the Chemical Ideas book. The Chemical Ideas book is more like a

standard textbook; it systematically drawsetbgpr the chemical principles from the

individual units and the different parts of the course.

A key element of the contekiased approach in this course is that scientific ideas

are introduced on a fAneed to knouwaa basis.
when they are needed to help develop understanding of features of the particular
context being studied.

Because students taking the SAC course undertake a different examination to those
following more conventional A.evel courses, direct comparisoaf achievement

are not possible. However, students involved in the SAC course reported greater

enjoyment and interest in what they were learning (Reid, 2000, Bennet and Lubben,

2006). A greater proportion of SAC students go on to study chemistry orsthemi

related courses at University (Bennet and Lubben, 2006).

Foll owing the ideas of the Salterds <cour
contextbased chemistry curriculum which has been developed in Germany by
chemistry teachers, school authorities atidnce educators for all grades and types

of schools. ChiK links three conceptual principles with a 4olaise lesson

structure. The three contextual principles are:
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Context orientationintroducing topics using personally or socially relevant

topics, eg.: hydrogen fuel cell cars;

Crosslinking knowledge to basic conceptdfers students a structure for the

systematic and cumulative development of knowledge and understanding;

Methodological diversitymore active role of the students.

The four phases dhe lesson structure are:
1. Contact Phase: students become familiar with the new context

2. Curiosity and Planning Phase: students participate in planning and

structuring future work

3. Elaboration Phase: Independent student activity supported by the teacher

aslittle as possible

4. Final Phase: freshly acquired chemical subject knowledge is extracted

from the original contet and applied to new contexts.
(Parchmann et al, 2006)

Similar to the SAC, students taking part in the ChiK curriculum have been shown

to hawe improved motivation (Parchmann et al, 2006)

(c) Phenomena-oriented Inquiry -Based Network Concept (PIN-
Concept)
The PINConcept programme for teaching organic ctstmy in universities and
secondével grammaschools in Germany (Barke et 2012) places #ocus on the
macroscopic before the suficroscopic.

An example of an experiment from this approach can be seen in Figure 1.27.
Homologous alcohols are mixed with water in petri dishes on an overhead projector.

The purpose of the demonstration is to viseathe graded water solubility of

homologous alcohols. A graded movement during the solution process can be

observed for the shedhained alcohols while the longpained alcohols are
060sluggishdéd to move. This i s Stideptsview t he di
this demonstration and then have to explain their observations (macroscopic) using

what they know about the struots of the alcohols (moleculaulzmicroscopic).
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Figure 1.27:Mixing alcohols with water (PINConcept) A = butanol, B = petanol,
C = hexanol, D = octanol

The PINConcept has been shown to be Omoti vat

teachers and chemistry classes aged7§ears of agéBarke et al, 2012)

1.4Summary

This chapter has addressed the Hitdeed difficultieswhich students experience
when studying organic chemistry ahdsdiscussed the possible reasons for these
difficulties using theories of learning. Methods of addressing these difficulties using
aids and pedagogies have also been examined. The findingshisochapter will
inform the development of the OCV approach and resources. In the next chapter,
organic chemistry will be pladewithin the context of the Irish Senior Cycle

educatiorsystem.
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Chapter 2

The Irish Education System and Organic
Chemistry

Chapter 1 addressed the range of difficulties that students may experience when
studying organic chemistry, reasons why these occur and what has been done by
researchers and educators to address these. Students in Ireland will first meet
organic chemisyr if they chose to study chemmgtas part of the Senior Cycle at
second levelBoth the seniorycle as a whole and the chemistry curriculum have
come under criticism in recent years and are currently undergeungw. This
chapter will outlinethese cticisms and new developments which are currently
being undertaken. The link between learning outcomes and assegssiti be
established within senioicle chemistry and the cognitive demaofccurrent LC
organic chemistry questions will be identifiedtdmational comparisons will also

be made.

2.1 Senior Cycle in Ireland

At the end of their second level education, theid @e set of fial exams taken by

students in Ireland-rom 1617 years of age, follow the LC senioycte, over 2

years and take-8 subjects. Points are allocated to students based on the grades
received in these exams and these points
courses. In 2015, 2014 and 2013 the numbers of stud#énig the LCwere

55,044, 54,025 and 52,767 spectively. This year, 56,595 strms sat the LC

exams (SEC2016).

2.1.1 Senior Cycle Chemistry

The number of students studying chemistry@tevel is relatively small, only 15
16% of the cohort. Of the three main science subjetiS §hysics, chenmstry and

biology), biology has remained the most popular with 33,865 students taking the
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subject in 2015, compared to 8,938 taking chemistry and 7,508 taking physics (SEC
2015)

Trends of LQperformances in chemistry over the last three yearshasen inTable
2.1. The pecentage of LCtsidents taking chemistig shown as % Total, with %
HL as the percentage students taking Higher Level (HL). The % Hons ih i4
the percentage dhesestudents achieving an Honours grade (Hons}C81 The
percentagesf students achieving each of the horsogrades are also shown (%A1
%C3).

It is noteworthy that there are small changes from year to year but the pattern
remains similarOver 80% of those students who take chemistry are taking the
higher level paper. Ohese students taking the higher level paper, over 70% are
achieving an honours gradad almost 20% achieving A grad@&sese figures give

an indication of the type of student taking chemistry for Leaving Certificate. The
perception of chemistryasafdif cul t subject appears to
students who are capable of achieving high grades taking the subject and they are

taking it at higher level.

Table 2.1 Performances in Leaving Certificate Chemistry in 2015, 2014 and 2013

2015 2014 2013
% Total 16.24 15.93 15.46
% HL 84.28 83.98 82.85
% Hons in HL 73.5 72.8 73.5
% Al 12.8 9.7 9.6
% A2 9.2 10.9 10.9
% B1 10.2 10.6 8.2
% B2 9.1 9.5 9.7
% B3 9.1 9 10
% C1 7.8 7.8 8.3
% C2 8 7.5 7.9
% C3 7.3 7.8 8.9
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2.1.2 Chemistry Curiculum Change

The current LCchemistry syllabus has been in place since 2000 and was first

examined in 2002. The vision for this new curriculum was to allow for a better

balance between knowledge and skills in the educational experience of senior cycle

students, and the promotion of the kinds of learning strategies associated with

participation in the knowledge society (Walshe, 2015). The stated objectives of this

syllabus are shown in Figure 2.1. The main changes that this sylebught to

LC chemistrywere a move towards a practical assessment, an emphasis on basic

analytical instrumentation and an emphasis on the relevant social and

aspects of chemistry.

applied

Higher Level Syllabus Objectives
The objectives of the syllabus are:

1. Knowledge
Students should have a knowledge of

*  basic chemical rerminology, faces, principles and

methods
= scientific theories and their limirarions
= social, hisrerical, environmeneal, rechnological and

coonomic aspects of chemisry

2. Understanding
Students should understand

= how chemistey relates o everyday life

= scientific informarion in verbal, graphical and
rathematical form

= basic chemical principles

= how chemical problems can be solved

= how the scientific method applies to chemisory.
3. Skills

Srudents should be able o

= follow instructions given in a suitable form

= perform experiments safely and co-operarively

= selecr and manipulare suitable apparans o

perform specified msks
= make accurate ohservarions and measuremens

= ingerpret experimental dara and assess the accuracy

of experimental resulis

4. Competence
Smudents should be able 1o

= ranslare scienrific informarion in verbal, graphical

and marhemarical form

= organise chemical ideas and saremens and wrice

clearly abour chemical conceprs and theories

= report experimental procedures and resuls ina
concise, accurate and comprehensible manner

= explain borh familiar and wnfamiliar phenomena
by applying known laws and principles

= use chemical faces and principles to muabe chemical

predictions

= perform simple chemical caleularions

= identify public issues and misconceprions relaring
s chemistry and analyse them eririeally

5. Attitudes

Smdents should appreciane

= advances in chemistry and their influence on our
lives
* thar che undersmanding of chemisory conrribures o

the social and economic development of sociery

* the range of vocarional oppormunites thar use

chemistry, and how chemists work.

Figure 2.1: Objectives of Higher Level Chemistry Syllabus (NCCA, 1999)

A number ofmardatory experiment$28) are specified in the current syllabus,

which are divided between all sections of the syllabus. A note on assessment at the
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beginning of the syllabus can be found in Figure 2.2. The written assessment of the
practical work takes thiorm of Secon A on the LCchemistry exam. Section A
contains 3 questions which are all based entirely on the mandatory experiments.
One question assesses volumetric analysis, one assesses organic chemistry and the

other can be from any of the other expemts on the syllabus.

Assessment

The syllabus will be assessed in relation to its
objectives. All material within the syllabus is
examinable. Practical work is an integral part of the
study of chemistry; it will initially be assessed through
the medium of the written examinatipaper. An
element of the practical assessment may be included as
part of the overall assessment at a later stage.

Figure 2.2 Note on assessment in Leaving @edte Chemistry syllabus (DES
1999; p.3)

The inclusion of basic analytical instrumentation demonstrated the move towards
reatlife applications of chemistry. The instrumentatiooluded mass

spectrometry, thin layer chromatography (TLC), gas chromatography (GC) and
high performance liquid chromatography (HPLC) with an emphasis on forensic
work as a practical application.

The social and apjeld aspects of chemistry amoun3@ of the syllabus and are
specifically highlighted in this syllabus using a separate column. An example is

shown in Figure 2.3.

Content Depth of Treatment Activities Social and Applied Aspects
5.6 Other Ethyne: Mandatory experiment ~ Oxyacetylene welding and
Chemical Fuels preparation. 5.2 (equations and cutting

: combustion, tests structures of products
(Time needed: 3 p

. for unsaturation not required for the
class periods)
tests for unsaturation

Figure 2.3: Social and Applied Aspects of chemistry are detailed in their own column of
the syllabugDES, 1999)

Despite thes intendedchangesn senior gcle chemistry, the Senior Cycle itself
and theL.C chemistry syllabus have come under criticism.
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2.1.3 Criticisms of Senior Cycle in Ireland

The Leaving Certificate process itself has come under criticism in recent years

(Walshe, 2015).The reportCommission on the Points System: final report and
recommendation@reland, 1999) suggested that a substantial review di@has

an educational programme was overdue. It recommended that this review be
fundamental, addressing maftesuch as the nature of the senior cycle experience,

issues of narrow curricula and assessment approaches, and the establishing of
provisions that would contribute to social cohesion. It highlighted several key

reasons for the need foeform of the LC including the points system and the
adverse effects of studentsd experiences

(a) The Points System

The LC amination supports the selection process for entry into further and third

l evel educati on, k nown s deselopeti and rarpbg thent s s y s |
Central Applications Office (CAO). The CAO allocates points to students based on

the grades they achieve in th€ examination. Places within higher education

institutes are allocated based on points achieved; the point allecative been

collectively agreed by the thii@vel institutions involved in the CAO scheme.

The points system hagacew fornedaicesoia
education. This has resulted in the development of a gsiclusol culture, where

the focus of teaching has shifted to preparing foLthexaminations and attaining

as many points as possible. Students are often provided with notes which summarise
Owhat is needed for the examinationd and
beexsmi ned based on previous yearsd examinat
very little practical work being carried out and some sections of the curricula being

left out.
(b) Experiences ofLC Students

The ESRI research repoRfom LC to Leaving School: A dngitudinal Study b
Sixth Year StudentsSimythet al, 201} reported that the curreb€ model impacts
significantly on teaching and learning in sixth year and earlier years. Key findings
from these reports show that the curre@6t model tends to narrovhé range of

student learning experiences and to focus both teachers and students on covering
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the course. Sixth year students also report teamdrdred classes, which focus on

practicing previous exam papers with very heavy workload.

Many students contsa what happens in their classes with the kinds of active
learning which engage them. Others, especially -aggtiring students, become
more tactical, focusing on what is likely to come up on the exam paper, and
expressing frustration with teachers whonto focus on exam preparation. Almost

half of sixth year students take private tuition (grinds) to prepare for the exam.

A consultation with fifty §' and " year students identified the perceptions held by
students of the.C (McEvoy, 2013). Students viemd the system as one that is
entirely exardfocused rather than focused on learning or knowledge and dominated
and driven by a tactical and competitive points game and CAO pr&tesents
identified the impositionf a rotelearning system that stunteatative learning and
teaching and made the transition from second to third level difficult. They also felt
the heavy curriculum resulted in tinpeessured teaching and cramming of material.

The system has resulted in students making subject choices baskdtos easier

to rote learn and making career choices based on points rather than what they are
passionate about (Hyland, 2013). This rote learning results in a lack of development
in skills that students should be learning before they leave seconadkicztion

and move into third level education. This lack of skill development lsasbalen a

topic of criticism of seniorycle chemistry.

2.1.4 Criticisms of Senior Cycle Chemistry

Despite the note at the beginning of the syllabus regarding assessegehigure

2.2, and the heavy emphasis of mandatory experiments both in the exam and in the
syllabus, there has been no development of a practical assessnsemidonycle
chemistry. Thus the skills identified as part of the aims of the syllabusoare n
assessed and there is no need for students to actually perform the practical work at
all; as long as they can learn the theory relating to each experiment and answer
exam questions la&ted to them, there is no requiremémnit practising practical

skills.

Along with a lack of skillsupport and development within senior cydkemistry,

the questions asked in the examination have been shown to be of lower order and
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not cognitively demandi ng. McCrudden (200
questions on the LChemistry exam between the years of 2000 and 2008 to
determine the percentage that were higher
Taxonomy categorises cognitive objects into six areas of increasing complexity and

higher learning skills; knowledge (K), c@mehension (C), application (Ap),

analysis (A), synthesis (S) and evaluation (E). These categories can be used to

identify the level of questioning employed, the type of skill a student must possess

in order to correctly answer a question and thus, theitreggdemand of a question.

The first three categories; knowledge, comprehension and application are grouped
as lower order questions. Knowledge is the most basic level and requires recall or
the ability to state a fact without any need to understand whaeans, e.g.
definitions. Comprehension requires students to display an understanding beyond
simply stating facts. Application is where students use their accumulated
knowledge of concepts to solve problems on an analytical basis.

Higher order questian categorised as analysis, synthesis and evaluation, require
more critical thinking and skill. Analysis requires students to break down a complex
idea, evaluate it critically and formulate an answer. Synthesis involves students
making predictions and id&fying links between difference concepts and ideas.
Evaluation, the category of highest cognitive demand, requires students to make

judgements about the quality of ideas or solutions to problems.

McCrudden (2009) categorised the questions on the LC ctigreisams by the

verb used. The rubric for this is presented in Table 2.2. Using this rubric, it was
found that the majority of questions (between 74% and 82%) on each of the
examination papers from 2000 to 2008 were of lower order; knowledge,
comprehensio or application. No questions were identified as synthesis or
evaluation. The only higher order questions that appeared on any of the papers
analysed were of analysis type, with the percentage of these questions varying from
17-20%.
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Table 2.2 Rubric fa question analysis c cor di ng t o Bffomomdés Taxonomy
McCrudden, 2009)

Knowledge Comprehension Application
Tell Label Explain Distinguish| Solve lllustrate
List Select Estimate Predict Show Construct
Relate Locate Interpret Regate Use Complete
Define Find Outline Translate | Write Examine
Recall State Discuss Describe | Demonstrate Classify

Name Identify Explain Give
Draw

Analysis Synthesis Evaluation
Analyse Separate Create Imagine Choose Verify
Distinguish | Calculate Invent Propose Decide Argue
Compare | Diagrams | Compose Formulate | Debate Recommenq
Contrast Differentiate | Plan Compile Prioritise Assess
Investigate | Advertise | Construct | Relate Critique Rate
Categorise | Devise Design Summarise Evaluate

Assessment drives teaching and learning. Exations need to be less predictable

and more diverse; include more o6whyd que
opposed to questions based on studentsd a
without an understanding, which are typical of i@&chemistryexamination. The

inclusionof higher order questions isimportano e x ami ne studentso un
of a topic and their ability to apply theinderstanding to new situatiotsmwever,

state examinations are dominated by lower order questions (McCr2(9).

Another criticism of the current chemistry syllabus is the narrow and limiting
learning outcomes that are specified. These will be discussed furtSection

2.2.1. Followinghe criticisms of the current seniorate and the individual subject
syllabi, consultation has been undertaken by the NCCA in recent years. New
developments in theenior gcle itself and the individual syllabi are currently
ongoing.
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2.1.5 New Developments in Senior Cycle

Following an extensive consultation during thelyepart of the 2000s the NCCA

set out its overview of a Onewd senior
confident and actively involved young people who are prepared for the future of
learning in Towards Learning: an overview of Senior Cycle EdocgtNCCA,

2009c). Within this, fivekey skills have been identified as being essential for all

senior cycle learners to develop at this stage of their education: information
processing, being personally effective, communicating, critical and creative

thinking and working with others, see Figure 2.4 below.

INFORMATION

PROCESSING

CRITICAL THE
AND LEARNER
CREATIVE
THINKING

Figure 2.4:Key Skills Framework (NCCA, 2009)

Information processing involves students developing the specific skills of
accessing, selecting, evaluating and recording information. An appreciatian of th
differences between information and knowledge and the roles that both play in

making decisions and judgements is required.

By being personally aware students become more salfare and use this
awareness to develop life plans and personal goals. Ssudentgiven specific
strategies related to selppraisal, goal setting and action planning. Students also
require an appreciation of how to get things done, how to collect and use resources

effectively and how to act autonomously according to persona¢sal

Communication is central to human relationships of all kinds and students will

gain an appreciation of this. Students will become better communicators under both
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formal and informal conditions, using a variety of media while gaining competence

and caofidence in literacy.

To developcritical and creative thinking, students will develop an awareness of
different forms and patterns of thinking. This will enable them to become more

skilled in higher order reasoning and probieatving.

Working with other sis an important skill for all students. Students will gain an
appreciation of group dynamics and the social skills needed to engage in
collaborative work, while recognising the need for group work to enable social

cohesion.

Taking these key skills intaccount, the individual science curricula (Chemistry,
Physics and Biology) are also currently undergoing a revision, with a renewed
emphasis on the need for a practical element of assessment (Walshe, 2015) and the

development of these key skills.

2.2 Organic Chemistry in Senior Cycle Chemistry

In total, organic chemistry accounts for almost one quarter oE@ehemistry
examination paper. At least one of the practical questions in Section A assesses an
organic chemistry practical. There are usually twib duestions on the paper in
Section B dedicated to Organic Chemistry. One of these questions assesses fuels
and thermochemistry, while the other usually focuses on reaction types and
mechanisms. This givesmainimum of three questions on organiemisty out of

a total of 11 questions, where eight have to be answered. Questi@ms 10

sometimes also include organiwetnistry topics.

Organic tiemistry is found irtwo sections of theurrentLC chemistry gllabus;
Section 5: Fuels and Heats of Reactod Section 7: Organic Chemistijhe class
periods recommended by the DES (1999) to teach the total LC chemistry syllabus
is 270 class periodef 40 mindes.Combining all class periods recommedder
Section 5 and Section 7, organiemistry requireapproximately 23% dahe class
periods at HLand approximatg 18% of the class periods at ordinagyél.

There are eighthandatory experimenggated for organiclemistry:

5.2 Preparation and properties of ethyne
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7.1 Recrystallisation of benzoic aciddadetermination of its melting pojnt
7.2 Preparation of soap

7.3 Preparation and properties of ethane

7.4 Preparation and properties of ethanol

7.5 Preparation and properties of ethanoic;acid

7.6 Extraction of clove oil from cloves by steam distidiaf

7.7 Separation of a mixture of indicators using paper chromatography-or thin

layer chromatographgr column chromatography. (DES,1999)

The SEC publishes@h i ef Ex ami n e hémsstryreaamoeverythoea t he ¢
years. The reports from 2002, Z)@008 and 2013 identify the organic question in

Section A (practical question) as the least popular (SEC 2002, 2005, 2008, 2013).

The Chief Examinerodds reports imderkp 02, 200"
for candidates to avoid organibamistry qustions, even though in doing so, their

choice on the examination paper is severely restricted. In 2005, there were three

and a half questions on organieamistry topics and these were amongst the least

popular questions on the examination. In general,nwthese questions were

attempted, they were either well answered or poorly answered, with few candidates
occupying a middle ground (SEQO005). The report in 2008 recognised an
improvement in the number and quality of attempts at questions on organic

chems t r y, although t hey sti | ROO8BKh dlis O mi xed
improvement appeared to increase in 2013, although the report stated that organic

mechanisms at higher level continue to be poorly answered, EEG).

While there appears to have beenramease in the number and quality of attempts

at organic chemistry questions since the curt€hChemistry sylhbus came into

effect in 1999, organichemistry questions remain some of the least popular and

poorly attempted questions ithe examinationtaboth HL and adinary level.

l ndeed, a study by Childs and O6Dwyer (20
LC chemistry identified the organidiemistry section as the most difficult section

on the course.
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2.2.1 Learning Outcomes and Assessment

Anotherfactor which contributes to the grindshool culture in Ireland, particularly

with organic chemistry, is the rigid prescription of the molecules which students

must study; because there is a maximum number of compounds which students

could be presentedtvih, st udents need to simply 61l ear
of understanding them.

In both organic sections, Section 5 and Section 7, the learning outcomes clearly
prescribe the compunds which students are required to study. For example, the

depth of tratment of Section 5.2 Structure of Aliphatic Compounds states:

0Al kanes, al kenes and al kynes as homol o¢
ethyne to be considered. Systematic names, structural formulas and

structural isomers of alkanes to-% Structures, but rioisomers, of

hexane, heptane, octane, cyclohexane and-2/2dethylpentane (iso

octane) to be considered. Systematic names, structural formulas and

structural isomers of alkenes te4-. 6 (DES, 1999)

Similarly, in Section 7 Organic Chemical Reactioypé&s, specific reactions are

specified for each reaction type, for example, under addition reactions:

Alkenesi reactions with hydrogen, chlorine, bromine, water and

hydrogen chloride.
Mechanisms of ionic addition (addition of HCI.BE1,, only to ethene

Evidence for this mechanism: reaction of ethene with bromine water
containing sodium chloride results in the formation dfr@moethanol,

1-bromo-2-chloroethane and 1-8ibromoethane.

Polymerisation reaction (of ethene and propene onlyreaction

mechaism not required).

Unreactivity of benzene with regard to addition reactions, relative to
ethene. (DES, 1999)

The rigidity of the learning outcomes specified in the syllabus is far too limiting
and has reduced the range of questions whicheasked in theC examinations.

Critics of the current model of curriculum and assessment argue that the under
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development of critical skills and the narrow range of assessment methods leads to
a reductionist appraé to learning (Hyland2011).

WalsheR 015) dewmixgmedcal ®3 of assessment item
determining the cognitive demand of assessment questions. This framework
comprises ofhree dimensionen which assessment iterage ranked; assessment

dimensiongcognitive process diansion, and knowledge dimension.

The assessment dimension identifies the type of assessment being used, i.e. if
students are being asked to demonstrate knowledge or analyse informason. It i
divided into four categoriegi) knowledge and understandingfacts, principles,
concepts, and methods; (ii) application of knowledge to familiar and unseen
contexts; (iii) manipulation, analysis and evaluation of data and (iv) use of

arguments based on evidence.

The knowledge dimension identifies the type ofwlemige required by thewgdent:
factual, conceptual, procedural or metacognitive. Factual knowledge refers to the
basic elements students must know to be familiar with a topic, for example;
terminology, symbols and sources of information. Conceptual kulg@lesfers to

the interrelationships among the basic elements within a larger structureatbiat en
them to function together; for examptdassifications and categories, theories and
models. Procedural knowledge is knowledge of how to do something and is
generally subjeespecific, i.e. techniques and methods for solving problems.
Finally, metacognitive knowledge is knowledge of cognition as well as awareness
and knowledge of oneds cognition.

The cognitive process dimension identifies the intended degrnitrocess of a
guestion and is based on Bloombés Taxonomy;

6remember &8 and dédunderstanddé and the highes:s

Each task within a question is treated separately. The coding used for each
dimensia can be found in Figure 2.5. The higher the number on the scale, the more

complex the task.

Walshe (2015) applied this framework to a typical organic chemistry question

found on the_C chemistry examination, as shown in Question X, Figure 2.6.

This quesbn was considered a difficult question in tié examination. However,

when this framework is applied to Question X, it is not cognitively demanding.
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Figure 2.7 shows the task value assigned to each of the three scales. As can be seen,

all parts of the gestion are ranked very close to the bottom of each scale. The
on (6

maj ority

of

the parts of this quest:.i

o f the cognitive process di mension

di mensi on

concepts

s ¢ awleelge and dunderstardingd d fiacts, principles,

and msmdntcatesid scatef Thus,rsi@ outo$ rpaets

of this question are of the lowest level possible in all three scales.

Aszessment Criteria — written examination Point on
scale
Knowledge and understanding of facts principles concepts and methods 1

Application of knowledge to familiar and unseen contexts

2
Manipulation, analysis and evaluation of data 3
)

Use of arguments based on evidence

Knowledge Dimension

Factual

[

Conceptual

Procedural

Metacognitive

B W] W

Cognitive Process Dimension

Remember

=

Understand

Apply

Analyse

| W] bk

Evaluate

Create

Figure 2.5 Coding of each scale of framewofkofn Walshe, 2015)
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QUESTION X

Study the reaction scheme and answer the questions that follow.

Alcohol A | Propan-1-ol Iqi‘ Propanal |4R_| Propanoic acid |

i) Give the systematic (IUPAC) name for (i) the alcohol A, (ii) the ester B.

ii) Alcohol A and propan-1-ol are structural isomers. Explain the underlined term
iii) What is the structural difference between a primary alcohol and a secondary
alcohol?

iv

Identify another pair of structural isomers from the reaction scheme.

v) Identify a compound in the scheme whose carbon atoms are all in tetrahedral
geometry.

vi) Name the reagent and catalyst used to bring about the conversions labelled R.

vii) Propanol is oxidised by Fehling's reagent. Describe how this reaction is carried
out.

viii)Why does propane not react with Fehling’s reagent?

ix) Which compound in the scheme would you expect to have a fruity odour?

Figure' 2.6 Typical question fronh.C organic chemistry question (higher level)

Question A K c

Al Give the IUPAC name 1 1 1
A} | Explain the underlined terms 1 1 1
Aliil) | What is the structural difference 1 2 2
Identify another pair of structural isomers 2 2 2

Level A 2 2 ]

Bii) | Identify a compound with tetrahedral carbons 2 2 2
B {ii} | Name the reagent 1 1 1
B (iii} | Describe the oxidation reaction 1 1 1
Bliv] | Why does propanone not react with Fehling's reagent 1 1 1
Blv) | Which compound has a fruity odour 1 2 1
Lewvel B 2 2 2

Figure 2.7: Analysis of Question X by Walshe (2015)
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The low cognitive demand of this question is typical of organic chemistry questions
in theLC and place an emphasis on information that can be simplylsztmed

and reproduced. This is consistent with the study by McCrudden (2009) who
identified the lack of higheorder questioning across the whole of chemistry exams
in theLC. There is no evidence ofildevelopment or assessment of conceptual
understanding.

The link between learning outcomes in syllabi and assessment has been well

established and is evident in international contexts.

2.2.2 International Comparison

Having discussed the link betwedretnarrow learning outcomes and the limited
exam questions ihC chemistry, international syllabi and examinations will now

be examined. Two countries have been selected for their broader learning outcomes
and assessment of organic chemistry: (a) New Swidles, Australia and (b)
Scotland. This section is not intended to be a complete overview of syllabi and high
stakes examinations but is intended to simply highlight different assessment

practises for organic chemistry.

(a) New South Wales, Australia

The ext examination in New South Wales (NSW) is the Higher School Certificate
(HSC). There are two years of study leading to the HSC examination, comprising a
preliminary course and a Higher School Certificate (H3G¢ preliminary course
comprises 4 units otwedy: The Chemical Earth; Metals; Water; Energy. The HSC

is comprised of three units: Production of Materials; The Acidic Environment;
Chemical Monitoring ad Management; and one optiohosen from: Industrial
Chemistry; Shipwrecks, Corrosion and Conseovat The Biochemistry of
Movement; The Chemistry of Art; Forensic Chemistry (Board of Studies NSW,
2002). Thdearning outcomes of tieéSW chemistry syllabusange from broad to
narrow, an example of this range is found in the unit The Acidic Environneart w

addressing esterification. Some learning outcomes are quite prescriptive:
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6describe the differences between the al

groups in carbon compounds?®d

0identify the | UPAC nomenclature for de
readions of straightchained alkanoic acids from C1 to C8 and straight

chained primary alkanols from C1 to C860
Meanwhile other learning outcomes are left broad:
outline some examples of the occurrence

6expl ai n tnhmmeltindg poihtfare bodimg pant caused by straight
chained alkanoic acid and straighth ai ned pri mary al kanol st

Despite a combination of broad and narrow learning outcomes, the learning
outcomes are dominated by verbs wihiall under the categies of comprehension

and @ pl i cation by Bl oombés Taxonomy. Thi s i
guestions asked in the HSC exam. Three questions from the 2014 HSC Chemistry

exam are shown in Figure 2.8.

The first question in Figure 2.8 asks studentadame a given organic structure.
While studentsdé abilities to read the infoc

would classify as a knowledge question by

In the second question students have to recognise a particular reaationwhigh

falls under the Comprehension category of
is composed of two parts, beginning with
t he Oknowl edged and 6comprehensi oné cat

respectively.

Examinaion of the NSW HSC leemistry syllabus and examinations demonstrates
another influence of learning outcomes on exam questions; if the learning outcomes
focus on a particul ar |l evel of Bl oomds Te

likely to follow suit.
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1 What is the TUPAC name of the following compound?
H F r
H—C—C—C—H
H Br H
(A) 1.2-dibromo-2-fluoropropane
(B) 2,3-dibromo-2-fluoropropane
(C) 2-flunoro-2,3-dibromopropane
(D) 2-fluoro-1,2-dibromopropane
2 Which row of the table correctly matches the reactant and the product of an addition
reaction?
Reactant Product
(A) | CH;— CH,— CH,— CH,— OH | CH,— CH,— CH = CH,
(8) | CH,— CH,— CH,— CH —CH, | CH,— CH,— CH = CH — CH,
N o
OH
(C) | CH,—CH=CH — CH,—CH, | CH,— CH,— <|:H — CH,— CH,
cl
o] o]
7 4
(D) CH3—C< CHS—C:
OH 0 — CH,
A first-hand investigation to produce an ester is to be carried out in a school
laboratory, using an alkanol, an alkanoic acid and a suitable catalyst.
3
() Name an ester that could be produced in a school laboratory.
(b) Describe how potential hazards associated with the three chemicals required for
this investigation could be addressed.

Figure 2.8:Example questions from HSC examination (Board of Studies NSW, 2014)
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(b) Scotland

The main university entrance qualificati ol
by the Scottish Qualification Authority (SQA). Students sitting the Highers are

typically 1617 years of age. The Curriculum for Excellence his hational

curriculumfor Scottishschools for students from age 3 to 18. It was developed out

of a consultation in 200 QA, 2014)

The Curriculum for Excellence Higher Chemisttgurse coves 4 units to be

compl eted over 2 years (S5 and S6): Che mi
Chemistry; Chemistry in Society and Researching Chemistry. Unit assessment is
assessed by end of unit tests set by the SQA. A pass for each unit is required befor

candidates are presented for the final exam.

Course Assessment consists of a Question Paper (100 marks) and an Assignment

(30 marks), both of which are marked externally by SQA.

The purposef the asignment is to allow learners to apply a range ofsskd they

research a topic or issue, including: knowledge and understanding, research,
interpreting evidence, organising and presenting findings (2QIA). An example

topic for the a si gnment is OAntioxidantsé in whi
questons uch as O6What fruit contains the most

t he most antioxidants?d and 6édDoes cooki ng
required to prepare a report through a medium of their choice (document,
PowerPoint, poster, etc.). Bhiassignment allows students the freedom to

investigate what interests them about a particular topic and communicate their

understanding following this investigation.

Themur se Question Paper is the final exam e
for 2 hours and 30 minutes. The paper contains 2 sections; Section 1 is composed

of multiple choice questions and accounts for 20 marks. Section 2 is composed of

longer questions which require an application of knowledge and understanding.

Example of questiafrom Section 1 and Section 2 of a Chemistry Highers paper

can be found in Figure 2.9 and Figure 2.10.
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The structure of isoprene is

A CHy 0O
I [

CH _C
H,c” CA, “OoH

B {i.H3

Hz-::"":'c“cf o
: H;,_»:‘f'l'FH_Et"\!‘»:Hz
D CH,

Which of the following statements is correct for ketones?

A They are formed by oxidation of tertiary alcohols.

=
B They contain the group—C ::H .
C They contain a carboxyl group.
D  They will not react with Fehling’s solution.

Which of the following is an isomer of 2,2-dimethylpentan-1-ol?

CH3CH,CH,CH(CH;)CH,0H
(CH,),CCH(CH,)CH,0H
CH,CH,CH,CH,CH,CH,CH,CH,OH
(CH,),CHC(CH,),CH,CH,OH

e S TR = < N -5

Figure 2.9: Example questions from Section 1 of Chemistry Higii8A, 2014)

The first question in Figure 2.9 asks student to pick the structurgofarene from
four structures. There is no verb used in this question, however, as isoprene is not

the IUPAC name of this molecule, the only way for students to know the structure
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of i soprene is from recall, t lguestiont hi s que
The second question does give the | UPAC ne
backward from IUPAC rules to identify the structure, therefore applying the IUPAC

rules and placing this question ann the 0a
students have to identify a correct state

All of these questions in Figure 2.9 can be classified as lower order questions.

A question from Section 2 of the Chemistry Highers is shown in Figure 2.10.

Many of the compounds in perfumes are molecules consisting of joinec
isoprene units

0] State the name that is given to molecules coissing of joined
isoprene units

(i) Geraniol is one of the compounds found in perfume. It has
the following structural formula and systematic name.

H CH, H H H H

I | | |
H=C=Cm(=C—~C—~C=C=—C—H

l N

H H H H CH, OH

3.7-dimethylocta-2,6-dien-1-ol

Linalool can also be present. Its structural formula is shown
below

H (N, H H OHH H

| | | I
H—C—C=C—C—C—C—C=C—H

l N

H H M H CH

)

(A) Statethe systematic name for linalool

(B) Explain why linalool can be classified as a tertiary alcohol

Figure 2.10 Example questions from Section 2 of Chemistry High8QA, 2014)

Even though the verbs wused in this quest

ocomprehensiondé categories of Bl oombs Taxc
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because students are asked to gageith a molecule that has not been prescribed

on the syllabus and so, they probably have not seen before.

Unlike the Irish chemistry curriculum, which prescribes a set number of molecules
which students have to study, the Scottish chemistry curriculomsafor a much
broader range of molecules to be engaged with. This also allows for assessment to
include molecules which students have not studied before, thereby testing their
ability to apply their knowledge and understanding rather than reprodunedear

off material.

2.3 Summary

This chapter has set organic chemistry in an Irish context. Organic chemistry makes
up one quarter of theC chemistry exam, and yet it is consistently avoided by
students because of the narrow #iet@rning focused questionghe link between
learning outcomes and assessment has been demonstrated both in an Irish context
and an international context. There is a need for a change in the assessment and
learning outcomes in relation to chemistry and thus, organic chemistisiamdt

The discussion in this chapter, and the findings in Chapter 1 will be used to inform
the development of the OCV approach and the creation of OCV materials.
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Chapter 3

Focus of the Project

Introduction/ Development of Research Question

The focusof this project presented itself while examining the many examples of
organic chemistry that appear in our everyday lives. The following headline (Figure
3.1), which discusses the death of a man in his2@&ldue to a banned slimming

pill containing dintrophenol (DNP), appeared in the Irish Times newspaper.

Man i-80m®mi dies raft er trak i

Garda and health products authority investigating ‘fat burning’ drug containing DNP

The man, in his mid-20s, died in May after taking a “fat burning” product that
contained Dinitrophenol (DNP), a highly toxic substance marketed on the internet as a

“wonder slimming aid”.

Figure 3.1 Headline taken from Irish Times, Friday'2Bune 2015.

We asked t HHew wpuldeasleéaving reertificate chemistry student
engage with this type of headline following their stdy of organic chemistry®

First of all, we would assume a student who had studied organic chemistry would
engage with this headline in a different manner to a student who has not. We
considered how they would visualise this compound from its name, dimétnop

A possible pathway for a student thinking about this molecule is shown in Figure
3.2. Would students simply see this DNP in its macroscopic form as a tablet or
would students be able to break this name into two nitro groups and a phenol group?
Couldthey draw its components in 2D or possibly visualise its 3D structure? Would

they perhaps | ook at i1its molar mass o
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this man? How does DNP react in the

have studied ganic chemistry for the leaving certificate to be able to follow this

pathway of thinking, at least part of the way if not completely. However, from

reading the literature, we suspect they cannot.

Dinitrophenol

2 nitro groups

Lo

)

e o f OH
2, Dli nitrophenol R—N, @
Mol ecul ar mas s : 18%.11 / mo l

Howoaels it react in t&bbody?

Figure 3.2 Example pathway of a student thinking aboiMMD

body?

In order for a student to be able to engage with this molecule, they need to be able

to understand the various forms of representations used for organic compounds.

However, the literature has identified particular difficulties experienced by students
which are related to the abstract nature of organic chemistry and these

representations. Students have been shown to have difficulty interpreting formulae

(Bernholt et al, 2012; Cooper et al, 2010), translating between different types of

representations (Moll, 2003) and visualising and performing mental tasks on

structures of organic molecules (Tuckey and Selvartnam, 1991; Ferk et al, 2003;

Pribyl and Bodner, 1987; Small and Morton, 1983). These give rise to more

difficulties relating to structural problesnsuch as isomers (Hassan et al, 2004) and

structureproperty relations (Taagepera and Noori, 2000; Cooper et al, 2013). In

addition to these, students have
explain organic mechanisms (Bhattacharyya and Bo@065)

t o

The substantial difficulties experienced by students has led to organic chemistry

being perceived as a difficult subject, with students avoiding it if possible.
McCormack (2009) found that students in upper second level education in Ireland
are omy operating at the concrete cognitive level, and thus are not at the cognitive

level required to engage with the abstract nature and variety of representations used
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in organic chemistry. Without the cognitive ability to fully understand organic
chemistry,a culture of rote learning has emerged amongst LC students. What is
taught in organic chemistry for the LC is anecdotally preferred by some students

who find it easy to rote learn.

We have shown in Chapter 2 that students coming into third level edueagion
able to engage somewhat with the different types of representations but are unable
to translate between them. Therefore, we need to change the way that students are

being taught organic chemistry.
This process led to the development of the researestign for the project:

Can students learn organic chemistry through an approach where
the focus is on meaningful understanding of (a) molecular structure,

and (b) the basis of chemical reactivity?

This chapter describes the process undertaken to anseeabthve research
question. The structure of the project will first be discussed, addressing the
educational research methods which guided the structure. A timeline for the stages
of project will be detailed. The participants involved in the project withlténed,

along with the data that will be collected to evaluate the project.

3.1 Structure of the Project

An initial representations exploratory study was conducted with incoming third
level science undergraduates to determine if students leaving dsdevel
education in Ireland experience the same representational difficulties as those
identified in the literature. This study indicated that students leaving second level
education in Ireland can engage with three dimensional cues in representations of
organic molecules but struggle to translate between them. The methodology and

full results of this study can be found in Appendix A.

The next step in the project was to devise the teaching approach, which places an
emphasis on 3D structures and the ugghgsical models. A teaching package was
then created, whose key ideas related to both organic chemistry and general

education, including but not limited to the use of: concrete models, large molecules,
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3D structures, discussion, comparison, and the ilacieand evaluation of practical
work. The actual development of the approach will be discussed further in Chapter
4.

Initial materials developed were piloted with one class group. Feedback from this
pilot allowed for the reevaluation of the approach andiralising of the teaching
package for full implementation. Following the creation of the Organic Chemistry
through Visualisation (OCV) approach and teaching package, teachers were
recruited to participate in a full implementation of the programme. Apjatep
teacher training was provided to ensure the core values and key ideas of the
approach were fully communicated to teachers. Following Implementation 1 of the
package with several class groups, the approach wasaheated using evidence

of student larning and feedback from teachers.

A second exploratory study into the use of process models as a tool to aid and
examine student understanding was conducted with second year student teachers.
This study will be discussed in Chapter 7.

Evaluation of Implerantation 1 of the OCV programme informed the need for a
second full implementation. This iterative approach took inspiration from the cyclic
nature of action research, while the evaluation of individual class groups will be

treated with a case study apprbaThese research methods will now be discussed.

3.1.1 Action Research

This study undertook research within ppsimary and third level education
contexts. The study drew inspiration from the Action Research model in the framing
of each research phassedamplementation within these contexts. In this regard, the
study integrated cycle/s of 'plan, act, observe and reflect', through which the OCV

programme and approaches were trialled, evaluated and redeveloped.

Action research is designed to bridge thp lgatween research and practise in order
to improve practise and contribute to a theory of education and teaching, which can
then be accessible to other teachers (Cohen et al, 2007). This research involves

collaboration with practising and experienced sekevel chemistry teachers.
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O6Brien (1998) describes Action Research
names for Action Research found in the literature include Emancipatory Research,

Action Learning and Collaborative Learning.

The action research pregs has been described in the literature as cyclical. The

cyclical process is intended to foster a deeper understanding of a given situation,
starting with conceptualising the problem and going through several evaluations
(Maclsaac, 1996). Action researeh more of a holistic approach to problem

sol ving, rather than a single method for
1998). Action research, therefore, allows for several different research tools and

sources of data to be used within one project.

Kemmis and McTaggart (1988) developed a simple model to summarise the

cyclical approach of Kemmi sbé Action Reseal

four main steps in each cycle of action research: planning, action, observation and

reflection before revismthe plan.

Cycle 1

v
Revised
Plan

Observe

V4 <
/~ Action

Figure3.3 The O6action research spiralé adapted f
and McTaggart (1998)

ElIli ot (1991) used Kemmi s6 model as a st
detailed approach, see Figure 3.4. This approach cedtasome of his own

el aborations, i ncludi ng: 6The Gener al I
Ol mpl ement at istemidnotalivayseasy,ard orie gshould not proceed

to the effects of an action until one has monitored the extent to whichhiekas

implemented (p. 70).

As a research methodology, action research combines six key ideas:
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1 A straightforward cycle of identifying a problem, planning an intervention,
implementing the intervention, evaluating the outcome.

Reflective practise

Political enancipation

Critical theory

Professional development

= =/ 4 4 -

Participatory practitioner research (Cohen et al, 2007; p. 312)

There are however, some criticisms of action research. Hunter (2007) outlined the

three main assumptions of action research:

1. Teachers iroduce changes in the curriculum or in the way they teach
because they perceive weakness in the current situation;

2. Any significant intervention into a practising classroom will have an effect.
Action researchers ask OWhatvoillvedRé ef
instead of asking 6Was there an effect:

3. Changes in instruction seldom benefit all students equally. Educational
research can have both positive and negative effects; while some students
may benefit from the intervention, some may not.

The man criticism of action research is that the model focuses most of the attention
on the action itself and changing the setting, rather than the development of research
techniques and procedures (Hunt@007). Orlikowski and Baroudi (1991)

identified some dter weaknesses of action research:

1 Lack of environmental control: any one variable may never be isolated in
an action research study. This makes it difficult to identify how one
dependant variable is influenced by other variables;

9 Local utility of the resarch conclusions: the development of models with
high external validity can be difficult from an action research project, due
to the lack of generalisation. Action research projects tend to be specific,
focused and localised;

1 Personal Bias: Action researcdquires the researcher to be aware of their
own bias and personal interests, as these can hinder the process and

conclusions.
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Identify
initial idea
Reconnaissance
(fact-finding and analysis)

General Plan

Action steps 1

Action steps 2

Action steps 3 Implement
action steps 1

Monitor implementation /

and effects

.

Reconnaissance
(explain any failure to P Revise general idea
implement, and effects) i

Amended Plan
Action steps 1
Action steps 2

Action steps 3 Implement next
action steps

Cycle 1

Cycle 2

Monitor implementation
and effects

:

Reconnaissance
(explain any failure to Revise general idea
implement, and effects) i

Amended Plan
Action steps 1
Action steps 2

Action steps 3 Implement next
action steps

-
2

Monitor implementation
and effects

)

Reconnaissance
(explain any failure to
implement, and effects)

Cycle

Figure 3.4 Elliotds r evi sesearch model (EKiat, 19891, BLY act i

Despite the assumptions and criticismstion research is an effective practise for
the linking of theory and practise through collaboration between researchers and
teachers. The framework of this research project follows the action research model
of Elliot. The general outline of the projastdepicted using this model in Figure

3.5. A more detailed timeline for each of the cycles will be given in Section 3.2.
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Identify
initial idea
Rev1§w of. Literature . Exploratory Study
Identification of research question 1t Yr Undergraduates
Identification of key ideas for
approach
o Development of preliminary
E\ materials
© Recruit pilot teacher
Pilot
Observe pilot /
Collect feedback
Use feedback to
Analyse feedback
’ complete package
Make amendments to
materials
Develop evaluation
materials ]
- Implementation 1 of
Recruit teachers full programme
(]
2
g Data collection: from
Q students and teachers
Evaluate student learning
Exploration of process Determine changes
models with 2°¢ Yr student required
teachers l
Amended evaluation
materials
Add additional
activities required Implementation 2 of
full programme
o
<
g Data collection: from
@) students and teachers
Evaluate student learning,
make conclusions.

Figure 3.5: General outline of OCV project modelled on Elliot (1991)

While the general outline for the project follows the actiesearch model, each

implementation group can be considered as a case study. The case study research
method will now be discussed.
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3.1.2 Case Study

While action research inspirglse general outline and iterative approach of this
research, the individuaksl environment of the classroom and the nature of the
implementation and evaluations of the OCV programme are guided by a case study

approach. This project includes case studies from both second and third level.

A case study is a specific instance thdreésjuently designed to illustrate a more

gener al principle (Nisbet and Watt, 1984) ,
(Cohen, 2007). A case study provides a unique example of real people in real

situations, enabling readers to understand ideas rlmarly than simply by

presenting them with abstract theories or principles.
Hitchcock and Hughes (1995) describe several characteristics of a case study:

1 It is concerned with a rich and vivid description of events relevant to the
case;
It provides a clonological narrative of events relevant to the case;
1 It blends a description of events with the analysis of them;
7 It focuses on individual actors or groups of actors, and seeks to understand
their perceptions of events;
T It highlights specific events thatearelevant to the case;
The researcher is integrally involved in the case;
An attempt is made to portray the richness of the case in writing up the
report.
(Hitchcock and Hughes, 1995, 317)
Case studies can involve either single or multiple caseésnumerous levels of
analysis (Yin, 1984)Case studies typically combine data collection methods such
as interviews, questionnaires and observations. The evidence may be qualitative

(e.g. words), quantitative (e.g. numbers), or both (Eisenhardt, 1989).

Table 3.1 outlines some advantages and disadvantages of using a case study (Nisbet
& Watt, 1984). Bias is identified as a potential disadvantage from the researcher as
an observer. Shaughnessy and Zechmeister (2003) suggest that because case studies
often lack a high degree of control, and treatments are rarely controlled
systematically, it renders it difficult to make inferences to draw candeffect

conclusions from cases studies. Thus, there is potential for bias in some case studies
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as the researches both the participant and observer and, in that role, may overstate
or understate the case.

Table 3.1 Advantages and Disadvantages of Case Stinodspn(Nisbet & Watt, 1984)
Advantages Disadvantages

They provide insights into othe The results may not be generalizal
similar situationsand cases, therel exceptwhere other readers/researchers
assisting interpretation of other simil their application.

cases.

They can be undertaken by a sinf They are not easily open to cres
researcher without needing a f| checking, hence they may be selecti
research team. biased, personal and subjective.

They can embrace and build | They are prone to problems of obsenr
unanticipated events and uncontrol| bias, despite attempts made to addi
variables reflexivity.

Stake (1994) classifies three main types of case study:

1. Intrinsic case study: a study that is undertaken to understand the
particular case in question;

2. Instrumental case study: examining a particular case in order to gain
insight into arissue or a theory;

3. Collective case study: a group of individual studies that is undertaken to

gain a fuller picture.

This research can be categorised as both an instrumental and collective case study;
due to the sample sizes, the project as a whole eaiaken as a case study to
examine the effectiveness of a mobtaked approach to teaching organic
chemistry. Meanwhile, each individual class group can be taken as a single case
study that when grouped together, provide a fuller picture for the instraihcase

study.

Observation is a key element of case study, the purpose of which is to investigate
deeply and examine intensively the phenomena which are being observed (Cohen,
2007). There are two main types of observation; participant observation and non

participant observation. During participant observation, the observer engages in the
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activities which they are investigating. while mparticipant observation involves
the observers standing away from the activities they are investigating.

Observation plgs a key role in the evaluation of OCV programme. This will be

discussed further in Section 3.5.

3.2 Case Studies

This project involved several case studies at botbrek@and third level (Table
3.2)There were three main interventions at gmatnary levé; a pilot study and

two implementations, in which the OCV approach was trialled, evaluated and
redeveloped. The participants were a number of 5th year chemistry classes who had
not yet studied organic chemistry. At third level, there were two interventibe

first of which was carried out at the outset of the research study, and which explored
whether there were weaknesses in abilities to translate molecules among first year
undergraduate students in Ireland. The second intervention at third levplacek

at the end of the study and further examined the use of organic chemistry animations

to enhance understanding of molecular structures amorggpriee teachers.

Section 3.3 details the timeline along which these case studies took place and the
purpase of each case study. The participants and the data collected casach
study is discussed in Section 3.3 and Section 3.4 respectively
Table 3.2:Case studies which took place at second and third level
Level Case Study

2 level OCV Pilot study
OCV Implementation 1

OCV Implementation 2

3evel Representations Exploratory Study
Process modelling Exploratory Study

3.3 Timeline of the Project

Table 3.3 describes the main phases of the project, the case studies involved, their
purpose and the g&cipants. As can be seen, there were three cycles in the project,
with a total of 13 phases. Case studies which took place at second level are
highlighted in green and case studies which took place at third level are highlighted

in yellow.
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Table 3.3 Timeline of the OCV projectCase studies highlighted in green took placeat 2
level. Case studies highlighted in yellow took place'&te8el.
Note TRS = Teacher Reflection Sheet

PhaseTimeline Study Purpose Participants
1 SepDec Reconnaisance |dentify areas where students
012 struggle with organic chemistry,
what approaches have already be
taken

Development of Development of initial activities,
approach and  resources for teachers
initial activities

2 Apr i IOCV Pilot 4-week pild of approach, activitiesTeacher:
and resources. N=1
Students:
_r N=17
23 May-July Evaluation of piloiEvaluation of feedback from pilot
S 013 teacher.
4 |Augi Dec Redevelopment cFeedback from piloteacher used t
6 13 materials, redevelop materials
expansion of Further development of materials
evaluation evaluate the approach
materials

5 Se pt Representations Determine if students leaving 18t Yr undergrad. scienc
Exploratory Studysecond level education in Ireland students
experience the same representatiN=151
difficulties as those identified in th

literature
6 J an (Recruitmentof |Recruitment of teachers for Teachers,
teachers Implementation 1. N=5

Meetings with teachers to
familiarise with approach and

resources
7 [Feldi May OCV Full implementation of OCV Teachers:
a4 Implementation 1 N=6 (researcher include
Students:
N=70
8 May (Additional Case Investigate student difficulty in  Students from class 1B
Study written assessment of N=3

Implementation 1

9 No v (Process ModelliniExploringthe use of process mod(2™ Yr student science
Exploratory Studyas a tool to aid and examine studiteachers
understanding N= 23

N
5 10 JuneDec Evaluation of Evaluation of all feedback from
5‘ 614 Implementation 1Implementation 1
11 JanFeb Redevelopment cRedevelopment of evaluation
015 |evaluation technique
12 FebMay OCV Final implementation of OCV, useTeachers:
015 Implementation 2of new evaluation methods N=4
Students:
N=45

13 JuneDec Evaluation of firal Evaluation of implementation, make conclusions
015 implementation

|Cyc|e 3
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3.4 Participants

3.4.1 Second Level Case Studies

The second level classes involved in each of the pilot study, Implementation 1 and
Implementation 2 are summarised in Table 3.4. The filolysinvolved one class
group (TeacheF), from an algirls secondary school of 17 students. Teachers for
Implementation 1 were recruited via emdif the teachers who expressed an
interest in the programme following receipt of the email, six teachéusteered

to participate in Implementation 1 of the programme. Of these teachers, one had to
withdraw within two weeks of starting the programme. In total, five teachef8 of 5
Year chemistry classes participated in Implementation 1 and the researcher also

implemented the programme with a Tsdion Year class group (Cla&y.

Table 3.4:Breakdown of participants at second level

TeacherClass School Gender o ' Number of
_ Study participated in
I.D Mix Students
Implementation 1 9
B Girls
Implementation 2 6
Implementation 1 16
C Co-ed
Implementation 2 16
D Boys Implementation 1 11
E Boys Implementation 1 11
Pilot 17
F Girls Implementation 1 5
Implementation 2 11
G (¥ Coed Implementation 1 11
H Girls Implementation 2 8

¥ This class watught by the researcher.

Three of the teachers involved in Implementation 1 also participated in
Implementation 2 (Teachers B, C and F). Implementation 2 also had one additional
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teacher (Teacher H). Teacher E from Implementation 1 did not return to
Implementation 2 as s/he believed the approach was too time consuming. It is
unclear as to why Teacher D did not return. Teacher H ran the OCV programme as
an after school programme once a week throughout the year witlyeab class

group.

During the initial contact with teachers via email, teachers were only given an
overview of the materials that were available and were not given copies of the
manuals. Two meetings were held with each teacher before they began
implementation of the programme. The main reabat this was done on a ette

one basis was the staggered start of i mpl
individual class plans. In the initial meeting, teachers were given an overview of
the approach and the rationale behind the project ifldedfy were also given a copy

of the Teacher Manual and the Student Manual to examine. Teachers then had the
opportunity to look through these manuals and get better acquainted with the
approach. The second meeting was held to address any questionsctiettbhad

regarding the approach or the activities in the programme.

The time spent on the programme by each teacher during both Implementations will

be discussed in Chapter 5. Following each
feedback was gathered ihet form of teacher reflection sheets, informal

discussions, a teacher focus group and individual teacher interviews. These, and all

other feedback and data sources collected, will be discussed in Section 3.6

Following initial evaluation of the written assment in Implementation 1, an
additional study was conducted with three students from class of Teacher B. The
students who were chosen for this study had particular difficulty completing
Question 2 of Assessment 1 (Assessment 1 will be discussed ininlétahpter

5). It was decided to conduct an additional study to investigate the difficulties
experienced by these students in this particular question. This additional study will

be discussed in Chapter 5.
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3.4.2 Third Level Case Studies

This project intuded two case studies at third level. The first was an exploratory

study into studentsdéd ability to engage wi
organic chemistry. The cohort selected consisted of 151 students takin¢ear

Chemistry Laboratory made, which lasted 24 weeks (2 x 12 week semesters).

These students had varying majors, from Biotechnology to Analytical Chemistry

and approximately 50% (76) had studied chemistry for the Leaving Certificate. The

discussion and results of this study caridasnd in Appendix A.

The second case study at third level involved 25 second yeaepiee teachers.

The purpose of this study was to investigate the potential for the inclusion of a

virtual modelling environment with an animation tool in the OCV apgoAt the

time, these students were undertaking a module which focused on the role of ICT

in science education. Thus, the purpose of selecting these students vi@isl e

use ChemSense to assess studentsod under st e
and to make these student teachers aware of how to utilise this type of software for
assessment of understanding and identification of misconceptions. This study will

be discussed further in Chapter 7.

3.5 Ethical Consideration

Ethical behaviour is of ge¢ importance in research. As the participants in the
research project included secedegel students, ethical approval was sought and
granted from the Dublin City University Research Ethics Committee. Ethical
approval was also sought and granted forépeasentations exploratory study with
first year third level students. The letters of approval for both studies can be found
in Appendix B

The names of all schools, teachers and students are known to the researcher. This
was necessary to enable the redearto compare prand postspatial ability tests

with the postassessments and other evaluation tools. Each class was coded with a
letter and each student in each class was given a number. The data sources collected

from students in each Implementatiwill now be discussed in Section 3.6.
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3.6 Data Collection

The case study approach taken in this project allows for a mixed methods research
process. A variety of data were collected to evaluate the effectiveness of the OCV

approach. These data sourcesenswth qualitative and quantitative.

A number of steps were taken to ensure rigour within the evaluation of the OCV

programme in Implementation 1 and Implementation 2:

1 Data was collected from three sources: the teachers, students and the
researcher;
1 Datacollected was both qualitative and quantitative;
1 Multiple data sets were collected within each case study
Table 3.4 summarises the data collected in each of the case studies. These were a
combination of qualitative and quantitative data. Table 3.5 sumesatise

qualitative and quantitative data collected in each of the case studies.

Data collection varied slightly between Implementation 1 and Implementation 2.
Due to time constraints, the researcher taught the programme during the
Implementation 1 but ndinplementation 2. In Implementation 1, teachers were
interviewed following implementation as a group through a focus group, while they
were interviewed individually following Implementation 2. Students in both
Implementations completed the pamd postspatial ability test. However, students

in Implementation 1 completed Assessment 1 while students in Implementation 2
completed Assessment 2. The content examined on these assessments was very
similar, however the structure of the questions differed. Thid® discussed in

Section 3.6.3. All data sources collected in Implementation 1 and Implementation

2 respectively are summarised in Figure 3.6 and Figure 3.7.

A small group of students from Implementation 1 participated in an additional study
following completion of the OCV programme. This was used to inform execution

of Implementation 2. Students in Implementation 2 all underwent a modelling test
and interview following completion of the programme. All of these data sources

will be discussed further.
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Table 3.5:Summary of data collected in each case study

Level | Study Data Collected
2nd OCV Pilot study Teacher Reflective Journal
level
OCV Implementation 1 Student:  PrePost spatial ability test
Assessment 1 (written test)
Part C: Reactivity assessme
Teacher: Teacher reflection sheets
Data from teacher focus
group
Researcher:Field notes from observatior
Field notes from r&earcher
implementation
Follow-up Case Study | g gent:  Additional study worksheet
Researcher: Field Notes
OCV Implementation 2 Student:  PrePost spatial ability test
Assessment 2\fritten test)
Results from modelling test
Data from paired interview
Teacher: Teacher reflection sheets
Data from teacher interviews
Researcher:Field notes from observatior
rd f
3 Representations Student: Structural representations test
level Exploratory Study

Organic questions from end of
semester test

Process modelling

Exploratory Study

Student: Animation created in ChemSen:
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Table 3.6: Summary of qualitative and guantitative detdlected in each case study

Level | Study Quantitative Data Qualitative Data
2nd OCYV Pilot study | - Teacher reflective journal
level
ocv PrePost spatial ability Researcher field notes
Implementation 1 test Teacher reflection sheets
;As?essment Gwritten Data from teacher focus
est) group
Part C: Reactivity
assessment
Follow-up Case Structures drawn by
Study students
Researcher field notes
oCcV . . . .
PrePost spatial ability Data from paired interviev
Implementation 2 test .| Researcher field notes
Assessment 2 (writter
test) Data from teacher
interviews
Results from
modelling test
rd i
3 Representations Structural
level | Exploratory representations test

Study Organic questions

from end of

semester test
Process Animation created in
modelling ChemSense

Exploratory
Study
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( )

Teacher Reflection Sheets
G J
Teach: p N
Data from Teacher Focus
Group
& J
4 N\
Pre-/Post Spatial Ability Test
\\ J
( N
Data St ude Assessment 1
Collected J L
Part C: Reactivity Assessmerﬂ
R Field notes: observations anc
esear own implementation
Figure 3.6: Data Collection for Implementation 1
( N
Teacher Reflection Sheets
G J
Teach: p <
Data from Individual Teacher
Interviews
& J
( N
Pre-/Post Spatial Ability Test
\\ J
( N
Assessment 2
\\
Data Stude
Collected

N
Resea rJ——[Field notes from observations
/

Results from Modelling Test]

<
Data from Paired Interview

Figure 3.7: Data Collection for Implementation 2.

108




3.6.1 Teacher Data

(a) Pilot Teachea Reflective Journal
During the pilot study, the pilot teacher opted to keep a reflective journal discussing
the progress of all conversations and activities throughout-thee# pilot. This

was analysed qualitatively to inform Implementation 1 and Imeigation 2.

(b) Teacher Reflection Sheet (TRS)
Participating teachers were asked to complete a Teacher Reflection Sheet
(Appendix C) upon completion of each lesson. Theem reflection contained
closed, open and Likedcale type questions. The questionsewndeveloped to
gat her i nformation on teachersdé i mplement
engagement with the approach. Teachers were asked to record any changes made
to each lesson/activity, if students were able to carry out the activities suggested,

any difficulties students experienced, etc.

(c) Informal Discussions with Teachers
Field notes were taken during informal discussions with the participating teachers
following classroom observations. These notes will be used as part of the evaluation

of the pogramme.

(d) Teacher Focus Group
A semistructured focus group was held following implementation of
Implementation 1 of the OCV Programme with three of the participating teachers
(B, C and H). The purpose of this focus group was to gain extra feedback from
ttachers regarding their studentsOd engageme
during participation in the programme. It was also an opportunity for teachers to
expand on what had been written in the Teacher Reflection Sheets. This focus group
was recoded, with the permission of the teachers, and was transcribed for
qualitative analysis. These transcripts were used to inform redevelopment of

materials and assessments for Implementation 2.

(e) Teacher Interviews
Teachers were interviewed individually foldng Implementation 2 of the OCV
programme. The structure of these interviews was similar to the focus group. These

interviews were also recorded and transcribed for qualitative analysis.
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3.6.2 Researcher Collected Data: Field Notes

Classroom observatiopsr ovi ded qual i tative data regard
motivation and interest in the programme. Observation allows the researcher to

directly see the actions of the participants without having to rely on what they say,

they do and can allow for reieely objective measurement of behaviour

(Tasahkkori & Teddie, 1998). Observations played a significant role in
understanding the effectiveness of the te
and the engagement of students with the approach. Infouasiigning of students

and Resesarcher Observation Sheet (Appendix D) were used during observations.

The Researcher bservation Sheet is astmctured instrument comprised of open,

closed and rankingtyle questions. It was created to compliment the ;TiIRS
reasoning behind this was to determine if
student participation, areas of difficulty experienced, etc. agreed.

Classroom observations took place at least twice during the Pilot phase, at least
once every twaveeks in each of the classes involved in each Implementation. The
researcher took the role of participasiobserver, discussed in Section 3.1.2,
becoming involved in the lesson by helping and questioning during activities, while
also listening to studeériscussions. While it was not possible to record students
during these classes, extensive field notes were taken of discussions overheard by
the researcher between students. These were used to assess student thinking and
understanding during the actiws in which they were observed.

The researcher taught the OCV programme to a Transition Year class group during
Implementation 1. It was a valuable experience as it allowed the researcher to gain
an insight into the timing of activities, the engagemerstodents and the areas of
difficulty experienced.
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3.6.3 Student Data

As already shown at the beginning of this section, the data collected from students
varied slightly between Implementation 1 and Implementation 2. Each of the data
sources will be desdred below.

(a) Spatial Visualisation Tests
Spatial ability has been linked with success in organic chemistry (Pribyl and
Bodner, 1987; Small and Morton, 1983; Bodner and Guay, 1997). It was decided
that a spatial test should be used to identifyifachangeobced i n st udent so
ability by learning organic chemistry through the approach that has been developed.
The Revised Purdue Spatial Visualisation Tests: Visualisations of Rotations test
(PSVT: R) (Yoon, 2011) was used with permission from the al8bofoon Yoon
of Purdue University. Students were tested pral postpilot.

Feedback from the pilot teacher indicated that the fuit&d test was too long.

This feedback will be discussed in ChapteBddner and Guay (1997) validated a
20-item verson of this test as a predictor of spatial abilities, however, this was still
considered too long. Thusshorter 16item version was used for Implementation

land Implementation 2 of the programme. Five symmetrical and-Symometrical

items were randomlgelected from the original 3@&m RSVPT. As this test was

being used to measure change and not as a measure of absolute spatial ability, this

10-item test was not validated.

(b) Implementation 1-Assessment 1
A 7-item written assessment was developed to as8es achievement of the
learning outcomes of the programme. This was completed by the six classes
involved in Implementation 1 upon completion of the programme. This assessment
can be found in Appendix E. The questions of this assessment are summarised in
Table 3.7 below.

The primary aim of this assessment was qualitative; to identify if and how students

could translate between representations, if students were successful with the

concept of isomers and if they could predict physical properties of simgle a

complex molecules. Questions4l f ocus on studentsd wunder
translation between representations, while Questidh dssess their ability to

predict and compare physical properties.
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Table 3.7:Description of questions iAssessment 1

Question Description

1 Drawing 2D representation from 3D representation

2 Drawing isomers (2D representation of structure given)

3 Writing molecular formula from 3D and 2D representations
4 Identification of cis/trans isomers

5 Comparison of intermoleculdorces in an alcohol and an

alkane; prediction of physical state, from 2D representatior

6 Ranking style question; comparing boiling point of organic
compounds with different functional groups from 2D

representations

7 Assigning partial charges to coreglmolecules.
Comparison of boiling point of complex molecules.

Complex molecules used to see if students can identify the

60signal 6 from the O6noi sebod

Assessment 1 is designed to assess parts A and B of the OCV programme. A
separate assessment of Part GhefOCV programme was designed because only
one class group in Implementation 1 completed Part C of the OCV programme.
Parts AC of the OCV programme and the varied execution will be discussed in
Chapter 4.

112



(c) Implementation 1-Part C: Reactivity Assessmen
Part C: Reactivity Assessment consi sted
abilities to identify reactive centres in unknown molecules in the presence of
various electrophiles and nucleophiles. This assessment can be found in Appendix
F. Several offtese questions were adapted froni%a@ar third level examination
in organic chemistry. Again, these questions were analysed qualitatively for the
purpose of this research but a marking scheme was created in order to provide a

guantitative grade for theacher of this group.

In all questions, students were required to identify reactive sites in molecules which
were unknown to them. The structures of the molecules were also presented to
students in both 2D and 3D representations. Table 3.8 containgipti@s of each
guestion in Part C: Reactivity.

Table 3.8:Description of questions iRart C: Reactivity
Question Description

1 Molecule with Ph symbolisrunknown molecule with unknown
symbols

2 NucleophileHt 0 ensur e st udenteptiomd on
identified by Hassan et al (2004); that bond polarities depend ol
absolute electronegativity of atoms only, i.e.: Hydrogen is alway
positively charged.

3 Multiple reactive sites (2students asked to prediobst likely
reactive site

4 Reactionbetween 2 moleculestudents were given a starting poit
by identifying the dipoles in the attacking molecule.

S Multiple reactive sites (43tudents asked to prediobst likely
reactive site

Studentsd achievement and mC: Reaatikityg s i n

Assessment was compared to their results from thegpasial ability test to
determine if there was a correlation between spatial ability and achievement in the
OCV programme. Despite the qualitative purpose of these assessments,
participding teachers required a quantitative analysis of the assessments in order to
provide a full enebf-year report for their students. Thus, following an initial

gualitative analysis of the assessments, a marking scheme was devised.
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(d) Assessment Follow-up Study
Following qualitative analysis of the Assessment 1 from Class B in Implementation

1, the researcher decided to hold a foHawstudy with three of the students from
this class. This class was composed of a number of students who had English as a
secondanguage. These patrticular students performed poorly in Q2 of Assessment
1. The purpose of the followp study was to discern if these students did not
understand the concept of isomers or if they simply did not understand the word
0i somer 6. ftAihfalowrue ssudylwill be discussed in Chapter 5.

(e) Implementation 2-Assessment 2
For Implementation 2, the structure of the written assessment was changed to
include more multiple choice questions, while the content was still similar. This
assessmenta be found in Appendix G.
Table 3.9:Description of questions iAssessment 2  MCQ= multiple choice question

Question  Description
1 Same as Assessment 1

2 MCQ: IUPAC naming molecule presented with expanded
hydrogens to test ttheiunpatant s 6
information from a given structure

3 Same as Assessment 1

4 Select an isomer pair from four similar compounds. Students

asked to explain their selection

5 Structural communication grid with 8 questions attached

guestions on isomers

The final question in Assessment 2 was a structural communication grid modelled
on that used by Hassan et al (2003). Students were also asked to explain their
selection for answers (g) and (h). Communication grids are highly recommended
for insights ino conceptual understanding (Reid, 2003). Structural communication
grids present data in the form of a numbered grid, students are given questions and
asked to select appropriate boxes in response to these questions. Use of these grids
gives an insight it subconcepts and linkages between ideas held by students, so
that understanding can be asses3é&e. wrong answers selected by students can

reveal misunderstandings and misconceptions held by students.
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A

Studentsd responses t o uaaiwly ansl coenpared 2

with studentsd modelling test and intervi

() Implementation 2-Modelling Test and Paired Interviews
Following Implementation 1 of the OCV programme, it was felt that the assessment

methods did not match the teaching approattldents who had been modelling on
aregular basis were still assessed using a standaahggraper assessment. Thus,

an additional assessment was required

The modelling test and interview protocol selected wiaslar to that used by

Nicoll (2003), as already discussed in Section 1.1.1, and was designed to probe:

1. Studentsé ability to translate from

representation of structure and (b) 2D representation of structure to a 3D
modé.

2. Student sdé ment al model s of t he 3D

the use of molecular model kits during the OCV programme.

The protocol for the paired interview can be found in Appendix H. Students were
first asked to draw the structure fethanal from its molecular formula, testing
studentsé ability to translate from t
was chosen for a number of reasons; firstly, it is a relatively simple molecule
compared to those that students engage witbugirout the OCV programme.
While Nicoll (2003) selected formaldehyde in their study for the same reason,

ethanal was chosen because it contains both a tetrahedral and a planar carbon, which

t

he

wer e

(0]

€

€

struc

m c

woul d allow the researcher temaligatoodie st uder

the spatial arrangement of both types of carbon. As ethanal contains more than one
element and also an oxygen double bonded to a carbon, students have to consider

the connectivity between atoms within the molecule.

Ni col | 6s 008 demonstrateddhe impartance of how the molecular
formula is presented to students; the formula for formaldehyde was presented as
CH-0, which resulted in students believing that the structure was simply a water
molecule (HO) with a carbon bonded othe oxygen. Thus, the formula was
changed to COH For this reason, the formula for ethanal was presented as
CHsCHO, rather than £140.
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The second question asked students to construct a 3D model from modelling clay

and sticks. Students were presented &ithit which contained modelling clay of

six different colours and sticks of two d
flexibility to construct their molecule as they wanted. Regardless of the molecule

students constructed, students were asked to isxplay they constructed the

molecule in the way that they did, what each component represented and how the

shape of the molecule arose. Additionally, students were asked to suggest areas of

higher electron density within the molecule and if they thouggt ¢thanal was

water soluble.

Photographs of student sd models were tak:¢
Following the interviews, recordings were transcribed and a coding scheme was
devel oped for anal ysis of bot herview udent s o

questions. This will be discussed in Chapter 6.
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3.7 Data Analysis

The case study design of the project allowed for a mixed methods research process

to be employed. As discussed in Section 3.6, a combination of qualitative and

guantitative data wacollected. The analysis of the qualitative and quantitative data

will now be discussed.

3.7.1 Qualitative Data Analysis

A coding scheme was developed for each piece of qualitative data collected. This

allowed for similar and dissimilar responses todentified. An example of a

coding scheme for the paired interviews and its application to a transcript can be

found in Appendix |

3.7.2 Quantitative Data Analysis

Foll owing qualitative analysi s, al |

and furthe quantitative analysis. St ati

spatial tests and multimensional scaling was applied to student data from

stude.]

st

Implementation 2. Table 3.10 summarises the quantitative tests used in this project

and their purpose.

Table 3.10:Summary of quantitative analysis

Quantitative Test Purpose

Pairedsamples-test Compare studentsod ¢
tests

Multi-dimensional scaling Identify similarities and dissimilarities

(MDS bet ween studentso6 r

(a) Paired-samples T-Test

c al

I n order to identify if studentsd6 spatia
molecular models, a paireshmplest e s t was conducted to con
results in the pre and post spatial ability tests. A p value of less than or eq0&l to 0

wi | | i ndicate a significant difference bei

tests. A p value above 0.05 will indicate no signifcant difference.
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(b) Multi -Dimensional Scaling (MDS)
Multi-dimensional scaling (MDS) graphically represents similaritiand
dissimilarities between objects. The overall aim of MDS is to create a configuration
of points in which the distance between the points correspond as close as possible
to the proximities between the objects. Objects that are considered similahto eac
other are represented by points that are closer together on the configuration. In this
case, the Oobjectsd are the students and t

how similar/ dissimilar studentsod response

MDS was applied to student data from Implementation 2; the written assessment,

model |l ing test and interview questions. T
this configuration to give a visual of how successful students were in these
assessments;thecloset udent s were to the O0ideal 6 the
An example of the coding applied to student data for MDS analysis can be found in

Appendix J. The results of this analysis will be described in Chapter 5.

3.8 Summary

This research study wasnderpinned by Case Study research design, with
inspiration drawn from the Action Research model in the framing of each
implementation of this study of organic chemistry visualisation processes. In this
regard, each implementation of the study containetetsy of 'plan, act, observe

and reflect'. There were three interventions at-pasbary level; a pilot study and

two implementations, in which the OCV approach was trialled, evaluated and
redevelopedAt third level, there were two interventions, thesfiof which was
carried out at the outset of the research study, and which explored whether there
were weaknesses in abilities to translate molecules among first year undergraduate
students in Irelandlhe second intervention at third level teplace atte end of

the study and further examined the use of organic chemistry animations to enhance
understanding of molecular structures amongsam@ice teachers. The data
collected during each implementation has been detailed and methods of analysis
have beemliscussed. The next chapter will detail the development of the teaching
approach in the OCV programme.
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Chapter 4

Development of the OCV Programme

Introduction

Chapter 3 described the development offtlewing research question:

Can students learn oganic chemistry through an approach where
the focus is on meaningful understanding of (a) molecular

structure, and (b) the basis of chemical reactivity?

Having identified the range of difficulties experienced by students related to
representations of organstructures, structusgroperty relations and organic
mechanisms, and the possible reasons behind these difficulties, the development of
the teaching approach and teaching package for the OCV programme will now be

discussed.

4.1 Development of the OC\Approach

The Representations Exploratory Study with third level studémésails in
Appendix A) indicated that students leaving second level education in Ireland can
engage with three dimensional cues in representations of organic molecules but
struggle o translate between them. This study helped to inform the development of
the OCV approach.

The general learning that the OCV approach should incorporate was first identified.

We wanted the approach to include time for a social constructivism which would

berooted in discussion and argument amongst students. Activities that are designed

to give rise to variations amongst students will bring about this discussion between
student s. The approach wil|l be interactiyv
modelsand drawing structures. Larger molecules which are relevant to students

wi || be used to pique studentsod interest

Practical work will be an important element of encouraging understanding of

structureproperty relations. These witake a phenomernariented approach, in
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which students make observations during the practical session and apply their
knowledge of structures to explain their observations. The reactivity of organic

molecules will be addressed by asking students to preshictive sites in larger

molecules. The focus of predictions will not be on leading students to getting the
6correct answer 6 but on developing their

communicate their ideas.

Once the general learning that we wantedhtmiporate into the approach was

outlined, the core values of the OCV programme were identified.

4.1.1 Core Values of the OCV Programme

The core values that we wanted to incorporate into the OCV programme were
informed by the literature review, which mdied the difficulties associated with
studying organic chemistry and recommendations for facilitating learning.
Following the identification of the general learning which we wanted to take place
within the approach, core values of the programme wergechd hese informed

the design of the approach and materials in the teaching package. The seven core

values chosen are listed and discussed below

a) Learning through molecular models;

b) Interrelating between 3D and 2D representations of organic molecules;

c) Discussionled activities;

d) Engaging with relevant organic compounds;

e) Predictingandcomparingphysical properties and reactivity of organic
compounds using electron density;

f) Phenomenariented experimental work;

g) Addressing misconceptions.

a) Learning through molecular models
Many students in fifth and sixth year in Ireland are still only at the concrete stage
of cognitive development (McCormack, 2009). As a result, it is difficult for them
to comprehend abstract concepts that require formal cognitive operatichsas
visualising and understanding molecular structures. The use of molecular models

can be an effective learning resource for facilitating the abstract operation of inter
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relating between 3D and 2D representations of molecules (Tasker and Dalton,

2006 ) . This facilitates studentsod understar
organic molecules, the variety of bond angles, isomerism, their physical properties

and their reactivity. Molecular models provide students with a concrete
representation of thestructures and allow for a more tangible communication than

could be explained through 2Ddiagrams, which can be often incorrectly be
perceived as flat 2D molecules. Molecular models have been shown to not only

help students to create accurate mental msddesker and Dalton, 2006) but also

promote long term retention of understanding (Copolo and Hounshell, 1995).
However, it has been found that looking at the models isnotenéuglh ey have to
be handled, rotated and manipulafed f or t h e mlearnmg tbok(Hagsaru s e f u |

et al, 2004).

b) Inter-relating between 3D and 2D representations of organic molecules

We know from the literature that students struggle to form 3D mental images from

2D representations (Copolo and Hounshell, 1995) and this hindheis t
understanding of organic chemistry. Activities were specifically designed to

devel op studentsodo ability to move between
organic chemistry. An example of this intetation is illustrated in Figure 4.1 using

the structure of paracetamol. Therefore, the activities will be designed to educate

students in moving backwards and forwards between 3D and 2D representations,

including symbolic representations.

Nee=y o e
| I
C C CH
HC/ \L\l{/ \ﬁ/

Paracetamol:
CgH,O,N
CH;-CO-NH-(C¢H,)-OH

Figure 4.1: The interrelation between representations @&tV aims to promote.
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The traditional approach to learning organic chemistry is to begin with a 2D
representation and relate that to its 3D structure later. If we examine a common LC
textbook, Chemistry Live!, the first organic compounds that studentstesduced

to are alkanes. Students are actually shown a table with the name and molecular
formula first, see Figure 4.2 (a). A table with the structural formula and 3D
representation follows, see Figure 4.2 (b). This textbook introduces students to the
alkanes by presenting them with representations that are the furthest from their true
3D structure. By following this textbook, students are being taught organic

structures without being given a deep understanding of their true nature.

Name Molecular Formula
Methane CH,
Ethane Csz
Propane GH,
Butane C4H10
Pentane
Hexane CH,
Heptane CH,.
Octane CH,g
Nonane CH,
Decane CoHy
Table 21.1 The first ten members of the alkanes.
.mm Struciural formula | Molecular model
Methane  CH, H— c —H ,,9
[ (- \
H
Ethane  C,H, H—T. —f—ll
(b) H H
o
Propane  CH; H— ll: ? ll:—H
H H H
e
Butane  C.H,, H_f‘_f_f_ —H
H
Fig. 21.3 The first four members of the alkanes.

Figure 4.2: Examplesf first organic molecules presented to students in Leaving
Certificate chemistry textbook Chemistry Live!

A foundational aspect of the OCV programme will be introducing students to

organic molecules using 3D models first. Only when students have exjgeatn
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constructing and manipulating models, will they devise methods of representing
these molecules on paper. The traditional approach to introducing organic structures
is more in line with the sequence outlined in Chemistry Live! Students are only
required to know the structures of alkanes to C5 (DES, 1999), thus the current
syllabus suggests that structures do not require a significant period of time.
However, the OCV approach to introducing structures will be more in line with the
Key Skills Framework NCCA, 2009) and the ongoing revisions to the chemistry

syllabus.

c) Discussionled activities
All activities in the OCV programme were designed with a collaborative and

discussion led approach in mind.

hildren, we now know, need to talk, and to experiencich diet of spoken
language, in order to think and to learn. Reading, writing and number may be
acknowledged curriculum dédbasicsd but t al

|l earningo (Alexander, 2005)

The way students process new information fiscéd by the setting in which they
learn. Thesocial constructivism theory of learning sees learning as more than the
cognitive structuring of information based on interactions with physical events and
phenomena, as described by the information processiogdel in Chapter 1.

Learning is seen as symbolic and socially constructed and communicated.

The social constructivist model of learning outlined by Krajcik (1991) was

described in Chapter 1. Treagust et al (2003) provided a number of examples of
student éscourse which demonstrate that students were not only learning through
the use of physical models but were also using their models in their explanations to

each other.

I n order to challenge studentsod6 wunderst a
understandhgs, activities in the OCV programme will be designed to ensure that
variation arises amongst students. This variation will encourage discussion and

allow for new knowledge to be constructed.
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d) Engaging with relevant organic compounds
Chapter 2 identifiedthe link between narrow learning outcomes and limited
learning. An important aspect of the OCV programme is that students will not be
confined to | earning a prescribed O6setd o
curricula. Context based approachestaaching organic chemistry have been
shown to increase student engagement and enhance learning (Bennet and Lubben,
2006; Schwartz, 2006; Reid, 2000). Molecules which students will be able to
engage with contextually will be selected, for example vanilimich is found in
vanilla essence. These molecules are more complex in structure than those specified
on the current LC Chemistry Syllabus (DES, 1999).

e) Predictingand comparingphysical properties and reactivity of organic
compounds using electron density

Taagepera and Noori (2000) found that students who could identify areas of
electron density were better able to predict the physical properties of organic
compounds. The activities in OCV will be designed to enable students to use
variations in electrordensity in molecules to predict intermolecular forces in
organic compounds and thus predict the physical properties. Another key element
of this approach will be students not only predicting the physical properties of one
compound, but also comparing thieypical properties of a group of compounds.
Again, these activities take a collaborative and discussion led approach, as in the
social constructivist model, where students are encouraged to verbalise their

thoughts and puzzle activities out together.

Oncestudents are proficient in identifying areas of high and low electron density,

they will then apply this understanding to suggest reactive sites in the presence of
nucleophiles and electrophiles. An important aspect of this approach is the
emphasisonstednt s6 predictions and | ogi c, rat her

6correctod® answer .
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f) Phenomenaoriented experimental work
As discussed in Chapter 1, the main principle ofRii¢-Concept(Phenomena
Oriented InquiryBased Network Concept) for teachimgganic chemistry was
learning through inquiry and discovery (Barke et al, 2012). This will also be an
integral part of the approach that will be developed for the OCV programme,
particularly for the experimental work.

An example of an experiment devedapfor the OCV programme is an adaption of
the demonstration outlined in Section 1.3.3, in which students investigate the
solubility in water of a variety of alcohols. Students are given the name and
molecular formula for each alcohol and are asked tst, firaw the structure of
each alcohol, and second, suggest which of the alcohols, if any or all, are soluble in
water. Before beginning the experiment, students also have to decide on the criteria
for judging the solubility of the alcohols; as they argodiquids, how will they

know if they are soluble or not? Students then test their predictions, recording
observations. Following the experiment, students compare their predictions to their
observations and suggest r e aasationssaref o r
rooted in the structures of the alcohols and students have to refer back to the

structures and intermolecular forces for any predictions or explanations.

These core values will frame the development of the activities and materials for the
OCV programme. Following identification of these core values, the learning
progression that students will follow when learning through the OCV developed.
This will be discussed in Section 4.1.2
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4.1.2 Learning Progression of the OCV Programme

A learning prgression is an evidendmsed description of pathways that are likely
to lead to improved mastery of core ideas in science (Cooper et al, 2012). The OCV
learning progression is illustrated in Figure 4.3. Students are required to have

studied bonding and termolecular forces before beginning the OCV programme.

Predict

/ reactivity Predict possible
reactive centre
Link back
to context
Predict IMFs \
S— and physical | *—__

properties

electronegativity
to identify areas of
high and low

Inter-relate betwee electron density

3D and 2D
representations

Represent 3D
in 2D

N &

Paracetamol:
CgH,O,N
CH;3;-CO-NH-(C¢H,)-OH

Intro to organic
compounds in 3D
through contex

— Prior

experience

Prior knowledge:
Bonding & IMFs

Figure 4.3 Learning Progression of the OCV programme
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4.1.3 Structure of the OCV Programme

Having discussed the core values that will inform the design of the OCV
programme and outlined the leargiprogression that the programme will follow,

the structure of the OCV programme will now be detailed.

The programme is split into three main parts (see Table 4.1). Each part is split into

chapters, with eight chapters in total. Each chapter containsea séractivities

foll owed by O6Chall enge Questions©o. The st
were finalised following feedback from the pilot study, which will be discussed in

Section 4.5.

Table 4.1: Summary of the OCV programme

Part Concepts Chapters
A Modelling and visualisation of organic molecul 1-5
B Predicting and comparing physical properties « 6-7

organic compounds

C Predicting reactivity of organic molecules 8

Table 4.2 summarises the learning outcomes that were identified foclezuter.

It should be noted that the OCV programme was not designed to align with the
current LC chemistry syllabus. It was designed with the Key Skills Framework
developed by the NCCA (2009) in mirekdiscussed in Section 2.1.5.

The total number of clasperiods suggested for the implementation of OCV is

approximately 27, as shown in Table 4.2.
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Table 4.2:Learning Outcomes of each chapter of the OCV programme

Chapter

Learning Outcomes.

Approx. no
of classes

Part

Students will be:

- aware thathere is a large variety of organic molecules with many different uses
- aware that all organic molecules contain at least hydrogen and carbon

- aware that carbon has 4 bonds (tetravalent)

- aware that hydrogen has 1 bond (monovalent)

- familiar with theuse of molecular models to represent molecules

Students will

- be more familiar with the use of molecular models to represent molecules
- be able to construct models of hydrocarbons

- understand the term hydrocarbon

- be able represent 3D modelshyidrocarbons as 2D drawings

- be able to construct 3D representations from 2D drawings of hydrocarbons
- use the molecular formula to represent hydrocarbons

- apply the IUPAC rules for nomenclature to hydrocarbons

Students will be able to:

- constuct models of molecules containing the following functional groupkt; >C=0;-COOH;-COOR;-
Cl; -Br; -NHz; =NH;

- represent these molecules using 2D drawings and write their molecular formula

- apply the IUPAC rules for naming compounds containing thesgional groups

Students will:

- understand the concept of isomers

- be able to construct 3D models of and draw 2D representations of all isomers for any hydrocarbon up
carbons

- be able to describe how double carbcarbon bonds influendée spatial arrangement of atoms in molecu
-understand the significance of cis/trans isomers in relation to animal pheromones

- apply the IUPAC rules for nomenclature in relation to structural and geometric isomers

Students will be able to:

- idertify the position of electrons in polar covalent bonds

- identify areas of high and low electron density in molecules containing electronegative elements
- represent partial charges in complex molecules usirandd-
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Students will be ableto:

-predict and compare the boiling point of straight chain organic compounds (based on C6) and their isc
using intermolecular forces and the shape of the molecule to rationalise their prediction

- predict and compare the boiling point of orgazeenpounds containing hydrocarbon, oxygen, nitrogen an
halogen functional groups, using intermolecular forces anghape of the molecule to rationalise their

Part prediction
B
Students will be able to:
- predict and compare the solubility in water &ecane of organic compounds containing hydrocarbon,
oxygen, nitrogen and halogen functional groups, using intermolecular forces ahapecof the molecule to
rationalise their prediction
Students will be able to
Part . . .
C - describe an electrophind nucleophile

- predict reactive centres in any organic molecule in the presence of electrophiles and nucleophiles

129




Part A of the programme focuses on the visualisation of organic molecules and
enabling students to inteelate between 3D and 2[@presentations of organic

compounds. Students are first introduced to complex organic compounds using
models and redlfe examples of these compounds (such as paracetamol). Students

then go on to construct simple hydrocarbons and are led to using apfe&i

representations of these hydrocarbons.

movement between different types of representations. An example of this is shown

in Figure 4.4.

Match the atoms labelled in the 3D picture with their correspgnchnbons in
the 2D drawing of the following molecules:

H
H H

H \C|:/ H

Ll
H/|\C/|\C/|\H
H | H | H
H H

Figure 4.4: Activity designed to facilitate intarelation betwen representations.

Students are introduced to the concepts of isomers, both structural and geometric,
and polar organic compounds, through the use of models. Rules for IUPAC
nomenclature are also introduced in this part of the programme; however, the
emghasis is on constructing and drawing structures, with the IUPAC rules only
being introduced when students are comfortable working with compounds in terms
of 2D and 3D representations. The IUPAC rules were originally left out of the
programme as it was fethiey did not contribute to the overall aims of the project.
However, they were included at the request of participating teachers following
Implementation 1, who were still preparing their students for the LC chemistry

exam, based on the current syllabus

In Part B of the programme, students discover how to compare and predict
differences in the physical properties of organic compounds using intermolecular
forces and the shape of the molecule. The physical properties focused on are boiling
point and solubity in water, as students will be aware of these physical properties
from their studies of science at Junior Certificate. Students are introduced to this
section by giving the structures of three compounds. They are asked to draw their

structures, identifghe intermolecular forces present in the compound and depict
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the intermolecular forces between molecules of the compounds. The table into
which they are asked to fill this information is shown in Figure 4.5. Following a
discussion with the teacher, studeate then asked to rank their molecules in order
of increasing boiling point. Students can then check their answers with their
teachers. Teachers are provided with a selection of-tu@@ound groups and it

is suggested in the OCYM that they repeat thiactivity until their students are
confident in identifying intermolecular forces, depicting them and using them to
predict relative boiling points. Once students are comfortable with this activity, the

teacher can lead them through the rest of the chapte

A core el ement of Part B is students
molecules behave. Students investigate these properties experimentally; first
predicting what will happen, then conducting experiments, followed by using their
previous knowldge to explain both their predictions and experimental
observations. Students are introduced to the link between solubility in water and
functional group using an experiment. Students are given a range of liquids whose
molecules have the same number oboas but different functional groups. The
liquids are presented to students with their structure displayed and students are
asked to predict which ones are going to be soluble in water. Students then test this,
compare their observations to their predicticand then are led to examine the
structures of each of the compounds to explain their observations. A section of the

table in which students record this experiment is shown in Figure 4.6.

Another experiment which students carry out in this sectionigetatify the link
between number of carbons and solubility in water of alcohols. This experiment is

modelled on the demonstration from Barke et al (2012) discussed in Chapter 1.
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Drawing of
Compound

Intermolecular
Forces

Representation
of
Intermolecular
Forces

Eank theze compounds in order of imcreasing boiling point

(rank molecules 1-3 where 1=lowest boiling point, 3=highest boiling point)

Molecule
Rank
(draw structure)

1=lowest boiling point

=]

3= highest boiling point

Figure 4.5: Introduction activity to Part B of OCV programme.

132




A B C

Structurs

Prediction

Wil 1t be zoluble in
water?

Why?

Experimental Section

Obearvation when addad

fo water

Conelusion:
Is it
soluble/inscluble partially

soluble

1 water]

Can you explam why 7
{with reference to
structurs)

Figure 4.6: Table used for solubility experiment in Part B (Chapter 7) of OCV
programme

Part C of the programme introduces students to the reactivity of organic
compounds in specific conditions; the main focus is on the reactivity of organic
compounds with electroples (such as H and nucleophiles (such as Q&I and

Br). With the ability to predict areas of high and low electron density in any
molecule, students will firstly, be able to predict the possible reactive centres of any
molecule and secondly, predibe most likely reactive centre when in the presence
of electrophiles and nucleophiles. The focus of this chapter is not on students
getting the O6correctdé answer but i n

argument for their predictions. An examplesgtion is shown in Figure 4.7.
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Activity 8.1

Ibuprofen is the active ingredient in Nurofen, a common anti-inflammatory used O
for pain relief, including migraine, headaches, back pain and muscle aches. HUROFEN

a) The structure of Ibuprofen is shown below. Identify the reactive centres of Ibuprofen in
the presence of OH (circle them).

b) Fedraw the structure below and on it; identify the reactive centre which you think OH i=
most likely to attack. Explain vour answer.

Figure 4.7: Example question from Part C of OCV programme

4.1.4 Cognitive Demand of OCV Activities

A primary aim of the OCV programme is enabling students to predict and compare
intermolecular forces (IMFs) and physigabperties of organic compounds. When
developing the OCV approach, several initial evaluation items were created. An
example of these questions is shown in Figure 4.8.

In Part A of this question, the structures of three molecules with different furictiona

groups are given. All molecules have 10 carbons. Students are asked to first identify

electron rich and electron poor centres within each molecule and then rank these
molecules in order of increasing boiling point. The final question in this part asks
students to explain their answer . It shoul
el ectron poord terminology was replaced v

densityd when developing the full OCV pr ocg

The structure of Aspirin is given in Part B. Simila Part A, students are first asked

to identify electron rich and electron poor areas in a molecule. Students are then
asked to identify and label the reactive centres within the molecule Wwé&d-hdded

to it. Finally, students are asked to suggestivheactive centre would be the most
likely to react with OH
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Part A

For the following molecules:

A
H\ b
//\)K//\K\\//
0.
=~ H
> " N
c i

i) Identify the electron rich and electron poor centres, i.e. assign & and &, to the

organic molecules above

ii) Rank the organic molecules in order of increasing boiling point in the table below.

Lowest boiling point

Highest boiling point

iii) Explain your answer to part ii)

Part B

Acetylsalicylic acid, also known as Aspirin, is a common pain killer. Its structure is

shown below:

[s]
(o] CH,
H
-
o} o
i} Identify the electron rich and electron poor centres in Acetylsalicylic acid,

i.e.: assign &+ and &- to the structure above
Redraw the structure of acetylsalicylic acid.

ii) If OH" iz added to the molecule, identify the reactive centres of the
molecule, i.e.: where in the molecule is the OH" likely to react with.
[117] Label the reactive centres 1, 2, 3, etc.

iv) Propose which react centre you believe is most likely to react with the OH,

explain your reasoning.

Figure 4.8: Question Y of the OCV programme analysed using assessment framework
by Walshe (2015)
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Question Y was analysed by Walshe (2015) using the framework outlined in
Section 2.2.1. Téresults of this analysis are shown in Figure 4.9. Each part of this
question was scored significantly higher than the typical LC question which was
analysed in Section 2.2.1. The average demand of the assessment criteria is
approximately 3 (manipulatiomnalysis and evaluation of data) and the average
demand of the knowledge dimension is approximately 2.5, between conceptual and
procedural knowledge. The average demand of the cognitive process dimension is

approximately 4.5, between analyse and evaluate.

This analysis demonstrates the higher order nature of the thinking involved in the
OCV approach. Through the use of questions like Question Y, higher order thinking
skills can be developed within students, in line with the Key Skills Framework
discussedn Chapter 2. While this framework was not applied to all questions
developed within the OCV programme, this particular question is illustrative of the
quality of thinking which the OCV programme aims to promote within students.

Question A K C
Ai) | Identify the electron rich and electron poor centres to
the organic molecules 3 2 .
Aii) | Rank the order of increasing boiling point 3 3 4
Explain your answer to ii) a4 2 6
Highest demand 4 3 6
Average demand 3.3 2.3 4.6
B(i) | Redraw 2 3 2
E” Label reactive centres if OH- is added 3 3 5
B Propose which react centre is most likely to react with
(iii) | the OH explaining your reasoning 4 2 6
Highest demand 4 3 6
Average demand

Figure 4.9: Results ofanalysis of Question Y of OCV programme by Walshe (2015)
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4.2 OCV Materials

Teachers participating in the project were provided with a Teacher Manual (TM)
and a Student Manual (SM) for each student in their class. Molymod molecular
model kits were also pvaded for each student. Each of these materials will be
discussed below.

The iterative approach taken in this project means that two versions of each of the
manuals exist: the version for Implementation 1 that was developed following
feedback from the mk study and the finalised version which was used for
Implementation 2 following evaluation of Implementation 1. The manual used in
the pilot study will be discussed in this chapter, along with alterations made
following feedback from the pilot study. Théerations made following evaluation

of Implementation 1 will be discussed in Chapter 5. The final OCV programme
(both TM and SM) are given in Appendix K and L on the included CD.

(a) OCV - Teacher Manual (TM)
The role of the teacher in the OCV programmeoidead students through the
activities while encouraging discussion and comparison amongst students. The
purpose of the TM is to aid teachers in achieving this. The TM contains the learning
outcomes and rationale for the programme. At the beginningcbf @sapter, the
learning outcomes are listed for the teacher, along with the corresponding page for

each activity in the SM.

Details of each activity are outlined in the Teacher Manual, including a suggested
sequence for guiding students through the dissi key discussion points to
prompt students thinking, possible misconceptions that could arise and suggested
answers. Key points of each activity are highlighted for teachers to encourage
students to record in the feaddychapteraThd e r
final copy of the TM after Implementation 2 can be found in Appendix K on the
included CD.

(b) OCV - Student Manual (SM)
The SM is basically a subset of the TM. It is designed so that students can move

through the activities independentiynd at their own pace if required. This will
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allow teachers to facilitate the different levels of students that may be in their
classroom. At the beginning of the SM, a b
is provided to illustrate to students whatthk components of their model kit are

(see Figure 4.10). Similar to the TM, learning outcomes are listed at the beginning

of each chapter. At the end of each <chapt
Notesd for student s t eaclschapteitavadssggestedhe key |
to teachers that they should allocate time for this activity. Final version of SM given

in Appendix L on the included CD.

[Fndersion. Your Models

. Carbon

Hy drogen
. Daygen
. Nikogen

e Single Bond (Rigid)

Flesdbl= Bond
{Us=d for double bonds)

Figure 4.10:Understanding Your Models box provided to students in the ©8dent
Manual.

(c) Molymod Molecular Model Kits
Molymod molecular model kits were provided to each student who participated in

the trial. These kits were composed of the following:

~ 6 carbon O6atomsbéd
~ 14 hydrogermatom®

~ 2 oxygen O6atomsbd
~ 1 nitrogen@atond

~ 1 halogen 6at ombd
~ 19 single bnds

~ 4 flexible bonds
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These kits contain significantly less atoms and bonds than traditional Molymod
molecular model kits. The reason for this was primarily due to the cost of these full
kits; the researcher wanted to ensure that each student could digittually with
molecular models to gain the full benefit of modelling but also keep costs as low as
possible. Full Molymod kits were bought and separated into the OCV kits. The
activities in OCV programme were also designed with the availability of Risse

in mind.

4.3 OCV Pilot Study

The pilot study took place in April 2013 and ran for approximately four weeks. A
5t year chemistry class from an-girls secondary school participated in this study.

This class reached the end of Chapter 7 of thenali@CV programme.

The purpose of the pilot study was primarily qualitative; to gauge student and
teacher engagement with the approach, the appropriateness of the sequence and
structuring of the activities and the clarity of instructions for teachedgteymine

a more accurate tiragcale and to gain initial insight into the effect, if any, of this
approach on spatial visualisation abilities and understanding of key organic

chemistry concepts.

The Teacher Reflective Journal from the pilot teacher watysed to identify
studentsd engagement with the approach an
students and the teacher, to ensure teachers are provided with enough support and
materials and to identify any changes that needed to be made to the manuals.
Following the pilot study, a number of alterations were made to the TM, TRS and

Spatial Visualisation Test. The feedback from the pilot teacher, the student

difficulties that were identified and alterations that were made to the OCV materials

will now be dscussed

4.3.1 Feedback from Pilot Teacher

Feedback from the pilot teacher was gathered in the form of a reflective journal and

informal discussions following execution of the pilot. The pilot teacher described a
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very positive engagement by students vitie approach, both in terms of their

modelling and willingness to engage in class discussion.
0This approach provoked discussion, int

OFor some reason, students were much mc
of these molecules when they@avmvolved in molecule building than they

ot herwise would have been (going on pre
they had greater ownership of the phenomenon of how structure affects

smel | . 06

The pil ot teacher al so noepte b argue theire nt s & U ¢

opinions:

60They argued that by | ooking at the mol

the same mol ecules were involved©o.

There was a very collaborative feel to the
discussions, where studentsuggling to explain a phenomena were helped and

guided by the teacher and their fellow class mates;

O0Al t hough there was an air of uncerta
molecules would definitely have a different boiling point. Interestingly, this

broughtthe idea of being able to convey a mental model to the surface. One

student who knew what she was talking about and started off correctly

answering the question, while bravely explaining her answer, got mixed up

during her explanation as she was concetitiga on getting the English

right (she was a noenational but I'm not sure if this made any great

difference). She also voiced that it was not easy to explain what was in her

head. | asked her to use terms she was aware of which she duly did such as
‘branching'. However, she got frustrated and did not finish her explanation.

Another student took over for her and indicated that while the level of

branching was the same, more carbdoydrogen bonds were free for
intermolecular bonding in D so thiswould havea gher boiling poi.
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Students in the class were also noted by the pilot teacher to be making cross

curricular links with another subject;

0She said to the other two members of |
was 'no way one could fully understabiology without understanding this
chemistry'. She argued, 'All biology classes contain this material if you think

1 A

about it 6]

Overall, feedback from the pilot teacher in terms of student engagement and
discussion was extremely positive. The pilot tegsiahd identify the modelling

approach as significantly tirmmnsuming, along with drawing structures on the
board. The teacher did however assert that the benefits of using the models

outweighed the extra time required.

Some difficulties experienced bysients were also identifiedihe key areas of

difficulty which arose from the pilot were mostly related to structures:

T Using | inear structureaeagionstteadctaufr emqgr e
L1 :
2
H—c—c—c—n|3—H ch\\ /C‘-\
T A G CHy
H n w # instead of Ha

The researcher used the linear method of ohgustructures, as is found in

the LC chemistry textbooks. However, during the pilot, the teacher noted

t hat student s drew their st-zeagbur es u
structure instead of the alternative shown to them by the teacher,
demonstratinghat students actually preferred to use this representation.

T Initially, the pilot teacher noted that students were mixing up the valency of
carbon, oxygen and hydrogen atoms, when translating from 3D to 2D, with
hydrogen being drawn as tetravalent and carbdmeing drawn as
monovalent. It was suggested that this was possibly due to students not
understanding the colour coding of the Molymod Kkits.

1 Condensed structures representin@+Hand-CH.- were used initially in a
number of questions without explanatioh what this represents. Some
students struggled with these representations and the teacher had to explain.
It is for this reason that an activity to make this more explicit was developed
and included in the programme for future trials.
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4.3.2 Adaptions toOCV Materials following Pilot Study

The feedback obtained from the pilot study informed areas of improvement for the
approach, activities and materials. No issue was identified with the sequencing of
activities or chapters, so the overall structure @ #ipproach was maintained.
Perhaps most importantly, the representations used by students indicated that they
preferred the use of zigag structures to linear, thus structures in the manuals were
changed to this style of representation. Difficulties ewgpeed by students
identified a need for additional activities to make some forms of representations
more explicit. The increased time requirement of the approach suggested the need
for additional resources to aid teachers moving through the activitiese Will be

discussed.

(a) Additional Activities
The pil ot teacher i dentified studentsdé cor
hydrogen during initial drawing activities. For this reason, an activity which
involved students actually counting the numbkatoms of each element within a
range of molecules was added to OC®hapter 1. The molecules involved were

butane, paracetamol and vanillin.

Figure 4.11 shows an activity designed to further facilitate this learning, in which
students are given sixrsttures and asked to identify any that are incorrect.

Structures (a), (c), (e) and (f) have incorrect valency.
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Can you identify which of the following drawings of organic molecules
are incorrect? Circle which parts of the molecules are incorrect.
(Construct them if necessary) o
3
Hac\c/H\CH CH
Fiy : He™ T CH,
@ (b)
CHa CHa
H
/l\ /(|:<
H.C CH» HaC CH
(© @
H
L .
e | o, e \EN/ e,
© ®

Figure 4.11: Activity designed to facilitate understanding of valency of carbon and
hydrogen in OCV programme.

Another difficulty identifiedby the pilot teacher was the use of condensed formulae
such as CEl The activity shown in Figure 4.12 was designed to help students form
an understanding of these representations. Students are given structures with
extended hydrogens and asked to reditavstructure with condensed hydrogens
and given structures with condensed hydrogens and asked to redraw the structure
with extended hydrogens. Students are also instructed to construct the structures
using their Molymod kits.

CH- Construct and redraw

H

2. |
Hae™ CHa i
\

v
I

Figure 4.12: Activity desigred to facilitate understanding of condensed structures.

0Chall enge Questionsd were also added to

encourage students who are capable of moving through the activities on their own.
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(b) Additional Resources
PowerPoint slidesvere provided as an extra visual aid for the teacher to display
learning outcomes, activities and answers to activities. These were included at the
request of the pilot teacher, who identified time as a possible barrier to fully
completing all activitiesAdditional animations/diagrams were included in these
presentations as supplementary material for teachers. For example, additional
animations and diagrams are provided to aid the explanation of tetrahedral and

planar carbons.

Chapter 1 of this thesis id#fied the use of molecular modelling software with an
animation tool as an effective tool to aid understanding of processes at the
molecular level. The main reason for not including this in the OCV programme was
the time required to teach students howse the software. It was felt that this
would be too much additional time on top of the time taken to implement the
modelling approach. However, in order to examine its potential for including this
type of environment in future OCV implementations, a csady with 29 year
undergraduate preervice teachers was run. This will be discussed in Chapter 7 of

this thesis.

(c) Teacher Manual
Following the pilot implementation, it was possible to gain a better insight into the

time required for completing the adties developed. This allowed for a more
comprehensive timscale for the implementation of the full programme to be
formulated, which was then included in the introduction of the TM. A small excerpt
from the timescale provided is shown in Table 4.3

Table 4.3: Excerpt from suggested tinseale given in OCV Teacher Manual.

Class Pages | Pages
Chapter | ;' tM | in sM

Activities Concepts Covered

Part A

approx. 10 classes

1 1 1518 4.6 117 13 Introduction to organic
molecules
5 5 1923 711 51i 24 Congructing and drawing
hydrocarbons
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A table was also placed at the beginning of each activity, which provides a
suggested time for the activity, the corresponding page in the SM for the activity
and a brief rationale or description of the activity. Sudgestfor guiding students
through each activity are included in this table. Figure 4.13 displays an example of
this table. The purpose of this was to make the TM and SM easier for teachers to

navigate.

Activity 2.2

Suggested Time: 10 mins S.M page: 8§

The purpose of this activity 1s to get students thinking about how to represent
these 3D molecules using 2D drawings. You need to lead them to using the
normal 2D structure towards the end of the activity; 1t 15 important that you
don’t simply tell them.

Figure 4.13 Example of information provided to tdears at the beginning of each
activity in the OCV- Teacher Manual.

(d) Teacher Reflection Sheets (TRS)

Based on the pilot teacherds use of a ref

give teachers clearer reflective guidelines. The following modificatieere made

to the TRS following the pilot study:

6Could students carry out the activiti
t he

ORate studentsd ability to carry out
were given a scale ofA for this question, with 1 being ndbla and

5 being fully able.

Similarly, 6Do you think students achi

e ¢

e

outcomes?06 was changed to ORate studen

anticipated | earning outcomes and state

teachers were given a scale &b for this question, with 1 being not

achieved and 5 being fully achieved.

Teachers were also provided with space to elaborate on these items. The above
changes were made to make it easier for

No 6 ans wethesanswamsanolie meaningful.
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4.3.3 Conclusions from Pilot Study

The overall feedback from the pilot teacher was very positive in terms of the
studentsd6 engagement and willingness to pa
pilot study provided an Bight into how teachers would use the OCV materials and
changes that could be made to make the mat

to use.

4.4 Summary

This chapter described the development of the OCV approach and materials. The

seven core vaks that the approach was designed around were detailed in Section

4.1. The use of physical models to promote the 4rgkation between 3D and 2D
representations is a foundational aspect of the OCV approach. Activities were

designed with a social constrivist approach in mind, with discussion being a core

el ement of the activities. Rel evant mol ec
and motivation. When students are comfortable translating between different
representations of organic compounds, thiélyuse areas of high and low electron

density to predict and compare their physical properties. Physical properties were

further investigated using a phenomeamgented experimental work.

The OCV programme comprises three parts; Part A, Part B an@.Pidre learning
outcomes for each part of the OCV programme were outlined in Section 4.1.3. An
example question from the OCV programme was demonstrated to be of higher
order than typical organic chemistry questions found on the LC exam in Section
4.1.4.

Section 4.2 detailed the development of materials for the OCV programme. These
included the TM, SM and Molymod kits.

Finally, Section 4.3 described the pilot study of the OCV programme. Feedback
from this pilotwas very positive in terms of the studentsagement. The pilot
study informed necessary adaptations to the OCV materials for a full
implementation of the programme. Following these adaptations, the approach was
finalised and teachers were recruited for a full implementation of the programme.

This implementation will now be discussed in Chapter 5.
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Chapter 5

Implementation 1

Introduction

Implementation 1 of the OCV programme took place between February and May
of 2014. Six class groups were involvetks can be seen from Table 5.Bch
participatingteacher spent a different number of weeks implementing the OCV
programme and only class 1D finished the full programme. The other class groups
finished at different sections of the programme, this is detailed in the final column
of Table 5.1.Teacher D cotinued the programme in September of 2014 to fully

complete the programme.

Table 5.1:Breakdown of participants in Implementation 1

No. of
School No. of Section of the
No. of weeks
Class Teacher Gender Students _ _ programme
_ Observations teaching o
Mix (N?*) " finished
1B B Girls 9 2 5 Part B.
1C C Coed 16 3 6 Part B
1D D Boys 11 2 3 Chapter 6
Part C in Sept
1E E Boys 11 1 3.5 Part A
1F F Girls 5 2 2 Section 3.2
1G G Coed 11 ¥ 8 Chapter 6

6 Groups N =63 N=10

* N refers to the number of studentstive class who completed the pre and post spatial
ability tests and the peghplementation assessment.

** Number of weeks teaching is based on 5 classes a week, 3 single and 1 double

¥ This class was taught by the researcher and took place over 8 wiekw®e classes
per week
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Due to the participating teacherso i ndi
programme at different times of the year. This staggered implementation had both
positive and negative outcomes. The staggered implementdttbe programme
allowed for the molecular model kits to be shared amongst the class groups, for
example: as class group B finished the programme and no longer needed the
molecular model kits, class group E was only beginning the programme. This
allowed fa each student in the pilot programme to gain the benefits of using their
own molecular model kit. On the other hand, class groups who started later in the
year (after Easter holidayss' May) came under pressure after a couple of weeks
into the programmelue to enebf-year school activities and commitments. As a
result, differing amounts of time were spent on the implementation of the

programme by different class groups.

The researcher implemented the programme with Class 1G, a TY class group. Due
to theclass level, implementation of the programme varied slightly. Instead of the
standard five classes a week, the TY class had three classes a week; one single class

and one double class.

Evaluation of Implementation &f the OCV programme was triangulatesing
multiple data from three sources: the teachers, students and that collected by the

researcher. These are summarised in Figure 5.1.

'd )
Teacher Reflection Sheets

- J

Teach: p

<
Data from Teacher Focus
Group

(& J

~

N
Pre-/Post Spatial Ability Test

J

Data
Collected

Assessment 1 &
Follow-up study

Stude)

Part C: Reactivity Assessmen]

SYP— Field notes: observations anc
own implementation

Figure 5.1: Summary of the sources and types of data collected in Implementation 1
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To evaluate student learning andhi@vement of the learning outcomes of the OCV
programme, data from students is considered first and then discussed using input

from the teacher and researcher collected data.

5.1 Student Data

Data were collected from students in Implementation 1 in titme &, pre and post
spatial ability tests, Assessment 1 and an additional fallpvgtudy with three
students from class group 1B following assessment, see Figure 5.1. Each of these

will now be discussed and summarised.

5.1.1 Spatial Ability Tests

All class groups completed spatial ability tests at the beginning and end of the
programme. The development of theiféin test was discussed in Section 3.4.3.

The purpose of thistestwastroe asur e a change in students?é
than to measure ¢lir absolute spatial abilitA pairedsamples-test was conducted

to compare studentsodo results in the pre a
significant difference between students scores in thégstdM=5.79, S.D=2.069)

and postest (M=6.8 S.D=2.094); t(55)=3.577, p= 0.001. These results suggest

that studentsd spati al ability has i mprov:

kits and learning through the OCV approach.

There was, however, no corr elbibtytscooen f ound
and their overall score on Assessment 1. This contrasts with previous research
identifying the link between spatial ability and organic chemdiBsibyl and

Bodner, 1987; Small and Morton, 1983; Bodner and Guay, 1997).

There was no statistlly significant difference found between male and female
scores on either the pspatial ability test, the poespatial ability test or their scores

on Assessment 1. These results suggest that those students who scored higher on
the spatial ability testvere not necessarily better at the questions in Assessment 1
and thus, this approach is useful for all students, regardless of their spatial ability.
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5.1.2 Assessment 1

The students involved in Implementation 1 (N=62) completed Assessment 1.
However, oty 47 of the completed assessments were available for further analysis
as, due to unforseen circumstances, it was not possible to obtaincopies of the
Assessment 1 from Class C. Class D also completed a further assessment based on
Part C: Reactivity of Or@nic Molecules of the OCV programme in the following
Septemeber; these results will be discussed further in Section 5.4.

Studentsdé responses to Asses-hpgeestion 1 wi | |
basis first, followed by a discussion of the emerdgbames from the responses.
There were seven questions in total. Each question will be presented, along with a

rationale for the question and summary of results.

Assessment 1 Question 1 Transfer from 3D to 2D representation

Question 1 a sabilgystes teamslats & IDdrepresestaion into a 2D
representation. See Figure 5.2 for the rationale and summary of results for Question
1.

The majority of students were capable of
translate from the 3D picture oma 2D drawing indicates that students are able to
differentiate between the atoms in the picture by colour and/or valency. It is
interesting to note that students varied in their selection of complexity of their
structures and the style selected; som&dhe hydrogens extended, to explicitly

show all the bonds, as in Figure 5.2, while some students condensed the hydrogens,

as in Figure 5.3.
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Question 1

Draw 2D structures of the following organic molecules represented by 3
pictures:

@)

(b)

Rationale:

This questiorasks students to draw 2D structures from 3D
representations of organic structures. The structure (a) conta@i 2
groups and a carbonyl group, while structure (b) is a branched
hydrocarbon. Students will need to remember the colour coding fron
using theMolymod kits to distinguish between different atoms.

-

Summary of Results:

43 students successfully completed this task.

3 out of 4 students made mistakes with the first structure. All mistakies

made by students concerned the valencyahat Their structures are
shown below.

Incorrect Structures:

e
H o C\ Q N(\J'
s _“9
F2 H/O\ (// \ - H G9 Q./ (( \Q 4
W SR el
- \
al
A
" | \\k !
"ll_\’.‘ _’74‘(-;,‘ C—C— ,4. ) .
G18 i ol 04 it L whee i

Figure 5.2 Assessment 1Question 1, rationale and summary of results
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Figure 5.3: Example of structuresrawn with condensed hydrogens

Some students also varied in the style of drawing their structures. Some opted for

linear style with approximately 90 degrees between atoms, while some drew their

structures in a zigag styleSt udent s 6

s e | eimfluencedby the s

possi

orientation and shape of the 3D representation presented to students. This will be

examained further in Section 5.2.

Assessment 1 Question 2 Identify isomers

Question

2

assessed

student sb

Ridurie | ity

5.4 displays the question, rationale and summary of results. Examples of errors

are also presented.

Table 5.2 details the number of students who were successful in identifying two

isomers, students who were unsuccessful and the errors whichraessghiclass

group.

The most common mistake made by students who could not identify any isomer

was to redraw the original molecule with a different orientation; two examples are

shown in Figure 5.4. Three students appeared to struggle to maintain & corr

number of carbons when attempting to draw the structures of isomers. These

t

students drew structures containing 6, 8 and 9 carbons. Two of these students could

draw one correct isomer but drew a second structure with an incorrect number of

carbons. Thes structures could be interpreted as a counting error rather than a

misunderstanding of isomers. The third student, B2 in Figure 5.4, drew one

structure with 8 carbons and one structure with 9 carbons. Again, this could be

interpreted as a counting errbgwever, without asking the student it is not possible

to know this.
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Question 2

Draw 2 isomers of the following molecule:

&, &
o SNHSTTN

Rationale: CHg

CHgy
c/
Hz

Question 2 presented students with a structure and asked them to dra
isomers. There are nine possible isomers of the given structure. This w

student séb under st

represent in 2D.

anding of i som

Summary of Results:

28 out of 47 students caltraw two correct isomers. Eight students coul
draw one isomer and eleven students were unsuccessful at drawing an

isomers.

Student errors fell into four categories:

)l
T
T

1 No attempt.

The original structure was redrawn (see G7 and E9 below);
The number of carbons was moaintained (see B2 below);
Structures were drawn with a double bond (see E4 below);

Examples of Errors

Isomer 1
Ch,o—Chy
|
M — ¥y — (P ~C\"5

(@3] 5/

Isomer

G7
CHy

2 [

\

. LR~
Coa 7 CH;
< \(:_\'\7.

Chy

Isomer 1
v

b \

\ \'\\ H
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Figure 5.4: Assessment 1Question 2, rationale and summary of results
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Table 5.2:Breakdown of student succes and errors in Assessme@Qugstion 2

Isomers Identified Errors
T | o
0 =9 nsc o
Class T T 22 23s8 €
= og Scao £
2 1 0o |ED 5 £ £ =3 S
>
Pe wg 253 2
B 6 2 1 1 1 1
n=9
D 10 0 1 1
n=11
E 5 2 4 1 3 2
n=11
F 2 1 2 2 1
n=5
G 5 3 3 3 1 1 1
n=11
Total= 47 28 8 11 7 3 4 4

One student in particular was origlty marked as failing to identify any correct
isomers as they did not maintain the correct number of carbons. Two structures
were drawn with six carbons, see Figure 5.5. However, the two structures drawn
were in fact isomers of themselves. Thus, it camtegpreted that this student had

an understanding of the concept of isomers but simply made a counting error.

e Bl ; é:‘w
Hi Yied | ’
B N el s \£<
P 3 13\ \ =
F9 O T & Cn
= o ke
i
1 C

Figure 5.5: Assessment 1L Question 2Examples of structures drawn by students with
incorrect number of carbons

Students in Class E appearedstruggle with isomers, as they drew molecules
containing double bonds. It is possible that students confused this question with
geometric isomers. Thus, perhaps the question should have been worded to ask for
two structuralisomers. Nonetheless, it ilwdtes confusion around the concept of
isomers, as the ratio of carbons and hydrogen is not maintained by inserting a

double bond into the structure.
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Assessment 1 Question 3 Structural formula to molecular formula

This question asks students to idgntlie components in a structure and translate

into a molecular formula. See Figure 5.6 for Question 3, rationale and summary of
results.

Question 3

Write the molecular formula for the molecule represented in both 3D and RD
below.

Molecular formula:

Rationale:

Question 3 asked students to construct the molecualr fornmdanfiolecule
that is presented to them in both 3D and 2D. The molecule was given ir

forms to facilitate students who are more comfortable working in one
or the other.

Summary of Results:

43 students successfully completed thisk.

1%

2 students did not make an attempt at this question. 2 students identified the
number of components incorrectly.

Figure 5.6: Assessment 1Question 3, rationale and summary of results

The 2 students who gave formulae with an mect number of components could
either be considered totally incorrect or be considered correct but for a counting
error. One of these students could identify the correct number of hydrogens and
oxygens but had an extra carbon in their formula. The stbdent had the correct

number of carbons and hydrogens but an incorrect number of oxygens.
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Assessment 1 Question 4 Identify cis and trans isomers

Question 4 was a naming exercise in which students were asked to identify the cis
and trans isomers @ pair of alkene isomers. Figure 5.7 details Question 7, the
rationale for the question and the summary of results.

Question 4
Label the cisisomer and the trarsomer of the following isomer pair:
Hy HyC——CHjy H HsC——CH;
\N_ 7 \_ 7
C——C cC—C
/N /N
H H HaC H

Rationale:

This guestion asks students to identify cis and trans isomers of2pemé.
The structures are oriented in such a way as to give a hint to students t
double bond is important in this question.

Summary of Results:

Only classes B and D atnhpted this question as this section was not cov
by classes E, F or G. All but four students were correct.

Three students who were unsuccessful in this question were from cl3
One unsuccessfully attempted to write the molecular formula of
structures, one unsuccessfully attempted to write the structures in cond
form and the other student attempted to depict the electron distril
within the molecule, i.e. assign partial charges.

1 student did not attempt this question.

Figure 5.7: Assessment 1Question 4, rationale and summary of results

The unsuccessful attempts by the three students from classcBtendi clear lack

of understanding of the terminology of cis and trans isomerism. The students who
re-wrote the structures in the form of molecular formula and condensed structure
could have been influenced by the previous question as they were unsurat of w

the question was actually asking.

It is interesting to note that the student who attempted to write the molecular

formula for each compound redrew the structures given into a form that they were
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obviously more comfortable in, see Figure 5.8. Thisdiation was successful,
however, the student was still unable to write the correct molecular formula.
Interestingly, the student could count the correct number of hydrogens but not the
correct number of carbons. This student made the same error in Q@estoih is

possible that there is a misidentification of components rather than a counting slip.

o

Figure 5.8: Assessment 1. Question 4, drawing from Student B7
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Assessment 1 Question 5 Predict physical state using knowledge of
intermolecular forces

Question 5 asked students to compare the structure of two compounds and predict
the physical state of each. Figure 5.9 details Question 5, a rationale for the

guestion and a summary of student success.

Question 5
One of the organic compounds below is a gas at room temperature and the
other is a liquid at room temperature. Using your knowledge ofinter

molecular forces, suggest which compound is a gas and wiadgisd.
Explain your answer.

He HsC 2 OH
C CH; P
Hs H, Hy
A B
Rationale:

Students were presented with the structures of telatively simple
compounds, butane and butanol, and told that one exists as a gas wi
other exists as a liquid. Students eeequired to identifyhei OH group in
compound B as contributing to a higher boiling point and offer a

explanation of how this will result in different intermolecular forces and t
different states.

Summary of Results:

Class BD, F and G attempted this question. This section was not cover
class E.

29 out 36 students correctly identified the liquid and gas, however o
could fully explain their prediction. The majority (14) provided incompl
explanations. 7 studentscorrectly identified A as the liquid.

Figure 5.9 Assessment 1Question 5, rationaleand summary of results

Table 5.3 gives a breakdown i QftestientSudent so
As can be seen in this table, 29 students correctly identified B as the liquid and A
as the gas. For a student 6 sanagox,studanmtsat i on t c

were required to identify and describe the intermolecular forces between molecules.
For example:
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@ is a liquid at room temperature as both Van der Waals forces and
hydrogen bonds can form between molecules of B. Only Van der Waals
forces can form between molecules of A. Since B has stronger

i nter mol ecul ar forces than A, it i s a |

Studentsd answers were considered incompl

intermolecular forces but did not discuss them between mekecul

6B would have a higher boiling point b

bond which is stronger than Van der Wae

These types of explanations are not considered incorrect but it is not clear if students
understand the concept of intermolecubrces occurring between molecules rather

than within molecules.

Table 5.3:Breakdownofs udent s & ans we Question® of Assesemedt inent 1

Correct answer Incorrect Answer
N= 29 N=7
g Incorrect &planation | Incorrect explanation
8 £58 ¢ c
Clss | £ 2% oF g | o§ 5
o ER 35 5 |25 5
L g8 >s 5 F |25 s %
5 —¢°35%8 £ <o |&d&8 = o
I 8 &6 =z |98 & Z
B 1 4 2 1 1
n=9
D 2 4
n=11
F 2 2 1
n=5
G 1 4 2 2 2
n=11
Total= 36 4 14 4 4 3 2 3 2

A misconception which appezad mostly in the Class D responses is the idea of the

-OH group being part of the main chain of the molecule and thus, giving the

molecule a higher boiling point. All of these students also identified molecule B as
undergoing hydrogen bonding, indicatitigere is a misunderstanding of what

comprises the main chain of an organic molecule. Explanations that are classified

as 6otherd included students referring to
and identifying molecule B as a gas because it conteiygen.
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Questions 6 and 7 i n Assessment

i ntermol ecul ar forces and physical

1

al so
proper:t

and 7 will be compared to determine their understanding of the nature of

intermolecular fotes and physical properties. This will be discussed later in section

5.2.1.

Assessment 1 Question 8 Predicting and comparing physical properties of

similar compounds

Question 6 asks students to compare the structures of four compounds and predict

the order of their boiling point (BP). Figure 5.10 shows the structures given to

students and provides a rationale and summary of student success for Question 6.

Question 6

Rank the following molecules in order @écreasingoiling point. (i.e.:

highest to lowest). Explain your answer.
Ha

H4C C
Hac\ /Ei\ /g% kil \E/ \CHg
A S B
CHy
Ha
H4C C. CH Ho Hy

C 3\0/ \“‘c/ ’ c o] CH
Fis iz D Ho \ﬁ/ \ﬁ/ ’

2 2

Rationale:

This question requires students to first read the structures and identif
similarities/differences. It was hoped that students would recognise that
C are hydrocarbons while A and D contaxygen. It would be a starting poir
for students to first rank these relative to each other before ranking the f
of molecules in terms of boiling point (BP).

Summary of Results:

Class B, D and G attempted this question (N= 31)

17 students successfully ranked these compounds in the correct or
decreasing boiling point but only two of these students provided a
explanation of the intermolecular forces. 11 students were able to rank
of the molecules relative to each athehile three students were unsuccess
in ranking the compounds.

Figure 5.10: Assessment 1Question 6, rationale and summary of results

160



Table 5.4 givesthebra k d o wn

for Question 6.

compounds:

molecules;

-13 of these were able toadtify the intermolecular forces in each but did

Of the 17 students who were successful in ranking these

not discuss them fully.

As in Question 5, these are not considered incorrect responses but we cannot be

t he

sur e

of

and boiling point.

of

studentso6 f

student sbéb

ul |

Table 5.4: Students rankings and explanations for Assessme@Quikstion 6
Note: exp = explanation

ranki

-only two provided a full discussion of intermolecular forces between

under st andi

Al ranked Incorrect None
successfull D highest anq C>B or D>A|ranking but A
y B lowest with D, C N=3
_ N=2 N=5 with B
N=17 N= 4
Correct Incorrect Incorrect Incorrecy] Correct
exp exp exp exp exp
L (a
2 5 S s < s _|¢
Sle 8 e |8 [E2 | B 5|2
s 5§ 8 5|l 8 <|s 2 5|s 5 E|2
g5 S Blg S B2 e BIE ¢ E|g
g o © gl © g |2 % |8 © %g c
£ olo £ | alo e
2 5 2l § 288 2|8 & Ll S
= o il s o i = | o o o = > @©
S EZ 2|6z 2|z 2|5 £ 7|2 &
L g O 2 o =z S Zlz 5 r==1
(] C O O x
£ © £ = o
g (@)
@ m 2
B 3 1 2 1 1 1
n=9
D 2 5 1 1 1
n=11
G 5 1 1 1 1 2
n=11
Total |2 13 1 |0 1 1 0 3 2 2 1 1 11 2
=31

Incorrect explanations were similao those given in Question 5. Students

continued to identify thad OH group as part of the carbon chain while also
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identifying hydrogen bonding. Another misconception which arose in this question,
in relation to B, is the idea that branching causes a highing point rather than

a lower boiling point.

Eleven students were successful in ranking some of the molecules relative to each

other. These responses fell into three main rankings:
- D has the highest BP and B has the lowest BP;

-The BP of D is grater than the BP of A (D>A) or the BP of C is greater
than the BP of B (C>B)

-Grouping D and A together and C and B together but none ordered

correctly.

Two students were able to recognise that D would have the highest BP and B would
have the lowestlt is possible that these answers were guesses; one student did not
give an explanation for their prediction and the other identified @té group as

being part of the chain in D, using the incorrect argument that a longer chain gave
D the highest BP. Thistudent was unsuccessful in Question 5 and also used this

rationale in their explanation.

Five students could rank D relative to A (D>A) or C relative to B (C>B), however,
students could not provide correct explanations. Three students could corréctly ra
D>A but incorrectly ranked B>C using the argument that branching causes a higher
boiling point. Two students did not attempt to explain their rankings. Two students

correctly ranked C>B but did not provide an explanation.

Four st udent sghunsuacedsful,dgnonstrated their cecognition of
similarities between the hydrocarbons (B and C) and the oxygen containing
compounds (A and D). Two of these students provided a reasonable explanation as
to their rankings; indicating in their explanatidhat the hydrocarbons have lower

boiling points than the oxygen containing compounds.

Questions 5 and 6 have revealed some gaps
understandings while also unveiling some core misconceptions. These will be

discussed furh e r i n the section. Despite stud
studentsd ranking in this question demonst

compare structures.
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Assessment 1 Question 7 ldentification of electron density and prediction
of relative physical properties

The structures of two relatively complex molecules are given to students. They are
first asked to identify areas of high and low electron density and then predict
physical properties. Figure 5.11 presents Assesmer@uestion 7,le rationale

for the question and a summary of student

Question 7
Gingerol (structure A below) is the active ingredient in ginger.. , c Noe
A

When ginger is dried or cooked, Shogaol (structure B below) |s
produced. Shogaol also has a pungent gingell.sme

H
-
s} ok
A oo fom Lo Lom o
Gingerol H»,C// N o e e e e Sen
A L T
Ca CH
~ =~
| H
H
o]
. WP W

ok =N A O LS - P

Shogoal ch'/ S TN - ~oF S TSNee \CHJ
I H Hy H H Ha
C CH
S -

o~ c

‘ H

H

(a) Identify areas of high and low electron density in each compound o
their structures above €. assign partial charges)

(b) The boiling point of gingerol (A) is approx. 4%3 Would you expect
shogaol (B) to have a higher or lower boiling point than gingerol?

Explain your answer (consider intermolecular forces and the shapes of
the molecules)

(C) Which d these compounds do you think will bere soluble in water?

Rationale:

Part (a) askstudentgo identify areas of high and low &ttron density in
the structures ajingerol and shogadlargestructures were selected to s
i f students could O6pick outd th
oxygen.This question was phrased two different waysareas of electror,
density and partial charges we

question due to a misunderstanding of terminology.
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In part (b) students were given the boiling point of gingerol and aske
predict if shogaol would have a higher or lower boiling point, with
explanation. Students will need to examine both structures and idemyif
differences between the molecules. The difference students were expe

recognise was the additioriadDH group on the gingerol structure.

Part (c) asks students to predict which of these would be more solu
water, with an explanation. Again,ishis a relative question, and stude
need to decide which structure is going to have more interaction with

molecules.

Summary of Results:

Classes B, D and G attempted this question (N= 31), however only ClI

attempted part (c) as Classes D and G did cover solubility.

(a) 17 students were able to successfully identify all partial charges, W
further five stidents identifying approximately half of the partial charg
Five other students attempted to apply partial chargesGd6nds and
C-H bonds. Four students did not attempt this question

(b) 20 students correctly identified shogoal as having a lower BP,J&ow
explanations were still lacking full discussions of the link between |
and BP. 12 students identified the presence of extra hydrogen bond
gingerol, while a further seven identified the presence of the EQirh

group in gingerol as significan

11 students suggested shogoal would have a higher BP than ginger
of these students identified th@H group as an extra branch on ginge

which would cause it have a lower BP

(c) Six students attempted this question, five of which correctly idedt

gingerol as being more soluble.

Figure 5.11 Assessment 1Question 7, rationale and summary of results
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Table 5.5 summarises the results of Assessme@iiestion 7. Approximately half

of the students were able tesggn partial charges to the structures of gingerol and
shogoal; nine students were unsuccessful, with four not attempting the question at
all and 5 students attempting to apply partial charges@ea@d CH bonds. These

nine students clearly did not hase understanding of the terms areas of electron

density or dApartial chargeso.

Table 5.5 Breakdown of studenlt@uéstainésponses to Ass
(a) Assngnlng (b) Shogoal BP (c) Most soluble
partial charges

Lower Higher A B
g |8 ¥ S £
S do =T © =
= 20 2 3§ S
— ! B-c = o c y—
Q9 |x53 % 8 §5 g|s § S B
Class T 2 g|lEwc 3 0@ % Elg = © g E
— @8 €]« € S c © ol c c S c [}
Z 3 56 9 s 5 £ls @ o S =
< 8 0 3 8 &1 o % dl= L~ 5o & «
= [ [ T [ e o E o>\ o
29 [ss58 2 4 8 2|55 285 8
< 8 25 o o & g =4 2° ¢ <
o 59 92 S S © >
2 8 8 O O Z L @
o _>£ f— — [
o o < @
< = S E D
S = > (®]

B

n=9 |4 3 2 5 1 311 1 3 1 3

D 9 1 1 1 5 1 3 1

n=11

G

n=1114 2 4 1 2 5 3 1

-I;o\t,g 17 5 5 4] 1 12 7 6 1 411 1 3 1 3

Twenty students correctly identified shogoal as having a lowethBn gingerol;
19 of these could identify the exfr®H group in gingerol compared to shogoal as
contributing to its higher boiling point but could not fully describe it. Despite

studentsdé incomplete explanat i orates t his i
studentsé ability to compare | arger mol ec:
their structures. Li kewi se, studentsoé abil

students can read larger structures.
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Six students identified shogoal as havirtggher BP than gingerol due to the extra
iTOH in gingerol being seen as a branch. While these students understand the
concept of how branching affects BP, they are not clear on what constitutes a branch

and what constitutes a functional group.

Only six stulents attempted Part (c) of Question 7, with five students identifying
Gingerol as being the more soluble of the two compounds. Four of these students
identified the extrai OH group or the negative charges on the oxygen as
contributing to this but, agaidjd not fully complete their explanations. Only three
students made a link between the partial charges on the oxygen in the molecules as

contributing to the solubility of the molecules.

Results from Questions-4 indicate that the majority of students asgpable of

translating between different types of representations and working in 2D with

structures. Students are also capable of comparing different structures of organic

mol ecul es and predicting relative physica
Qusstions 57 indicate some gaps in their ability to fully communicate their
understandi ngs. Caution has to be taken w
from their explanations. Incomplete explanations do not necessarily mean that

students do not have alfunderstanding of the concepts but it is difficult to tell if

they do. However, studentsdo explanations
mi sconceptions related to structure and i1
to Assessment L willbecomgad t o i dentify the consisten

representations, explanations and misconceptions,

While the aims of the OCV programme have been achieved with the majority of

students who participated in the programme, the assessment of these staglents h

primarily been in 2D ie a traditional p@mdpaper test with a peandpaper spatial

ability test. These students were working with models for a significant length of

time and their skills in working in 3D have not been assessed fully. Thus, a second

impl ementation 1Is required to assess stud:

completion of the OCV programme.
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5.1.3 Follow -up study with members of Class B

Following a discussion with Teacher B, it arose that English was not the first
language of themajority of students in Class B. Taber (2015) discussed the
limitations of questions where we cannot be sure whether students have understood
the intended meaning of items, thus we may be picking up issues of limited literacy
rather than indicators of poaonceptual knowledge. Three particular students in

this class were unsuccessful in Questions 2, 3 and 4 of Assessment 1. These students
had average spatial ability scores7(bwhich did improve between the prand

post spatial ability testing. Theseustents were selected to participate in an
additional study. The purpose of this study was twofold, to identify if these students:

1) Answered incorrectly due to a lack of understanding of the language, for
example, the word o6i somerdé, and

2) Could answer corregtiwith the assistance of molecular models.
The three students were taken together for this study, however were sat facing away
from each other so as not t o Eachétidane nc e
was given three prmade molecular models @&-methylhexane, the original
molecule from Question 2 of Assessment 1 (as in Figure 5.4). They were instructed
to keep one molecule the same and to change the other two models in some way so
that they have three different molecules. The word isomer wassedt Students

were then asked to draw the new molecules.

During the followup study with these students, all three students were able to
construct and draw two different isomers of the molecule. Table 5.6 displays the
structures drawn by each studenfssessment 1 and those drawn in the follgw

study. The researcher observed students rotating and manipulating all three of their
models to ensure that they did indeed have three different molecules before they
drew their 2D representations, indicatingudsnts could recognise different

arrangements of atoms in 3D to give different molecules.
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Table56:St udent s6 drawings of i so-fuestudy. i n
Student Isomers drawn in Isomers drawn in Additional
Assessment 1 study
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There are two possibilities that can expl
use of molecular models may have aided students in successfully identifying and

drawing two molecules which are different to the origindlege students spent a

significant amount of time using the molecular models and transferring from their

3D structures to 2D representations. Thus, it was possibly easier for the students to
successfully construct 2 different molecules, manipulate theireladd confirm

this and then draw them, as this is what these students have done in class.

The word O6i somerd was also omitted from th
unsuccessful in this question on Assessment 1 because they did not undeestand t
term O6i somer 0. |l ndeed, Taberbés assertion t

for a lack of conceptual knowledge may hold true in this case.

This follow-up study has important implications for Implementation 2. The 3D
approach has not been assdgsdly and Assessment 1 has reduced the approach
to a 2D assessment of a programme which was focused on 3D structures and
modelling. This has important implications for Implementation 2 as there is a need
to redevelop the evaluation of student learningution is also required to ensure

that questions developed for evaluation of the approach actually assess what is
intended to be assessed.
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5.2 Consistency in Student Learning

Having discussed each question from Assessment 1 individually and identified
areas where students achieved the learning outcomes of the OCV programme and
areas where students could improve, themes which have arisen from student

responses will now be discussed. Two particular themes emerged from student

responses: the nature of stades 6 dr awi ngs and the natur e

i ntermol ecul ar forces (1 MFs) . Student so

Assessment 1 will be examained to determine if the style chosen by students was

consi stent . Student s6 e x7pwilldbe exmainedhts t o

determine consistency in their predictions and application of IMFs.

5.2.1 The Nature of Intermolecular Forces

Analysis of the questions in Assessment 1 individually identified some key areas of

learning for students in terms of pretilng physical properties of organic molecules

However, studentsd explanations reveal

A common trend which arose in students©éb

their lack of completeness. As discussed in Section 5.1.2, 28 of 36 tlentstu
successfully predicted which molecule would be a gas and which would be a liquid.
While four students provided a full explanation, 14 students provided incomplete

explanations to explain their predictions.

When presented with four molecules to comepen Question 6, the number of
successful students fell to 15 of 31 students, with two students successfully
providing a full explanation and 13 providing incomplete explanations. These
students provided incomplete explanations for Question 5 also. Thstiments

who provided full explanations for Question 6 also did so for Question 5. The other
two fully successful students in Question 5 did not complete Question 6 and 7 of

Assessment 1.

It is interesting to note that students were actually more sutéegomparing the
physical properties of two larger molecules in Question 7 than they were in
comparing four smaller molecules in Question 6. Twenty of the 31 students

correctly identified shogoal as having a lower boiling point than gingerol. This
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indicates that students were generally successful at applying their understanding to
larger, more complex molecules. However, only one of these provided a full

explanation and 12 provided incomplete explanations.

Students who provided incomplete explanatioeseanot considered incorrect; all
students identified the forces between molecules of each compound presented to
them. However, these students did not discuss how they influenced the physical

properties of the compounds being compared.

Students who offerethcorrect explanations highlighted the existence of some

misconceptions regarding the size and shape of molecules, the components of

mol ecul es and t he i nter mol ecul ar forces.

explanations regarding intermolecular force#l wow be discussed under the

following headings: (i) the effect of shape and size. and (ii) the effect of functional

group .

(i) Effect of shape and size
The effect of chain length and branching on intermolecular forces is addressed in
the OCV programme. @estion 6 in Assessment 1 (Figure 5.10) required students
to recognise the difference in structure between molecules B and C, both of which
were hydrocarbons. Many students (17) successfully ranked all molecules in this
question, indicating that these stmtls had a good understanding of this concept,
however, 13 of these provided incomplete explanations. These explanations
identified the difference in structure between molecules B and C but did not go on
to explain how the branching in B reduces the bgipoint.

One student who correctly ranked the molecules in Question 6 incorrectly discussed
the -OH group as being part of the main chain of molecule D, which along with
hydrogen bonding contributed to it having the highest boiling point. This is a
miscorception that has arisen in all three questions 5, 6 and 7.

This particular student maintained this misconception throughout Question 5 and 6

and also incorrectly identified the exi® H gr oup of gingerol 6s
branch which means it will havd@wer boiling point than shogoal, when in fact it

does not. Four other students who were successful in their predictions of Question

5 and 6 offered this misconception in their explanations. Despite the incorrect
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explanations, these students were sucaésstheir predictions in Questions 5 and
6. However, they were unsuccessful in Question 7, as all four students also
identified thel OH group as an extra branch on gingerol which would lower its

boiling point.

Another misconception related to the shagenwlecules which arose from
studentsdé explanation in Question 6 1s th
boiling point. While four students offered this misconception as part of their
explanation, this was not carried on into Question 7 and all fodests identified

thei OH group in gingerol as the structural difference which would give it a higher

boiling point than shogoal.

The existence of these misconceptions ind
Students who identified tH€OH group as paof the main chain in compounds also

recognised the ability for the compunds to undergo hydrogen bonding, indicating a
misunderstanding of the difference between the main chain and its branches. The
identification of thel OH group as a branch also indesthis misunderstanding.

While the number of students identifying these misconceptions is small, the
misconceptions were held throughout Questions 5, 6 and 7. These misconceptions

will be discussed further with teachers during the teacher Focus Group.

(i)  Effect of functional group
Being able to recognise the existence of functional groups within molecules of
compounds is the first step to identifying IMFs and thus predicting physical
properties. The identification of th€®H group as part of the chain in @tiens 5
and 6 and as a branch rather than an additional functional group in the structure of
gingerol in Question 7 indicates a gap in students being able to recogise functional

groups within molecules.

Interestingly, no student identified the =O in mallecA in Question 6 as resulting
in stronger IMFs than thieOH group in molecule D.
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5.2.2 Consistency in Student Drawings

Drawings of four 2D structures were required in Assessment 1: two structures in
Question 1 and two i nngsQapeansporiart to examine St udent
further as they can suggest el ements of st
in these questions will be examined regardless of their success in completing the

question.

As already menti oned ylesof @avings vavied. Therel . 2 , st
were two main variations when students were drawing their structures; the style

chosen and the extension of hydrogens. The two styles chosen by students were
structures drawn in a linear style with approximately 90 degree®ée angles or

structuresdrawninzigag styl e to reflect the O6truebod

Students also either extended the hydrogens on their structures to explicitly show
the bonding or chose to condense the hydrogens and only show the bonadhbetwee

carbons and/or oxygen.

Table 5.7 shows the percentages of structures drawn by students which showed
either condensed or extended hydrogens. Approximately half of the students
assessed drew structures which consistently either extended the hydrogens or
condensed them; 14 students extended the hydrogens in all structures while 11
condensed them in all structures. A further 12 students drew half of their structures

with condensed hydrogens and half with extended hydrogens.

It is suspected that the preseimainf the molecules in Questions 1 and 2 influenced

these studentsd preference for extended or
Question 1 are 3D and clearly depict all bonds within the molecules, while the

structure presented in Question 2 actuatigtains condensed hydrogens. All 12 of

the students who drew 50% structures with extended hydrogens and 50% structures

with condensed hydrogens, condensed the hydrogens in Question 1 but condensed

those in Question 2, indicating their drawings were imitgel by the presentation

of each molecule.
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Table 5.7:Percentage of structures drawn with extended or condensed hydrogens by
students in each class.

% of structures extendedq % of structures condense
Class
100 75 50 25 | 100 75 50 25
B 5 1 3 3 1
n=9
D 1 2 8 2 1
n=11
E 5 2 4 4 2
n=11
F 4 1
n=5
G 4 5 2 5 4
n=11
Total= 47 14 3 12 7 11 7 12 3

Note: There are 4 structures in total, therefore, 75% = 3, 50% = 2, 25% =1

Itis interesting then that the 14 students who drew 100% of thestwres extended

had to make the translation from condensed to extended hydrogens for their
drawings in Question 2. In fact, five of these students were unsuccessful in
identifying isomers, making the error of redrawing the original molecule twice with
different orientations. Of these students, three were the students selected from Class

B to take part in the follovap study

Likewise, the 11 students who drew 100% of their structures condensed had to
make the translation from extended to condensed hgdsofpr their drawings in
Question 1. All of these students were successful in making this translation. This
could suggest that the translation from extended to condensed structure is easier
than the translation from condensed to extended structure.

Theoher variation to studentsd structures w
5.8 displays the percentages of structures drawn by students which were either
zigzag or linear. It is possible that there is a teaeherf ect i nfl uencing ¢

selection oftyle; however, this was not examined.
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Table 5.8: Percentage of structures drawn using zigzag or linear style by students in each

class.
% of structures zigzag % of structures linear
Class
100 75 |50 25 100 75 50 25
B 1 1 7 1
n=9
D 4 6 1 1 6
n=11
E 6 5 6
n=11
F 4 1 1
n=5
G 6 4 1 1 4
n=11
Total= 47 15 11 2 7 12 7 2 11

Just over half of studentBew structures which were consistently either zigzag or

linear, with 15 students drawing 100% of their structures using a zigdegaad

12 students drawing 100% of their structures using a linear style.

A further seven students drew 75% of their structures using a linear style. All seven

student s

drew mol

ecul e

(a) in

Question

use of exended or condensed hydrogens, it is suspected that the presentation of the

mo |

ecul e in

t his

guestion

was possibly influenced by the orientation and shape of the 3D representation

presented to studentA direct translation from the 3D representation of molecule

(a) into a 2D structure would result in a-zigg style representation. Figure 5.12 is

an example of a structure which appears to be a direct translation (angles and

orientation maintained). Ehdashed lines demonstrate each component of the

mol ecul e

in the

3D

representation | ini

Similarly, the 11 students who drew 75% of their structures using the zigzag style

used a linear style for molecule (b) in Ques 1. Again, the orientation of this

mol ecul e

selection.

whi ch i s
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Figure 5.12 A 2D representation which appears to be a direct translation from the

3D representation. The dashed lines destrate each component of the molecule

in the 3D representation |ining up with tfF
Note: The 3D picture in this figure is the exact structure from Assessment 1 with

the black background removed for the purpose of this comparison.

It i's possible that the orientation of th
however, without asking the students it is not possible to say if students simply
copied the shape from the 3D representation or that was the shape chosen by the

students thmselves.

The preferences of students for representations for each structure are summarised
in Table 5.9. The extended styles were preferred for structures in Question 1, while
the condensed structures were prefered for structures in Question 2.

Table 5.9 Representational styles used for each structure in Question 1 and Question 2 of

Assessment 1
Note: Ext = extended Cond = condensed

Question 1 Question 2
a b a B
= 2 < = 2 = 2
o 8 N D 8 N o 8 N o © N
= | g O = &8 o = g O = © O
Pe§ S ERIESENIESENES SN
= N + |+ ]|= N 4+ t]= N + |+ ]= N + +
A A A
g n o old d o old d o oldd oo
B 17 2 8 1]s 2 215 2 2
n=9
D
o 31 7 1.6 4 11 1 10
E
o - 11 6 4 1|86 5
F 4 11 3 1 4 1 4 1
n=5
G 9 2|3 17 2 9 2 9
n=11
Toﬁlz 13 23 1 10023 4 7 13|11 4 8 24|11 4 |10]22
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Just over half of students appeared to have a preferred style of drawing, whether

this was a zigzag/linear style or condensed/extended hydrogens. It hasdween sh

t hat studentsd who did not use a consi st
influenced by the orientation of the molecules in Question 1 and the condensed
presentation of the hydrogens in Question
structures inttate that the majority of students are capable of drawing structures in

2D.

I n summary, anal ysis of studentsoé drawi ng

different styles (linear or zigzag) and levels of complexity (extended or condensed
hydrogens) tohei r structures. It i's possible th
influenced by the manner in which molecules were presented to students. However,

just over half of students stuck with their preffered style and level of detail,

indicating they were comftable enough working between the different types of

3D and 2D representations.

Student explanations were incomplete and lacking detail that would indicate a full
understanding of the link between IMFs and physical properties. The majority of
students weresuccessfully able to identify the IMFs present in each question,
however, they failed to demonstrate a clear and deep understanding. Students who
could predict and compare the physical properties of smaller molecules in
Questions 5 and 6, were also aldecompare the physical properties of the larger

and relatively more complex structures in Question 7.

Misconceptions which arose from a small group of students were focused around
confusion between components of a structure; differentiation between & ktanc
main chain and the functional group in molecules of organic compunds. This is an
important discovery which informs the need for differentiation between these

components of organic structures which is emphasised in Implementation 2.
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5.3 Teacher and Researcher Data

Data was collected from teachers in Implementation 1 in the form of Teacher
Reflection Sheets (TRS) and a Teacher Focus Group (TG). Researcher observations

were used to gather further feedback and support feedback obtained from teachers

Observation is a key component in the case study approach (Cohen, 2007). This

all ows the researcher to gain a clearer

(

engagement and motivation during the progr

achievementand difficulties. The exact number of observations of each class can
be found in Table 5.1.

An Observation Sheet was developed to correspond with the (TRS) to identify if
the researchersdé observations matched t
found in Appendix D. Field notes were also used to record discussions between
students that were overheard during observations.

TRS were useful to gain feedback from teachers after each lesson or series of
lessons. TRS were collected from teachers B, & Bnd F. The purpose of these

reflection sheets was to give teachers a structured medium in which to record their
immediate feedback and reflection on the lesson. The template for these reflection

sheets can be found in Appendix C. Teachers were asked to:
-Detail any changes made to the lesson;

-ldentify where students achieved the learning outcomes or experienced
difficulties with achieving them;

-ldentify any additional instruction that they or the students required and;
-Describe any changes they mighake if they were to repeat the lesson.

The focus group with teachers from Implementation 1 took place in August 2014.

Due to personal commitments and holidays, only Teachers B, C and F took part.

The purpose of this focus group was to gain extra feedbackteachers regarding
their student séb engagement , di fficulti
participation in the programme. It was also an opportunity for teachers to expand

on what had been written in the TRS.
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The focus group was of a sestructurel format. The researcher began by
highlighting the rationale and aims for the project; these had already been discussed

with teachers individually prior to their implementation but it was decided to begin

the focus group in this manner. Each of the teachers then invited to describe

their own experiences of the programme and the teaching approach. Further
discussion was facilitated regarding the improvement of assessment, challenges
faced when i mpl ementing t he programme,

molecular model kits and the experimental activities in the programme.

This collection of data has been qualitatively analysed and emergent themes
identified. They will now be discussed under the following headings; how the
approach was perceived (5.3.J)peopriateness of content and adaptations (5.3.2);
student learning (5.3.3); recommendations for future implementations (5.3.4) and
improvement in future assessment (5.3.5). In the following extracts codes are used
for teachers, for example, Teacher C Wwélreferred to as TC.

5.3.1 How the approach was perceived

Teachers6é6 feedback on the approach were

approach as helping to make the topic more interesting and relevant for students:

€

r

Owhat I real | yi clail k epd opaeg tti ks phwus f é f
textbook point of view, l' i ke, 1 tds so dul
bringing the models into ité.. made it

Something that would have become almost a kind of a rote

learning exercise for the sakeamfn exam had some rel evance

(TB, FG)
o0l t brings something from the pages
ot her wi s e, somet hi ngit justemage di ffi cult
something thatodos at such a small scale
(TF, FG)
0éf or exampl,éeycqld relate te this.amemical,
they could relate to this, you know, because they have used
ité.. That was something that was very
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relation to the pheromones; they did, they could really identify
with that as well . 0 (TC,FG)

The approach was described as closer to tt

0Chemi sts experiment with molecules anc
to make their own little experiments with the models. | think
that was a good dimension of it too, that it was alsesleghtly

experimental, even thoBRGit wasnodot | ic

Teachers identified the format and incorporation of discussion as particularly

useful for students:

0 t h eby-stepaagiure of what you had prescribed there
worked very well and ew fairly weak students came along and
got the idea of it. o6 (TB,FG)

dt is a great model in relation to group work; they were

actively working with each other and that 100% did benefit

t hemét hat was one thing | really did ge
class,8"Year Chemistry who dondt all know e
does help with the int(BORG3ti ons. 0

6it promoted an atmosphere of curiosity
promoted discussioné. |l think it takes t
t heyor e wor kialkigyakdow thiegs.itar and t

process allows them t@FBE&@yYy well Il donodt

Teacher C explicitly highlighted the engagement of their students in the

programme:

6Some days youdbd have a doubl e class ar
a triple to keep gaig, they love it. Who ever wanted to do triple
Chemistry? They were actually upset to

(TC, FG)

The positive engagement reported by the participating teachers was also observed
by the researcher. All class groups were observed to be gctivadlelling,

constructing and manipulating their models and discussing during the activities
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observed. Students were noted examining
comparing and assisting each other and asking questions of themselves and the

teacher. Dung the physical properties activities, students were verbally problem

solving and discussing problems as a whole class. Class B was observed to have a

lower engagement than others; however for the majority of these students, English

was their secondarahguage. This could explain the lack of engagement. Teacher

B did note that during and following completion of the programme, students

became more willing to volunteer answers and discuss their thoughts with the class.

The teachers were also observed ¢oshiccessful in guiding the activities and
leading students through the activities. Discussion was fostered in each classroom
and students were encouraged to verbalise their understandings while also using

their models.

One teacher did identify some frumions experienced by their students in relation

to having to take apart their models after spending time constructing them. The
teacher aided this situation by taking photographs of the models constructed by
students and displaying them on the projectat printing some photographs to be
placed on the walls. While we do not want students to feel that the construction of
molecules is not worthwhile because they are going to be taken apart, the fact that
students are taking ownership of their molecules detnates their enjoyment and

engagement with the model kits.

601t c ame(fotstudemtsyvpheir ret, ok, I 6m after buil
lovely model, now | have to transfer to paper and convert it to a
different form again, that they got a little bit frustratdten.

They preferred the actual mod el bui l dir
(TC, FG)

An aspect of wusing the models that came U
using the model kits continuously throughout the programme. Teacher C

expressed hisconceen t hat it felt | ike a o6treatdé fo
t hat per haps, students werenodt actually t

they normally would.
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Teacher B noted that they felt, because there was no specified homework in the
programmet hat they had given their students a

that a homework section be indicated. Teacher F also agreed:

6You kind of focus on the interaction v
di scussionsé.and then the bell has gon
about homewor k. Il t s IF,F@ o means a crit

This raised the issue of students taking the model kits home with them to complete

modelling activities for homework:

6l know thatodés probably not really feas:s
happy withthemh aki ng them homeéso it would kin
be something alternat (TB,&0)

The time requirement for the modelling approach and the experimental activities
was identified as an issue by all participating teachers. However, teachers did agree

that tre extra time put into modelling is worth it:

OFrom my point of viewé. time constrain
t hink. |l tés very difficult to have ti me
(TC, FG)

6l took a bit of a risk buB,AG) woul d s ay

Teacher E identified a lack of time to complete modelling activities on numerous
occasions throughout the Teacher Reflections Sheets; these were identified

throughout all chapters:

6Too little ti me -teaadhihpproomenssd t o each p é
rushed de to time difficulty. Bring in isomers for Activity 2.1.

Didnot finish 2.4, had no time to mal
drawings. 0 (TE, TRS)

5.3.2 Appropriateness of content and adaptations made by teachers

Teachers were encouraged to alter tlieeoof activities as they saw fit to tailor the
material to their individual classes. The OCV activities were designed with
flexibility in mind to ensure any chemistry teacher could use the OCV programme

with any class group.
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The experimental work was adtified as a particularly engaging and useful
component of the programme. Teacher C
to quantify the strength difference between the intermolecular forces, (which was
demonstrated using the experiments in Chaptnd Chapter 7), as students were
able to record the boiling point and compare the solubility in water of the organic

liquids and explain this using their knowledge of intermolecular forces.

Teacher B also identified the importance of the experimerted im relation to the

di

studentsdé understanding of the physical

note the irrelevance to the eyanesent LC exam.

o1l was just delighted to have an

concepteéagain it wastwawemabiter sect.

S C

P

e X pe

on

t

behindtimewi seé. but | have to say, Il 6m gl ad

end of it, I think the majority di
tasks increased in difficulty, | was surprised with how many
came along with it. o6 (TB, FG)

For the most part, teachers did not change the sequence of activities. Teachers E
and F did not make any changes to the activities. All teachers spent at least one
class revising intermolecular forces before starting Part B ofptbhgramme.
Teacher B followed the activities as they were laid out and did not make any

changes to the implementation.

Teacher C made the most alterations to their implementation; s/he decided to

introduce organic families and nomenclature after compleifdChapter 2 t@ a i d

d

C

clarity when students are dwgedeacherBng what

did not actually introduce nomenclature during his/her implementation of the
programme, s/he did suggest that it be added in the same area of taenpnedor

further implementationTeacher C also took several double classes away from the
programme to complete some of the LC mandatory practical experiments. When
discussing pheromones and cis/trans isomerism, Teacher C also used a case study
of thalidomde to show extra context. As students in Class C were completing
Chapter 6, Teacher C provided laptops for students to check boiling points to verify

their predictions. All of these changes described by Teacher C are excellent
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examples of a teacher bringi their own resources and knowledge to a programme.
This shows a significant benefit of the OCV programme, in that it is flexible enough
to allow a teacher to put their own spin on the material, while preserving the essence

of the approach.

Changes madeytiTeacher D centred on not completing all parts of activities due to

time constraints:

60Compl eted (a) and (b) of Challenge 2.

ot her parts as did not have timed

0Di dndét have ti mesojusbansweréde¢he quesdoes s i n 6. E
(TD, TRS)
It should be noted that Class D completed the largest proportion of the programme
given the time spent; they reached the end of Chapter 6 in three weeks. It is up to
the teacher to identify if their students are capable of completing thigyawithout
the use of models and if they feel students will experience the same learning without

them. This was discussed during the FG in

The main area identified by teachers as needing additional clarification for students
was intermolecular bonding; all teachers spent at least an extra class revising this
topic before completing Chapter 6. Teachers D and F did not record any other areas

of additional clarification.
Teacher B found some students required extra guidance pteZia

6Some students struggled to see the eff
branching and the differences between the compounds seemed
very slight. o (TB, TRS)

Teacher C discussed two further areas in which Class C required additional
instruction: in clariying the method of drawing 2D from 3D, which was reinforced
with the subsequent activities in Chapter 2 as discussed above, and in differentiating

between molecular and structural formulae.
Teacher E had to guide students through completion of the cimapésrinitially.
ONhen doing chapter notes; | had to extract most of the

i mportant points. THEEYRSEoul d not . O
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Teacher E did not participate in the focus group. However, when this was queried

in the focus group, no other teacher ideatlfit as an issue.

5.3.3 Student Learning

Teachers were required to record areas of achievement and areas of difficulty
experienced by students via the TRS as they completed the programme. It should be
noted that most t each ebriesd@mmeatsnpieecsuisd t hes e
compiled here are areas that teachers noted where students had a particular

achievement or difficulty.

An area of particular achievement identified by Teacher C was throughout Chapter
6;0pr edi ct i oTeaheraCcidentidd arilyeninor difficulties experienced

by students6 Const r uct i n gvas 3dentifiedras m dificDity during
activities 2.52.8, however, following completion of Chapter 2. Teacher C identified
constructi ng nas lareachidvesment. Gy this Hifficulty was

overcome with practice.

Teacher D identified one key area of achievement namely in Chapter 4, students
were able to define an isomer themselves without help from the teacher. Students in
Class D did have difficulty identifying hydgen bonding. This is not necessarily a

product of the programme as students had studied bonding in advance of starting

the programme.

One question that was put to the teachers in regard to the use of the models and
working in 2D wasredéAtsangesthgte twhe ©Oheo
need to use the models but the Oweaker 6 st
to this question:
fhe model s were seen as part of the mo
(TC, FG)

0l think itodod éamamdabdtébrsaatbsdaomacdp enough
keep the good ones on their toes and interested in models
without | osing any we@kKEG) students. 6

Teacher B identified particular achievement by students in Chapter 5 and Chapter
6:
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60Thi s was ptsodeesdiul chapterofehe maxgle in

terms of learning outcomes. Students had a really good grasp of

intermolecular forces and branching by the end. This is a topic

they would wusually struggle with if moc
(TB, TRS)

A difficulty which was identified initially by several teachers was the valency of

carbon. This was also identified by the pilot teacher during the pilot study. Teacher

E identified studentsdé difficulties with t
in both Chapterd and 2:

6The students still did not fully get t
around every C. 6 (TE, TRS)

This was also a difficulty identified by Teacher F initially; however, it was identified
as an achievement following the completadrChapter 2:
0Tetravalent and affects # of carbon he
(TF, TRS)

This issue did not persist past Chapter 2, so it can be inferred that it is a concept

that students require time to internalise.

5.3.4 Recommendations for Futre Implementation

An issue identified by all participating teachers was the lack of LC material in the

programme. This will be considered for adaptions for Implementation 2.

6Looking back at chapter notes, Il reald]
been taughtyetwoul d have introduced naming bet
(TE, TRS)

Teacher B put forward two recommendations: the first, as mentioned above, was to

include some nomenclature after Chapter 2 or 3. The second recommendation was

in relation to Chapter 7; the previous seai di scussed studentsao
identifying the effect of polar groups or branching in some of the molecules. Thus,

Teacher B suggested:
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0 Boose compounds with more obvious differences between
their polarities, van der Waals, etc. The differences batwe
some seemed quite ten(lBTRS). 0

The intention of these activities was to challenge students with closely related
compounds. It may be necessary to include

development of comparison and predictionfuture versions.

Teacher C made several recommendations that were more in relation to
incorporating group work and developing the activities further. The first suggestion
was in relation to the first activity of the programme, where students are given
models of molecules of four compounds; vanillin, paracetamol, butane and

polyethene, and were asked to compare them:

OAl |l ocate one per group. Get the stud

contrast each otheros. They may be giv

compound and describet uses to the others also. 0
(TC, TRS)

Another suggestion was to help students engage with the oxygen containing

functional groups during Chapter 3:

60Set up a tabl e of possi bl e families

constructed could be placed on. Studehisuld justify why they

place their molecule in a specific f ami
(TC, TRS)

The final recommendation was to develop a case study to reinforce the

relationship between physical properties and intermolecular forces:

6 May be de s idyon sindslar malesudes it and HO to

show i mportance of inter (MGIF6)cul ar f or ce

Recommendations from Teacher D focused on sharing out the modelling
requirements so as to reduce the time taken for students to construct molecules.
There ae advantages and disadvantages to this approach; more material could be
covered if there is less time taken constructing molecules. However, this could
reduce the benefits students gain from spending that time modelling. Realistically,
this is at the disetion of the teacher; if time is available for the students to model
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as much as possible they should allow them to. However, if the class is under time
pressure, this could be a compromise to ensure students get the benefits of

constructing some, if notlabf the molecules in the activities.

5.3.5 Improvement in Future Assessment

Following evaluation of Assessment 1, it had already been decided that there was

a need for change in the assessment. The FG suggested giving the teachers an
assessment scenareg if they were to give their students an assignment, in which

they had to open todayds paper, find an o

find/suggest a structure, did they think that their students would be able to do that?

O6Fr om t he pobintimidatioo,fif | kad esked the

students on day one, Owhat 1is paracetar
known where to start. But now they have the building blocks for,

if they see a picture onlnOH ne, they <can
group. o (TC, FG)

Teader F described their students already making links during class to a topic

that had been studied in Biology:

d think if they can do that with the Biology, then
certainlyéthey are already doing it a |
for malTFw&y . 6 (

Question2 of the Assessment 1 was discussed in terms of mistakes students made
and how it could possibly be changed for future assessment. Several suggestions

were made by teachers;

1 Give students models when completing this question;

T I f t he ter m ngiconfasior rchangda the sttuatwres of the
question, for example: show students two isomers first, explain that they
are isomers and then ask for another isomer, thereby telling students what
an isomer is first. This will then assess if they can recogififgzahces in
structure but the same components;

1 Have premade molecules in zijoc bags that are labelled and ask students

to identify the isomers; pass the bag around.
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Question 5, 6 and 7 of the Assessment 1 were also discussed; primarily the
occurrenceof confusion between inteand intra molecular bonding. Two key

suggestions came out of this discussion:

f I'nstead of presenting just one mol ecul e
or several molecules of each compound when asking a question relating to
physical properties and intermolecular forces;
1 Depending on the nature of the question, it could be useful to actually give
students a definition of inteand intra molecular bonding. The question
could then assess their understanding of and abilaypdy these concepts to

the compounds given.

5.3.6Summary of Feedback

Overall, teachers had a very positive experience with the teaching approach and
reported a high level of student engagement, identifying the discussions and
collaborative nature of thegpproach, the use of relevant molecules and experimental
activities as highly beneficial to students. This was confirmed during observations
by the researcher. The flexibility of the programme was clear from the changes and
additions that teachers werd@lo bring to the programme. The focus group was
extremely valuable as it gave teachers the opportunity to suggest improvements in

the assessment, which is an area the researcher identified as requiring development.

An obstacle that has been identifiedd®veral teachers is the time requirement for
constructing the molecular models. However, teachers also noted that the positive
learning that students gain from using the models outweighs the time investment of

the modelling approach.

Student difficultiegecorded by teachers were marginal and for the most part were
addressed in the subsequent activities, some of these topics identified as difficulties
went on to be identified as achievements by the teachers. There was minimal
additional clarification requed from students and where it was required, teachers

could easily deal with it.
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5.4 Assessment of Part C: Reactivity of Organic Molecules

Class D completed Part C of the OCV programme the following September after
Implementation 1 took place. AssessinehPart C consisted of five questions,
assessing studentso abilities to identify
the presence of various electrophiles and nucleophiles. Nine students completed

this assessment. These will now be discussedsimidar manner to Assessment 1

in Section 5.1.

Part C Assessment Question 1

Part C Assessment Question 1 is shown in Figure 5.13, accompanied by the

rationale for this question and a summary

Question 1

Suggest the sites on the molecule below that miis likely to attack.

Circle the possiblsites on the structure below.

H* |
Ph  Ph Note: Ph= L
Ph\l |/Ph HT|/ \TH
c—=cC
HC (o
H—O/ \O—H \E/H
Rationale:

Students are presented with a diol containing four phenyl groups
represented by Ph within the molecule. This representation was not usef in
the OCV programme; however, this molecule was used to investigate
studentgould apply thee knowledgeto a moleculecontaining unfamiliar
symbols.

=

Summary of Results

All students identified both oxygens as possible sites which thenH
could attack.

Figure 5.13: Part C AssessmentQuesion 1

All nine students were successful in identifying the two oxygens as possible sites

for attack by the Hion. All of these first identified areas of high and low electron
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density by assigning partial charges. Four of the nine students only assigned

positive dipoles to the hydrogens attached to the oxygen and not to the carbon that

the oxygen is attached to. It is unclear here whether students did not fully
understand the idea of dipoles or i f thes:ce

correctidentification of the sites.

Part C Assessment Question 2

Part C AssessmentQuestion 2 is shown in Figure 5.14, accompanied by the

rationale for this question and a summary

Question 2

Identify the possible reactive centres of tmglecule in the presence of.H

Circle the possible reactive cenftres on t
structure.

Explain your answer

Rationale:

The molecule in Question 2 is presented both in 3D and 2D represents:
The nucleophile Hsused o0 ensure students d
identified by Hassan et al (2004) that bond polarities depend on ab;s
electronegtivities of atoms only, i.e Madrogen is always positively charge

Summary of Results

Sevenout of ninestudents correctly ghtified the carbon double bonded t
the oxygen as the possible reactive site for thim ldttack this molecule.

Figure 5.14:Part C AssessmentQuestion 2
Thetwost udent s who were incorrect, i denti fi e
phenyl group in the structure as the reactive site. Neither of these students offered
an explanation for their selection. These students also did not draw on their
structures so therwas no indication as to how these students came to their

identification.
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The explanations from the seven students who could identify the reactive site
focused on the differences in electronegativity that results in the partial charges and
the attractiorbetween negative and positive charges, for example;

Orhe His likely to attack the carbon double bonded to the oxygen.

The oxygen has a larger electronegativity value than carbon. This

gives it partial negative charged) and the carbon a partial

positive charge ¢+). Thus, the negative hvill attack the positive

c ar b(Studént D4, Q2)
This type of explanation shows a good level of understanding of the occurrence of

dipoles and the interaction between charged species.

Part C Assessment Question 3

Part C AssessmentQuestion 3 is shown is Figure 5.15, accompanied by the

rationale for this question and a summary

Question 3

Predict the possible reactive centres of this molecule in the presence of H
Circle the possible reactivergees on the 2 dimensional drawing of the

mol ecul eds structur e.
Cl =

Which of these reactive centres do you think is most likely for the H
attack? Explain your answer:

Rationale:

Question 3 asks students to not only predict possible reactigebsitelso
suggest the most likely reactive sitgtudents will be required to full
examine the structure and provide a comprehensive explanation of
selection.

Summary of Results

All students identified the two possible reactive sif=/enout ofnine
students identified the carbattached to the oxygers the most likely
reactive centre.

Figure 5.15:Part C AssessmeintQuestion 3
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Seven out of nine students identified the carbon attached to thenoayglee most
likely reactive site. Five of these discussed the relative strength of the positive

dipoles due to differences in electronegativity values; for example,

o1 t h i hvkouldt nmost tikelyHattack the carbon that is

double bonded to the oxygemtom. There is a higher

electronegativity difference between oxygen and carbon (0.9)

than carbon and chlorine (0.6). This means that the carbon

doubl e bonded to the oxygen is more | ik
(Student D6, Q3)

The other two students athpted to use the shape of the molecule as an
explanation to their selection:

6rhe GO double bond is most likely for the kb attack.
Because it i s easier to access. 6
(Student D1, Q3)

One student failed to make an attempt at this question, armalstudent identified
the chlorine as the most likely reactive centre:

6The C bonded to chlorine because it [
and easier to ac(Staderd D1, Q3)
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Part C Assessment Question 4

Part C AssessmentQuestion 4 is shown isigure 5.16, accompanied by the

rationale for this qQquestion and a summary

Question 4

Carbon is more electronegative than phosphorus. As a result, when they are
bonded together a polar covalennb is formed, with the phosphorus taking
a slight positive charge and the carbon taking a slight negative charge. An

example of this occurs in the following molecule:
+ .

PhaP— CH,

What are the two possible ways that this phosphorus containing molecu
attack thecyclic molecule below? Explain your answer

d* d
+ PhyP—CH,

Rationale:

Question 4 is slightly more complex, with students b@regented with &
reaction between two molecules. As the OCV focused solely on the &
of electrophiles and nucleophiles on molecules, stsdemre given a
starting point by identifying the dipoles in the phosphorous contai
molecule.

Summary of Results

Sevenof ninestudents suggested the two correct interactions betweer
two moleculesTwo students did not attempt this question, one ottvhi
did not attempt the previous question.

Figure 5.16:Part C AssessmentQuestion 4

It should be noted that the notation used in this question by the researcher is
incorrect. The partial charge syolb (d" andd) were used when the symbols +

andi should have been used.
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All seven students who correctly suggested two interactions between the molecules

were fully able to explain each attraction, some of whom provided diagrams as well

as written exmnations, see Figure 5.17 and 5.18.
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Figure 5.17: Answer provided to Queston(8tudent D6)
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Figure 5.18: Answer provided to Question 4 (Student D11)

Despite this type of question being unfamiliar to students, they were able to use

their knowledge opartial charges and interactions to suggest possible interactions.

This is a very encouraging result and demonstrates that students at this level are

capable of

not just predicting reactive centres in the presence of nucleophiles and

electrophiles but gbredicting the reactivity of organic compounds.

195



Part C Assessment Question 5

Part C AssessmentQuestion 5 is shown is Figure 5.19, accompanied by the

rationale for this question and a

Question 5

Methyl salicylate, also called Oil of Wintergreen, is a clear organic liquid

and mints.

Identify the posible sites on the Oil of Wintergreen molecule that an OH

might attack. Circle the possible sites on the 2 dimensional drawing of thg

mol ecul ebs structure.
o]

D

Suggest which of these reactive centres do you think is most likely for
OH to atlack? Explain your answer:

Rationale:

Students are asked to identify the reactive sitemathyl slicylate. The
structure of methyl aicylate is presented in both 2D and 3D forfile
molecule in this questiois a relativey large molecule that contes four
possible reactive sites. Students will have to examine the structure fu
identify all sites. Students are then asked to suggest which will be more
and why.

Summary of Results

Eight of the nine students identified all four possible readites, with
five of these offering a comprehensive discussion of which was the most
likely reactive centre.

Figure 5.19 Part C AssessmentQuestion 5

obtained from Wintergreen plants. It is used as a flavouring in chewing gum

summary

Of the nine students, eight identified all four possible reactive sites. This is very

encouraging as it indicates that these students can select the appropriate

information required from a relatively complex structure.

One student only identifietlvo reactive sites; the hydrogen and {Gittached to

the oxygens, see Figure 5.20. and did not offer an explanation. This student was

succesful in Questions3 but did not attempt Question 4.
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Of the eight successful students, five identified the hydrajehei OH group as
the most likely reactive centre as it is the most loosely bound and its location is least
hindered.

d think the OHwould most likely attack the H bonded to the O. The
electronegativity difference between C and O is less than feextite
between O and H. The C single bonded to the O and which is part of
the benzene ring would be too difficult for the @kbup to attack.

The carbon double bonded to O would be more difficult to access than
the hydrogen. Thus, The Olroup would mst likely attack the
hydrogen which is single bonded to the O as it is easiest to access and
most | oo s(8thdgntD¥oQb)N d . o

Another student went so far as to rank the reactive sites in order of likelihood of
being attacked. While this student ordgntified three of the four possible reactive

sites, their explanations indicate a deep understanding of the concept.
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Figure 5.20: Answer provided to Question 5 (Student D6)

The other three students correctly identified the hydrogen ®QQkegroup as té

most likely reactive site but provided incomplete explanations. Two of these
students simply identified the hydrogen ¢
|l oosely boundbd reactive site. The other st
is the easidsto access. These explanations are not incorrect, students simply

decided not to include a comparison in their explanation.

Despite the small sample size, the results of Part C Assessment are very

encouraging; the majority of students were not only ableléntify reactive sites
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but also put forward reasonable explanations as to why they are reactive sites. These
students have demonstrated the ability to complete the first steps to being able to
predict reasonable reaction mechanisms without the needetdearn steps from
reaction schemes. Students in this class were capable of explaining their reasoning
over a series of steps, regardless of the size of the molecule, the number of reactive
sites or the familiarity of the symbols used.

5.5 Implications for Implementation 2

Evaluation of data collected during Implementation 1 will now be used to inform
redevelopments for Implementation 2. The time requirement for the modelling
approach has been discussed in length with participating teachers andisnggest
were made to teachers prior to Implementation 2 as to how to minimise the
excessive time requirement while also ensuring students spend enough time with
the modelling approach. These included sharing modelling tasks within groups and

amongst the wholelass.

One of the key issues raised by the teachers participating in Implementation 1 was
the lack of homework activities and the omission of the IUPAC naming system.
Al so identified as |l acking in | mplementat

ability to work in 3D, thus a new evaluation tool for Implementation 2 is required.

As discussed in Section 5.1.3 and also identified by the participating teachers, the
evaluation of student | earning needs to be
in both 3Dand 2D. Thus, there is a need to redevelop the evaluation of student

learning. The evaluation of students learning in Implementation 2 will take several

new forms; along with the spatial ability tests and a written assessment, students

will also be givera modelling test and be interviewed in relation to their model to

assess their understanding. This modelling test and interview will be modelled on

that used by Nicoll (2003). This will be further discussed in Chapter 6.

Several of the teachers indicateatidg the focus group that students viewed the
modelling activities as a novelty and were rarely given homework. Additional

challenge activities, along with a set of case studies were created to combat this. An
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example of one of these case studies is shaviaigure 5.21. The full set of case
studies have been included in the TM and SM on the CD

The purpose of these case studies was to provide teachers with additional activities
which could be used for homework and also increase the amount of eoasext

organic compounds engaged with by students. These were kept as a separate set
rather than insert them into the sequence of activities so that teachers could use

them whenever they felt they needed an extra activity.

Bees use chemical signalling to tell the difference between workedtgjaeens. They
effectively see through chemistry. The structures of the molecules produced by the queen
honeybee and a worker honeybee are shown below.

Produced by queen honeybee

Produced by worker honeybee

What are the main components of these molecules?

How do these molecules differ?

Drawthe molecule produced by the queen honeybee in the box below

Figure 5.21:Example of a case studyeated for Implementation 2 of the OCV
programme

The omission of the IUPAC naming system was identified as an issue for teachers,
who were still preparing their students for the LC chemistry exam the following
year. Naming activities will be introducedtinthe various sections of the
programme as students are introduced to the different types of structures and
organic compounds. The names of the organic molecules will only be introduced

after students have practised constructing and drawing the vanpassdi/organic
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molecules. The molecules which students have to name will not be limited to a

specific number of carbons.

Anal ysi s of studentsdé explanations [
struggled with differentiating between the main chain, ¢has and functional
groups within molecules of organic compounds. These will have to be emphasised
and students given practice in identifying these in order to succeed in applying
IUPAC rules. Thus, these will be considered when developing activitiehidor t

IUPAC naming system in Implementation 2.

Observations during the Implementation 1 and feedback gathered afterwards gave
the researcher a much clearer insight into the types of questions and answers which
students will ask and offer during the OCV pragrae. This allowed for the
development of much more detailed suggested sequences and discussion points for
the TM. These will be presented in the TM in the form of a flow chart, an example

of which is shown in Figure 5.22.

Lead students through exam Explain the difference between expanded and
condensed hydrogens.

l *NOTE THE MOLECULES USHRE ARE
BRANCHED AND CONTAI®UBLE AND TRIPLE

BONDS ENSURE STUDENT&USIE FLEXIBLE

BONDS TO CONSTRUEE DOUBLE AND TRIPLH

~Ensure students are always BONDS

checking that their carbons have .
4 bonds and hydrogens have 1 Structures (a), (c) and (d) are in condensed form.

bond. When students redraw them, they need to

~DIRECT STUDENPITENTION expand the hydrogens.
TO THE DOUBLE BONIND
TRIPLE BONDS IN MECULE®)
AND(C), HOW IS THE SPATIAL
ARRANGEMENT DIFFEREN

Points to note during the activity:

The hydrogens in (b), (e) and (f) are already
expanded. After constructing theseolecules,

l Students can take down these definitions in
My Chapter Notes.

Introduce the termshain,
spine and brancht the end (~ Can students identify the spine and branche
the activity in the brandied molecules of this activity?

"2

Figure 5.22:Example of flowcharadded to activities in TM

This form of flowchart is introduced into the beginning of each activity in the TM

to aid teachers6é6 i mplementation of the

to guide students through each activity.
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During the teachdocus group, the presentation of questions was discussed in terms

of reducing the confusion between intend intramolecular bonding when

assessing understanding of physical properties. It was suggested that when
discussing the link between intermolecutarces and physical properties, multiple

molecules be presented rather than just one. Based on this discussion, multiple
activities were changed in both manuals to include this type of presentation. For
example, students are asked to draw a beaker shpdaim molecules of each
compound and depict the intermolecular fo
in Table 5.10.

Table 5.10:New activityfor intermolecular bonding i€hapter 6

Structure of
Compound

Intermolecular
Forces

Draw a beaker of th

compound, showing:

~4 moleculesof the
compound

~the intermolecular
forces between
them
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5.6 Summary

Evaluation if Implementation 1 indicated the majority of students were capable of

completing the translations asked of them in Assessment 1e Wlaitge proportion

of students could predict and compare the physical properties between a variety of
compounds, studentso explanations were folu
demonstrate a deep understanding of the link between IMFs and physica
properties. Feedback from teachers indicated a positive engagement by students and

this was further observed by the researcher.

Despite the small number of students who completed the assessment of Part C:
Reactivity of Organic Molecules, the results aetremely encouraging and
demonstrate the potential for including this type of teaching approach at second
level. This type of task would previously have been considered too complex for
second level students studying organic chemistry. However, the gudenta n s we r s
indicate that students at this level are capable of not just predicting reactive centres

in the presence of nucleophiles and electrophiles but also of predicting the reactivity

of organic molecules. This is extremely encouraging and suggestsedaeto

consider including this type of learning in the new chemistry syllabus for LC.

While the evaluation tool used to assess students in Implementation 1 identified

some key areas of achievement and misunde:
ability to work in 3D. Thus, a second implementation is required to assess this

element of the OCV approach. A new tool will be developed for this purpose. The

cyclic approach of this project has informed further redevelopments for the

materials in Implementatio2 that will enhance the OCV approach and support

student learning.
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Chapter 6

Implementation 2

Introduction

Implementation 1 identified a lack of consistency between the OCV teaching
approach and the assessment d&dentaughtdent so
organic chemistry through a 3D approach using physical models were tested using

a 2D form of assessment. Thus, there was a need for Implementation 2 to assess
studentsé ability to work between 3D and

assessmentas developed for this purpose.

The teachers from Implementation 1 were invited to participate in Implementation
2. Of these, 3 teachers decided to participate again (Teachers B, C and F) and one
additional teacher was recruited (Teacher H). TeachemkIfrgpplementation 1 did

not return to Implementation 2 as s/he believed the approach to be too time
consuming. It is unclear as to why Teacher D did not return. Teacher H was new to
the OCV programme and ran the OCV programme as an after school programme

once a week throughout the year with"ay®archemistryclass group.

Implementation 2 took place between February and May of 2015. Details of each

class patrticipating in Implementation 2 are in Table 6.1 below.

Table 6.1:Breakdown of participants in Impteentation 2

Class Teacher School No. of No. of No. of Section of
Gender Students Observations weeks the
Mix (N*) teaching** programme
reached.

2B B Girls 6 4 6 Chapter 6

2C C Coed 16 5 8 Chapter 6
2F F Girls 11 3 5 Part A
2H H Girls 8 5 ¥ Part A

4 Groups N =41 n=12

* N refers to the number of students who completed both Assessment 2 and the modelling
test

** Number of weeks teaching is based on 5 classes a week, 3 single and 1 double

¥ after school programme, once per week
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Evaluation @ta colected in Implementation 2 varied from Implementation 1 and is

summarised in Figure 6.1. TH& was replaced with individual teacher interviews.
Students6é change in spatial ability was me
A similar written assessemt (Assessment 2) was used in combination with a

model |l ing test that was developed to asse
translate between 2D and 3D representations. Students were also interviewed

following completion of the modelling test. Quests in this interview focused on
studentsdé ability to describe their model

and the physical properties of the molecule which they constructed.

( Teacher Reflection Sheets]

Teach]<\ (TRS)

p
Data from Individual Teacher]

L Interviews

p
Pre-/Post Spatial Ability Test]
(&
Assessment 2 ]
Data Stude
Collected Results from Modelling Test]
Data from Paired Interview ]

Resea r]—[Field notes from observaions]

Figure 6.1: Evaluation @ta ollection for Implementation 2.

Observatios played a much bigger role in evaluation of Implementation 2. All

classes were observed at least three times. This allowed for an evaluation of

studenté learning from a different perspective, identifying studénéarning

during the OCV programme as Mvas at the end of the programme. Observation

of studentsdé discussions allowed a probin

level.

This chapter will first present a narrative on each of the four class groups on a case
study basis to highlight key areatere student learning was visible. Student data
will then be analysed and compared to identify areas of student achievement in

Implementation 2.
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6.1 Observationsof student learning

An observation sheet was developed for use by the researcher duringatbss

of class groups,hts can be found in Appendix Ohis observation sheet was

designed to correspond with tAHERS which required the researcher to rank
studentsdé achievement of |l earning outcom
However, during ta observations it was felt that the structure was too rigid and did

not allow for the variation between classes to be captured. Thus a narrative style of

recording observations was adopted. Table 6.2 summarises the classes involved in

Implementation 2.

Table 6.2:Breakdown of class groups in Implementation 2

Class School  No. of Students Type of School
I.D. Gender Mix (N*)
2B Girls 6 Innercity school, 50% nomationals
2C Coed 16 Multi-dimensional community schot
2F Girls 11 Voluntary secondary school
2H Girls 8 Fee paying school
4 Groups N =41

Each class group will be discussed individually in terms of their observations,
feedback from teachers and corsations overheard. The studeaits noted as S1,

S2 etc. to ensure anonymity within eactsslgroup.

Class 2B

Class 2B was part of an inreity all-girls school in Dublin with a diverse
population. Approximately 50% of the students enrolled in this school are non
national students. The students in ClaBswere primarily students whose first

language was not English.

Class 2B was observed four times during their implementation. This class was
probably thequietestthat was observed during Implementation 2. During the first
observation students were very quiet and barely spoke to each otladvnéethe
teacher. Despite encouragement from the teacher to discuss with each other and

between groups, students worked very quietly in pairs during activities, choosing
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to whisper when discussing with their partners. They did however, engage fully
with the modelling activities, constructing and manipulating their individual
models. Two students were overheard discussing how to know if their models were

correct:
S1:0h, Il dondot think | have this ok. Min
S2:Does it have to? Chechat the black ones all have 4.
S1: 14éthat how I know itds ok?
S2:Yes, the black is the carbon. It has 4 things.

Si:What about the white? Oh wait, they o
are ok.
This is obviously a conversation between a weaker and a strongenttut
demonstrates the scope of the modelling process for collaborative learning. The use
of the word O6thingsé instead of O6bondsdé c
made the connection between the physical representation and the idea of bonds.

However, it could also be a result of the language barrier.

As the observations continued during the implementation, students could be

observed to be engaging in more discussion with their partners and actually
comparing each ot her Theirbconfidendecih suggestnd dr awi r
answers appeared to grow as the class proceeded through the programme. Students

were also observed helping each other during class discussions. One particular
conversation that was overheard during a discussiith the teaber on

constructing isomers demonstrates this, as:s

TB: So have we all constructed something different to my
molecule? Studer®?

S3 | think so(she rotates her molecule and compares it with the

teacher 6s)
TB: Are yousure?
S3:Yes. They look different. Yours is in a line, mine is not.

S4:But yours is squashed. If you move this one like this, and this
one like this, it looks the sam@his student rotates some of the

bonds in the other sheecaderchan)d mol ecul e t
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S3:How do | make mine like yours? Yours is not the same

The two students continued to discuss their molecules without any prompts from
the teacher and the second student helped the first to change their model so that they

had a differenmolecule.

The students who became more engaged in the class discussions had a higher level
of English than those who did not but the overall atmosphere of class seemed to
change and these students helped to bring along the less confident students during
class.
Teacher B noted the growing confidence of their students during the
implementation, in particular with the use of the models
0t hey s eemed -dn,dikegfertthe firg, prpbalilya n d s
about the third or fourth session they were very corabbetwith
coming up and just grabbing the kitsétt
together the models and deconstructing the models quite quickly

to rearrange them int¢/B,sVp met hing el sed

One of the other observations of this class took place during anregpaal session

in which students were carrying out Activity 7.2, to compare the solubility of
alcohols. The teacher skipped Chapter 6 to ensure the class could do this activity as
the teacher felt it was a useful activity from Implementation 1. Durirsgstssion,
students were highly engaged and were fully comfortable carrying out the activity.
The teacher constructed models of the structure of each alcohol before the session
and placed them beside the containers of each alcohol. Students carried out the
experiment in pairs, however, when the class moved to a discussion around their
observations and looked at the structures of the modelsjxaditudents came
together around the model and were passing them around. One student noted that
all had the samé&OH group so they should all have done the same thing when
added to water. The teacher led the students to identifying the differences in their
structures, which is the number of carbons, as being the factor which influences
their different behaviours. Slents came to the conclusion that the longer the chain

of carbons, the less soluble it is in water. Students seemed very comfortable coming
to this conclusion with the teacher. This was the most engaged these students were

observed during the implementatio
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This activity took place towards the end
I mprovement in studentsdé confidence was cl
learning through the use of the models. The following conversation arose during

the correctiono f the previous ni ghtsdé homewor k,

frustrated at getting all questions incorrect:

TB: Would you think it would be helpful to have your own kit to

take home to help with the homework?

S5 Yes. Well | can imagine the molecules anywayt it 6s easi er

when you can build the model and have it front of you.

S6 Yes it would help. | find it hard to learn from the book. The

models help me see the molecules.

Thi s conversati on demonstrates t his stude

modelkits.

Approximately hakway through their implementation of the programme, Teacher
B decided to run a modelling test with Class B. This coincided with the Easter
holidays and served as an Easter fHsis test was completely created by Teacher

B. Two qiestions from the test are detailed below:

1. Make two isomers of §€12. Name each and draw both molecules
below. What family of compounds do they belong to?
2. Make a model of butaB-ol. Draw it below and show where the areas

of high and low electron densityea

The researcher was invited to observe the modelling test but, as already discussed,
became a facilitator of the test. Students were required to check their models with
the teacher or researcher before disassembling their model to build the next one.

The researcher6s participation enabled thi:

Of the seven questions, only one gave students a molecular formula from which to
work. The remaining six asked students to construct models from IUPAC names of
molecules. For a class thia high proportion of foreign nationals, this test could

have been designed to reduce the language deficit.
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All students were successful at constructing two isomers of the given molecular
formula. Despite the potential language barrier, the majoritgtadents were

successful in completing constructions.
Common errors which arose during this modelling et

- Ether(RO-R6) functional gr oup -COoH)t ead
- Confusion between naming the side chain and main chain of a molecule, for
example: butyR-methane instead methgtbutane
- The termisomerwas not understood. When given the definition of an
isomer, this was no longer an issue
- Butan2-one constructed instead of bui2iol.
This was a very engaging form of assessment and geaneher observed all
students putting a significant effort into their constructions. This also shows the
engagement of the teacher during this implementation who chose to create his/her

own assessment.

Class 2C

Class 2C was part of a-®alucational and aiti denominational Community School
in North County Dublin. Students in this class were of mixed ability and three of

thestudentdad English as a second language.

With 16 students, Class 2C was the largest class of Implementation 2 comprising
three girk and thirteen boys. This was an extremely engaged class and there was
always a buzz of discussion within the class. Interestingly, despite being almost
completely composed of boys, this class did not stand out from the other classes in
terms of engagemeand discussion. The girls in the class were dispersed amongst

the class and did not group together as may have been expected.

The first observation of this class was actually the first class of the OCV
programme. Unlike Class 2B, students were engaged tine very beginning, and

were curious about the models of molecules that were presented to them in the first
activity. Students passed the models around and engaged in discussion with their
teacher. The paracetamol molecules in particular gave rissdosgion amongst
some particular students, who asked how many molecules of paracetamol would be
in a paracetamol tablet. Further discussion arose around the vanillin molecule,
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where one student asked how this molecule gave rise to the smell of vanilla. The
teacher facilitated a discussion which compared the structures of vanillin and
paracetamol to identify differences and similarities which would give rise to
different functions and smells. This conversation was very powerful as it introduced
students to guiding principle of the OCV programme; different structures give rise
to different properties and different uses.

Following this discussion, students were eager to begin constructing models with
the Molymod kit and immediately began comparing with eatlerp discussing

with their teacher and the class as a whole. The subsequent observations that took
place through the programme demonstrated a continuous engagement with the

modelling and drawing activities.

Teacher QTC) really brought his/her own elemis to the approach. This teacher

noted their classds frustration during | mg
and students had to dismantle their models. TC combatted this by asking students

to take pictures of their molecules before the end of@asd upload the models to

the classnoodle site as part of their homework. The teacher then referred to these

at the beginning of the next class as a recap before continuing with the programme.

One element of this class which stood out in comparisonodlitér class groups is

the potential for O6going off tracko of the
kits. While no student was observed disengaging from the approach, a pair of

students were observed constructing alternative models than were rdqueste

Students were asked to construct an isomer of a molecule constructed by the

teacher. This particular pair built a ringed structure containing halogens. Rather

than disrupt the class, TC turned this into a meaningful learning moment and
showed the struagtr e t o t he c¢class. TC posed the que
mol ecul e?86 Students i mmediately said no b
ring. The teacher proceeded to remove the halogen and replace it with a hydrogen

and asked the question ag&@tudents were not as immediately sure of this question

and this led to students counting the number of hydrogen and carbon atoms in the

ring structure to compare with the teachel
wasnot an i s o mebonsinasng §ructute resutied in b differerd

number of hydrogen atoms.
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This sequence of events indicates the potential for distraction that the use of the
Molymod kits hold for students when studying organic chemistry. However, this
teacher has demstrated an excellent method for turning a distraction into an

opportunity for learning.
Class 2F

Class 2F was in a O0socially diverse6, all/l
city. The students in this class were extremely confident and engagedehecher

in conversation immediately during the first observation. Students were curious

about the researcher and asked questions
reason for being in the class.

The confidence and discursive nature of thesdsgsunt s @ wer e consi stent
during the implementation with this class and Teacher F was very capable of
directing these students6 confidence and
molecules. Students not only checked their models and drawingbeiitbartners,

they also consulted other groups around them.

Several conversations were overheard in the class which demonstrate the success
of the collaborative approach in the programme. The first conversation took place
when a pair of students wereitrg to build isomers:

ST. | 6m done

S8 Me too. Are they different? | think they are.

S7. Yeah, mine is longer than yours

S8 And mine has that bit sticking up.

S7: But can you move that bit to make it part of the long chain?
S8 Oh, now they are the same.

S7 How do we make them different?

These students are discussing their structures between themselves and problem
solving together. These particular students went on to construct a pair of isomers
and then were observed helping their neighbouring groupnipare structures and

identify isomers.

During the naming of alkynes, the teacher led a discussion for naming the structure
of pent2-yne. Students were observed helping and explaining to each other how to

obtain the correct name. While the IUPAC namingtemn was not a central
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component of the approach, the collaborative nature of the learning that takes place

Is very important

T: What will we call this?

S9 Pentyne

S1Q0 Pent3-yne

S1t No, -R2ynéds Pent

T: So which one is it?

Si1a  Wel | i tadan sditthas totbd peBtythe ¢

Sizt No because if you coufgarbbrnotm t he ot
the third. Look (holds up model for student to see). If you look at it this way

itéds on the third carbon begand. you can tt

This activity encouraged a discussion between students in which S11 had to justify
their answer and explain their reasoning to their peers.

Class 2H

Class 2H was part of a fgmying altgirls school in Dublin city. Teacher H decided

to run the @V programme as a supplementary aftelnool programme but it was

not optional; it was expected that all students fronchi@enistry class would attend.

The nature of the programme did not appear to affect the level of engagement of
the students; all studes were observed to be as engaged as the other

Implementations 2 classes.

The nature of the class did, however, affect the nature of the implementation. As
the teacher was not under any time pressure, implementation was much slower.
While this resultedn class 2H only reaching the end of Part A of the programme,

it allowed for students to discuss their molecules in greater depth and ask more

questions. As a result, more discussions and questions arose from this class group.

One particular observation dog the introduction to alkenes saw many meaningful
conversations take place. The teacher began by asking students to construct ethene
and mentioned that this is the smallest alkene that exists. One student asked why
this is the case when the smallest atk#hat exists is methane. This led to a class
discussion around what is the functional group of an alkene and the possibility of
carbon forming a double bond with hydrogen instead of another carbon. The same
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student who asked the original question suggke#te creation of a double bond
between carbon and hydrogen but when she consulted her models, found it was not

possible to do so.

Following the identification of the double carboarbon bond as the distinguishing
feature of an al tetionef aa allkene,sthe tedchen gathéied c o n s
the students in a circle with their models to further discuss them. Another student
posed the question: Does the double caitembon bond have to be part of the main

chain of the molecule or can it be a branth® teacher asked this student to build

an example and put it to the rest of the class to name it. The molecule was passed
around and students gave suggestions. Students eventually decided that you had to

rotate the molecule to make the cartwambon doul# bond part of the main chain

of carbons.
Another student asked: 6 Wh a't i f a mol ecul e
acarboc ar bon doubl e bond but a very |l ong bra

student to construct this and the student did ys@dmbining some of the other
studentsdé molecules with her own. By doi ni

possibility of containing two double carb@arbon bonds arose.

The questions which arose in this short space of time indicate the levelkafighin
of these students. The availability of the models allowed students to prebleen

their own questions, both individually and collaboratively.

Another conversation of interest which arose during an observation was around the
idea of electronegatiwitand partial charges. When applying partial charges to a
nitrogen atom bonded to three other atoms and to an oxygen atom bonded to two
other atoms, one student asked if the notation™ofa delta sign with 3 minus
symbol) should be used because it is pulling three electrons towards it, whereas
oxygen is only pulling two towards it. This question led to a discussion around the
relative strengths of electronegativity. While this cldgs not reach Part C, the
reactivity of organic compounds, these conversations would have been a
meaningful introduction to the concept of identifying more and less likely sites of

reactivity.

Treating each class as an individual case study has demahst@iee key

outcomes of the OCV programme. Despite the different circumstances of each
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school and the varying types of student and situations, all classes engaged fully with

the approach. The gender of the class, the ssmoomic class of the school, and

the ability of the students, did not affec
to the programme. Students were consistently observed to be on track with
activities, and even students whdeviated from track actuallgave rise to an

interesting éarning opportunity The teachers were observed to be extremely

successful in facilitating the discussitad and collaborative nature of the

approach, facilitating some very meaningful conversations and investigations. The

data collected from studentslfmhing Implementation 2 will now be discussed.

6.2 Student Assessment

As previously mentioned, four main sources of data were collected from students
following Implementation 2. As the classes involved in this implementation did not

complete Part B of th©CV programme, assessment focused much more on
studentsodo use, understanding of and abild]i

representations.

6.2.1 Spatial Tests

Unfortunately, due to unforeseen circumstances, only 26 of the 45 students in
Implementation 2 completed prand post spatial ability tests. A pairesamples

tt est was conducted to c eamppastspatidtestsdent so6 r
As in Implementation 1, there was found to be a significant difference in the pre

spatial tes scores (M=5.59, SD=2.043) and the pgsatial test scores (M=6.7,

SD=2.016); t(26)=4.057, p=0.000. These results indicate an increase in spatial test

scores following working with the molecular models during the OCV programme.

(Note: M = mean, SD =andard deviation, t =\talue, p = significance)
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6.2.2 Assessment 2

Assessment @riasvery similar to Assessment 1. While conterassimilar, more
multiple choice questionsereincluded. Questions 1 andwgrein fact the same
as those in Assessment The answerscripts for 38 students were obtained for

analysis. Assessment 2 will now be discussed in a similar manner to Assessment 1.

Assessment 2 Question I Transfer from 3D to 2D representation

Assessment-Buestion 1 is the same as that in Assent 1. Figure 6.2 details the
rationale for including in this in Assessment 2 also and summary of results from

this implementation

Question 1

Draw 2D structures of the following organic molecules represented by 3D
pictures:

(b)

Rationale:

This question was useful i n det ¢
between 3D and 2D representatidoifowing Implementation 1. Thus, it
was included in Assessment 2.

Summary of Results:

All 38 students were successful in completing this task

Figure 6.2 Assessment-B)uestion 1, rationale and summary of results

All 38 students could successfully draw 2D repnégigons of the given molecules.

As in I mplementation 1, studentsé drawing
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style (linear or zigzag) and complexity (extended or condensed hydrogen). In

contrast to Implementation 1, there was much less variety inatmglexity of
studentsodé structures; only three students
A summary of the styles and complexity of studéstsuctures is shown in Table

6.3.

As in Implementation 1, the presentation of the molecules influenceehssustyle
of drawing; the preferred style for molecule (a) in Question 1 wasaggstyle with
extended hydrogens and theeferredstyle for molecule (b) in Questioh was
l i near with extended hydrogens. Studentso

their drawings and models in the modelling test in Section 6.2.5.

Table 6.3:Representational styles used for each structubssessment-uestion 1

Question 1
Molecule @) Molecule (b)
S S U’
Type of . 2 3 % . o 3 e
Structure |§ & £ 2|8 8 £ 2
c 2= Nl 2 T N
= |N +t 4+ = N + +
tri BBtz 2R
W om o old i O O
Total=38 |14 21 2 1121 14 2 1

Ext = extended, cond = condensed
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Assessment Duestion 2:Naming an organic compound

Assessment-Buestion 2 was focused on the IUPAC naming system. FgGre

shows Question 2 and details the rationale and summary of results.

Question 2
What is the name of the following compound?
Br\ cl (a) 2,3dichloro-2-bromopropane
/ .
H b) 1,2dichloro-2-bromopropane
N~ e (b) ' Prop
VAN |\H (c) 2-broma2,3-dichloropropane
H H H

(d) 2-broma-1,2-dichloropropane
Rationale:

The IUPAC naming system was included at the request of the teacher
Implementation 1, tis it was necessary to assess this.

The compound selected washtbmao1,2-dichloropropane. The molecu
was presented with expanded hyd
the important information from a given structure. The purpose of
quest on was to decipher i f stude
Multiple choice was selected as the format of this question to mov
emphasis of the question away from the IUPAC naming rules and
towards studentso6 i deemtoleculy. Answersib
and (d) were accepted as correct, as the only difference between these
is the placement of substituents in alphabetical order and this wa
emphasised in the OCV programme.

Summary of Results:

16 studerd were successful in identifying either (b) or (d).

Figure 6.3: Assessment-Buestion 2, rationale and summary of results

Less than half of students (16) identified either (b) or (d) as the correct Kaste.
studentq25) selected ither (a) or (c). It does not matter how many selected (a) or
how many selected (c) as both of these answers indicate these students are reading
the structure from left to right. While not a direct aim of the OCV programme it is
interesting that despitegltemphasis that was placed on the IUPAC naming system
and the multiple activities added, the majority of students did not recognise the need

to read the structure from right to left.
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Assessmenf-Question 3 Structural formula to molecular formula

Assesment 3Question 3 is the same as that in Assessment 1. Figure 6.4 details the
rationale for including in this in Assessment 2 also and summary of results from

this implementation

Question 3
Write the molecular formula for the molecule represented in both 3D and 2D
below.

Molecular formula:

Rationale:

Thisquestionwasusefl 1 n determining stud:é
structural formula to molecular formula following Implementation 1. Thus
it was included in Assessment 2.

Summary of Results:

32 out of 38 students successfully wrote the mdleewd s f or mu |
students did not make an attempt at this question. Four students identifigd
the number of components incorrectly.

Figure 6.4: Assessment-Buestion 3, rationale and summary of results

The four students who made an unsuccessful attempt at this question were from
di fferent class groups. Three of t hese st
C3HgO2 while one student gavesB20,. As in Implementation 1, these could be

considered counting errors

Two of these students were unsuccessful in Question 2. These students could be

making errors in reading structures.
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Assessment Duestion 4 Identifying an isomer pair from four structures

Assessment-Buestion 4 presents students wiblir structuresand asks them to
identify an isomer pair. Figure 6.5 shows the structures given, the rationale for the

guestion and the summary of results.

Question 4
Four compounds, W, X, Y and Z are represented below:
H\ /H T H H\l/Hm Cl
Cl o] C/ | \/
\C/ \C/ ~, H—C O
CI/,L H/ \Br H/ /C\ "
Compound W
H T'
\/ /CI
N
/N
H H
Compound Y Compound Z

Which of the following is a pair of isomers?

W andY
XandY
W and X
Y and Z

Explain how you know these are isomers
Rationale:

Students are required to evaluate the structures of the four compounds
presented to them and identify a pair of isomers. The additional study in
Implementation 1 suggested that some students may have struggled with the
term Oi somer 6 edutael theirtchascesnos succésain e |f
identifying isomers. While the tiprm
was hoped that wusing the term o6ppir

they are required to look for two similar molecules.

Summary of Results:

35 out of 38 students successfully identified (c) W and X as the isomer |

One student identified (a) W and Y, while two students identified (d) Y and
Z as the isomer pair.

Figure 6.5: Assessment-Question 4, rationale and summary of results
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Most of the students36 out of 38 succestlly identified the isomer pair, which is
slightly better than in Implementation 1; 28 out of 47 students could successfully
draw two isomers of a given molecule in Question 2 of Assessment 1. This could
indicate that identifying isomers is an easier tdsn actually drawing isomers.
However, the structure in Assessment 1 was composed of seven carbons, while the
structures in this question are composed of only four carbons. This difference in

complexity could also explain these results.

Of the 35 succefid students, 31 could also provide a full explanation as to why

they are isomers, for example:

6Bot h have the same number of car bon,

Cl. But they are different structure@s

0They both have the same mol ecul ar for

struct ur al .for mul ab

Of the successful students, four provided incomplete explanations, identifying the

similar components in the molecules but not discussing their arrangement:

60They both have 4 carbons in their chali

equal numbers of hydgen, bromine and G

One student incorrectly identified (a) W and Y as isomers but clearly cited the
definition of an isomer. Compound W contains two chlorine and one bromine atom
while Compound Y contains two bromine and one chlorine atom. The twp othe

unsuccessful students identified (d) Y and Z but did not provide an explanation.
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Assessment 2Duestion 5§ Structural communication grid - identifying

structures, isomers and physical properties

This question is a structural communication grid with 8pafigure 6.6 shows

the questions asked, the rationale for choosing a structural communication grid
0 $tructutallcamenarication gsgeesentalsts .

and a

summary

in the form of enumbered grid,tadentsare given questions ardked to slect

appropriate boxes in responsdhesequestions.

Question 5
Look at the boxes below and answer the questiwatsfollow:
A B C
o] H, H4C. 0
| SN c—o |
Mo O f, o Ao O
(o] CH; HaC E OH
2
E F G
H HsC H H
| 3 H:C & \C C/
(o] cC=—0 3 -
ne” \\CHﬁ o N, H/ CaHs
OH H 2
[ J K
(|:H3 H\ H H
0 —0 —
02H5/ \CH3 /c\ /C/ £=¢
HaC' \CHaoH H HyC CHy
Select the boxes which show the structure of:
Answer

a) An isomer of the compound shown in box G

b) An aldehyde

d) An alkene with a cisarrangment

(
(
(©) A compound which is identical to |
(
(

e) An isomer of the compound shown in box B

® An ester

(9) A molecule which will be insoluble in water

A molecule with a higher boiling point than the
compound shown in box B

Rationale:

structures.

ar e

designed to

Students were asked to explain their selection for answers (g) an
Communication grids are highly recommended for insights into conce
understanding (Reid 2003).

These questo n s

assess
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Summary of Results:

20 students were successful in all three parts of the question.

Nine students could identify isomers in (a) and (e), while four were only
successful in part Jc

Figure 6.6: Assessment-Buestion 5, rationale and summary of results

This questiorhas eight parts. Rather than discuss each part individually, they will

be grouped in terms of similar questoParts (a) and (e) ask students to identify

an isomer while part (c) asks students to identify an alternative representation of the
same mol ecule. These questions will be
reading structures and identifying sianities and differences. The number of

student successes in each question are detailed in Téble 6.

Table 6.4: Students successful in questions involving isomers and reading structures

Student Responses
Answers (@), (e) and (c)] (a) ard (e) only | (c) only
selected correct (isomers)
Number of 20 9 4
students

Twenty students were successful in all three of these parts of the question,
indicating an ability to compare the variety of structures and identify similar and

different structures.

A further nne students could identfiy isomers as in part (a) and (e) but were
unsuccessful in identifying a representation of the same molecule in part (c). Eight
of these students identified the molecule in box E as identical to the molecule in
box I, however thiss an isomer. The other student identified the molecule in box J

as identical, but this molecule does not even have the same number of carbons and
hydrogens. These eight students were also successful in identifying the isomer pair
in Question 4, indicatingan ability to recognise molecules with the same
components and different structure but they struggled to identify the same structure

represented in a different orientation.
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Four students were unable to identify isomers in either (a) or (e) but were able to
identify a correct structure for part (c). A furthex students were unsuccessful in

all three parts of the question. Three of these were insuccessful in Question 4.

Comparison of these parts of Question 5 and students success in Question 4
indicates sidents are more successful at comparing structures and identifying
differences rather than identifying the same structure presented differently.

Parts (b), (d) and (f) ask students to identify an aldehyde, an alkene with a cis
arrangement and an ester respvely. As with the IUPAC naming system, this was
not a direct aim of the OCV programme but it was requested to be included in the
programme, thus assessment was requireglve students were successful in all

three parts.

The final parts of this quest, (g) and (h) asked students to identify a molecule
which would be insoluble in water and identify a molecule with a higher boiling
point than that in box B, which is an alcohol. No clgssupin Implementation 2
actually reached Chapter 7 of the OCWgmamme, in which solubility of organic
compounds is addressed. Only classes B and C, comprising 22 students, reached

Chapter 6, dealing with boiling points.

There was one possible answer to part (h); the molecule in box D, propanoic acid,
has a higher bbhg point than that in box B, propandlalf of the studentsl(l of

22) successfully identified molecule D, however all of thgave incomplete
explanations for their answer. As in Implementation 1, incomplete answers
identified the intermolecular forces each compound, but did not describe their

link to boiling point.

Five students did not attempt this question. Incorrect answers to this question
identified molecules in boxes H, J and L as having a higher boiling point because
they hal more carbons. Thiexplanation indicatethat these students failed to

recognise the importance of the functional group in influencing boiling point.

The focus of Assessment 2 was more on
abilities to read and compare structurebe Tesults from Assessment 2 which
require these skills are similar to those obtained in Assessment 1. Students were
successfuin translating from 3D representations to 2D representations and from a

structural formula to a molecular formula. The majontystudents were also
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capable of identfying isomers. Interestingly, students were better able to identify

isomers than they were identifying structures of the same molecule which were

oriented differently. S2 willdbe comnméd withe s ul t s

their results in the modelling test and follow up discussion in Section 6.2.5.

6.2.3Free-Form Modelling Test

Following evaluation of Assessment 1 and discussion with teachers involved in

f

Implementation 1, a need for development of a methodddeu at e st udent so

to work in 3D was identifiedt was felt that while Assessment 1 was necessary to

assess studentsd working in 2D and ident.

of this as the primary assessment did not match the teachingaapp Students
who had been modelling on a regular basis were still assessed using a standard pen
andpaper assessment. Thus, an additional assessment was required to evaluate

studentsdé 3D ability.

Nicoll (2003) used a fre®rm modelling test and structd interviews to assess

studentsodo ability to translate from symbol

and 3D. This approach was successful

n

between representations and in their understandings. Whild Nicel st udy used

compound formaldehyde, the compound ethanals(GED) was chosen for this
study. There were several reasons for this selection:

1 Ethanal contains both a tetrahedral and planar carbon

1 Ethanal contains both single and double bonds

1 Formaldéyde was considered too small

{1 Ethanal contains atoms of three elements

The modelling test was conducted in pairs; students were asked to face away from
each other so that neither influenced
given the moleculaformula for ethanal (CECHO) and asked to first draw the
structure of ethanal (translate from symbolic to structural formula) and then
construct an accurate 3D model of the structure they had drawn (translating from
2D representation to 3D representatioBjudents were given a kit containing

modelling clay of six different colours and stickstefo different colours. The
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purpose of giving students these materials rather than the Molymod kits which they
were accustomed to using was to assess the elenfiehesMolymod kits and the

3D nature of organic molecule that students had internalised from using them.
Students will not have any prompts in terms of the number of bonds and the

geometry (shape) of the bonding.

Regardless of the model constructed bylshis, they were asked to explain why
they constructed the model in the way that they did, what each component
represented and how the shape of the molecokeakdditionally, students were

also asked to suggest areas of high and low electron dengiin Wie molecule

and if they believed ethanal would be water soluble.

The freeform modelling test and follow up discussswhich were conducted with

students in pairsvas performed by 45 studenihe reason for this was an effort

to take pressure offtudents and make them more at ease, thus make them more

likely to discuss their opinions and understandings freely. Two independent
researchers from the researcherods institut
a timely manner. The discussion praabwhich the researchers followed can be

found in AppendipH.

The results of this test will be discussed in terms of the structures drawn, followed
by the models constructed by students. Talls@mmarises the categories used to
code st ude andmddels] and thve nangbsr of students whose drawings
and models fell into each catego8tudent structures and student models are now
discussed in the next sections.
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Table 6.5:Modelling test rubric, showing categories and results

Categoriesusedtoced st udent sdé structures and
drew structures and built models according to categories outlined.
Category # of
students
Correctness
Correct 35
Ethanol (incorrect functional group)
Error in bording of atoms (valency errors)
3 carbon structure (incorrect reading of
Student structure | molecular formula)
Nature of 2D structure
Linear with approx. 120angle in CHO group | 13
Linear with approx. Yangle in CHO group | 24
Linear with approx. 18tanglein CHO group | 5
Relationship b/W drawing and model
Matches 42
Does not match 3
Differentiation b/v¢ atoms of elements
Colour 45
Relative size: H smallest, C and O same 45
Geometry of tetrahedral carbon (angles)
Student models
Reasonable attempt at tetrahedral 14
Adequate attempt at tetrahedral 12
Poor attempt at tetrahedral 6
Flat linear (approx. SGangles) 13
Geometry of planar carbon (angles)
Approx. 120 angle O=CGH 24
Approx. 90 angle O=CGH 15
Approx. 18° angle O=CH 4

*b/w = between
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6.2.3.1 Student Structures

The structures drawn by students were analysed focusing on two main attributes of
the structure; if it was correct (in terms of correct atoms and valency of atoms) and

the nature of the drawingsm (terms of style and shape).

Of the 45 students who took part in the modelling test, 35 students were able to
correctly draw the structure of ethanal. The incorrect structures drawn by the

remaining 10 fell into three categories;

- A structure with threearbons

- Errors made in bonding of atoms (valency errors)

- Ethanol (incorrect functional group)
Figure 6.7 shows examples of incorrect structures drawn by students. As can be
seen in Table 6, two students drew a structure with too many carbons. These
stucents had difficulty reading the molecular formula and identifying the number
of components detailed in it.
Table 6.6 Number of students who drew correct/incorrect structures

Structure # of students
Correct 35

Ethanol (incorrect functional group| 3
Error in bonding of atoms

3 carbon structure

Five students made errors in the bonding of atoms. As can be seen in Figure 6.7,
these mistakes included an oxygen atom missing a bond, a hydrogen atom with two
bonds and a carbon atom with five. While theg&lents could read the molecular

formula and were sure of the number of components, their understanding of the

bonding of each atom hindered them drawing a correct structure.

Three students drew a structure for ethanol instead of ethanal. These dtadents
drawn a chemically correct structure but have not made the link between the number
of each component detailed in the molecular formula and the number of

components in the structure.
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Ethanol structures:

H . y " P l A
s e pl=CogH  RC—C-d-¢,

H

Structures with bonding mistakes:

_ . e
\ | S
i (f el 7
Wee H-L &
1 h f
i el 1
H H
. [ —— H-=¢ —=«¢ =1
H H
Structures with 3 carbons:
L| ||
|
pi— O — g=0 o/
H [ | .-'.':I"l
i 4 @ HE — CH; = CH

Figure 6.7: Incorrect structures drawn by students in the first glethe modelling test

The nature of drawings examined in Assessments 1 and 2 were categorised in

terms of style (linear or zigzag) and complexity (extended or condensed

hydrogens). However, in this assessment, no student chose to draw their structure
with condensed hydrogens and the majority of structures drawn were linear with

approximately 90 degrees between bonds of the tetrahedral carbon. The element

of studentsd drawings that did
precisely the angle dwn between theCHO group of the carbonyl group.

The nature of studentsd drawing

examples of which can be seen in Figure 6.8:

- Linear with approx. 180angle in CHO group
- Linear with approx. 90angle in CHO grop;
- Linear with approx. 120angle in CHO group
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Table 67 details the number of students who drew structures which fell into each
category.Structures with the correct approximate 12Mgle in the CHO group
were drawn by 13 studenfShe majority of stuents (24) drew structures with®©0
angle in the CHO group while five students drew structures with @ab@le in the

CHO group. These five students came from different implementation classes, so
this was not a teacher/class led conception.

Table 6.7:Number of students who drew structures with different bond angles in CHO
group

Structure # of students
120 degree angle between H and O in CHO group (correq 13

90 degree angles in all bonds 24

180 degree angle between H and O in CHO group 5

M -
180 degreangle 1, : | 1{
between H and O in Wil —C v C — (:
CHO group / @.ﬁ L
H | S

90 degreangle h
between H and O in w-0— C=0B — ¢ ——C==
CHO group i Ry _:_'!]_
120 degreangle l i i A
between H and O in Tds = Lo 8

4 ' i T
CHO group 0 . i )

Figure 6.8: Examples of different bonding angles drawn by students.
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6.2.3.2 Student Models

Once students had drawn their structures in 2D, they were given a kit with

modelling clay to construct their structure in 3D. Students were instructed to make

their 3D structures as accuratedyg possible. No corrections were given to students

who drew an incorrect structure.

AsinTabletb, s udent s model s were coded

(a) Relationship between model and 2D structure: did they match?
(b) Differentiaion between atoms of different elements

(c) Geometry of the tetrahedral carbon

(d) Geometry of the planar carbon

(a) Relationship between model and 2D structure: did they match?

under

Almost all of thes t ud e nt $48 ounhod 4b)matched their drawn structures.

Three studentsd models did not

mat ch t

he

It should be noted that all three students drew an incorrect structure to begin with.

S30 drew an incorrect structure with the oxygen only sibgleded to the carbon

but corrected the structure when constructing their model and included a double

bond. S25 drew a structure withHGO bonding but corrected the mistake in the

bonding to construct a model of ethanol. S37 drew a structure with incorrect

bonding and functional gup and actually constructed an even more incorrect

model by adding another carbon and hydrogen. It should also be noted that this

student did not opt to use sticks to represent the bonds between atoms but moulded

the playdough into sticks. This studenttie only one in the cohort that constructed

their model in this manner.

A E} "
1 ] U N Ny J5 _— O H H
R Gl =
hi i i N Oy
S30 S25 S37

Figure 6.9 Students models that did not match their drawn structures
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(b) Differentiation between atoms of different elements.

All students chose to differentiate atoms of differeleiments using coloukost
of them @0 ofthe45) used relative size to differentiate between atoms of different
elementéall with dhydroge® a smalldsteThe other five students built all atoms

in their model approximately the same size.

(c) Geonretry of the tetrahedral carbon

The shapes with which students constructed the tetrahedral carbon in their models

were coded into four categories. Examples of these can be found in Figure 6.10.

A. Reasonable tetrahedral

B. Adequate attempt at tetrahedral

C. Poor atempt at tetrahedral

D. Flat, 2D: 90 degree angles
Table 68 details the number of students whose models fell into these categories.
Studentémodelswhich were completely flat were almost direct translations of 2D
structures simply constructed with balls atidks; no 3D element was introduced

to the structuresihis geometry of the carbon was constructed by 13 students.

Table 6.8 Results of student construction of the tetrahedral carbon

Geometry of Tetrahedral Carbon # of students
Reasonable tetrahedral 14
Adequate attempt at tetrahedral 12
Poor attempt at tetrahedral 6
2D and linear, approx. 90 degree angleg 13

Models which were categorised as an inadequate attempt at a tetrahedral carbon
were almost completely flat with the exception of one bdigtity oriented out of

the plane that the rest of the molecule j$wo examples of this are shown in Figure
6.10C). Six students made inadequate attempts at the geometry of a tetrahedral

carbon.

Students whose tetrahedral carbons were categoriseth aslemuate attempt

oriented three or all of the bonds out of the plane of # libnd. Examples of
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models in this category are shown in Figure @)0These students have indicated
that they are aware of the 3D nature of the tetrahedral carbon butnseczeassful

in correctly displaying this.

A reasonable tetrahedral carb@ras constructed byl4 students. Reasonable

tetrahedral shaped models were categorised as being as close to tetrahedral as
possible, with only one shownnndigmetd®)e sl i ght |

A. Reasonable
tetrahedral shape

B. Adequate attempt B W "
at tetrahedral shape

C. Inadequate attemp
at tetrahedral shape

D. Flat model

Figure 6.1Q Examples of models from each of the four categories of tetrahedral carbons
constructed

While not all students were successful at constructing a fully tetrahedral carbon, 32
students made an attempt. This indic#éites$ the majority of students were at least

aware of the 3D nature of carbon.
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(d) Geometry of the Planar Carbon

The shapes with which students constructed the planar carbon in their model fell

into three categories. Examples of these can be found Fidire 6

A. Approx. 120 angle in O=CH
B. Approx. 90 angle in O=GH
C. Approx. 180 degree in O=cH

Table 69 details the number of students whose planar carbons fell into each

categoryA planar carbon with an approximate angle of°i@@he CHO group

was construed successfully by 24 studentghile 15 constructed a planar carbon

with an approximate angle of 9@ the CHO group. Four students constructed an

approximate angle of 18@ the CHO group.

Table 6.9 Number of students who constructed the differegteanin their planar carbon

Geometry of Planar Carbon

# of students

Approx. 120 angle O=CH
Approx. 90 angle O=CGH
Approx. 180 angle O=CH

24
15
4

A. 120 degree ang

® s
Oy

C. 180 degree angle

Figure 6.11:Examples of models from each of the three categories of planar carbons

constructed
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A larger proportion of students constructed an accurate planar shape than
constructed a reasonable tetrahedral shape. Interestingly, students who constructed
an accurate tetrahedral shape also constructed an accurate planar shape. However,
not all students wi constructed an accurate planar shape could construct an
accurate tetrahedral shape. This suggests that the planar shape of carbon was
internalised from the Molymod kits more successfully by students than the

tetrahedral shape was.

Other elements of the dlymod kits that appear to have been successfully
internalised by students are the use of colour to differentiate between atoms of
different elements and the use of size to differentiate hydrogen as the smallest atom.

The majority of students could transdhe structure of ethanal from its molecular
formula into a 2D structural representation (translate from molecular formula to

structure).

All but three students could successfully translate their structure into a model,
whether it was accurately 3D ortn&ven students who struggled translating from

molecular formula to structural formula could transform their 2D structure into a 3D
model. Two students who drew an incorrect structure initially actually corrected

their structure when translating their 2tawing into a 3D model.

Students were questioned on their models following their construction to assess their

ability to verbalise their understanding of different components of their models.
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6.2.4 Modelling Test Followup Discussion.

The purpose ofrte follow-up discussion with students after the modelling test was

to investigate studentsdé ability to verbal
chemistryo. As discussed in Chapter 3, st
and two independen researchers conducted these discussamavell asthe

researcher.

Students were asked questions which related to four main attributes of their models;
the physical representation, the geometry of the model, electron density within the
molecule and thsolubility of the molecule. The questions asked are summarised

in Table 610. The full protocol for this discussion can be found in Appeltlix

Table 6.100Questi ons asked in relation to each attr
Attribute of model Questions Asled

(a) Physical representatiq Describe:

What each colour represents
Why some atoms are different sizes (if
they were constructed that way)

1 What the sticks represent

(b) Geometry of the modq Describe:

1 The difference between double and sing|
bonds
The $ape of the tetrahedral carbon

The shape of the planar carbon

(c) Electron density Can you identify an area of high electron densit

within the molecule?

(d) Solubility in water Do you think this molecule would be soluble in

water?
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(a) Physical Represetation

All students constructed their models using colour to differentiate between atoms
and all ofthe studentsould identify the atoms represented by each colour. As

with their models, all students identified hydrogen as the smallest element,
identifying its position on the periodic table as the reason for this. All students

also identified the sticks used in the models as representing bonds between atoms.

Carbon and oxygewere identifiedas the same sizgy 19 studentsThe position

on the periodic tale was a common explanation for students who identified carbon

and oxygen as different size&®xygenwas suggested dke largest atonby 22

studentsas it &contains more protons, neutrons and electroAsfurther four

students went on to suggest that daon i s the | argest at om

everything togetherd.

(b) Geometry of the model

The difference in flexibility of single and double bonds is a concept which was
explicitly highlighted in the OCV. It is encouraging then, that all students faehti
double bonds as being more rigid compared to single bonds, which are flexible and

can be rotated.

d.ike this, the single bond can go anywhere around there but

the double bond can only go that way, ¢
(the student demonstrates using theideip (S12)
Studentsod6 identification of the tetrahedr:

In total,26 students could provide a reasonable explanation of the tetrahedral shape.
Seven of the 14 students who constructed the tetrahedral shape couloed®sd
explain the shape. An example of a reasonable explanation is described below:

R: Can you explain the shape of that carbon for me?

S12:Well the bonds are evenly distributed, like pushing apart
from each other so pushihvgoutdilket f I at , l i ke
that

R: Does the bonding contribute to that shape?
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S12: Yeah because the =electrons I n the
word? Retractions? No repulsion thato0s:s

repulsion so you get this shape.

Of the 18 students who attemptece ttetrahedral shape, whether making an
adequate or poor attempt, 11 could describe and explain the shape. Interestingly, of
the 13 students who constructed flat, linear structures, eight identiéedrtion as
tetrahedral and could give an adequate detsmn of the shape and how it arises.
More importantly, these eight students recognised that they had in fact not

constructed tetrahedral but could describe it and demonstrate it with their model.

Only one incorrect explanation arose from students; ttetred to lone pairs
within the tetrahedral carbon. The rest of the students who did not explain the shape

simply did not make an attempt at an explanation.

While more students were successful at constructing the planar carbon in their
models than the tehedral carbon, they were less successful at describing it.
Twelvest udents identified the planamd <car bon

these students were capable of describing the tetrahedral shape.

(c) Electron density

Oxygen wassuccessfully idntified by 23 students as the area of high electron
density in their molecules. Incorrect areas of electron density identified include the
double carbottarbon bond (6 students) and i@éHs group (2 studentsand14
students were unsure and could nokenan attempt. These are simjpsoportions

to that obtained in Implementation 1, where 19 students out of 31 were capable of
identifying areas of electron density. It is interesting to note the difference in
relative complexity between these two molesuland yet, similar results were

obtained.

(d) Solubility in water

While 24 students suggested ethanal would be water solihigie,explanations

were incompleteMost of them (20)dentified IMFs within the molecule but could
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not describe interactions tweeen the ethanal molecule and water molecules. Eight

students could not make a prediction.
Incorrect explanations for insolubility focused on repulsion of like charges:

61l 6m not sure but I woul d have said th
minus in the oxyyn and thereds a delta minus o

that they would repel ea(h) other so it

These results are similar to studentsod exp
of students were capable of identifying areas of highlawcelectron density and

IMFs but could not link these to the physical properties.

This follow up discussion following the modelling test has demonstrated that some
students have difficulty communicating their understandings. Even of those who

could congruct a tetrahedral shapanly half could explain it.

6.2.5 MDS Analysis of Student Data

As there is a range of sources of data collected from students in the form of the
Assessment 2, the modelling test and interyiéwas considered interesting to

determine if the range of responses were similar or dissimilar. Therefore, all data

was coded and MuHDimensional Scaling (MDS) analysis was run on the data.
Studentsbé responses were coded on a numer
answer beingthehige st number |, 1 being the most O6in

being no attempt.

MDS graphically represents similarities and dissimilarities between objects.

Objects that are considered similar to each other are represented by points that are

closer togeta r . I n this case, the Oobjectsd are
which is the most correct response, for each question was included in this analysis.

This made it possible to séestudents were clustering in their responses and if

these wereclose or f ar away f r @lhofdata preséntedlageal 6 r e s |
compared to an ideal response, where all of the answers to all questions asked are
correct. Therefore, the closer to the idea
to being completelgorrect. Examples of how student responses were ranked from

Omost correctd and Oémost i ncorrecto for c
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Appendix J Figure 6.12 shows the MDS plot of student data. It should be noted
that the dimensions labelled on BIDS plot are not a scale on which to measure
the data. When looking at an MDS plot, one only needs to look at the distances

between the data points.

In Figure 6.12, there appears to be two clusters of student responeegroup
close to the ideal (redtar) and cluster Y, with a number of moseattered

responses

The similarities between cluster Y and there scatteredesponses appears to be
their poor attempts atu@stion5 in Assessment 2, while it is their attempts at the
modelling test that diffemtiates them. Thecattered points seem to reflect poor
attemps atQuestion5 in Assessment.an addition to this, all made significant
mistakes in the modelling test and were primarily working in 2D. Students in
Cluster Y answered @@stion5 in Assessrant 2 poorly but all at least attempted it.
Students in this cluster could draw a correct structure but made poor attempts at 3D
models.

Derived Stimulus Configuration
Euclidean distance model

IDEAL

S14 s29
) © 523

Dimension 2

546

S14

558

Dimension 1

Figure 6.12 MDS analysis on all student data from final implementatfssessment 2,
modelling test and interview.
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There were two questions on Assessment 2 that required only theoretical knowledge
and sothese questions were removed from the datarseéttheMDS was rerun,
meaning this MDS analysis focused on only the questions which require a spatial
and structuralinderstanding. The MDS plot for this data set can be seen in Figure

( r eanhd tlsetea r )
appear to be twmaindirections away from the ideal for students to $eidents

6.13. A number of students are very close to or oriitteab

are either directlya the right of the ideal or directly below the ideal.

As you move to the t he i

moved from 3D to primarily 2D. For example, S22 and S11 worked primarily in

right of deal ,
2D in the modelling test, drawing ankar structure for ethanal with approximately
18C angle in the CHO group. These students also constructed completely flat
models of their structures. It should be noted that these students were successful in
all other aspects #ssessment 2 and modellitegt. Meanwhile, S61, who is about

half way between S22 and the ideal drew a correct structure in the modelling test

and attempted to bring a 3D element to their model, albeit inadequately.

Derived Stimulus Configuration

Euclidean distance model

= S31 0844
59 =% Sl S42 S55 S56
535534 @ 0518 O Jgg s5q g6 - 0o 8410
Szﬁongo o °o 357 82)2 S13 511
IDEAL S33s84 S15 OE® G S22
. S18 ()
7 O
o
S17
oossa
-
‘::' S5
s o S52523
E o o
[}
E 529
= o
S58
o
b6
3 O
4=

Dimension 1

Figure 6.13 MDS analysis on spatial and structural studetd daly.
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As you move below the ideal in this plot (Figure 6.13), students have made mistakes
in their modelling test, primarily in the structures drawn at the start of the test. S37
and S16 drew a structure for ethanol instead of ethanal while S17 amda886
mistakes in the bonding of their structures,hyglrogen bonded tivo other atoms

or carbon bonded toive other atoms. However, all made good attempts at a 3D
model.

To summarise this plot, as you move to the right of the ideal, students &egvor
more in2D; these response types will be called Category A. As you move below
the ideal, students are making mistakes translating from a molecular formula to a
structural formula, thusavemo r e 0 i straotures. Ehese esponse types will

be caled Category Bsee Fig 6.13 Thus, if you move in a diagonal from the ideal
towards the bottom right corner, students are giving responses with elements of

Category A and Category B. It should be noted that Category A responses are not

incorrectbutara measur e of the nature of student s

Drawings and  ttempting 3D models/
w modelsgsD incorrect bonding Drawings and
angles models 2D

v

Translation from Category A
molecular to
structural formula

Ethanol instead of

ethanal
Category B

Incorrect bonding
in drawn structures

ToomanyCin v
structure

Figure 6.14: Summary of positions of response types on3lbts of student data

As a point of interest, the spatial ability of students who fell along the Category A
line and the Category Bne were compared. No pattern was found and students

along both of these lines had varying-paed postspatial abilities.
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This analysis has shown that while the majority of students were able to make the
translations required in both thessessment 2nd modelling test, a number of
students are still working i&D, both drawing and modelling. A small number of
students were unable to make the translation from molecular formula to structural
formula but despite that, could still construct an accurater@idel. Onlyfive
students in the cohort were making mistakegh in the translations anth

construding a 3D model.

6.3 Conclusions from Implementation 2

Observations allowed the researcher to gain a deeper insight into the
implementation of the OCV pgramme. Students were observed to be highly
engaged during activities and engaging in meaningful discussions and
collaborations, regardless of the dynamic of the class. Teachers involved were very
successful in facilitating discussion and leading studénisugh the OCV

activities.

Evaluation of data collected from students indicatedd the majority of students

are capable of translating between 3D and 2D representaliongver some

students are still modelling in 2D. The modelling test was a usesutd gain an
understanding of studentsd ment al model s
following the use of Molymod kits. While some students strugmfieabnstructing

accurate shapes of models, a number of elements from the models were internalise

namely, the differentiation of atoms of elements by colour, the relative size of
hydrogen as the smallest atom and the explicit representation of the bonds using

sticks.

The results of Implementation 2 have important implications for the teaching of
organic chemistry. The data collected in Implementation 2 will be used to develop
a suggested sequence for learning organic chemistry through the use of physical
models. The development of this sequence and its comparison with another

suggested sequencetire literature will now be discussed in Section 6.4.
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6.4 Implications for Student Learning

As discussed in Section 6.2, students did not achievasakssment tasks of
Implementation 2 successfully, indicating the tasks have different levels of
complexty. In order to suggest a learning sequence by which to introduce students
to organic chemistry through modelling activities, tlag¢a collected from students
following Implementation 2 (Assessment 2, modelling test and paired foifow

discussion) W be compared and ranked in order of student achievement.

6.4.1 Identifying a Learning Sequence

The combination of data from Assessment 2, the modelling test and fgtiow
discussion questions allowed for a deeper investigation into the learning
achievementsand difficulties that students experienced. Tahlel has broken
Assessment 2 (A), the modelling test (MOD) and the folilgndiscussion (DISC)

into their component questions. The questions have been grouped into the type of
tasks asked, for example: tedating from one representation to another has been
assessed throughu@stionl and Qiestion3 in Assessment 2 (Al and A2), and part

A and B of the modelling test (MODA and MODB). There aie task types,
labelled AF in Table 6.11Students success inakatask is plotted in Figure 6.15.

It is clear from Figuré.15that students were not able to carry out the tasks within
each category equally. Therefore, redrawing Fidgulé by placing each task in
order of success (as in Figuéele and by removinghte followrup discussion
guestions (as in Figuk 17) creates different patterns. There is then a progression
of achievement, with studergetting fewemuestions corregirogress from left to
right. Reexamining this sequence of the tasks suggestsrirngaequence which

may be followed.

Figure6.17shows that task Al, of Type A, ranked the highest, with all students in
the cohort able to achieve this fully. A1l required students to translate from a 3D
representation of a hydrocarbon to a 2D representathe second highest ranked

is also of Type AMODB. This task was the second part of the modelling test which
asked students to construct a 3D model of the structure which they drew in the initial
part of the modelling test. The other Type A tasksfaved several steps below

these tasks.
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The next four highest ranked tasks all require students to be able to read structures,
three of which involve the concept of isomédraskA4 required students to identify

a pair of isomers frorfour structures, A4Eaquired an explanation of isomers and
A5E and ASA required an identification of an isomer of a molecule within the

communication grid.

It is interesting that these questions ranked quite high, while the only other question
which required a reading of sttures, A5C, ranked several steps down. This
guestion asked students to identify an alternative structure of a hydrocarbon. Thus,
it appearghatstudents could recognise isomers more successfully than they could
recognise alternatively arranged structwethe same molecul@his was already
identified in Section 6.2.2.

The least achieved tasks were those in the-ggstssment which involved
identification and discussion of physical properties (ASGA, A5SGE, ASHA, ASHE).
This is not surprisingas only a siall amount of time was spent on Part B of the
OCV programme by classes in this implementation in comparison to the time spent
on Part A.
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Table 6.11:Grouping of student tasks in Implementation 2 by type

Type | Description Student Task
Assessment 2 QA(Q)
Assessment 2 QARB)
Translationfrom ong
A represe?rt]atlon to Modelling test Part A (moleculdrstructural
another formula) (MVODA)
Modelling test Part B (structural formula3D
model) MODB)
Assessment 94 (a) A4A)
Reading structures
B identifying isomers Assessment 2 Q5(a), (c) and (BpA, A5C, ASE)
3D geometry: [Modelling test Part B tetrahedralNIODD) and
C construction  Iplanar carbonMIODE) construction
Assessment 2 Q4(bNE)
Assessment 2 Q5 (g) and (WSGE, ASHE)
b |Exolanation require Explanation of these shapes and components of
P U model PISCA, DISCB, DISCC, DISCD, DISCDE)
Explanation of electron densitp[SCEE)
Explanation of solubilityDISCFE)
Knowledge of |Assessment 2 Q2AR)
E | IUPAC and n.aminEAssessment 2 ®R)(b), (d) and (f) A5B,A5D, PA5F)
rules required ’ ’ ’
_ Assessment 2 Q5 (g) and (WEGA, ASHA)
F Physical property Identification of areas of electron densiBiECEA)

identification

Identification of solubility of molecule{ISCFA)
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S11 S12 S13 S14 S15 S16 S17 SI18 S21 S22 S23 S24 S25 S26 S27 S28 S29 S30 S31 S32 S33 S34 S35 S36 S37 S41 S42 S43 S44 S45 S46  S52 S53 S54 S55 S56  S57 S58 S59 S61 S62  S62  S64

Al

A3 o o o o o o o

MODA o o o o o o o o o o

MODB o o o o

A4A o o o

A5A o o o o o o

A5C o o o o o o o o o o o o

ASE o o o o o o

MODD [o o o o o o o o o o o o o

MODE [0 o o o o o o o o o o o o

A4E o o o o

ASGE [o o o o o o o o o o o o o o o o o o o o o o

ASHE o o o o o o o o o o o o o o o o o o o o o o o o o o

DISCA o o e o o o o o o

DISCB [o o o o o [¢] o o o o o o o

DISCC o o o o o o o o o o o o o

DISCD o o o o o o o O o o o o o o o o o

DISCEHo o o o o o o o o o o o o o

DISCFHo o o | o o o o o o o o o o o o

A2 o o o o o o o o o o o o o o

ASB  |o o o o o o o o

A5D o o o o o} o o o o o o

AS5F o o o o o o o o o o o o o

A5HA |o o o o o o o o o o o o o o o o o o o o o

A5GA |o o o o o o o o o o o o o o o o o o

DISCEAO o o o o o o o o o o o o o o o

DISCFAo o [e) o [e) o [e) o o o o o o o o

Figure 6.15: Achievement of studenasks. Coloured boxes witivasymbol were fully achieved. White boxes with a x symbol were not fully
achieved

246



S64

S32 S31 S66 S62 S33 S34 S53 S59 S61 S44 S54 S58 S14 S12 S17 S42 S56 S15 S36 S27 S45 S18 S28 S57 S13 S35 S43 S25 S26  S29 S55

S11 S37 S41 S52 S16 S23 S46 S22 S21 S30 S24
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A |A3
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E A5D
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c [MobD
C  |MoDE
D DISCC
F DISCFA
E  |a2
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Figure 6.16: Student tasks ranked in order of achievement by students. Coloured boxe¥wsiymaol were fully achieved. White boxes with a x

symbol were not fully achieved
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S64 |S32 S31 S66 S27 S34 S62 S35 S33 S58 S26 S53 S59 S61 S44 S54 S17 S42 S56 S36 S18 S14 S15 S45 S28 S12 S13 S43 S55 [S11 S41 S57 S37 S16 S25 S46 S22 S52 S23 S21 S29 S24 S30
A a1 P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P
A MODB P )
B A4A P
D A4E P
B ABE P
B ABA P
A MODA P )
A A3 P
E A5B P
B A5C P
E  |asD P
c MODD P P
c MODE P P
E A2 P
E A5F P
F A5GA P
F ASHA P
D |A5GE P
D |A5HE P

Figure 6.17:Student tasks with modelling folleup discussion questions removed and ranked in order of achievement by students. Coloured boxes
with aV symbol were fully achieved. White boxes with a x symbol were niyt &ighieved
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The final ranking of tasks in Figu&17 has revealed a learning sequence which
may be followed when teaching students to engage with the variety of
representations used in organic chemig¢kigure 6.18) Due to the limited time
spent on PaB of the OCV programme by the classes in Implementation 2, physical

properties are not included in this learning sequence.

3D" 2D structure

l TypeA

T extended structures
Structural formuld 3D

l

Isomers Type B

Molecular formuld' structural formula
TypeA
l T condensed structures

3D structuré’ molecular formula

l

Accurate 3D construction (correct TypeC
geometries)

Figure 6.18 Learning sequence for organic chemistry representations which has emerged
from the OCV programme

It should be notedhat Type A tasks, which require a translation between
representations, have been split into translations between representations of
extended structures and translations between representations of condensed
structures. This makes sense in that studerdgslgibe introduced to extended

structures before engaging with condensed structures. Anderson and Bodner (2008)
recommended the use of extended structures rather than condensed structures by
teachers; extended structures that show the atoms, bonds anonamg electrons

make more space avworkingniemaoy tad engage withthet udent s

more important conceptual aspectofanicchemistry.
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While there are many suggestions in the literature for teaching organic chemistry

as a whole, this leamg sequence is far more detailed in relation to the types of

representations and tasks which students should be introduced to. Dori and

Kabermann (2012) presented a hierarchy of modelling tasks, however our sequence

does not quite match theirs. These wdlw be compared.

6.4.2 Hierarchy of Representational Tasks

The ranking of student tasks in the previous section has allowed for a hierarchy of

representational tasks completed in this module to be created, see &itfure

below.

Accurate 3D constructiohwith correct
geometries

3D" Molecular Formula
A " CH,CH,COOCH

T

Molecular Formul& Structural Formula}

CHsCHO " H—c—c

TypeA
T condensed

structures

T

Isomers ] TypeB

3D " Structural Formula

OH

" HO CH
N ~cH,

L Structural Formuld 3D model /v
H 0]

E=n

TypeA
T extended

structures

Figure 6.19 Hierarchyof representational tasks
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The first two steps of this hierarchy are Category A tasks in which the required
translation is between structures that are extendedli.atoms and bonds are
represented explicitly. This translation required students toblbe ta read a
structure, identify the components represented by either coloured balls or symbols

and translate each component into an alternative representation.

The ability to engage with the concept of isomers could have been included as Step
3,howeverf t was decided to keep it as a 6branc

necessarily involve a translation and you could continue straight to the next step.

The more difficult Category A tasks are the next two steps and require an extra
mental processg step. The third step involves representations in which the
structural arrangement of components in the representations are not explicit and
students have to elucidate the extended structure using a knowledge of bonding and
structure. The fourth step n@iges students to work backwards and represent an

extended structure in a condensed manner.

The final step in the hierarchy is the ability to build a geometrically accurate 3D

model from any materials given.

The tasks empleted by students during the kaaion of the OCV programntall
into Category A modelling subkills as proposed by Dori and Kabermann (2012).

Their hierarchy can be summarised as in Figu2@below.

STEP 3 t Simple and complex 2D representatidnsnodel drawing
STEP 2 3D model" molecular ANDstructural formula
STEP 1 Molecular formuld' structural formula

Figure 6.2Q Summary of hierarchy of Type A Modelling Sakills defined by Dori ad
Kabermann (2012)

Comparison of the hierarchy which has emerged from this project and that of Dori
and Kabermann (2012) reveals conflicting st@pgure 6.21) Five steps emerged
from this research compared to three from Dori and Kabermann. Thissiblgos

due to the types of tasks selected in the
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involved a computerised molecular modelling environment while this project

utilised a physical molecular modelling environment.

Dori and Kabermann (2012) identifpe translation from 3D to moleculand
structural formula as one step, the second in their hierarchy. However, results from
this programme indicate that the translation from 3D to structural formula and 3D
to molecular formula need to be treated as different steps. Moreover, they are

two steps apart in the OCV hierarchy, indicatihg significant difference in
complexity of these tasks. The translation from 3D to structural formula involves
reading the structure, identifying the components andl&tamg each component

into an alternative 2D representation. However, translating from 3D to molecular
formula requires the structure to be read, components identified and the condensing
of the structure while translating the coloured balls into 2D symiools
representations. Thus, it seems incorrect to include these translations within the

same step.

Dori and Kabermann (2012) assumed the translation from molecular formula
structural formula to be the first step in their hierarchy as their participazits (1
grade high school students in Israel) were regularly required to transfer between
these representations in their organic chemistry classes in previous year8 (in 10
and 11" grade high school). Their results reflected this. However, this translgtion i
the third step of the OCV hierarchy, indicating students in this project found this
translation more difficult, despite activities in the programme which specifically
addressed the molecular formula.

It is probable that the translations on the firgpsof each hierarchy were the

translations which students found easiest due to the design of each projéd, i.e

OCV programme was desi grnaationbetwedn8xamds on st u
2D representationsthus students were more comfortable withs specific

translation. Likewise, the participants in the research by Dori and Kabermann

(2012) were more practised in the translation from molecular to structural formula,

thus answered these tasks better, resulting in this translation being tetefpiref

their hierarchy.
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OCV Rigramme I | Dori and Kabermann (2012)

Accurate 3D construction

_ 2D representations model drawing
(correct geometries)

3D structuré’ molecular formula _

... 3D model' molecular
o Molecular formuld' structural formula .~ AND structural formula
Structural formuld’ 3D model \
g P : ,
n 3D" structural formula’ Molecular formuld' structural formula

Figure 6.21: A comparison of the representational skills hierarchy of the OCV
programme and the research of Dori and Kabermann (2012). The dashed lines link
similar tasks to demonstrate the different locations of each tas& nespective
hierarchies.

It is important for teachers of organic chemistry to be aware of this hierarchy of
representational tasks and tailor their lessons to ensure that students are not being
asked to complete tasks tlattoo far up the hierarchyithout having mastered
previous steps. As Nicoll (2003) found, the hierarchy would suggest that while
students can translate 2D structures into-foem models, they struggle with the
accuracy of their geometries. While the study by Nicoll only contaenethnar

carbon, this study has shown that students in particular struggle with the 3D
geometry of the tetrahedral shape of carbon. Thus, a stronger emphasis needs to be

placed on making this shape more explicit to students.
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6.5 Summary

Observation otudent conversation played a larger role in evaluation of the OCV
programme during Implementation 2. Students were observed to be highly engaged
during activities and engaging in meaningful discussions and collaborations,
regardless of the dynamic of thiass. Teachers involved were observed to be very
successful in facilitating discussion and leading students through the OCV

activities.

Evaluation of data collected from students indicated the majority of students were

capable of translating between 3da2D representations. However, the ffeen

modelling test demonstrated that some students were still modelling in 2D. The

model ling test was a useful tool to gain a
of the 3D nature of organic structures follogithe use of Molymod kits. While

some students struggled constructing accurate shapes of models, a number of
elements from the models were internalised; the differentiation of atoms of

elements by colour, the relative size of hydrogen as the smallestaatdrthe

explicit representation of the bonds using sticks.

Evaluation of studentsod success at represe
2 allowed for the development of a suggested learning sequence for introducing

students to organic chemistry dligh the use of physical models. Our learning

sequence contrasted that suggested by Dori and Kabermann (2012) with the

addition of further steps and an altered sequence of steps. Our learning sequence

can be used to inform the future teaching of organ@rsbtry at second level in

Ireland.
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Chapter 7

Static vs Process Models

Introduction

The OCV programme makes use of stati
explanations to portray the level of their understanding of physical properties. The
link betweendMFs and physical properties is a dynamic process. The use of student
generated animations has been shown to
understanding of the dynamic chemical processes (Chang et al, 2014; Kozma and
Russell, 2005)A virtual modelling environment was not included in the OCV
approach as it was felt that the time requirement for students to learn how to
navigate the softwarenight be too long within the timescale of the project
However, a process modelling case study was coadwdgtha cohort othird level
pre-service teacher®ST)to examine the potential for use of such an environment
within future implementations of the OCV approapharticularly in determining

student understanding

Having examinedseveraloptions for avirtual modelling software, ChemSense
Animator was selected as an appropriate tool to assess student understanding in a
virtual manner.The PSTwere introduced tthevirtual modelling software with an
animator tool and asked to create an animation @frticplarproces. A key idea

that we wanted to get acrosgiie PSTwas not simply the idea of using animations

to demonstrate chemical phenomena but the power of getting students to create their
own animations in order to help identify théevel of urderstanding or the gaps

that exist in their concepal knowledge

7.1. Why ChemSense?

ChemSense is a free, easy to access and easy to use animation software. It can be
downloaded directly from the ChemSense wehsihemSense was created to

shape the wawtudents think and talk while using representations to describe,

! http://Ichemsense.sri.com/
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explain, and argue about physical phenomena in terms of underlying chemical
entities and processes (Kozma and Russell, 2004). ChemSense has been shown to
i mpr ove st uden tomgetence, with stislents teendnstratimgarichere
more complex representations of chemical proce&sgsank and Kozma, 2002).

While the ChemSense Animator tool was designed to be used as part of the
ChemSense Knowledge Building Environment (KBE), it is jasteffective a

learning tool when used as a staaidne tool (Pernaa and Aksela, 2009).

An animation is created in ChemSense Animator by building up the animation
frameby-frame, with options to control the speed of transition between frames. A
primary reason for selecting ChemSense Animator was the simple drawing tool
palette, see Figure 7.1. The palette contains only basic representational components,
such as atoms, bonds, charges and organic structures. There areamsprugcted
molecules from whicko choose. This meatisat userfiave to make critical design
decisions as to how they are going to use these building blocks to represent the
moleculeor the particular process, asking questions suchtzt atoms do | need?

how many are there®hat typeof bonds are therafhich atoms are bonded? Once

the useris happy with the molecule they have constructed, they can group all
components together, copy them and paste them as many times as required.

File Edit Arrange Font pen: B[ -] Fill: O[N. <

T @
NN
NY» 7
%0 @
AOO 5
olele
OO
i

k
Figure 7.1: ChemSense Animator drawing tool palette.
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7.2 Participantsin this case study

A group of second yearre-servicescience teachers were selected as participants
in thiscase studyAt the time, these students weéa&inga module which focused

on the role of ICT in science education. Thus, thpase of selecting these students
was twofold; to use ChemSense to ass#éssir understanding of some core
chemical concepts, and to make th&sl aware of how to utilise this type of

software for assessment of understanding and identification of megutoo cs.

The PST were given one hour tutorial on how to use the Chemsense animation and
were then given their assignment. They worked on their assignment on their own
and then presented it to their groups the following week duringp@uB session.
During this session, the students could modify their animation or not. They then

prepared a critique of each animation for submission the following week.

7.3 Assignment

Using ChemSensdhe PSTwere asked to create an animation of a particular

chemical phenoemna. The topics assigned to students are listed in Table 7.1. These

topics were chosen because they require students to be able to represent chemical
phenomena at the particulate level. Students were required to create their animation
individually. Studerg then joined with their other group members to critique each

ot herds ani mati on. Each group was requir
member sé ani mations with a discussion on a
animations and recommendations fompr ovi ng t he accuracy of
presented in each animation. Students were then given the opportunity to revise

their animation, however not all students decided to do so.
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Table 7.2 ChemSense animation assignme@isemical phenomena that stutteewere
asked to create an animation depicting

Group 1:

Group 2:

Surface tension in water

The process of boiling

Intermolecular forces: comparing streng
of IMFs with examples

The neutralisation of excess stomach &
with gaviscon

Process of dissolvinin water
Compare boiling of O2 and CI2
Ice cubes melting in a glass of
water

Boiling a mixture of ethanol and
water

Group 3:

Group 4:

The difference between the properties (¢
copper metal vs the properties of an atc
of copper

How do nonnewtonian fluids work?
Explain trend in boiling between CH4,
SiH4, GeH4 and SnH4

Rusting of an iron nail

The process of melting

The formation of a coating of
liquid on glass of cold milk why
and how does this happen?
The particulate nature of air
The difference between a
concentrated acid and a strong a

Group 5:

Group 6:

How to dissolve more sugar in tea
Boiling a supeisaturated solution of salt
and water until half of the water
evaporates

The process of evaporation

People climb the tallest mountains in th
world carry Q tanks to help them breath
due to the 'thin air".

What is the difference between 'thin air’
and air at sea level?

A closed container of hydrogen g
at shown at room temp, when the
is a reduction in volume, increase
in temp and decrease inmp

How and why do bond polarities
arise, with examples showing
varying degrees of polarity
Propane cylinder: why does the
cylinder feel like it's full of liquid
when you shake it

A tyre is left out on a hot sunny
day, what happens to the mass al
pressure of the tyre?
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7.4 Identification of Misconceptions

The use of ChemSense proved to be a quick and easy method of identifying any
misconceptions held by students surrounding the particulate nature of matter,

intermolecular and intramolecular é@ms and the arrangement of atoms in

mol ecul es. The ©peer di scussion appeared

identification of their own misconceptions and guide the revision of their
animations. Tables 7.27.5 display examples of animations whichhabastrate
specific misconceptions held by the students and the changes implemented

following peer discussion.

Table 7.2 displays frames taken from a

of boiling a mixture of ethanol and water and can be taken to bbth a level of

understanding and alternative conceptions held by the student. It can be seen

straight away that the student can draw a reasonable structure for ethanol and water.

However, this animation is a clear demonstration of the misconceptions of
intramolecular bonds breaking on boilihgvaporating. In the original animation
(before peer di scus s i A&n78 degrbes thes liondsd ia n t
e t h a n o bnd Bepi@sahe tra molecular bonds between carbon, hydrogen and
oxygenbreak ng. Li ke wi At&00 degrees thesborgld irawaterdbi@ak

and the student depicts the intramolecular bonds between hydrogen and oxygen
breaking. The final frame depicts all the component atoms from the ethanol and

water evaporating out of themtainer as individuatoms

Following peer discussion, this stud@ntevised animatioshowsthe breaking of
intermolecular bonds between these molecules. Dipole bonds were depicted being
broken between water molecules at@@owever, no intermolecat forces were
depicted between the ethanol molecules. The peer discussion obviously focused this
studends understanding in the right direction but their animation still contained
flaws that indicated alternative conceptions; the hydrogen bonds demsdbethg

broken in the ethanol molecules were in fact the intramolecular bonds between the
oxygen and hydrogen in the functional group of the alcohol. Peer discussion
obviously was not enough to fullgddressthis studerds misconceptions but it
appears tthave directed it somewhat towards the correct concept.
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Table 7.3 displays frames of a studsrgnimation depicting an ice cube melting in

a glass of water. The original animation was composéureéslides and depicted

the ice cube melting at the bottahthe glass. While the molecules of water in the

ice cube are compacted to depict the arrangement of a solid, the process of melting

was not demonstrated in any detail. Similar to the pervious student, peer discussion

led to a revised animation of a muthi g her standar d. This st
animation shows the ice cube on top of the water and also demonstrates the melting

of the ice cube over a number of frames. The molecules of ice in the ice cube are

shown to be moving further apart and the ice claseng its shape before the

molecules of water in the ice spread to join the liquid water molecules.

The animation in Table 7.4 depicts the misconception of intramolecular bonds in a
solid breaking on dissolving. Sugar molecules are first shown mixed Geigh
molecule$and are then depicted breaking apart into individual atoms once heat is
applied. This student did not abs®e to revise their animation but did acknowledge

their mistake in their critique document.

The final example, in Table 7.8lemonstrats a mixture of understanding and
misconceptions. This student has drawn their water moleculesHas&ead of

H2>O and depicted hydrogen bonding in water as intermolecular bonds between the
hydrogens in water molecules. While it is clear the student &nloydrogen
bonding exists between water molecules, dlsoclearthatthis student struggled

to represent it. Despite dbealternative conceptions, the student then goes on to
depict the process of water molecules being heated, moving quicker, breaking

intermolecular bonds and eventually evaporating off the surface of the liquid.

These examples demonstrate the effective use of the ChemSense Animator to
identify studentsd misconceptions, from t
molecules, to desibing the process of boiling. Secti@rb will now address the

ability of ChemSense toelp studentsd e monstrate a o06deepd under
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Table 7.2 Frames taken from student animation describing the boiling of a mixture of ethanol and water.
Fourframes are shown from the original animation created before peer discussion and the revised animation following peer discussion

Misconception

Intramolecular bonds break on bonding

Frames before peer discussion:

At 78 degrees, the bonds in ethanal break At 78 degrees, the bonds in ethanal break At 100 degrees, the bonds in water break

. ]

2 © o .@ ®
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- ® > @, 0@. ®
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\.\?/.@ \ \?@/(@ ’ ®:". ® ®

® ® ®. @ @ ®\’.“‘ ®@
DTS Peogel .. 00
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Framesafter peer discussion:

100 degree celcius -

) Dipole honds break between the water molecules
78 degrees celcius - Hydrogen bonds break in ethanol 78 degrees celcius - Hydrogen bonds break in ethanol 100 degree celcius - "

Dipole bonds break between the water molecules
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Table 7.3:Frames taken from student animation describing an ice cube melting in a glass of water.

Four frames are shown from the original animation created before peer discussion and the revised animation folloligogsgasT

Misconception

Ice sinks

Frames before peer discussion:

The ice cube is in the glass of water

The ice cube melts

Frames after peer discussion:

' @°

@%@ﬁ
R

@"@ y @y&

as the ice cube beging to melt in the water,
the molecules in the ice cube are not as compacted
tagether anymare

-0, 9|

The malecules In the ice are moving sa far apart
that the cube starts to lose it's shape

As time went on, as the glass was in room temperature
The ice cube fully 10t its shape and the ice cube melted
leaving it as just one glass of water with lots of molecules
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Table 7.4:Frames taken from student animation describing the process of dissolving sugar in tea.
Original animation shown only akis$ student did not revise their animation

Misconception

Intramolecular bonds break on dissolving

Frames before peer discussion:

@
[ 22 ®
4 ® =@ o > @ e
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@, i @® b4 . . H . .. ... . @ © ®
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Table 7.5:Frames taken from student animation describing the process of boiling water.

Original animation shown only aki$ student did not revise their animation

Misconception

Hydrogen bonding
Structure of wate©>H not HO

Frames before peer discussion:

Hydrogen Bonds

?Nater Molecules (H;0)

HYDROGEN BONDS BREAK DOWN

LIQUID BEGINS TO HEAT

FREE MOLECULES BEGIN TO MOVE
READY TO EVAPORATE

MOLECULES GAIN ENERGY
AND BEGIN TO MOVE

WATER MOLECULES VAPOURISE

aﬁﬁ/“{

ML

HEAT
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Table 7.6:Frames from animation depicting a closed container of hydrogen gas.

Concept
Closed container of hydrogen gas when heated and compressed
Frames:
What happens when we add heat? Adding heat causes the This increases the pressure
Hydrogen Gas in a Closed Container molecules to move faster.

>~ O] [0
“ A —_— 4 i
O SCH

& - -
G o ] g

\@GQQ

What happens if we reduce the volume?

Reducing the volume causes If the volume is compressed

e molecules to bounce off each enough,the molecules will
o } other more and speed up. take the arrangement of a liquid

) @ @
24 o
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H
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7.5 Communication of Undersanding

Section7.4 described several examples of how ChemSense Aniwatused to
clearly identi fy istoedchemitasconcepis. Acexample pt i ons

demonstrating effective communication of understanding will now be discussed.

Table 7.6 showframes from a studdstanimation depicting a closed container of
hydrogen gas. A molecule of hydrogen gas is represented asirolgein this
representationln their animation, the student addresses two questiwhst
happens when we add heartdwhat happens if we reduce the volunie?answer

the first question, the student clearly describes that adding heat causes the molecules
to move faster and increases the pressure. This is demonstrated over several slides

in the animation also.

The second qustion, was addressed in a similar manner. The reduction in volume
iIs shown while maintaining the same number of molecules. The molecules are
shown to bounce off each other more frequently. It is also demonstrated that if the
gas is compressed enough, theleaules will be force into the arrangement of a
liquid.

This example demonstrates the scope of ChemSense to allow students to
communicate their understanding and the depth of their understanding in a clear

manner.
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7.6 Summary

A

Foll owing isquelepnfs@®achitother6s animati on:¢
emphasised to the PSTs. Asking students to create animations themselves can be

usefulto identify some common misconceptions regarding core chemical concepts

Peer discussion also allowed for identifioat of these misconceptions and
improvemenins t ud ent s @ Itwasiemphdsised to the PST initially that

if they wanted to generate animations to use in their own teaching, that there were

(probably) better simulations available on web; howewer ppwer of ChemSense

was in O0getting into the studentds headd t

While this trial was at a very small scale, it has demonstrated the value of student
generated animations as an educational tool, both for teachers andsstlidema

simple and, perhaps more importantly, a quick method for teachers to assess student
understanding and identify misconceptions held by students. Its design forces
students to make important representational decisions that challenge their
undersanding and ensure they are thinkolggplyabout concepts

While this type of activity was not included in the OCV programme, this study has
demonstrated the power of wusing student g
understanding at the process leviéere is certainly potential for inclusion of this

type of activity in future implementations of the OCV programWib.er e st udent s 6
explanations failed to reveal the full depth of their understanding in Implementation

1 and 2, student generated anin@giaising ChemSense have been shown to be a

very powerful tool for identifying student misconceptions and understandings.
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Chapter 8

Conclusions and Recommendations

8.1 Overview of theresearch

The aim of this research was to develop an approachefditeg organic chemistry
which is rooted in the use of physical models to promote a meaningful
understanding of organi c structures

predictions and reasoning.

Chapter 1 identified particular difficulties expermea by students which are related

to the abstract nature of organic chemistry anit tepresentations. Students have
been shown to have difficulty interpreting formulae (Bernholt et al, 2012; Cooper
et al, 2010), translating between different types pfesentations (Nicoll, 2003)

and visualising and performing mental tasks on structures of organic molecules
(Tuckey and Selvartnam, 1991; Ferk et al, 2003; Pribyl and Bodner, 1987; Small
and Morton, 1983). These give rise to more difficulties relatingttoctiral
problems, such as isomers (Hassan et al, 2004) and strpobyerty relations
(Taagepera and Noori, 2000; Cooper et al, 2013). In addition to diféselties,
studentalsohave to | earn the o0l anguage6 of

mechanisms (Bhattacharyya and Bodner, 2005).

The poor attemptst organic chemistry questions in thé€ chemistry exam,
discussed in Chapter 2, indicates the perception of organic chemistry as difficult in
Ireland. The culture of rote learning organic cletng material which has emerged
suggests the need to rethink how organic chemistry is taught. Thus, this project

sought to answer the following research question:

Can students learn organic chemistry through an approach where
the focus is on meaningful uderstanding of (a) molecular

structure, and (b) the basis of chemical reactivity?

The Organic Chemistry through Visualisation (OCV) programme was developed
for introductory organic chemistiyt second levelChapter 3 detailed the structure

of the researchproject placing it in the context othe currentLC chemistry
syllabus, the new Key Skills Framewoak set out by the NCCANCCA, 2009)
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and the new chemistry syllabus (currently under revision). The development of the
OCV approach was outlined in Chapte The core values around which the OCV
programme waslevelopedvere (i) the use of physical modelgi) inter-relating
between 3D and 2D representatio(is) discussioded activities,(iv) engaging

with relevant organic moleculegy) engaging withrelevant compounds(vi)
predicting and comparing physical properties and reactivity of organic compounds

using electron density, arfdii) phenomenariented experimental work.

Two additional studies were conducted to further inform the approach. The
Repesentations Exploratory Study demonstrated that students coming into third
level education in Ireland are able to engage with the depth cues in different types
of representations but are unable to translate between them. The Process Modelling
Exploratory Study demonstrated the potential for the inclusion of a virtual

modelling environment within the overall OCV approach.

8.2 Key results from evaluation of the OCV approach

The OCV approach underwent avéek pilot and two trial implementations. Both
qualitative and quantitative data were collected from the participating teachers,
students and by the researcher to ensure rigour.

Evaluation of Implementation 1 and Besults detailed inrChapters 5 and 6
respectively, indicated the majority of students weneabke of completing the
translations asked of them in the written assessments. While a large proportion of
students could predict and compare the physical propeofies variety of
compounds, studentsd explanat i essargtower e
demonstrate a deep understanding of the link between IMFs and physical

properties.

Feedback from teachers indicated a positive engagement by students and this was
further observed by the researcher. Observation played a much bigger role in
Implementation 2 than in Implementation 1. This, for the most part, is due to my

development as a researcher; my focus shifted fr@mmgstudents to an engoint

of understanding towardthe process of howgtudents get to an esmbint of
understanding. Thusnore student conversations and activities were recorded to

identify where and how learning was taking place. The case study design of the
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project allowed for this close observation to take place, while the action research
inspired process allowed for thisdevelopment of data collection.

While the evaluation tool used to assess students in Implementation 1 identified

some key areas of achievement and misunde
ability to work in 3D. Thus, a second implementation waglired to assess this

element of the OCV approach. A frem modelling test was developed for this

purpose.

The majority of students could translate a molecular formula into a 2D structural
representation. All but three students could successfullylatartbeir structure into

a model, whether it was accurately 3D or not. Even students who struggled
translating from molecular formula to structural formula could transform their 2D
structure into a 3D model. While some students struggled constructingatgccu
shapes of models, a number of elements from the models were interntilesed
differentiation of atoms of elements by colour, the relative size of hydrogen as the

smallest atom and the explicit representation of the bonds using sticks.

Despite the smianumber of students who completed the assessment of Part C:

Reactivity of Organic Molecules, the results are extremely encouraging and
demonstrate the potential for including this type of teaching approach at second

level. This type of task would previsly have been considered too complex for

second | evel students studying organic ¢ he
indicated that students at this level are capable of not just predicting reactive centres

in the presence of nucleophiles and eledtileg but also of predicting the reactivity

of organic molecules. This is extremely encouraging and suggests the need to

consider including this type of learning in the new chemistry syllabus for Leaving

Certificate.

Where student s 6 reveg theaful depth aof their uiderstandind t o
in Implementation 1 and 2, student generated animations using ChemSense have
been shown to be a very powerful tool for identifying student misconceptions and

understandings.

Eval uati on of spresedtational$adks fellovang bnplemeraation r
2 allowed for the development of a suggested learning sequence for introducing

students to organic chemistry through the use of physical models. This learning
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sequence contrasted that suggested by Dori ancrKemn (2012) with the

addition of further steps and an altered sequence of steps.

8.3 Recommendations for teaching

The OCV learning sequence can be used to inform the future teaching of organic

chemistry at second level in Ireland. Chapter 4 demondtrtéke higher order

thinking skills required to answer questions from the OCV approach. Student

success in both Implementation 1 and 2 illustrates the capability of students at

second level in Ireland to both engage with much larger and more complex

molecuks than those currently set out in tt@ chemistry syllabus and also use

higher order thinking skills to predict and compare the physical properties of

complex molecules.

Having undertaken this research, | would suggest the following recommendations

for teachers when teaching organic chemistry:

T

Students should be introduced to organic structures in 3D before being
shown how to represent the structures in 2D

Students need to build their own 3D models and these need to be physically
handled and manipulated

Kits with correct bond angles should be used before allowing students to
build freeform models

Students should have a good understanding of identifying areas of high and
low electron density before studying physical properties

When addressing physicaroperties and intermolecular forces, several
molecules of each compound being discussed need to be shown, not just

one.

8.4 Future research

This project has demonstrated the power of both physical and virtual modelling for

devel opi ng st welddhephysgical medeld havie prowenceffective in

aiding students6é understanding of static

virtual modelling can aid understanding at the process level of chemical

understanding. Dori and Barak (2001) have shadwat students who learn using
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both physical models and a virtual modelling environment perform better than those

who learn from only physical models or only a virtual modelling environment. Due

to time constraints of the implementation, it was not posdiblese both the

physical models and a virtual environment with the trial classes. An option for

future research would be to trial the use of a combination both modes of learning

within the context of this approach. The student generated animations would be
particularly wuseful for i dentifying stude

processes such as boiling point, solubility in water and chemical reactivity.

The small sample size of both implementations means that the results from the OCV
project are nbgeneralizable. Only one trial classachedPart C of the OCV
module, which involved the reactivity of complex molecules. These students
demonstrated a clear ability to engage with unfamiliar molecules and predict
reactive centres within them. Futureeasch will have to involve a larger scale
implementation of this particular section of the research, and indeed the whole
programme, as it was not possible to fully evaluate the effectiveness of the approach

in relation to the reactivity of organic moleesl

Studentsdé spati al -andpostOGLImEemen@toiltoest ed pr
identify if the use of molecular modeterrelated withs t udent s6 spati al a
was shownt h a't t his progr amme i mpr o.wle d t he S
Implementéon2, not all classes did the prand post spatial testso further

research is required to investigate if those students who could not construct
accurately shaped 3D molecules in the modellingaiestctuallyof a lowerspatial

ability than those who wersuccessful. Further research into the link between

spatial ability and organic chemistry could identify if there is a minimum spatial

ability required to be able to succeed when studying organic chemistry. It could also

identify if the use of molecular adels and/or virtual modelling environments has

any benefit to those students who score very high on spatial tests to begin with.
Whil e it was assumed for t his project t h
influence their ability to construct a 3D fré@'m model, the use of the fréerm

modelling test as a predictor of spatial ability could also be investigated.

Students6é stage of cognitive devel opment |
factor which influences their ability to engage with thsteact nature of organic

chemistry. While studentsd spatial abi | ity
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of physical models, it would be interesting to identify if there was any effect on

studentsdé6 stage of cognitive devel opment.

8.5 Personal Developrant

This project has been a personal journey as much as it has been an educational
journey. The recruitment of teachers to participate in the project was a daunting
task. | had to be completely confident that my approach to teaching organic
chemistry was aaluable and effective approach in order to convince teachers to

take part.

When | began this project, | was very much focused on where | wanted students to

be at the end of completing the programme. Thus, my research and data collection

tools were focusd on assessing students at the end of the programme. Having
evaluated | mplementation 1, | realised tha
arrived at the end of the OCV programme. | had to reconsider my evaluation tools

to enable me to gain a bettinsight into the learning that took place.

Undertaking a PhD is a daunting task when the final hurdle is far away and you
have no idea what it looks like until it is right in front of you. | have learnt to have
faith in my own research abilities and wgpabilities as an educator.
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Appendices

Appendix A:

RepresentationsExploratory Study with 3 level dudents

A.1 Study Aim

To further inform theesearchthet hi rd | ev el studentsodé under
symbols associated with chemical struetwas determinedThe cohort selected

consisted of 151 students takind%year Chemistry Laboratory modubehich

lasted24 weels (2 x 12 week semester3hese studentwere from a variety of

science programmes including Biotechnology, Analytical Chastry,

Pharmaceutical Chemistgnd Environmental Science. Approximately 50% (76)

had studied chemistry for the Leaving Certificate.

A.2 Methodology

These students were examined twice; once in the first week of their first semester
and then in the™week of their second semester. Two different tests were used.
Test 1 given to these students was a basic structural visualisation test that was
modelled on the CVT (Chemical Visualisation Test) created by Ferk et al (2003).
This test can be found in SectiotdAExample questions are shown in Figure A.1.
Students were shown a variety of molecules using a variety of representations and
asked to perform several types of tasks; identify atoms that were closest / furthest
away from them, draw mirror images of moles, identify different
representations of the same molecule or identify what a molecule would look like
I f 1t was rotated. This test was created t

representations

Unexpectedly, the vast majority of studewesre successful in all questions on this
test, indicating students are able to engage with these representations and perform
the necessary tasks, whether or not they have studied chemistry for the Leaving

Cetrtificate.

Test 2 given to these students cotesiof two questions that were actually part of

the chemistry laboratory ermf-semester 2 assessment. The studeedsttenced

1



the same modules in chemistry and at this dt@aglealmost a full academic year of
chemistry studies The focus of these questis was on translating between
representations of organic compoundbke first question asked students to write
the mokcular formula of two compounds, diethyl ether and butandt, &#om
their 2D skeletal structure, thus assessing their ability to lagsagrom a sub

microscopic representation to a symbolic representation (seeeFAR).

Q2.

In the molecule B, identify which of the atoms are closest to you, furthestfeamayou anc
middle distance away from you.

Atoms closest to you:

Atoms middle distance away from you:

Atoms furthest away from you:

Molecule B

Q6.

Draw the mirror image of the following molecule:

/ )

Mirror

Figure A.1: Example questions from basic structural/visualisation test givetyteat
undergraduate studer{fBest 1)























































































