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Cognitive Apprenticeship as a Vehicle for Enhancing the Understanding and
Functionalization of Organic Chemistry Knowledge

This paper presents a pedagogical experiment with parallel groups through which the effectiveness of the cognitive apprenticeship model
of dealing with the teaching topic Carboxylic acids and their derivatives was compared with the traditional approach to the elaboration of
this topic. This experiment featured the participation of 241 students aged 17, attending their third year of grammar school, natural
sciences stream. The experimental group consisted of 118 students, whereas the control group was made up of 123 students. Within the
framework of the experiment, a pre-test consisting of items that resembled regular textbook items was used as an instrument for checking
how balanced the previously acquired knowledge concerning the teaching topic Carboxylic acids and their derivatives of the students in the
two groups was. A post-test was used as an instrument for comparing the effectiveness of the two approaches, and it mostly consisted of
items that required the application of the knowledge concerning the teaching topic Carboxylic acids and their derivatives in solving real-life
problems. In the pre-test, no statistically significant difference in the overall percentage of correct answers given by the two groups of
students was established. In the post-test, the students from the experimental group scored a statistically significant higher percentage of
correct answers compared to the students from the control group. On the basis of this, it can be concluded that the applied cognitive
apprenticeship approach has the potential to improve the level of students’ understanding of the concepts from the topic Carboxylic acids
and their derivatives, as well as the students’ ability to apply the knowledge on the examples from real life.

Introduction

Understanding and the ability to apply scientific knowledge in various situations are central to a young person’s
preparedness for life in modern society, which is strongly shaped by science and technology (American Association for the
Advancement of Science /AAAS/, 1993; OECD, 2009; EURYDICE, 2011). Organic chemistry has enormous economic
significance and it is an essential part of everyday life. That is why it is important to increase the awareness of secondary-
school students of the relevance of organic chemistry in real life (Bailey and Bailey, 1971; Beasly, 1980; O’Dwyer and Childs,
2014). However, they usually find the organic chemistry curriculum difficult to understand (Bojczuk, 1982; Ratcliffe, 2002;
Jimoh, 2005; Childs and Sheehan, 2009).

The use of topics that are relevant to students’ lives promotes both the motivation to learn science (Osborne et
al., 2003; Vaino et al., 2012; Linnenbrink-Garcia et al., 2013) and a better understanding of scientific concepts (Winther and
Volk, 1994; Demircioglu et al., 2009; Schwartz-Bloom et al., 2011; Godin et al., 2014). However, traditional school science is
weakly connected to everyday life, technology and society (Ebenezer and Zoller, 1993; Aikenhead, 2006; Van Berkel et al.,
2009), as teachers “tend to favor abstract decontextualized ‘pure science’ “(Aikenhead, 2006, p. 63). This is not the only
problem that the students are faced with. Little attention is paid to developing the strategies that experts use in order to
acquire new knowledge and solve complex problems in real life. Usually, it is essentially a matter of mastering a few clichéd
procedures for solving textbook problems. On the other hand, improving students' problem-solving skills requires “both to
understand the nature of expert practice and to devise methods that are appropriate to learning that practice” (Collins et
al., 1989, p.455).

It has been shown that students learn more deeply and perform better on complex tasks if they have the
opportunity to engage in “authentic” learning — projects and activities that require them to employ subject knowledge to
solve real-world problems (Newman et al., 1995). By introducing authentic situations that show ways in which new
knowledge is linked with real life in the teaching process, the acquisition of this knowledge is facilitated (Brown et al.,
1989). Additionally, learning that occurs within the context of application is considered “more likely to result in improved
practice” (Dennen and Bruner, 2008). As a way to achieve authenticity that reflects the way in which knowledge can be
used in real-life, a teaching model called cognitive apprenticeship has been proposed. Cognitive apprenticeship is based on
the model of traditional apprenticeship, and it is designed to “enculturate students into authentic practices through activity
and social interaction” (Brown et al., 1989, p.37).

Cognitive apprenticeship

During the greater part of man’s history, acquisition of new knowledge was based on the traditional apprenticeship model.
In traditional apprenticeship, the learning process begins by having an expert show the apprentice how the procedure to be
mastered is carried out. Following this, the apprentice tries to perform the procedure independently, all the while under
the oversight and with the support of the expert. Acting upon the expert’s advice and guidance, the apprentice gradually
becomes more skilled and less dependent on the expert’s help. In the end, help is withdrawn altogether and the apprentice
is capable of performing the given procedure independently.

Cognitive apprenticeship is a model of instruction “that goes back to traditional apprenticeship but incorporates
elements of schooling” (Collins et al., 1989, p.453). Within the framework of the cognitive apprenticeship model, new
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knowledge is acquired with the same aim as in the case of the traditional model, which is to become equipped for
implementation of knowledge in real-life. That is why knowledge is acquired through a presentation of the ways of
implementing it for the purpose of solving real problems, “encouraging both a deeper understanding of the meaning of the
concepts and facts themselves, and a rich web of memorable associations between them and the problem solving contexts”
(Collins, 2006, p. 48). In this way, students have the opportunity to learn by actively using knowledge, rather than passively
receiving it. Also, they can be confronted with different conditions under which acquired knowledge can be applied (Collins
et al., 1989). Students can be encouraged to verbalize their own way of thinking during authentic problem solving, which
uncovers their understanding and misconceptions and ultimately refines their conceptual understanding (Cave, 2010).

The cognitive apprenticeship approach focuses on four dimensions that constitute any learning environment:
content, teaching methods, sequencing, and sociology (Collins, 2006):
1. Content
e  Domain knowledge: academic knowledge specific for a given subject
e  Heuristic strategies: general strategies that are effective when it comes to problem-solving
e  Control strategies: general strategies for directing one’s solution process
e  Learning strategies: strategies for learning domain knowledge, heuristic and control strategies
2. Teaching methods
e  Modeling: Teacher performs a task in order for students to observe how it is done
e  Coaching: Teacher observes how students solve a task and provides advice and guidelines which help them
in the process of solving
e Scaffolding: Teacher provides support to help the student perform a given task
e Articulation: Teacher encourages students to verbalise their knowledge and manner of thinking
e  Reflection: Teacher encourages students to evaluate their own performance
e Exploration: Teacher encourages students to formulate the problems that they are going to solve on their
own
3. Sequencing
e Increasing complexity: The complexity of the requirements is gradually increased
e Increasing diversity: Acquisition of knowledge in real-life contexts that are as diverse as possible, in order to
develop students' awareness of the various ways of its application
e  Global to local skills: Conceptualizing the whole task before executing the parts
4. Sociology
e  Situated learning: Students acquire new knowledge through solving real-life problems
e Community of practice: Communities within which members communicate about ways to accomplish
meaningful tasks
e Intrinsic motivation: Students are motivated to solve the problems because they consider them as relevant
to themselves and their surroundings
e  Cooperative problem-solving: Students work together in order to solve real-life problems.

Results of the study, which involves an environment of authentic science inquiry, indicated that the students’
conceptual knowledge increased and their beliefs about the nature of science changed to a more tentative perspective
when students apprenticed with expert scientists on the contemporary questions of molecular genetics (Charney et al.,
2007). This kind of work enables students to develop more sophisticated ways of thinking which include an increased ability
to generate hypotheses, consider alternative hypotheses, implement models and logical argumentation in explanations,
connect ideas, extend concepts, and ask questions. Another study in which the new knowledge was acquired in the same
way, but in the area of health-related research has shown that the research experiences increased student interest in
science careers (Davis, 1999).

Instruction according to the cognitive apprenticeship approach encompasses students working under the
oversight and with the support of a teacher, especially at the beginning of the learning process. Several studies in which
new knowledge was gained within the framework of authentic learning situations created in the classroom deal with
identifying the most effective scaffolding procedures. With the assumption that scaffolding in the form of reflection can
help students to become autonomous integrators of their knowledge, the effectiveness of different reflection prompts has
been considered. It has been found (Davis, 2003) that through generic prompts (asking students to "stop and think")
students develop a more coherent understanding as they work on a complex science project than within the framework of
scaffolding with directed prompts (hints indicating potentially productive directions for student’s reflection). Also, it has
been realized (Davis and Linn, 2000) that self-monitoring prompts, which encourage planning for and reflection on
activities, help students to demonstrate an integrated understanding of the relevant science while activity prompts, which
guide the inquiry process, are less successful in prompting knowledge integration.
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It is not easy for a teacher to provide continuous help and support for each student in the classroom. Learning
based on cooperative problem solving “provides students with an additional source of scaffolding, in the form of knowledge
and processes distributed throughout the group” (Collins, 1989, p. 489). The results of a study in which students solved
real-life problems in small groups, with subsequent discussion with other students and teachers, confirmed the
contribution of this approach to better training students to face ethical challenges in scientific research (Mabrouk, 2007). A
computer-based interactive learning environment allows adequate assistance to students at any time during the learning
process. In this way, it is possible to simulate situations from the real world, especially those that are not easy to
demonstrate in the classroom (Stockhausen and Zimitat, 2002). It has been shown (Hwang et al., 2009) that scaffolding
based on context-aware ubiquitous learning which integrates wireless, mobile and context-awareness technologies for the
detection of situation of learners in the real world, provides adaptive support or guidance to students, promoting their
learning efficiency and effectiveness in performing complex science experiments.

Scaffolding may include a combination of different forms of assistance in learning. For example, the combination
of written material, oral consultations with experts, as well as the teacher’s evaluation form as a basis for their reflection,
can contribute to improving the quality of scientific reading and writing (Kolikant et al., 2006). Consideration of the most
suitable type of real-life problems in physics teaching has shown that these are the problems that students set by
themselves (Roth and Bowen, 1995). A similar conclusion has also been reached within the field of mathematics teaching
(Schoenfeld, 1985).

The results of the study in which cognitive apprenticeship was used in order to teach the concept of causality
showed that this approach can increase immediate learning effects (Hendricks, 2001), i.e. the students improved their
understanding of the concept of causality. Many of them said that instruction was fun and different from standard science
instruction. However, the results of this study did not support the expectation related to the transfer of knowledge to real-
life situations, due to instructional conditions.

As it can be seen, none of these studies dealt with the effectiveness of the cognitive apprenticeship approach
when it comes to overcoming many of the problems concerning organic chemistry learning in high school. For instance, it
has been shown that high-school students perceive organic chemistry as an abstract subject (O’'Dwyer and Childs, 2011)
which they fail to learn primarily due to their lack of conceptual understanding (Duffy, 2006). Low levels of conceptual
understanding have been mainly associated with a rote memorization-orientated learning which occurs when students
simply memorize new information without considering how it relates to knowledge they already possess. Therefore it is
necessary to foster meaningful learning, in which the learner makes significant connections between new information and
prior knowledge (Bretz, 2001; Novak, 2002; Grove and Bretz, 2012). Alongside rote memorization, the main cause of the
lack of the conceptual understanding of organic chemistry lies in an algorithmic-orientated approach to learning that
presupposes using a limited number of problems with gradually-progressing solutions, through which the students are not
able to generate alternative ways of thinking (Nakhleh, 1993; Sanger, 2005).

When it comes to the determination of the most prominent misconceptions concerning organic chemistry
knowledge, it has been shown that the students have difficulty to understand the dependence of physical properties of
organic compounds such as solubility and boiling point of the presence of certain functional groups in their molecules. Even
though students were able to discern the functional groups, they were not able to sufficiently understand and correlate the
concepts regarding their properties (Akkuzu and Uyulgan, 2015).

Problems concerning the understanding of the concepts electrophile and nucleophile (Akkuzu and Uyulgan, 2015)
as well as students’ difficulties to explain the relation of these concepts to acids and bases have also been reported
(Cartrette and Mayo, 2011; Cruz-Ramirez de Arellano and Towns, 2014). Consequently it has been recommended that the
concepts of acid and base should be taught through various learning techniques by associating them with the concepts of
the nucleophile and the electrophile with respect to the reaction mechanisms (Anderson, 2009; Anzovino and Lowery Bretz,
2015). However, it has been shown that the students are also faced with great difficulties when it comes to the
understanding of the mechanisms of organic chemistry reactions, and that they fail to use mechanistic thinking to predict
the products of reactions, even when explicitly directed to do so (Grove et al., 2012).

The cognitive apprenticeship approach could be a good way of promoting students’ understanding of the key
concepts from the organic chemistry domain. Development of understanding of these concepts through solving real-life
problems makes the subject less abstract and students can become aware of why the knowledge that they acquire is
relevant for their lives. Learning based on the cognitive apprenticeship model is not rote memorization or algorithmic-
orientated. Given that the real-life problems are usually very complex and impossible to solve through the application of a
single algorithm, the students have an opportunity to connect the new knowledge with the knowledge that they already
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poses in new and diverse ways in order to find an adequate solution. Conceptual understanding occurs when the new
knowledge is connected with existing knowledge by using alternative ways of logical thinking.

The review of literature showed that the researchers were mainly focused on studying the effectiveness of only
one or two elements of the cognitive apprenticeship model, for example, comparing the effectiveness of various types of
scaffolding or real-life problems that the students had to solve. Not a single study reported the effects of an intervention in
which learning situations were designed according to all four dimensions of the cognitive apprenticeship model.
Consequently, none of the studies reported the effects of the application of such an intervention in teaching organic
chemistry to secondary-school students.

Given secondary-school students’ problems with understanding and functionalization of organic chemistry
knowledge, and the potential of the cognitive apprenticeship approach to overcoming them, which remains entirely
unconfirmed in literature, we found it important to conduct a study that would establish whether an approach designed
according to all four dimensions of cognitive apprenticeship model can contribute to secondary-school students’ better
understanding and transfer of organic chemistry knowledge to real-life situations.

The purpose of the study and research hypotheses

The purpose of this study was to examine the effects of the application of the cognitive apprenticeship model in organic
chemistry teaching in secondary schools. We started from the assumption that the cognitive apprenticeship approach has
the potential to contribute to overcoming some of the problems linked to the teaching of organic chemistry in secondary
schools, such as the students’ view that the subject is abstract and of little relevance to their lives, as well as their low
conceptual understanding of it. The construction of organic chemistry knowledge through solving of real-life problems
which represents the core of the cognitive apprenticeship approach prevents rote memorization and algorithmic-orientated
learning which are perceived as the principal causes of the poor conceptual understanding of organic chemistry. Also the
students could become more aware of the various ways in which the knowledge can be applied in real life. Therefore our
aim was to determine to what extent cognitive apprenticeship approach contributes to a better understanding of the
organic chemistry content and to the students being better equipped to apply knowledge acquired in this way in real life,
compared to the traditional approach.
In keeping with the aim of the study, the following research hypotheses were posed:

1. There is a significant difference in the effectiveness of the cognitive apprenticeship approach and the traditional
approach in terms of their contribution to a better understanding of the content of organic chemistry in secondary
school students, in favour of the cognitive apprenticeship approach.

2. There is a significant difference in the effectiveness of the cognitive apprenticeship approach and the traditional
approach in terms of making secondary school students better equipped to apply their knowledge of organic chemistry
in real life situations, in favour of the cognitive apprenticeship approach.

Methodology
Research design

According to the aim of the study and the research hypotheses, we conducted the pedagogical experiment with parallel
groups. The experiment was conducted within the framework of dealing with the teaching topic Carboxylic acids and their
derivatives. This topic was chosen according to the previously mentioned problems associated with the understanding of
organic chemistry concepts. Work with students from both groups encompassed a total of five regular classroom periods,
each lasting 45 minutes, two such periods per week. The schedule of activities and the teaching units in both groups are
presented in the Table 1.

Table 1 The schedule of activities and the teaching units in the experimental and the control group

Classroom  ACTIVITIES IN THE EXPERIMENTAL GROUP (TAUGHT BY THE ACTIVITIES IN THE CONTROL GROUP (TAUGHT BY THE
period no. RESEARCHER) REGULAR TEACHER IN EACH OF THE SCHOOLS)
1. Pre-testing Pre-testing

Dealing with the teaching topic Carboxylic acids and their Dealing with the teaching topic Carboxylic acids and their
derivatives according to the principles of the cognitive derivatives according to the principles of the traditional

apprenticeship model teaching approach
Carboxylic acids: structure, IUPAC and common names, Carboxylic acids: structure, IUPAC and common names,
2 physical properties, acidity of carboxylic acids physical properties, acidity of carboxylic acids
Esters: structure, IUPAC and common names, mechanism Esters: structure, IUPAC and common names, mechanism
3 of the esterification reaction, physical and chemical of the esterification reaction, physical and chemical


http://dx.doi.org/10.1039/c5rp00179j

Page 5 of 27 Chemistry Education Research and Practice
View Article Online
DOI: 10.1039/C5RP00179J

PRPRPOO~NOOUOPRAWDNPE

properties properties
Acyl halogenides, carboxylic acid anhydrides and amides: Acyl halogenides, carboxylic acid anhydrides and amides:
structure, IUPAC and common names, physical and structure, IUPAC and common names, physical and
4 chemical properties chemical properties
Comparing the reactivity of all classes of carboxylic acid Comparing the reactivity of all classes of carboxylic acid
derivatives derivatives
5. Post-testing Post-testing

Within the framework of the study, the students from both groups completed the pre-test during the first
classroom period (Appendix 1). The pre-test was used as an instrument for checking how balanced the previously acquired
knowledge concerning the teaching topic Carboxylic acids and their derivatives of the students in the control and the
experimental group was. The items in the pre-test required the academic knowledge and its’ application in solving usual
academic problems. The next three classroom periods were devoted to the elaboration of the teaching topic Carboxylic
acids and their derivatives, which was conducted according to the principles of the cognitive apprenticeship model with the
students from the experimental group, while the students from the control group elaborated this teaching topic according
to the principles of the traditional teaching approach. The first of these three classroom periods, for students in both
groups, was devoted to the elaboration of the teaching unit Carboxylic acids, the second was devoted to the elaboration of
the content concerning esters, while the third classroom period of the elaboration of this teaching topic was devoted to the
remaining carboxylic acid derivatives, i.e. acyl halogenides, acid anhydrides and amides (Table 1). Upon completing the
elaboration of the teaching topic Carboxylic acids and their derivatives in this way, within the framework of the fifth and
final classroom period of our study, students from both groups took the post-test (Appendix 2). According to the aim of our
study and the research hypotheses the items on the post-test were conceived so as to require the understanding and the
application of knowledge concerning the above mentioned teaching topic in solving real-life problems.

The intervention vs. the traditional teaching approach

A detailed presentation of the elaboration of the teaching topic Carboxylic acids and their derivatives with the students in
the experimental group is provided in Appendix 3. Each activity in the experimental group is preceded by the teacher’s
introductory presentation. The students carry out all activities in pairs, in accordance with the sociological principle of
cooperative problem solving. Each activity block presented in Appendix 3 contains the corresponding tasks in the work
sheet. While the students solve the task, the teacher monitors their work and obtains from them information on why they
opted for a particular way of solving the task. On the basis of this, the teacher provides feedback, guidelines (application of
coaching method) and specific forms of assistance in solving the task (application of the scaffolding method). When all the
pairs of students complete the tasks, the representative of each pair reports to the other students on the solution that the
pair found out. The teacher then asks the students to assess the correctness of the solution, and also to propose alternative
solutions with appropriate explanation. In this way, the strategies that various students used to solve the task become
visible to both the teacher and their peers (application of the articulation method). Through active communication that
develops at the level of the class with a common aim — finding a solution to a particular problem, the class is transformed
into a community of practice, which also contributes to stimulating the students’ intrinsic motivation.

The traditional teaching approach in the control group is teacher centered and involves the teacher presentation
of the academic content about carboxylic acids and their derivatives. Students listen to the teacher’s explanations, write
notes and at the end of each classroom period solve the textbook items related to the teaching unit that has just been
elaborated. These items are either open-ended or multiple choice types similarly like the items in the work sheet for the
experimental group.

The elaboration of the teaching unit Carboxylic acids with the students from the experimental group encompasses
activity blocks B1, B2 and B3 (Appendix 3). As it can be seen within the framework of the activity block B1, the students in
the experimental group learn where and how the selected carboxylic acids can be found and used in real-life (application of
the sociological principle of situated learning) even before they consider the chemical formulas, IUPAC and common names
of these acids. In order to write the chemical formulas of the carboxylic acids students have to apply their previous
knowledge concerning chirality of atoms and oxidation number of elements in organic compounds. In this way the rote
memorization of this content could be avoided and students are encouraged to link the previously acquired knowledge with
the new knowledge in a meaningful way. In order to make the lesson about carboxylic acids less abstract for the students
and to promote their intrinsic motivation, the examples of the application of carboxylic acids are chosen in regards to their
relevance for the students, from the perspective of their real life experience and interest. For example, lactic acid is dealt
with as a substance which accumulates in the muscles during sports training sessions and causes pain. According to the
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increasing diversity principle, the students learn how the same carboxylic acid can have different roles in different real-life
situations. For example, citric acid is dealt with as a substance that gives acidity to citrus fruits, as well as a substance which,
within the framework of the citric acid cycle, has a significant role in the production of energy in all aerobic organisms. In
contrast to this approach, the teacher in the control group presents to the students a list of the structural chemical
formulas of various mono-, di- and tricarboxylic acids and their IUPAC and common names. Real-life application of the
carboxylic acids is illustrated at the end of the lesson by a teacher.

The elaboration of the structure and nomenclature of carboxylic acids is followed by the elaboration of their
physical properties. The students in the experimental group are encouraged to presume and state the physical properties of
carboxylic acids on the basis of relation between the structure (the possibility of establishing hydrogen bonds, the presence
of polar groups in a molecule, the length of a carbon chain etc.) and physical properties of the previously elaborated organic
compounds. This approach is in accordance with the global to local skills principle (activity block B2). On the other hand, the
students in the control group listen to the teacher’s presentation and explanation of the carboxylic acids physical properties
(boiling point, solubility in water, smell).

The elaboration of the acidity of carboxylic acids with the students from the experimental group is based on the
increasing complexity principle (activity block B3). As previously discussed acidity of the organic compounds represents one
of the key organic chemistry concepts that the students find difficult to understand. In order to overcome this problem the
teaching/learning situation in which the students start to develop their understanding of this topic by applying the
knowledge of general chemistry concepts (the dissociation of week acid, K, and pkK, values) and the knowledge of organic
chemistry (the properties of acetic acid) from primary school, is designed. The students write the chemical equation of the
dissociation of acetic acid, then the equilibrium constant expression and, based on the given value of this constant, they
calculate the pK, value of acetic acid. This is followed by the teacher’s presentation of the pkK, values of other aliphatic
carboxylic acids and the explanation of the influence of the electronegative group on the a carbon atom on the pK, values
of chloroacetic acid, dichloroacetic acid and trichloroacetic acid (the application of the modeling teaching method). The
students then apply the new knowledge in order to determine pK, value of lactic acid. Following this, the teacher reminds
the students of the rule that a stronger acid can “squeeze out” a weaker acid from its salt and presents them with a
problem of discerning which one of the two given substances is propanoic acid (or which one is ethanol), on the basis of
their reactivity with sodium bicarbonate.

Zhou et al. (2015) documented that the students have difficulty with comparing the acidity of the acetic acid with
the acidity of inorganic acids, and in particular with the acidity of carbonic acid. Therefore, in order to promote students’
understanding of this concept, we presented them with a problem that requires the application of their previous
knowledge concerning the acidity of alcohols and carbonic acid. In order to additionally promote their conceptual
understanding the students solve this problem according to the principles of the Itakamura method of articulation. Firstly,
they propose hypotheses concerning which of the two substances would react with the sodium bicarbonate and why. This
is followed by the teachers’ demonstration of what really happens when sodium bicarbonate is added to propanoic acid
and ethanol. After that, in accordance with the sociological principles of cooperative problem solving and community of
practice a discussion in which all of the students and their teacher take part is conducted in order to draw conclusions on
the strength of aliphatic carboxylic acids compared to carbonic acid and alcohols.

On the other hand, the students in the control group listen to the teacher’s explanation about the factors that
influence acidity of acetic acid and how acidity of the aliphatic carboxylic acids can be compared with the acidity of carbonic
acid and alcohols. Also, they observe the demonstration of what happens when sodium bicarbonate is added to propanoic
acid and ethanol.

The next classroom period is devoted to the elaboration of the teaching unit concerning esters. The elaboration of
this teaching unit with the students in the experimental group encompasses activity blocks B4 and B5 (Appendix 3). In order
to introduce the students to both the reactions of esterification and the chemical properties of esters, the teacher
elaborates the general mechanism of the nucleophilic acyl substitution reaction (activity block B4) according to global to
local skills principle. In accordance with the recommendation that students’ understanding of the concepts nucleophile and
electrophile is best promoted if they are taught with respect to the reaction mechanisms, whilst elaborating the general
mechanism of the nucleophilic substitution reaction, the teacher also elaborates the electorphilic/nucleophilc nature of its
reactants and products. After this, the students are encouraged to apply the general mechanism on the examples of
reactions between alcohol and carboxylic acids, or between the esters and the nucleophiles. By the application of the
modeling method the general structure of esters, their IUPAC and common names are explained to the students by the
teacher. Following this, within the framework of the activity block B5, esters are presented to the students as the
components of perfumes. In this manner according to the sociological principle of situated learning the awareness of the
importance of the new knowledge in real life, as well as the intrinsic motivation of students, are encouraged. Based on this
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introduction the students are expected to conclude about the physical properties of esters, such as esters evaporate easily,
have a pleasant smell and do not dissolve in water, which is why they cannot be easily washed away from skin by sweat.
This is followed by a theoretical elaboration of these physical properties, based on the understanding of relations between
the physical properties and structures of already known molecules of organic compounds. The elaboration of the esters in
the control group comprises the teacher’s presentation of the structure and IUPAC and common names of esters, examples
of the esterification reaction, as well as the examples of reactions of esters with nucleophiles. Through the elaboration of
these examples, the students in the control group have the opportunity to realize that these reactions follow the
nucleophilic acyl substitution reaction mechanism. Also, the students listen to teacher’s explanation of the physical
properties of esters (boiling point, solubility in water, smell).

The final classroom period of the elaboration of the teaching topic Carboxylic acids and their derivatives is
devoted to the other classes of carboxylic acids derivatives, i.e. acyl halogenides, carboxylic acid anhydrides and amides. In
accordance with the principle of situated learning, the students in the experimental group are introduced to the various
compounds from the aforementioned classes of carboxylic acids derivatives through examples of their application in real-
life (activity block B6). This includes the use of urea in agriculture, acyl halogenides as lachrymatory substances, the use of
acetic acid anhydrates in the synthesis of heroin etc. The teacher in the control group presents the structural chemical
formulas of these substances and their physical properties. At the end of lesson the students in the control group listen to
teacher’s presentation of the examples of real-life application of the carboxylic acids derivatives.

The elaboration of the chemical properties of the carboxylic acids derivatives is conducted in accordance with the
global to local skills principle, i.e. according to the general mechanism of the nucleophilic acyl substitution reaction the
students in the experimental group write the mechanism of reactions of the given carboxylic acid derivatives with various
nucleophiles (activity block B8a). The situated learning is enabled by teacher’s explanation of these reactions in real-life
contexts, e.g. the irritation of the wet surfaces of the human organism, such as the surface of the eye or the mucous
membranes of bronchial tubes, is caused by the reaction between acyl halogenides and water. The students then compare
the reactivity of the carboxylic acid derivatives based on the fact that esters exist independently in nature, whereas acyl
halogenides do not. Also, students in the experimental group should conclude which class of these compounds is the most
convenient one for quick and easy organic syntheses in chemical industry (activity block B8b). In comparison to this
approach, the teacher in the control group writes series of examples of reactions of various carboxylic acid derivatives with
nucleophiles, and arranges the classes of derivatives according to their growing reactivity.

Participants

A total of 241 third-year grammar school students (aged 17), attending the natural sciences course of studies,
from three grammar schools in Serbia, participated in the study. Two of these grammar schools are located in Belgrade,
while the third one is in Sabac. The schools’ science committees were informed about the study. In order to obtain the
consent from the schools, the research proposal, i.e. the aims of research, who will be the participants in the research, the
research methodology, and the way of data using after the research, were presented during the first meeting with the
science committy in each school. During that meeting we discussed the benefits for the school related to the introduction
of the new approach to the elaboration of one theme which is present in the chemistry curriculum and the effects of this
way of work on the students’ achievements, as well as the expected activities of all participants according to the research
design. After that the necessary permissions were obtained from the schools’ governments and the contracts which
regulate the collaboration between the Faculty of Chemistry and each school were signed by the Faculty dean and the
principle of each school. The research sample was made up of 10 classes: four classes in each of the Belgrade grammar
schools and two classes from the Sabac grammar school. The classes for the experimental and control groups were chosen
randomly among the all classes of the third-year in each grammar school. This is a weaker design of the experiment (Taber,
2014), but it is in line with agreed ways of working with schools’ science committees and schools’ principles. The
experimental group was made up of five classes (118 students), namely: two classes from each Belgrade grammar school
and one class from the Sabac grammar school. The control group, encompassing 123 students, was made up of two classes
from each Belgrade grammar school and one class from the Sabac grammar school. One teacher from each of the above-
mentioned grammar schools participated in the study. The working experience of these teachers exceeds 20 years. They
worked with the students from the control group, whereas one of the researchers worked with the students from the
experimental group. Such a teaching arrangement was made primarily because, upon discussing the organization of the
experiment, the teachers had showed little enthusiasm for adopting the new approach themselves. Despite their vast
teaching experience, most of the teachers had heard about this kind of approach for the first time. They expressed that
they prefer to continue teaching in their usual way, while the researcher should be the one who try to do it in a “new way”.
Such an attitude can be attributed to several factors. It is well known that experienced teachers are less receptive to
proposed changes in their teaching (Hargreaves, 2005). We had to take into account the weekly workload of the teachers
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and respected their attitude toward the new approach. Compared to more than two decades of the school teachers’
experience, the researcher who worked with the students in the experimental group, a PhD student, is a relative novice
with less than five years of teaching experience. On the other hand, successful implementation of the cognitive
apprenticeship approach in the classroom requires both a thorough theoretical knowledge of the approach and the ability
to devise various ways for presentation of any given academic content according to its principles. Developing these skills
requires a lot of time and effort which, given the teachers’ already substantial workload, only added to their reluctance to
apply the approach in practice.

There is no getting around the fact that the researcher was well informed about the cognitive apprenticeship
approach and that therefore she could be considered as an expert when it comes to its application. On the other hand, the
teachers whose teaching experience exceeds 20 years can certainly be considered as experts when it comes to teaching in a
traditional way. Therefore, rather than making either side teach according to the approach that they were not enthusiastic
about to one group, and at the same time according to the approach in which they specialized to the other, we anticipated
that it would be more effective to simply compare the learning outcomes of the two different expert teaching practices,
even if it meant having two different teachers working with the students in the control and the experimental group. Such a
teaching arrangement, however, could have influenced the final outcome of our experiment.

At the very beginning of the study the students from each class in the experimental and the control group in the
research sample were informed about the working plan during the next five classroom periods. We explained to the
students in both groups the purposes of pre-test and post-test as the opportunity to get insight into the previous
knowledge and to monitor progress after the elaboration of the new theme. But, students were volunteers in the sense
that they could give up on solving the pre-test and the post-test, because these tests were the additional activities in
comparison with the school plan established at the beginning of the school year. On the other side, the elaboration of the
theme Carboxylic acids and their derivatives was completely in accordance with the school plan and the existing national
curriculum. According to the definition of the Hawthorne effect, being exposed to new factors in their working environment
and to the realization that they are participants in an experiment and thus objects of special attention, may prompt
individuals to temporarily improve their working performance. In order to overcome this effect the students in the
experimental group were informed by their regular teacher that the next teaching topic will be taught to them by a young
colleague as a part of a mandatory teaching practice session of her PhD training program. No emphasis was placed upon
the novel approach that the new teacher will implement. The students from both groups previously worked with graduate
students who completed mandatory teaching practice sessions in their schools. Within these sessions graduate students
taught lessons according to the various teaching approaches and administered tests of their own, so this was not a new
experience for them. As in the case of the tests administered by the graduate students, their regular teacher assured the
students in the experimental group that the marks they get on the tests administered by their new teacher will not be
known to him/her nor officially registered in their school portfolios. Knowing that their performance will not be officially
documented or known to their regular teacher eased the performance pressure that the students ordinarily feel upon
taking any other school test. We expected that this, in turn, helped minimize the influence of the Hawthorne effect. As for
the students in the control group, their regular teacher repeated the story of a young colleague teaching the next teaching
topic to some of the other classes as a part of her mandatory teaching practice session. The teacher assured them that the
colleague will not be working with them simply because her work schedule was incompatible with their chemistry lessons
timetable. However, out of courtesy to the visiting colleague, they will ,try out” two of her tests. The marks they get on
these tests will not be known to their regular teacher, nor officially registered. No mention was made of the fact that their
performance was being compared to the performance of the students working with the new teacher, nor that the new
teacher will implement a novel teaching approach.

It was not possible to prevent communication between the students taught by different teachers and that could
have easily led to comparisons of the ways in which their lessons were taught. Therefore, as a way of equalizing the
influences of the experimental intervention between different groups, which is noted in literature as a powerful tool for
minimizing the influence of the Hawthorne effect (Cook, 1967), we made sure that the general organization of the lessons
in both groups, at least at a first glance, appeared to be the same. For example, the teaching topic Carboxylic acids and their
derivatives was elaborated for the same amount of time in both groups, with the identical order of the teaching units.
Students from both groups completed worksheets during these lessons (which is a type of schoolwork that they were
already familiar with), and within the elaboration of the acidity of carboxylic acids the same experiment was performed by a
teacher in both groups. All of the lessons were realised according to the regular school schedule in the school laboratory —
the regular place for chemistry lessons.

Data collection
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The pre-test items referred to carboxylic acids and their derivatives, which the students had dealt with in the eighth year of
primary school, the protolytic theory of acids and bases, which had been taught to them in the first year of grammar school,
and also to the material making up the teaching topics Alkenes, Alcohols and Carbonyl compounds, which they had dealt
with in the course of the current academic year. The test items were of various types:

e  four multiple choice items (I1a, 13, 14, 111)

e three alternative choice items (18a, 110b, 110c)

e 15 open-ended items (the remaining items).

The students had previous experience in solving the above-mentioned types of tasks.

Given that the control and the experimental group should be as similar as possible before the experimental
intervention is introduced (Shadish et al., 2002), the results of the pre-test represent an important indicator of how well the
students in the two groups are matched when it comes to the previously acquired knowledge concerning a selected
teaching topic, at the beginning of the experiment. However, it has been shown that the pre-test can sensitize the students
in the experimental group to the intervention. Additionally, taking the pre-test may influence the outcome of the
subsequent identical post-test for students in both groups (Martella et al., 2013). In order to overcome these obstacles, we
applied one of the guidelines for devising the two tests (Cohen et al. 2006), which states that the pre-test and the post-test
may differ in form or wording, as long as they refer to the same content. Therefore, in our experiment the pre-test and the
post-test were two different tests. In this way, we avoided having the students from both groups doing the same test twice,
and by carefully constructing the items of our pre-test so as to resemble regular textbook items that do not require the
application of academic content in solving real-life problems (e.g. encircle the letter in front of the chemical formula of a
compound whose oxidation can produce carboxylic acid), we avoided sensitizing the students in the experimental group to
the experimental intervention. On the other hand, in order to collect data to verify the second research hypothesis, the
majority of the items in the post-test were conceived so as to require the application of the acquired knowledge concerning
the teaching topic Carboxylic acids and their derivatives in solving real-life problems (e.g. instead of the straight-forward
academic request to determine whether a given carboxylic acid is an a- or B-hydroxycarboxylic acid, the students were
asked to select an appropriate shampoo for persons with different skin types, on the basis of the type of the
hydroxycarboxylic acid that the proposed shampoos contained). For the purpose of gaining insight into the strategy applied
in solving the problems posed and the students’ manner of reasoning, in the last item of each task the students were
required to provide an explanation of the solution. In this way, we tried to collect data to verify the first research
hypothesis. Two items (16, I18) in the post-test had the sole purpose of checking the understanding of academic knowledge.
They refer to areas which secondary school students find rather difficult to understand. Those are the acid-based
characteristics of organic substances (Furio-Mas et al., 2007) and the mechanisms of organic reactions (Bojczuk, 1982;
Ratcliffe, 2002; Jimoh, 2005; Childs and Sheehan, 2009).

The tasks in the post-test were of the following type:

e one matchingitem (12b)
e 15 open-ended items (the remaining items).

We should note that the answers to both tests, in the items requiring an explanation, were only awarded points if
they were completed, that is, only if an explanation was provided, so that when it came to classifying the tasks according to
their types, these were presented as open-ended items. The principles for coding of the open-ended items on both tests
are presented in Appendix 4.

To confirm the content validity, the pre-test and the post-test were examined by a group of experts comprising
two university chemistry educators and five high school chemistry teachers, who have been teaching for over twenty years
in grammar schools in the cities of Belgrade and Sabac. Additionally, the pre-test and the post-test were piloted with 103
third-year grammar school students, in order to check its readability and understandability. Then, some minor revisions
were made in the light of the results of the pilot study to produce the final versions of tests.

To confirm the internal validity, the value of the alpha reliability coefficient (KR20) was established for both tests.
Also, for each item of the pre-test and the post-test, the values of the discrimination and the difficulty index were
established. The pre-test had a KR20 value of 0.86 for both the pilot study and the main study. The distribution of values of
the discrimination indexes and the difficulty indexes for each item of the pre-test is presented in Figure 1. As can be seen
from Figure 1, the values of the discrimination indexes range from 0.2 to 0.89, whereas the values of the difficulty indexes
range from 0.3 to 0.79.
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Fig. 1 The distribution of the values of the discrimination indexes and the difficulty indexes for each item of the pre-test

As for the post-test, a KR20 value of 0.85 for the pilot study and a KR20 value of 0.87 for the main study were
established. The distribution of the values of the discrimination indexes and the difficulty indexes for each item of the post-
test is presented in Figure 2. As can be seen from Figure 2, the values of the discrimination indexes range from 0.4 to 0.89,
while the values of the difficulty indexes range from 0.3 to 0.79.
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Fig. 2 The distribution of the values of the discrimination indexes and the difficulty indexes for each item of the post-test

On the basis of the established KR20 values of 0.86 for the pre-test and 0.87 for the post-test, which are
considerably higher than the lowest value allowed of 0.70 (Nunnaly, 1978), we can conclude that both tests have a
relatively high degree of intrinsic value. According to that the pre-test and the post-test can be applied without any further
revision (Peterson et al., 1989; Ozmen, 2008), since their values, except for the values of one discrimination index for the
pre-test, exceed 0.3.

Results and discussion

By using the SPSS software program for statistical analysis, we determined the overall percentage of correct answers in
both tests, in both groups. The statistical significance of the difference in the overall percentage of correct answers
between the groups was examined by means of a t test. Additionally, for each item on both of the tests we provided 2 x 2
contingency table, as well as the corresponding values of the chi-square test of independence.

Table 2 contains the overall percentage of correct answers, pgand py in each of the groups on the pre-test, as well
as the t (240) value of the test. The maximum score on the pre-test is 22.

Table 2 The overall percentage of correct answers and the t (240) value of the pre-test
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Group Overall Pe - Pk t (240)
percentage of (%)
correct
answers
Experimental 51.0
0.0 0,0t
Control 51.0
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t The difference in the overall percentage of correct answers in the experimental and the control group is not statistically significant at the

level of p <.05.

3.

However, nonsignificant t-test does not necessarily mean that the two groups are identical. Therefore, in order to
determine whether the students from the control and the experimental group had equal knowledge at the beginning of the
experiment, we followed the “two one-sided t tests” procedure recommended by Lewis and Lewis (2005). Following this
procedure, we determined that t; and t, have the identical value of 3.08. Given that the value of both t; and t, is higher
than the t(;.,q) (a=0.1) value, it can be concluded that the students from the control and the experimental group had equal
knowledge at the beginning of the experiment.
The values of the chi-square test of independence for each item contained in the pre-test are presented in Table

Table 3 The results of the pre-test

&2 Items Number of correct Number of Number of correct Number of xz (1, N=241)
&3 answers in the incorrect answers in answers in the incorrect answers
%4 experimental group the experimental control group in the control group
%5 group
%6 11a) 75 43 79 44 0.01
%7 11b) 61 57 66 57 0.09
%8 12 H,0 80 38 73 50 1.85
yg 12 H,SO, 38 80 36 87 0.24
%0 12 K,Cr,0, 69 49 76 47 0.28
%1 13 89 29 86 37 1.15
82 14 67 51 71 52 0.02
%3 I5 45 73 53 70 0.61
:%4 16a) 51 67 46 77 0.85
§5 16b) 34 84 39 84 0.24
%6 17a) 48 70 48 75 0.07
17b) 74 44 68 55 1.37

37 17¢) 67 51 76 47 0.63

38 17d) 38 80 35 88 0.40

39 18a) 62 56 68 55 0.18
40 18b) 39 79 36 87 0.40
41 19a) 62 56 58 65 0.70
42 19b) 64 54 68 55 0.03
43 110a) 68 50 73 50 0.07
44 110b) 77 41 79 44 0.03
45 110¢) 77 e 79 44 0.03
46 111 38 80 62 61 8.22*
a7 * The value of the chi-square test of independence is statistically significant at the level of p <.01.

48

49

50 Based on these results, it can be concluded that there are no statistically significant differences in the knowledge
51 of the experimental and the control groups concerning the following contents:

52 e the chemical properties of alkenes, alcohols and carbonyl compounds (11, 12);

53 e the spread of carboxylic acids in nature (13 and 14);

54 e the physical properties of alcohols and carbonyl compounds (15, 16);

55 e the proteolytic theory of acids and bases (17, 18);

56 e the terms electrophilic and nucleophilic (19, 110).

57 When it comes to |1, students in both groups were relatively successful in selecting a primary alcohol as a
58 substance that can be oxidized to a carboxylic acid and producing an appropriate formula of that carboxylic acid. However,
59
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some of the students in both groups that within I1a correctly selected benzyl alcohol, incorrectly presented the oxidation
product as a carboxylic acid in which the benzene ring and the carboxylic group are connected with one —CH,- group. Index
of difficulty value of I1a is well above 0.35, so it is unlikely that many of the students guessed the correct answer to this
multiple-choice item. When it comes to the students in both groups whose answers on I1la were coded as incorrect,
majority made no attempt to solve this item, whilst a few of them selected phenol. These students presented a formula of
benzoic acid in 11b, whilst the rest of the students in both groups whose answers were coded as incorrect made no attempt
to solve this item. When it comes to 12, students in both groups showed relatively poor knowledge of the fact that sulphuric
acid serves as a catalyst for the reaction of alkene hydration (12 H,SO,). With the exception of two students in the control
and eight students in the experimental group who actually wrote the formula of potassium dichromate as a catalyst for this
reaction, the remaining students in both groups whose answers were coded as incorrect made no attempt to solve this
item. When it comes to 12 K,Cr,05, the majority of the students from both groups whose answers were coded as incorrect
presented the chemical formula of potassium dichromate as K,CrO; KCr,0; or K,Cr,0s. When it comes to 13, students in
both groups demonstrated good knowledge of the fact that vinegar represents 5% water solution of acetic acid. Students
from both groups whose answers were coded as incorrect either selected propanoic acid instead of the ethanoic acid or
made no attempt to solve this item. When it comes to 14, students in both groups demonstrated relatively good knowledge
of the facts that anthill's characteristic smell and skin irritation in contact with nettles are caused by methanoic acid.
Students from both groups whose answers were coded as incorrect either selected benzoic acid instead of the methanoic
acid or made no attempt to solve this item. Given that index of difficulty values of these two multiple-choice items were
above the value of 0.35, it is not likely that many of the students in both groups managed to guess the correct answers.
Within the framework of I5 and 16 students had to arrange the three given substances in a sequence based on increasing
boiling point and increasing solubility in water, respectively. Overall, students in both groups experienced some difficulties
with these two items. Majority of students in both groups whose answers were coded as incorrect on 15 made no attempt
to solve this item. The remaining few of these students produced an incorrect sequence that had butane as the first, 1-
butanol as the second and acetone as the third sequence member, with no corresponding explanation. When it comes to
16a and 16b, majority of students in both groups whose answers were coded as incorrect made no attempt to solve these
items, whilst some of them produced a correct sequence with no corresponding explanation for 16a. 17 and 18 checked
students’ general knowledge concerning acidity/basicity. When it comes to 173, 17b, 17c and 17d, in general, students in both
groups either answered them correctly or made no attempt to solve them. They experienced the greatest difficulty with 17d
where they were expected to present the mathematical ratio of the equilibrium constant of the reaction of the dissociation
of acid HA and the pK, value of this acid: pK, = - log,oK,. Within 18a, based on the pK, values, students had to determine
which of the two given acids is stronger, whilst in 18b they had to apply this knowledge in order to determine whether the
given reaction of acid and salt is possible. As it can be seen in Table 3, the number of correct answers on 18b was lower than
the number of correct answers on 18a, which could imply that some of the students whose answers were coded as correct
on I8a actualy guessed the correct solution. However index of difficulty value for item 18a is 0.54. Therefore, it is more likely
that some of the students in both groups, who knew how to determine which of the two acids is stronger, simply had no
idea how to apply this knowledge when it comes to the reaction of acid with salt. Within 19a and I9b students were
expected to define the terms nucleophile and electrophile. Majority of students in both groups whose answers were coded
as incorrect made the attempt to solve these items, but incorrectly defined nucleophile as a negatively charged atom,
group or substance. Some of the students wrote that the -OH group of alcohols represents a nucleophile. In 19b electrophile
was incorrectly defined as a negatively charged atom, group or substance, whilst some of the students from both groups
simply wrote that the carbon atom in the carbonyl group of aldehydes and ketones is electrophilic. Within 110 students
were expected to apply the knowledge concerning electrophiles and nucleophiles on a carboxylic group in the general
formula of the carboxylic acids. Since the number of correct answers on 110a, 110b and 110c was slightly higher than the
number of correct answers on 19a and I19b in both groups, it seem that in some cases even such inadequate knowledge
concerning electrophiles and nucleophiles was sufficient to solve these items correctly. 110b and 110c were alternative
choice items, but their index of difficulty values were 0.43 so it is unlikely that many of the students in both groups actually
managed to guess the correct answers on these items. The only discrepancy between the two groups in the pre-test
occurred in connection with the notion of esters (111), of which the students learn in the final year of primary school. In the
control group, there was a statistically significant higher value of chi-square test of independence in this item compared to
the experimental group. The index of difficulty for this multiple-choice item was 0.55. About a half of the students in the
control group whose answer was coded as incorrect selected answer c) which stated that esters cannot be found in fats,
whilst the rest of them made no attempt to solve this item. When it comes to the students in the experimental group
whose answers were coded as incorrect, about 30% of them selected answer a), 45% selected answer c), whilst the rest of
them made no attempt to solve this item.

Table 4 contains the overall percentage of correct answers pr and py for both groups and the t (240) test values
used to examine the statistical significance of the difference in the overall percentage of correct answers in the
experimental and the control group on the post-test. The maximum score on the post-test is 17.
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Table 4 The overall percentage of correct answers and the t (240) value of the post-test

Group Overall Pe - Pk t (240)
percentage (%)
of correct
answers
Experimental 54.0
15.7 +2.54%*
Control 38.3

** The difference in the overall percentage of correct answers in the experimental and the control group is statistically significant at the
level of p <.05.

The t (240) test value shows that the students in the experimental group achieved a statistically significant better
overall percentage of correct answers than those in the control group.

The results of the chi-square test of independence for each item contained in the pre-test are presented in Table
5. The maximum score on the post-test is 17.

Table 5 The results of the post-test

Items Number of Number of Number of Number of xz(l, N=241)
correct answers incorrect correct answers incorrect
in the answers in the in the control answers in the
experimental experimental group control group
group group

11a) 81 37 49 74 20.11%*

lleq 53 65 44 79 2.09
12 1a 87 31 96 27 0.615

12 ca 74 44 69 54 1.09

12 ta 62 56 68 55 0.18

12 sa 85 33 76 47 2.85
12 Marija 44 74 29 94 5.36**
12 Milica 44 74 29 94 5.36**
13 74 44 57 66 6.50*
14 68 50 51 72 6.29*

15 97 21 89 34 3.31
16 54 64 20 103 24.64%*
17a) 46 72 30 93 5.94**
17b) 61 57 17 106 39.46%*
18a) 48 70 26 97 10.81*
18b) 48 70 26 97 10.81*
19 57 61 24 99 22.37*

* The value of the chi-square test of independence is statistically significant at the level of p <.01.
** The value of the chi-square test of independence is statistically significant at the level of p <.05.

The values of the chi-square test of independence indicate that in 11 out of 17 items of the post-test there were a
statistically significant higher number of correct answers in the experimental group than in the control one.

More specifically, the chi-square test of independence values presented in Table 5 indicate that the students in
the experimental group had a statistically significant higher number of correct answers on all items on the post-test that
required the application of the knowledge in authentic situations, with the exception of I5. Namely, I1a required the
application of the knowledge concerning the acidity of carboxylic acids, 12Marija and 12Milica checked the students’ ability
to link their knowledge of the structure of carboxylic acids to their application, 13 and 14 referred to the application of the
knowledge concerning the physical properties of carboxylic acids and their derivatives, whilst 17 and 19 required the
application of the knowledge concerning the chemical properties of these substances in authentic contexts. Therefore, the
cognitive apprenticeship approach has the potential to promote the transfer of the organic chemistry knowledge to the
real-life situations. This potential can primarily be attributed to its focus on knowledge acquisition through presentation of
the ways of its implementation in the real-life. The traditional approach, on the other hand, primarily focuses on the
acquisition of pure academic content. For example, the students in the experimental group learned when and how various
carboxylic acids can be applied in real-life, even before they learned their structural chemical formulas. The students in the
control group were presented with a list of structural chemical formulas of various carboxylic acids, and only after the
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presentation of the entire academic content concerning these substances was completed the teacher enlisted where and
how some of them can be used in real-life. When the students in the experimental group learned about physical and
chemical properties of carboxylic acids and their derivatives they did so through the elaboration of how these properties
affect their application in various real-life situations. For example, esters have a pleasant smell, they evaporate easily and
are insoluble in water, which is why they are components of perfumes, or acyl halogenides react with water present on the
wet surfaces of human eyes and cause severe irritation, which is why they are categorized as lachrymatory substances. In
contrast to this approach, the students in the control group were explained the physical properties of carboxylic acids and
their derivatives (boiling point, solubility in water, smell), and the chemical reactions that they take part in.

The chi-square test of independence values presented in Table 5 further indicate that the students in the
experimental group had a statistically significant higher number of correct answers on all items on the post-test that
checked their understanding of the acquired knowledge, with the exception of I5. Namely, I1a and 16 checked the students’
understanding of the acidity of carboxylic acids. Within 16 students were asked to select an approprite value of the pkK,, of
oxalic acid, and based on their knowledge concerning the factors that influence the acidity of carboxylic acids, provide an
explanation for their choice.

Students in the experimental group significantly outperformed the students in the control group on this item. At
the same time, answers that were coded as incorrect did not differ greatly between the two groups, as in most of these
cases students made no attept to solve the item. Within the framework of I1a students had to determine which of the three
substances (vinegar, aceton and alcohol for medicinal purposes) can be used for removal of limescale and on the basis of
their knowledge concerning the acidity strenght of these substances provide an explanation for their choice. Students in the
experimental group significantly outperformed the students in the control group on this items, whilst the answers that
were coded as incorrect also differed between the two groups. Of the 37 students in the experimental group whose
answers were coded as incorrect, about a half selected vinegar as an appropriate substance for removal of limescale but
offered no explanation for such a choice, whilst the rest of them made no attempt to solve this item. On the other hand,
about 80% of the students in the control group whose answer was coded as incorrect made no attempt to solve this item,
but the rest of them selected alcohol stating that as a relatively polar substance it can be used to dissolve limescale.

13 and 14 checked students understanding of the knowledge concerning the physical properties of carboxylic acids
and their derivatives. Within the framework of 13 students had to explain how urea (both groups were introduced to the
structure as well as IUPAC and common name of this substance during the elaboration of the teaching topic Carboxylic acid
and their derivatives) can help to retain the water on the surface of human skin. Within the framework of 14 the students
had to determine which of the three given substances (methyl ethanoate, propanamide, ethanoyl chloride) has the highest
boiling point and explain why it is so. Students in the experimental group significantly outperformed the students in the
control group on both items, but answers that were coded as incorrect also differed between the two groups. In majority of
these cases in the experimental group students made no attempt to solve 13, whilst on 14 most of them selected
propanamide but provided no explanation for their choice. On the other hand, nearly a half of these students in the the
control group stated that urea reacts with water, and presented a chemical equation of the reaction of hydrolysis in which
one or both —NH, groups of urea were replaced by the —OH group. When it comes to 14, about one third of the students in
the control group whose answers were coded as incorrect made no attempt to solve the item, the second third selected
propanamide but provided no explanation for such a choice, whilst the rest of them selected ethanoil chloride and stated
that it has the highest boiling point because it is the most reactive.

Students in the experimental group also significantly outperformed the students in the control group on all three
items (17, 18 and 19) that required a deep understanding of the chemical properties of carboxylic acid derivatives while the
answers that were coded as incorrect differed between the two groups on 17a and I8. Within the framework of 17 students
had to select an appropriate substance for synthesis of aspirin in the given circumstances. When it comes to 17b, most of
the students in both groups whose answers were coded as incorrect selected ethanoyl chloride as a substance of choice for
the synthesis of aspirin in the presence of a powerful ventilation system, but failed to provide an explanation for such a
choice. When it comes to 17a, most of the students in the control group whose answeres were coded as incorrect made no
attempt to solve this item. The same can be said for about 55% of such students in the experimental group, whilst the rest
of them selected ethanamide but provided no explanation for their choice. Withinh the framework of 18, by applying the
knowledge of the mechanism of the esterification reaction students had to derive the formula of whiskey lactone. Whilst
the students in the experimental group whose answeres were coded as incorrect either made no attempt to solve this item
or presented a lactone ring that had four or six angles instead of five, nearly 45% of these students in the control group
stated that this is actualy an dehydratation reaction and as its’ end product presented a carboxylic acid with a double bond
between C3 and C4 atoms. |19 basically checked students understanding of the factors that influence the equilibrium of the
reaction of esterification. In this instance, both the students in the control and the experimental group whose answers were
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coded as incorrect either made no atempt to try to solve this item or selected one of the two given options but provided no
explanation for their choice.

On the basis of these results, we can say that the cognitive apprenticeship approach has the potential to promote
students’ better understanding of the organic chemistry content. This can be attributed to several factors. Within the
framework of the cognitive apprenticeship approach the students were given the opportunity to acquire new knowledge
through examples of its application in solving real-life problems and were constantly encouraged to link the new knowledge
with the knowledge that they already possessed, all of which promotes conceptual understanding. Additionally, when faced
with various types of academic content, various teaching methods and principles of the cognitive apprenticeship approach
can be applied and combined in order to ensure that all types of content are presented to the students in the most
appropriate way. On the other hand, the traditional teaching approach makes little reference to the use of academic
content in real-life and most of it is presented to the students in the same way.

Within the framework of the first four segments of item two, the students were expected to write the structural
chemical formulas of the given carboxylic acids, whilst within the framework of the second half of item one the students
were required to write the equation of the chemical reaction between acetic acid and sodium bicarbonate. Concerning
these requirements, the difference in the number of correct answers of the students from the two groups is not statistically
significant. Therefore, the cognitive apprenticeship approach did not prove to have more potential than the traditional
approach when it comes to promoting students writing the chemical formulas of organic compounds or writing equations
of organic chemistry reactions. Compared to the requirements for understanding and application of the acquired
knowledge in real-life situations of most of the other items of the post-test, these requirements were relatively simple.
Therefore, the reason for the lack of a statistically significant difference in the effectiveness of this approach compared to
the traditional approach probably does not lie in the complexity of the requirements of these items but, once again, in the
very nature of the two approaches. As previously stated, the traditional teaching approach encourages rote learning of the
chemical formulas of as many carboxylic acids as possible. On the other hand, teaching based on the cognitive
apprenticeship model encourages the students to perceive the characteristics of the structure of a given carboxylic acid (for
example, how many carboxylic groups there are, whether there is a nucleophilic core in the vicinity of a carboxyl group,
etc.) and to understand how the structure influences their physical and chemical properties and their application in real life.
In accordance with this, most of the students in the experimental group who tried to write the structural formula of lactic
acid were correct about the existence of a hydroxyl group on the a carbon atom, but replaced the methyl group with a
hydrogen atom or with some other alkyl group. In the case of citric acid, several students in the experimental group noted
only verbally that this carboxylic acid contains three carboxyl groups. When it comes to chemical reactions, the cognitive
apprenticeship approach insists on understanding their mechanisms and their application in real life, whilst the traditional
model insists on their correct presentation in the form of chemical equations. Therefore, even though a large number of the
students from the experimental group wrote the correct chemical formulas of the reactants and the products in the
chemical equation representing the reaction between acetic acid and sodium bicarbonate in item I1b, some of them forgot
to write the corresponding coefficients in the equation. Consequently, their answers were coded as incorrect and on
account of this the number of correct answers in the two groups does not differ in a statistically significant degree for this
item.

Within the framework of 15, the students were expected to propose a way of distinguishing which of the given
substances is hexanoic acid and which is ethyl buthanoate. This is a relatively complex item which requires a thorough
understanding and the application of knowledge concerning the physical and the chemical properties of carboxylic acids
and their derivatives, and the cognitive apprenticeship approach had proved to have the potential to be effective for these
purposes. However, the difference in the number of correct answers of the students from the two groups is not statistically
significant, so the cognitive apprenticeship approach did not prove to be more effective than the traditional approach when
it came to the requirements of this particular item. A lack of any statistically significant difference in achievement
concerning 15 could be linked with the results of 111 from the pre-test, where, before the intervention, a statistically
significant difference was established in favour of the control group. When solving I5 in the post-test, the students in the
experimental group offered a number of different solutions (distinguishing the given substances on the basis of smell,
solubility in water, the boiling point, reaction with sodium bicarbonate), which indicates that the cognitive apprenticeship
model has the potential to enable students to approach solving any given problem from a number of diverse angles.
Meanwhile, almost all the students from the control group proposed only distinguishing on the basis of smell. This,
however, is a characteristic of which they already demonstrated a statistically significant better knowledge in 111 in the pre-
test. It is possible that this initial advantage that the students in the control group had, managed to neutralize the
advantage that the cognitive apprenticeship approach provided for the students in the experimental group when it comes
to understanding and the functionalization of the newly acquired knowledge about carboxylic acids and their derivates, so
that in the end the achievement of the students from the two groups on I5 in the post-test turned out to be essentially
equal.
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Finally, as it can be seen in Tables 2 and 4, the overall percentage of correct answers in the experimental group
went from a 51% on the pre-test to a 54% on the post-test while the control group actually declined from a 51% on the pre-
test to a 38% on the post-test. As previously explained, the pre-test and the post-test were two different tests and we
believe that one of the causes of such results could lay in the way in which the items on the post-test were conceived. The
items on the pre-test, as previously discussed, resembled the items in the chemistry textbook, i.e. they were conceived as
straightforward academic questions or requests, and the students from both groups were well used to dealing with them.
On the other hand, in order to obtain answers to our research questions, the majority of the items in the post-test were
conceived so as to require the application of the acquired knowledge in solving real-life problems. This was the first time
that the students from both groups encountered test items conceived in such a way. It is possible that being faced with an
unfamiliar form of the test items in the post-test for the first time made it more difficult for students in both groups to
demonstrate efficient and consistent use of the newly acquired knowledge and skills.

Conclusions

The pedagogical experiment presented in this paper was conducted in order to determine the effectiveness of the cognitive
apprenticeship model in organic chemistry teaching in secondary schools, to what extent this approach contributes to a
better understanding of the organic chemistry content and to the students being better equipped to apply knowledge
acquired in this way in real-life, compared to the traditional approach. The experiment was conducted within the
framework of dealing with the teaching topic Carboxylic acids and their derivatives. On the basis of the results obtained and
concerning the two research hypotheses that we posed, following conclusions can be made:

e  Concerning the first research hypothesis we can conclude that the cognitive apprenticeship approach has the potential
to contribute to a better students’ understanding of the organic chemistry concepts. This corresponds to the results of
the study conducted by Roth and Bowen (2009), which indicated that the cognitive apprenticeship model contributes
to a better understanding of scientific concepts in comparison with the traditional teaching. It is also consistent with
the related literature indicating that learning based on problem solving in the framework of authentic learning
situations, promotes deeper understanding of the acquired knowledge (Winther and Volk, 1994; Newman et al., 1995,
Demircioglu, 2009; Schwartz Bloom et al., 2011; Godin et al., 2014). Within the framework of the intervention
presented in this paper, every learning situation was developed taking into account all four dimensions (content,
teaching methods, sequencing, and sociology) of the cognitive apprenticeship model. Various teaching methods and
principles of approach were combined in order to ensure that all types of content were presented to the students in
the most appropriate way. Students were given the opportunity to acquire new knowledge through examples of its
application in real-life contexts and were constantly encouraged to link this new knowledge with the knowledge that
they already possessed. The post-test results indicated that this approach can contribute to the students’ better
understanding of the elaborated concepts. However, overall improvement of the achievement of the students in the
experimental group after the applied intervention was very slight and therefore the first research hypothesis can’t be
fully confirmed.

e  Concerning the second research hypothesis we can conclude that the cognitive apprenticeship approach has the
potential to improve the secondary school students’ ability to apply the knowledge about organic chemistry concepts
on the examples from real-life. This finding is inconsistent with the results of the only other study (Hendricks, 2001)
that checked the effectiveness of the cognitive apprenticeship approach when it comes to promoting the transfer of
acquired knowledge to real-life, but supports the claim of Dennan and Bruner (2008) that learning within the context
of application contributes to improved practice. The potential of the cognitive apprenticeship approach when it comes
to promoting knowledge transfer to authentic situations primarily lies in its focus on knowledge acquisition through
presentation of the ways of its implementation in real-life, which stands in marked contrast to the traditional
approach’s focus on acquisition of pure academic knowledge. However, overall improvement of the achievement of
the students in the experimental group after the applied intervention was very slight and therefore the second
research hypothesis can’t be fully confirmed.

The results of our study further indicate that whilst the cognitive apprenticeship approach has the potential to be
more effective than the traditional approach when it comes to relatively complex requirements for deep understanding and
transfer of acquired organic chemistry knowledge to real-life, the same cannot be said for the requirements such as writing
structural chemical formulas and the equations of chemical reactions of organic compounds. The reason for this could be
found in the nature of the two approaches. When it comes to the structural chemical formulas of organic compounds, the
traditional approach presupposes memorising as many of them as possible, whilst teaching based on the cognitive
apprenticeship model encourages the students to perceive the characteristics of the structure of a given substance and to
understand how the structure influences its physical and chemical properties and corresponding application in real-life.
When it comes to chemical reactions, the cognitive apprenticeship approach is focused on understanding the reactions’
mechanisms and corresponding application in real-life, whilst the traditional model is focused on the correct presentation
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of chemical equations. Therefore, in the future it would be of interest to consider the ways in which the application of the
cognitive apprenticeship approach could be modified in order to make it more effective in regard to these requirements.

Nevertheless, the results of our study indicate that the intervention based on the cognitive apprenticeship model
that we applied has a potential to contribute to the improvement of the teaching about carboxylic acids and their
derivatives in secondary schools. Specifically, the results of our study indicate that teaching based on the global to local
skills principle within the framework of which the teacher first elaborated the general mechanism of the nucleophilic acyl
substitution reaction and then encouraged the students to apply this knowledge to the concrete examples of the reaction
of esterification or the reactions of carboxylic acid derivatives with various nucleophiles facilitated learning about the
chemical properties of these substances. The teaching based on the increasing difficulty principle that encompassed the
application of the modelling teaching method and the Itakamura method of articulation facilitated the acquisition of
knowledge concerning the acidity of carboxylic acids. Furthermore, the teaching based on the global to local skills principle
that encouraged the students to derive most of the physical properties of carboxylic acids and their derivatives on their
own, on the basis of the previously observed relationship between the structure and physical properties of already
elaborated-upon classes of organic compounds, facilitated the acquisition of knowledge concerning these properties.
Acquisition of all knowledge was further facilitated by the general organization of the lessons that featured cooperative
problem solving in small groups with the teacher’s constant support in the form of coaching and scaffolding, and a
presentation of knowledge in real-life contexts that are relevant to the students, which in turn promoted their intrinsic
motivation.

To end with, it is important to note that, in order to successfully implement the cognitive apprenticeship approach
in the classroom, the teacher must poses both a deep understanding of the model’s principles and methods and the ability
to combine them in different ways in order to provide effective presentation of the various types of academic content.
Developing these skills requires a lot of time and work which is why the teachers who took part in our study, already heavily
burdened by the substantial workload of their regular lessons, showed very little enthusiasm when they were asked to
implement it in their teaching. In order to make the effort that is necessary for overcoming the obstacles that stand in the
way of introducing a major change in their teaching practice, the teachers must be fully aware of the potential benefits of
that change (Greenberg & Baron, 2000). But, it turned out that although all of the teachers who participated in our study
had more than two decades of teaching experience, they heard of the cognitive apprenticeship approach for the first time.
Therefore, we find it important that in the future teachers get the chance to learn about the cognitive apprenticeship
approach and its benefits and develop skills necessary for its implementation in the classroom as a part of their initial
teacher training.

Limitations

It is important to note that, despite the measures taken to reduce Hawthorne effect, its impact caused by both the
intervention and the fact that the students in the experimental group worked with one of the researches instead of their
regular teacher, who taught only the students in the control group, may still be responsible for a part of the gains observed.
The potential of the cognitive apprenticeship approach to contribute to better understanding and knowledge transfer to
real-life situations was established within the framework of dealing with the teaching topic Carboxylic acids and their
derivatives. Further studies confirming our findings in situations where this approach is applied in teaching various other
organic chemistry topics are necessary in order to make these findings more readily generalizable to the entire field of
organic chemistry teaching in secondary schools.
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Appendix 1

The pre-test

Item 1

Item 2

a) Encircle the letter in front of the chemical formula of a
compound whose oxidation can produce carboxylic acid:

On the line, write the chemical formula of the reactant,
and above the arrow, where necessary, write the
chemical formulas of the substances that are the

a) oH b) CH, ) OH d) OH necessary components of the reaction mixture so as to
Ho CHy H3C4<> get the given reaction products: o
CH
CHy ° HaC—\ H3C%
HC=CH, , RN OH OH
b) Write the chemical formula of the carboxylic acid that is
created through the oxidation of that compound:
Item 3 Item 4

Encircle the letter in front of the chemical formula of a
compound whose 5% water solution is called vinegar:

Identify the compound on the basis of the following
information and encircle the letter in front of its

a) b) c) d) chemical formula. The compound causes skin irritation in
OxOH /0 //O HyC //O contact with nettles. It gives an anthill its characteristic
< H3C—\ smell.
OH OH OH
a) b) c) d)
o OH 0 0 HsC 0
NS 3
h ¢ owed A
X
OH OH OH
Item 5 Item 6

Arrange the compounds whose chemical formulas are
supplied below in a sequence based on increasing boiling
point (the first member of the sequence should have the
lowest boiling temperature, and the last one the highest).

HaC o HaC
N\ om Hio—{ -

CHg3

3

Provide a justification for your answer.

Arrange the compounds given below in a sequence
based on increasing solubility in water (the first member
of the sequence is the least soluble one in water, and the
last one the most soluble one).

a) acetone, 2-propanol, propane
b) glycerol, 1-octanol, 1-propanol

Provide a justification for your answer.



http://dx.doi.org/10.1039/c5rp00179j

Page 21 of 27 Chemistry Education Research and Practice

View Article Online
DOI: 10.1039/C5RP00179J

P OO~NOUILAWNPE

R e
AwWN RO

Item 7

Item 8

Answer the following questions:

a) How are acids defined according to the proteolytic
theory?

b) Write the equation of the chemical reaction of the
dissociation of the hypothetical acid HA in a water
solution:

c) Write the expression for the equilibrium constant of the
preceding reaction:

d) What is the mathematical ratio of the equilibrium constant
of the reaction of the dissociation of HA acid and the pK,
value of this acid?

Answer the following questions:

a) The pK, value of HA acid is 6, and the pK, value of HX
acid is 8. Which of the two acids is stronger?

b) If the pK, value of HA acid is 6, and the pK, value of HX
acid is 8, does the following chemical reaction occur?
HX + NaA — NaX +HA

Provide a justification for your answer.

Item 9

Item 10

Complete the following definition:

a) A nucleophile is

b) An electrophile is

a) Mark the partial electric charge of the carbon atom in
the carboxyl group in the following general formula:
(0]

N

R OH
b) Encircle the number in front of the correct answer.

The carbon atom of the carboxyl group in the given
general formula is:
1) electrophilic 2) nucleophilic
c) which is why it is susceptible to an “attack” of agents
that are:

1) electrophilic 2) nucleophilic

Item 11

Encircle the letter in front of the statement that is correct:

a) Esters are exceptionally unstable compounds, which is why they do not exist independently in nature.
b) The smell of fruit and vegetables originates from compounds that belong to the class of esters.

c) Esters are compounds that are not found as components of fats.

Appendix 2

The post-test

Item 1

Item 2

a) You can often hear complaints that, due to cooking in hard
water, layers of limescale accumulate in kitchen dishes over
time. Encircle the number in front of a substance that you
would recommend for removing limescale from dishes.

1) acetone
2) vinegar
3) alcohol for medicinal purposes

Provide a justification for your answer.

b) Write the equation of the chemical reaction that occurs
during the removal of limescale.

a) Write the structural formula of lactic, citric, tartaric
and salicylic acid. Salicylic acid is the trivial name of
o-hydroxybenzoic acid, derived from the Latin term
for the plant from which this acid was derived for the
first time (Lat. Salyx = willow).

b) All the carboxylic acids whose formulas you wrote are
components of hair shampoos and substances used
for washing and cleaning the skin. However, these
substances are not suited to all types of skin. In
people with oily skin, a relatively thick layer of oily
sebum covers the skin surface, blocking the pores,
through which the skin breathes and receives
moisture, thus preventing the removal of dead cells
from the skin surface. Through the accumulation of
dead cells in the pores of facial skin, blackheads are
created, whereas the dead cells of the skin of the
head, accumulated and glued together, thus trapped
in an oily layer on the skin surface, constitute
dandruff. If you know that B-hydroxy carboxylic acids
are liposoluble, and a-hydroxy carboxylic acids are
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hydrosoluble, which of the substances mentioned
above would you recommend to Marija, who has oily
skin, and which ones to Milica, who has a normal
skin type? Write the number of the substance next
to the name of the person to whom you recommend

it.
Marija: 1) shampoo X with a willow extract,
2) shampoo Y with a lemon extract,
Milica: 3) a substance for washing facial skin
containing tartaric acid,
4) yoghurt as a substance for washing
facial skin.
Item 3 Item 4

Cosmetic substances that contain urea are used for hydrating
the skin. Thus substances with an exceptionally high content
of urea (40%) can moisturise even thoroughly hardened skin,
like the skin of the heels.

Explain how urea contributes to retaining water in the skin.

Only one of the three substances given below is in a
liquid aggregate state at the temperature of 220°C, while
the other two are in a gaseous aggregate state at that
temperature. Encircle the letter in front of the name of
the substance which is in a liquid aggregate state at the
said temperature.

a) methyl ethanoate
b) propanamide
c) ethanoyl chloride

Provide a justification for your answer.

Item 5

Item 6

Two glasses contain the same volume of two colourless
liquids. One of them is hexanoic acid, and the other is ethyl
buthanoate. However, it is not known which substance is in
which glass.

How can that be established?

Encircle the letter in front of the numerical value that
you expect to be the pK,, value of oxalic acid. The pK,;
and pK,, values of oxalic acid are determined on the basis
of the reactions presented through the following
dissociation equations.

HO (o] N HO [o] . Ku =125
< w0 = )4 +HO PRax
o) OH o o
HO ) ., q o . =2
4 +H0 = 4 +HO Phez
o o o o
a) 4.41 b) 1

Provide a justification for your answer.

Item 7

Item 8

The chemical formula of aspirin, a well-known analgetic and
anti-inflammatory medicine, is shown in the picture below.

O OH

N

0. {¢]

=

CHs

The synthesis of aspirin occurs in the reaction between
salicylic acid (o-hydroxybenzoic acid) and substance X.
Substance X can be:

1) ethanoyl chloride

2) ethanoic anhydride

3) ethanamide
In the lines below, write the number in front of the name of
the substance which you would use as substance X for a
quick and easy synthesis of aspirin, under the following
conditions:
a) the synthesis of aspirin is carried out in the school

chemistry laboratory, which has a relatively poor

ventilation system;

a) Complete the following chemical equation:

CH,

b) The compound that is created as a product of the
said chemical reaction belongs to a group of
organic compounds called lactones. This particular
lactone gives whiskey its aroma, which is why it is
popularly referred to as “whiskey lactone”.

On the basis of the chemical formula of whiskey
lactone, you conclude that lactones, in terms of
their chemical composition, are
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b) the synthesis of aspirin is carried out in an industrial plant,
which  has a  powerful ventilation  system.

Justify your choice of substance X in both cases.

Item 9

Pictures A and B show two different kinds of equipment for
carrying out the esterification reaction. In both cases, in the
balloon (1) we put 1 mol of alcohol X (b.p. 117°C), 1 mol of
carboxylic acid Y (b.p. 143°C) and several drops of
concentrated sulphuric acid as a catalyst. The products of
esterification are ester Z (b.p. 86°C) and water (b.p. 100°C).
The content of the balloon (1) is heated up to the
temperature of 105°C. From the balloon (1) in picture A, the
fumes of the compound go to the cooling column (2). While
there, due to the cooling process, they turn to the liquid
aggregate state and flow back into the balloon (1).

From the balloon (1) in picture B, at the temperature of
105°C, the fumes of the compound go to the cooling column
(2). While there, due to the cooling process, they turn to the
liquid aggregate state and flow back into the balloon (3).

In which of the two reaction systems described above is the
yield of ester Z greater?

Provide a justification for your answer.

Appendix 3

An outline of the teaching design in the experimental group

B1: According to the modeling method and increasing diversity principle within real-life contexts a teacher introduces

students to the nomenclature and the structural characteristics of carboxylic acids (formic acid — a substance that can
be used against viral warts; benzoic acid — used for preparing creams for treating fungal skin infections; butyric acid —a
component of sweat; lactic acid — accumulates in the muscles during sports training, etc.). Using the previously
acquired knowledge of the chirality and oxidation number of atoms in organic molecules, the students identify the
structural formulas of the given carboxylic acids (Work sheet 1 - WS1).
WS1. Carboxylic acids

1. Write the names of the carboxylic acids whose formulas are shown below:

o) o Oy OH
{ e )
OH OH
a) b) 0

2. Which of the carboxylic acids whose formulas are stated below is described by the following text?

a) You’ve come home after a tennis training session. You feel the unpleasant smell of sweat on your clothes and
skin, and the trainers you’ve just taken off also have an unpleasant smell. The unpleasant smell originates
from a carboxylic acid that contains two carbon atoms whose oxidation number is -2. The trivial name of that
carboxylic acid is butyric acid, for it is found in rancid butter among other substances.

Encircle the number in front of the chemical formula of that carboxylic acid with an unpleasant smell.
o o] o)

1) H3c/\/\)L0H 2) HSC/\)LOH 3) C'VMOH

b) The production of lactic acid by the so-called lacto-bacteria causes cabbage to go sour, and it also destroys
harmful bacteria whose presence in the intestines can cause stomach problems (lacto-bacteria are a key
component of intestinal flora and medicines from the group of probiotics). Despite its name, lactic acid is
not found in fresh milk, but is created in the process of acidification of milk due to lacto-bacteria reacting
with lactose. It is created during muscle contractions, and its accumulation causes pain after strenuous
physical activity. Encircle the number in front of the chemical formula of lactic acid, which you will recognise

by the fact that it contains a chiral carbon atom, whose oxidation number is 0.
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)ﬂ»m HO  CHs HO  CHs
4 HCI V
1) HC 2) O CH, 3) © oH

c) Through the accumulation of the calcium salt of oxalic acid, stones in kidneys and the gall bladder are
created. Encircle the number of the chemical formula of this acid, which you will recognise by the fact that it
contains several carboxyl groups and two carbon atoms whose oxidation number is +3, and does not contain
chiral carbon atoms.

Q o
OH
HO //o HO OH HO //o
1) HO OH 2) © oH

3) 0 OH
d) Citric acid is what gives acidity to citrus fruit (lemons, oranges, tangerines, etc.). Apart from that, this
substance plays a significant role in the citric acid cycle when it comes to producing energy in all aerobic
organisms. Encircle the number in front of the chemical formula of citric acid. You will recognise the formula
of this acid by the fact that it contains several carboxyl groups, one carbon atom whose oxidation number is

+1, and does not contain any chiral carbon atoms.
Q

o) OH
S S
HO OH 0 HO 0
HO 4
1) © oH 2) e} OH 3) HO OH

The teacher points out the specific characteristics of carboxylic acids structure (modeling method), such as the
greater number of carboxylic groups in the molecule, or the nucleophilic group on the « carbon atom (WS1, 11, 12).

B2: According to the global to local skills principle a teacher presents the review of the physical properties of carboxylic

acids and encourages the students to connect them with the previously observed relationship between the structure
and properties of other classes of organic compounds (the possibility of establishing hydrogen bonds, the presence of
polar groups in a molecule, the length of a carbon chain, etc.; WS1, 13).
WS1. Carboxylic acids
3. Only one of the compounds whose chemical formulas are shown below is in a liquid aggregate state at the
temperature of 160°C. Encircle the number in front of the chemical formula of that compound.
(o)

HyC HaC

(o] \_\—\
HSC/\/\/U\OH CHy

1) 2) oH 3)

Provide a justification for your answer.

B3: Reviewing the acidity of carboxylic acids (the increasing complexity principle) — the students first write the chemical

equation of the dissociation of acetic acid, then the equilibrium constant expression and, based on the given value of
this constant, they calculate the pK, value of acetic acid (WS1, 14).
WS1. Carboxylic acids
4. a) Write the equation of the dissociation of acetic acid in a water solution, and the expression for the equilibrium
constant of this reaction.
b) If you know that the equilibrium constant of the dissociation of acetic acid has the value of 1.74-10°, calculate
the pK, value of this carboxylic acid.
Then students listen to the teacher’s presentation of the pK, values of other aliphatic carboxylic acids and the
explanation of the influence of the electronegative group on the a carbon atom on the pK, values of chloroacetic acid,
dichloroacetic acid and trichloroacetic acid (application of the modeling method). The students then apply the
knowledge to determine which of the pK, values offered corresponds to the pkK, value of lactic acid (WS1, 15).
WS1. Carboxylic acids
5. Write the chemical formula of lactic acid, and then encircle the number in front of the numeric value that you
expect to be the pK, value of this acid.
a)8.72 b) 4.76 c) 3.86
Provide a justification for your answer.

Following this, the teacher reminds the students of the rule that a stronger acid can “squeeze out” a weaker acid from
its salt, on the basis of which the students solve a problem given in the work sheets (WS1, 16).
WS1. Carboxylic acids
6. In one Erlenmeyer flask there is propane acid, and in another there is ethanol, but it is not known which
substance is contained in which Erlenmeyer flask. We pour two spoonfuls of sodium bicarbonate in both flasks,
following which we pull rubber balloons onto the bottlenecks of both flasks. Only one of the balloons will swell.
a) Which flask is the carboxylic acid in? b) Write the equation of the chemical reaction that occurred.
Students solve the task according to the principles of the Itakamura method of articulation: they read a description of
the experiment, following which they propose hypotheses on which substance is contained in the Erlenmeyer flask;
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when sodium bicarbonate is added to it, a balloon placed on top of the flask swells. Then the students watch an
experiment demonstrated by the teacher, who points out which Erlenmeyer flask contains alcohol and which one
contains acid. Finally, through a discussion conducted at the level of the class, the students draw conclusions on the
strength of aliphatic carboxylic acids compared to carbonic acid and alcohols.

Fig. 3a Activity blocks for the teaching unit Carboxylic acids with the work sheet items

B4: The students listen to a teacher’s explanation of the general mechanism of the chemical reaction of nucleophilic acyl
substitution of carboxylic acid derivatives - modeling according to the global to local skills principle.

B4(a): The students listen to the teacher’s explanation of the mechanism of the Fischer esterification reaction, which builds
upon the previously explained general mechanism of the nucleophilic acyl substitution (modeling according to the
global to local skills principle). Then they apply this knowledge to solve tasks contained in the work sheet (WS2).

WS2. Esters

1. Write the chemical formula and the name of the ester that is created in the reaction between propanoic acid and
ethanol.

2. When we put in the reaction container 1 mol of ethanoic acid, 1 mol of ethanol and 5 drops of concentrated
sulphuric acid, and then heat up the mixture, after the equilibrium of the system is established, the yield of
ethyl ethanoate is 2/3 of a mol. Encircle the letters in front of the descriptions of the reaction systems where a
higher yield of ethyl ethanoate can be obtained than in the above case:

a) in the reaction container we put 1 mol of ethanoic acid, 1 mol of ethanol and 8 drops of concentrated
sulphuric acid,

b) in the reaction container we put 1 mol of ethanoic acid, 1 mol of ethanol and 5 drops of concentrated
sulphuric acid, and ethyl ethanoate is removed from the reaction container as soon as it is synthetised,

c) in the reaction container we put 1 mol of ethanoic acid, 2 mol of ethanol and 5 drops of concentrated
sulphuric acid.

Provide justification for your answers.

B5: The students are introduced to a review of the physical properties of esters, starting from the fact that these
compounds are components of perfumes — situated learning (WS2, 13).
WS2. Esters
3. Encircle the letters in front of the characteristics that you expect a compound which is a component of perfumes
must have: a) unpleasant smell; b) evaporates easily at room temperature; c) dissolves in water easily.
Esters are components of perfumes, which means that their characteristics are:
On the basis of this fact, they draw conclusions on which of the given physical properties correspond to esters
(evaporate easily, have a pleasant smell; the fact that they do not dissolve in sweat on human skin points to the
insolubility of esters in water). Then the students review factors that influence the boiling point of esters (WS2, 14) and
their solubility in water.
WS2. Esters
4. Which of the two has the higher boiling point, propanoic acid or ethyl methanoate?
Provide a justification for your answer.

B4(b): The students apply the previously acquired knowledge of the general mechanism of the nucleophilic acyl
substitution reaction on concrete examples of reactions between esters and nucleophilic agents (WS2, 15).
WS2. Esters
5. Write the mechanisms of the following chemical reactions:
a) ethyl ethanoate and water,
b) ethyl methanoate and propanol,
c) ethyl propanoate and ammonia.

Fig. 3b Activity blocks for the teaching unit Esters with the work sheet items

B6: The students are told (application of the modeling method) about the nomenclature and the structural characteristics
of acyl halogenides, carboxylic acid anhydrides and amides in authentic situations according to the principles of
situated learning (the use of urea in agriculture, the presence of acetamide in cosmos, the use of acetic acid
anhydrates in the synthesis of heroin, acyl halogenides as lachrymatory substances, etc.).

B7: Reviewing the physical properties of acyl halogenides, carboxylic acid anhydrides and amides, encouraging the students
to connect them with the previously observed relationship between the structure and the properties (the possibility of
establishing hydrogen bond, the presence of polar groups in the molecule, the length of a carbon chain, etc.) of

previously reviewed classes of organic compounds - global to local skills (WS3, I5).

WS3. Acyl halogenides, carboxylic acid anhydrides, and amides
5. Explain why ethanamide is soluble in water, as opposed to ethanoyl chloride, ethanoic acid anhydride and ethyl

ethanoate.

B8: Reminder of  B8(a): Reviewing the mechanisms of reactions between acyl B8 (b): Students compare the
the general halogenides, carboxylic acid anhydrides and amides, and reactivity of various carboxylic
mechanism nucleophilic agents (WS3, 11 and 13), linking them with acid derivatives (WS3, 12), and



http://dx.doi.org/10.1039/c5rp00179j

P OO~NOUILAWNPE

R e
AwWN RO

Chemistry Education Research and Practice Page 26 of 27
View Article Online
DOI: 10.1039/C5RP00179J

of the their use in various real-life contexts (e.g. linking the link them with real contexts
nucleophilic reaction between acyl halogenides and water with the (why esters exist independently
substitution ability of these substances to cause irritation of the wet in nature, whereas acyl
reaction. surfaces of the human organism, such as the surface of halogenides do not, which class

the eye or the mucous membranes of bronchial tubes).
WS3. Acyl halogenides, carboxylic acid anhydrides,

and amides
1. Show the mechanisms of the chemical reactions of

of derivatives is the most
convenient one for quick and
easy organic syntheses in
chemical industry).

WS3. Acyl halogenides,
carboxylic acid anhydrides,
and amides

2. Which compound is more
ethanoic acid anhydride with water, ethanol and reactive, ethanoyl chloride
ammonia. or ethyl ethanoate?
Provide a justification for

propanoyl chloride with water, methanol and
ammonia.
3. Show the mechanisms of the chemical reactions of

Building upon the elaborated mechanisms the students
propose three ways for a synthesis of ethanamide (WS3, your answer.
14).

WS3. Acyl halogenides, carboxylic acid anhydrides,

and amides

4. Propose three ways for a synthesis of ethanamide

Fig. 3c Activity blocks for the teaching unit Acyl halogenides, carboxylic acid anhydrides, and amides with the work sheet items

Appendix 4
The principles for coding of open-ended items on the pre-test and the post-test

Table 9 The principles for coding of the open-ended items on the pre-test

Item Item was coded as correct if the student:
11b) Correctly wrote the chemical formula of benzoic acid
12 H,0 Wrote the chemical formula of water as the reactant in the given reaction
12 H,S0, Wrote the chemical formula of sulfuric acid as a catalyst for the given reaction
12 K,Cr,0 Wrote the chemical formula of potassium dichromate as an oxidant in the given reaction
15 Arranged all three compounds in a sequence based on increasing boiling point and provided a full explanation
on why he/she arranged the given compounds in such order
16a) Arranged all three compounds in a sequence based on increasing solubility in water and provided a full
explanation on why he/she arranged the given compounds in such order
16b) Arranged all three compounds in a sequence based on increasing solubility in water and provided a full
explanation on why he/she arranged the given compounds in such order
17a) Correctly defined acids according to the proteolytic theory
17b) Correctly presented the equation of the chemical reaction of the dissociation of the hypothetical acid HA in a
water solution
17¢) Correctly presented the expression for the equilibrium constant of the preceding reaction
17d) Correctly presented the mathematical ratio of the equilibrium constant of the reaction of the dissociation of
HA acid and the pK, value of this acid: pK, = - log;oK,
18a) Correctly determined which of the two given acids is stronger
18b) Concluded that the given reaction is not possible and based on the pK, values of the given acids provided a full
explanation on why such a conclusion was made
19a) Provided a full definition of the term nucleophile
19b) Provided a full definition of the term electrophile
110a) Correctly marked the partial electric charge of the carbon atom in the carboxyl group in the general formula

of the carboxylic acids

Table 10 The principles for coding of the open-ended items on the post-test

Item Item was coded as correct if the student:

11a) Encircled the number in front of vinegar as a substance that can remove layers of limescale and based on the
knowledge concerning the acidity strength of acetic acid, ethanol, acetone and carbonic acid provided a full
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121a
12 ca
12 ta
12 sa
12
Marija
12
Milica
13

17a)
17b)

18a)

I18b)

explanation for such a choice
Correctly wrote the chemical formula of lactic acid
Correctly wrote the chemical formula of citric acid
Correctly wrote the chemical formula of tartaric acid
Correctly wrote the chemical formula of salicylic acid
In this instance the student had to correctly select all appropriate shampoos for both of the given persons in
order to code his answer as correct for each of the persons

Explained that urea contributes to retaining water in the skin by establishing hydrogen bonds with water
molecules
Encircled the letter in front of propanamide and based on the knowledge concerning the physical properties of
carboxylic acid derivatives provided a full explanation for such choice
Based on the knowledge concerning physical and chemical properties of carboxylic acids and esters presented an
appropriate procedure for discerning between the two given substances
Encircled the letter a) that stands in front of the correct numerical value of the pK,, of oxalic acid and based on
the knowledge concerning the factors that influence the acidity of carboxylic acids provided a full explanation for
such a choice.
Wrote the number in front of the name of the correct substance which should be used as substance X for
synthesis of aspirin under the given conditions, and based on these conditions and the knowledge concerning the
differences in the reactivity of various classes of carboxylic acid derivatives provided a full explanation for such a
choice
Recognized that the given reaction is the esterification reaction and correctly wrote the chemical formula of its
product-whiskey lactone
Concluded that lactones are esters
Encircled the letter in front of the reaction system B, and based on the knowledge concerning the Le Chatelier’s
principle provided a full explanation for such a choice



http://dx.doi.org/10.1039/c5rp00179j

