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“Only by considering alternatives – by seeking to identify what is not – 

 can one begin to achieve any certainty about what is.” 

 (Kuhn, 1992, p.164) 

Kuhn, D. (1992). Thinking as Argument. Harvard Educational Review, 62 (2), 155-179. 
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I Abstract 
 

In organic chemistry, building arguments and applying concept knowledge on reaction mechanisms 
are essential skills, as these skills are needed whenever decisions and judgements are made, and 
alternatives are weighed. Applying concept knowledge when building arguments leads to the 
generation of a deeper understanding of the relevant content as analytical thinking is activated. 
Research has revealed that students experience challenges when they build arguments or use concept 
knowledge. However, there has been little evidence on how to support students’ individual challenges 
in building arguments. 

Therefore, to address this gap, the first step was to design a task sequence that challenges students’ 
typical problem-solving approach of rote memorization to shift their approach to more analytical 
thinking, which is the basis for building well-grounded arguments. For this purpose, we designed tasks 
in which twenty-nine organic chemistry students could experience a cognitive conflict by reflecting on 
alternative reaction pathways, aiming to promote more analytical thinking. The analysis revealed that 
students were able to become aware of and critically reflect on their problem-solving approach. 

[Lieber, L. & Graulich, N. (2020). Thinking in Alternatives – A Task Design for Challenging Students’ Problem-Solving Approaches in Organic 
Chemistry. Journal of Chemical Education, 97(10), 3731-3738.] 

Besides fostering more analytical thinking, we investigated students’ argumentation structure when 
judging the plausibility of alternative reaction pathways in terms of the claim-evidence-reasoning 
model. It was investigated to which extent students used evidence and reasoning in building 
arguments and how they justified a change in their claim by weighing the alternative reaction 
pathways. The results illustrate that students need support in structuring their arguments and in 
applying concept knowledge to build chemically sound arguments.  

[Lieber, L. & Graulich, N. (2022). Investigating Students’ Argumentation when Judging the Plausibility of Alternate Reaction Pathways in 
Organic Chemistry. Chemistry Education Research and Practice, 23, 38-54.] 

In order to adequately address the diagnosed challenges when building arguments (i.e., structuring 
arguments and applying concept knowledge), an adaptive scaffold was designed that was tailored to 
students’ individual needs. Therefore, in a first step, students received a diagnostic scaffold to support 
them in building arguments while their performance of structuring arguments and applying concept 
knowledge was analyzed. In the second part, each student received a scaffold adapted to the area in 
which they experienced the greatest challenges. The evaluation of the scaffold revealed that the 
students expressed a positive attitude towards the adaptive scaffold and stated that they had engaged 
more intensively with the tasks.   

[Lieber, L., Ibraj, K., Caspari-Gnann, I. & Graulich, N. (2022). Students’ individual needs matter – a training to adaptively address students’ 
argumentation skills in organic chemistry, Journal of Chemical Education, 99(7), 2754-2761.] 

In addition to the promising student feedback, a quantitative analysis was conducted to examine 
students’ performance on the diagnostic and adapted scaffold. The comparison showed that the 
adapted scaffolds improved students’ performance in the respective areas of support (i.e., structuring 
arguments and applying concept knowledge) and that the gap regarding to students’ performance was 
narrowed. 

[Lieber, L., Ibraj, K., Caspari-Gnann, I. & Graulich, N. (2022). Closing the Gap of Organic Chemistry Students’ Performance with an Adaptive 
Scaffold for Argumentation Patterns. Chemistry Education Research and Practice, advance article, DOI: 10.1039/d2rp00016d.] 

In this dissertation, it is demonstrated that building arguments on alternative reaction pathways 
provides new insights into diagnosing the building of arguments and the challenges students 
experience as a consequence thereof, and into supporting students regarding their individual 
challenges with an adaptive scaffold.  

  



II 
 

II Zusammenfassung 
 

In der Organischen Chemie sind das Bilden von Argumenten und das Anwenden von Konzeptwissen in 
Bezug auf Reaktionsmechanismen essentielle Fähigkeiten, da diese Fähigkeiten immer dann benötigt 
werden, wenn Entscheidungen getroffen, Einschätzungen gemacht und Alternativen abgewogen 
werden. Durch das Anwenden von Konzeptwissen beim Bilden von Argumenten kann außerdem ein 
tieferes Verständnis für die entsprechenden Inhalte entwickelt werden, da analytisches Denken 
gefördert wird. Es gibt zahlreiche Belege, dass Studierende mit Herausforderungen konfrontiert sind, 
wenn sie Argumente bilden oder Konzeptwissen nutzen müssen. Allerdings gibt es bisher erst wenig 
Erkenntnisse darüber, wie man die Studierenden bei ihren individuellen Herausforderungen beim 
Bilden von Argumenten unterstützen kann. 

Um diese Lücke zu schließen, wurde daher in einem ersten Schritt ein Aufgabendesign entwickelt, 
welches die typische Problemlösestrategie des Auswendiglernens der Studierenden herausfordert, um 
die Studierenden zu motivieren, analytisches Denken zu nutzen, was die Grundlage für das Bilden von 
Argumenten darstellt. Hierzu wurden Aufgaben entwickelt, bei denen 29 Studierende der Organischen 
Chemie durch die Reflexion über alternative Reaktionswege einen kognitiven Konflikt erfahren 
konnten, was analytischeres Denken provoziert. Die Analyse zeigte, dass die Studierenden in der Lage 
waren, sich ihrer Problemlösestrategie bewusst zu werden und diese kritisch zu reflektieren.  

[Lieber, L. & Graulich, N. (2020). Thinking in Alternatives – A Task Design for Challenging Students’ Problem-Solving Approaches in Organic 
Chemistry. Journal of Chemical Education, 97(10), 3731-3738.] 

Neben der Förderung analytischeren Denkens wurde auch die Argumentationsstruktur der 
Studierenden beim Abwägen der Plausibilität der alternativen Reaktionswege mithilfe des Claim-
Evidence-Reasoning-Modells untersucht. Dabei wurde analysiert, in welchem Ausmaß Studierende 
Evidence und Reasoning beim Bilden der Argumente nutzten und wie sie durch das Abwägen der 
alternativen Reaktionswege einen Wechsel ihres Claims begründeten. Die Ergebnisse verdeutlichen, 
dass die Studierenden Unterstützung beim Strukturieren ihrer Argumente und bei der Anwendung von 
Konzeptwissen benötigen, um gut begründete Argumente bilden zu können. 

[Lieber, L. & Graulich, N. (2022). Investigating Students’ Argumentation when Judging the Plausibility of Alternate Reaction Pathways in 
Organic Chemistry. Chemistry Education Research and Practice, 23, 38-54.] 

Um den diagnostizierten Herausforderungen (sprich dem Strukturieren von Argumenten und der 
Anwendung von Konzeptwissen) angemessen begegnen zu können, wurde ein adaptiver Scaffold 
entwickelt, der auf die individuellen Bedürfnisse der Studierenden zugeschnitten wurde. Daher 
erhielten die Studierenden in einem ersten Schritt einen Diagnosescaffold, der sie beim Bilden von 
Argumenten unterstützte und gleichzeitig ihre Ergebnisse analysierte. Im zweiten Teil erhielten die 
Studierenden einen auf ihre Herausforderungen angepassten Scaffold. Die Evaluation ergab, dass die 
Studierenden sich positiv gegenüber dem adaptiven Scaffold äußerten und sich intensiver mit den 
Aufgaben beschäftigten.  

[Lieber, L., Ibraj, K., Caspari-Gnann, I. & Graulich, N. (2022). Students’ individual needs matter – a training to adaptively address students’ 
argumentation skills in organic chemistry, Journal of Chemical Education, 99(7), 2754-2761.] 

Neben der vielversprechenden Rückmeldung der Studierenden wurden in einer detaillierten 
quantitativen Analyse die Ergebnisse der Studierenden bei der Bearbeitung beider Scaffolds 
untersucht. Der Vergleich zeigte, dass sich die Studierenden durch die angepassten Scaffolds in den 
entsprechenden Bereichen der Unterstützung (sprich dem Strukturieren der Argumente und/oder der 
Anwendung von Konzeptwissen) verbesserten und dass die Lücke bezogen auf die Leistungen der 
Studierenden verkleinert werden konnte.  

[Lieber, L., Ibraj, K., Caspari-Gnann, I. & Graulich, N. (2022). Closing the Gap of Organic Chemistry Students’ Performance with an Adaptive 
Scaffold for Argumentation Patterns. Chemistry Education Research and Practice, advance article, DOI: 10.1039/d2rp00016d.] 



 

III 
 

In dieser Dissertation wird deutlich, dass das Bilden von Argumenten über alternative Reaktionswege 
neue Erkenntnisse über die Diagnose der Bildung von Argumenten und den damit einhergehenden 
Herausforderungen der Studierenden und über die Förderung der Studierenden bezogen auf ihre 
individuellen Herausforderungen mit einem adaptiven Scaffold liefert.  
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1 Review: On the traces of diagnosing and fostering 

 argumentation in organic chemistry 

1.1 Introduction 

In the year 1924, Patrick already made it clear that “good” chemistry teaching derives from the method 

of how facts are taught to students and how the facts are made tangible for them (Patrick, 1924). 

Today, the focus of many traditional learning environments is still on teaching facts and 

concepts (Cooper, 2015; Momsen et al., 2010; Stowe et al., 2021). However, the questions that should 

always be asked when teaching chemistry are (1) what should students actually be learning and what 

are students able to do with that knowledge, (2) how to find out if students have also developed an 

understanding of the content, and (3) how to support students in building such an 

understanding (Cooper and Stowe, 2018). These questions are closely related and can rarely be 

considered separately (Cooper and Stowe, 2018). For example, the first question refers not solely to 

the selection of facts or concepts students should learn, but also to support, as problem-solving 

strategies and scientific practices need to be learned as well (Cooper, 2015; Crooks, 1988; Pickering, 

2010; Sandoval et al., 2019; Songer and Gotwals, 2012). Specific questions students have to answer in 

chemistry may include (I) why fluorine has the highest electronegativity according to PAULING or (II) 

whether molecule X is more stable than molecule Y in a specific reaction. In order to answer these 

questions, students do not only have to be able to recall scientific principles that have been taught, 

but have to use methodological competencies as well. However, both aforementioned scientific 

questions (I + II) differ fundamentally in their nature: The first question aims at an explanation, the 

second at an argument. These two terms are often confounded or considered to be the same (Osborne 

and Patterson, 2011), hence a distinction between explanation and argumentation will be made here. 

Explanations aim to answer the why questions and to unfold the phenomenon (Ohlsson, 2002; 

Osborne and Patterson, 2011). In the example of the electronegativity of fluorine, an explanation 

consists of a subset of descriptions (Osborne and Patterson, 2011) and intends to create a sense of 

increased understanding of the phenomenon by answering the why question (Brewer et al., 1998; 

Wilson and Keil, 1998). The fundamental difference between explanation and argument, however, is 

that explanations are not driven by the need to persuade the opposite party (Osborne and Patterson, 

2011), but serve to build knowledge (Ford, 2008). Explanations do not need to convince the opposite 

primarily because the phenomenon, which is to be explained, is not doubted, but is assumed to be 

true within the science community (Osborne and Patterson, 2011). This makes explanations of the 

phenomenon less certain than the phenomenon itself (Govier, 1987). Compared to explanations, 

arguments consist of a claim that has to be supported with data and justifications (Toulmin, 2003). For 
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this reason, arguments always have a particular degree of uncertainty (Osborne and Patterson, 2011). 

However, the justifications used to support the claim are unquestionable, thus, building the evidence 

for the validity of the claim (Osborne and Patterson, 2011). Furthermore, the explanation and the 

argument are also directly related to each other since, for example, both practices use scientific 

principles. Nonetheless, they differ in their epistemic function in this regard, as explanations unfold an 

unquestionable phenomenon whereas the argument justifies a doubtful claim (Osborne and 

Patterson, 2011). Arguments are also essential in validating explanations, since there often exist many 

explanations for the same phenomenon. However, the claim of arguments is always that explanation 

A is better than explanation B and not an evaluation of the explanation itself (Osborne and Patterson, 

2011). Kuhn (1992) sums up the linkage and utility of the two practices as follows: 

„Only by considering alternatives – by seeking to identify what is not – can one begin to achieve any 

certainty about what is.” (Kuhn, 1992, p. 164) 

In chemistry, the aim is to generate explanatory hypotheses, but these are always dependent on the 

argumentation that a hypothesis is the best possible one at the time. Only after this process of 

argumentation, in which the hypothesis must withstand counterarguments, an explanatory hypothesis 

can be accepted as an explanation (Longino, 1990). Critical engagement with hypotheses is only 

fostered through the formation of arguments and thus represents one of a chemist’s most important 

skills (Novak and Treagust, 2018; Osborne and Patterson, 2011). In doing so, a deeper understanding 

is generated, as building arguments and counterarguments are essential components of higher order 

thinking according to Bloom and colleagues (Bloom et al., 1956; Kuhn, 1992; Osborne and Patterson, 

2011). Argumentation occurs whenever judgements must be made, alternatives are weighed, and 

decisions are made (Kuhn, 1992). Therefore, the questions posed at the beginning – (1) what should 

students learn and what should students are able to do with the knowledge – can be answered quickly 

regarding argumentation, since this practice is a skill that accompanies chemists in their daily lives. 

Building arguments can also be used as a tool to answer the second question – (2) how to find out if 

students have developed an understanding of the content. This is for the reason that argumentation 

is closely related to concept knowledge (Songer and Gotwals, 2012), as it finds application in evaluating 

claims and weighing evidence (Driver et al., 2000). For this reason, related to the third question – (3) 

how to support students – it is also equally important to support students in both concept knowledge 

and argumentation (Bricker and Bell, 2008). Especially by linking concept knowledge to argumentation 

and by actively weighing alternatives in the decision-making process, it becomes evident that 

argumentation plays a central role in chemistry, which is why it has been of great interest in chemistry 

education research recently and for decades (e.g., Deng and Flynn, 2021; Hosbein et al., 2021; Jiménez-

Aleixandre and Erduran, 2007; Petritis et al., 2021; Tüzün et al., 2021; Walker et al., 2019). 
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In order to teach students how to build arguments and to support them in this learning process, a 

distinction from explanation as well as general characteristics of argumentation have already been 

presented. In the next step, the structure of an argument will be discussed in more detail.  

Fig. 1: Illustration of the most frequently used argumentation models in chemistry education research. On the left side is the 
original argumentation model from Stephen Toulmin (Toulmin, 2003), on the right side is the claim-evidence-reasoning 
model, which is a simplified version of Toulmin’s argumentation model.  

One of the most frequently used models of argumentation derived from Stephen Toulmin in 1958, 

who stated that an argument consists of six elements (see Figure 1, left side): a claim, which is 

supported by data based on scientific principles; a warrant, which reflects the justification of the data 

and acts as a bridge between claim and data; and a backing for the warrant, which is based on general 

norms and ethical principles. Additionally, an argument also consists of a qualifier, which weakens the 

argument and asks about the necessity of the claim, and a rebuttal, which can also be understood as 

a counterargument, since it represents the exceptions of the claim (Toulmin, 2003). This 

argumentation model has already been used by numerous chemistry education researchers, although 

simplifications have been applied (Becker et al., 2013; Cruz-Ramirez de Arellano and Towns, 2014; 

Tüzün et al., 2021). This is mainly because Toulmin’s model is too complex to be used to introduce 

argumentation to students, which is why Toulmin already expressed that a core argument consists of 

only three components (claim, data, warrant) (Toulmin, 2003). Specific challenges in using Toulmin’s 

argumentation model arose with students, for example, from the distinction between data, warrant, 

and backing (Erduran, 2007), and even teachers reported that the argumentation model triggered 

ambiguity (Lazarou and Erduran, 2020). For this reason, the claim-evidence-reasoning model (CER 

model) is currently most frequently used, as it is a simplification of Toulmin’s argumentation model 

and consists only of the components claim, evidence, and reasoning (see Figure 1, right side) (McNeill 

and Krajcik, 2012; McNeill et al., 2006). In this model, the claim is a problem’s statement and is always 

in doubt, which is why the claim needs a justification based on scientific principles (McNeill and Krajcik, 

2012; McNeill et al., 2006). Here the justification is divided into two parts. The first part is the evidence, 

which can be based on multiple principles, whereby a claim can be supported with several pieces of 

evidence (McNeill and Krajcik, 2012). The second part of the justification is reasoning, which bridges 

claim and evidence by using scientific principles to answer the questions why the evidence fits the 
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claim (McNeill et al., 2006). Only by using all three components, a complete argument emerges, since 

a claim must be justified by evidence and reasoning (McNeill and Krajcik, 2012). 

Nevertheless, the way students build arguments differs from the way teachers would expect students 

to build arguments. One of the greatest challenges students experience is building a complete 

argument, i.e., justifying the claim with evidence and reasoning (Deng and Flynn, 2021; Petritis et al., 

2021; Stanford et al., 2016). In the justification, students face the challenge of using scientific principles 

appropriately (McNeill and Krajcik, 2012; Walker et al., 2019), leading to uncertainties about what 

counts as evidence (Sadler, 2004). To overcome these uncertainties, students often rely on personal 

feelings (Hogan and Maglienti, 2001), which results in the criteria of an argument no longer being met 

and the argument not resisting discussion. One reason for these challenges could be that students 

have difficulty activating and applying concept knowledge to build chemically sound arguments or 

even lack the necessary prior knowledge (Cruz-Ramirez de Arellano and Towns, 2014; Deng and Flynn, 

2021; Moon et al., 2016; Pabuccu and Erduran, 2017). In summary, the question of whether students 

have developed an understanding of the content they are learning has been diagnosed in a variety of 

ways. Here, it stands out that the challenges students experience in building arguments are either 

caused by incomplete knowledge of the structure of an argument or complete activation and 

application of concept knowledge, or both reasons. Due to the listed challenges of students, several 

support approaches for building arguments have already been developed (Henderson and Osborne, 

2019; Hosbein et al., 2021; Petritis et al., 2021; Petritis et al., 2022; Walker et al., 2012). Most 

prominent among these approaches is scaffolding because, on the one hand, it offers many different 

ways of providing support, for example in the form of modelling or targeted prompting (Kang et al., 

2014; Van de Pol et al., 2010). On the other hand, the core of scaffolding is that students are guided to 

solve tasks they would have failed at without help (Kang et al., 2014; Lajoie, 2005; Pea, 2004; Wood et 

al., 1976), which might be because the decision-making process is slowed down (Caspari and Graulich, 

2019). This may raise the question of why further research should be investigating diagnosing and 

fostering argumentation when findings on both points already exist. 

As mentioned before, argumentation is closely linked to the application of concept knowledge, which 

highlights that one should consider both aspects together. Thus, students’ prior knowledge also has a 

major impact on the way students build arguments (de Lima Tavares et al., 2010; Faize et al., 2017; 

von Aufschnaiter et al., 2008). However, both, the challenges students experience when building 

arguments and the prior knowledge students bring into the classroom are individual. For this reason, 

there is the need for students to receive support that is adapted to their individual strengths and 

challenges (Chen, 2014; Van de Pol et al., 2010; Wood et al., 1976). This need is reinforced by several 

researchers who have already developed support approaches, as they have revealed that not all 
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students have benefited equally from the given support (Kim et al., 2022; Petritis et al., 2022; Stowe 

and Cooper, 2019). Accordingly, in order to appropriately address individual challenges, these 

challenges must first be diagnosed. In this regard, Kuhn (1992) stated that challenges should be 

identified in real-life contexts, especially in work contexts, because this is where people are usually 

confronted with the greatest challenges, which also makes more complex thought processes 

prevailing (Kuhn, 1992). Therefore, it has already been noted that the work context of a chemist is 

characterized by the formation of hypotheses and the weighing of alternatives in the form of 

arguments (Kuhn, 1992; Lombardi et al., 2016; Longino, 1990; Osborne and Patterson, 2011). 

Accordingly, the diagnosis of students’ challenges in building arguments and the subsequent adaptive 

support of these challenges should take place through the weighing of alternatives because “only by 

considering alternatives […] one can begin to achieve any certainty about what is” (Kuhn, 1992, p. 164). 

The aforementioned theoretical considerations form the basis of our work to diagnose students in 

building arguments on alternative reaction pathways in organic chemistry and to adaptively support 

them in arguing and using concept knowledge. 

1.2 Research Objectives 

The linkage of building reasonable arguments and applying appropriate scientific principles plays a 

central role in enabling students to participate in scientific discourse (Bricker and Bell, 2008; Driver et 

al., 2000). Therefore, in order to foster students in participating, the need occurs to investigate how 

students build arguments, i.e., to diagnose students’ approaches in general as well as the challenges 

students experience, and to support them individually. Accordingly, the objectives of this dissertation 

were to investigate how students build arguments when judging the plausibility of alternative reaction 

pathways in organic chemistry. Based on these findings, it was the goal to design an adaptive scaffold 

to provide students with individual support in building arguments and applying concept knowledge. 

Therefore, this dissertation is guided by the following two hypotheses: 

1) A qualitative analysis based on theoretical considerations in argumentation research can 

provide new insights into how students build arguments on alternative reaction pathways in 

organic chemistry and the challenges they experience. 

2) Adaptive scaffolding based on the diagnosed challenges can support students regarding their 

individual needs in their argumentation skills and use of concept knowledge. 
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1.3 Methods 

In this dissertation, two studies were conducted to investigate (1) how students build arguments when 

judging the plausibility of alternative reaction pathways in organic chemistry and (2) whether an 

adaptive scaffold, designed on the basis of the results of the first study, can support students in 

building arguments and using concept knowledge while justifying the plausibility of alternative 

reaction pathways. Figure 2 summarizes the complete research design, which is described in the 

following.  

Fig. 2: Research design of the complete research project. 

At the beginning of the research project, a task design consisting of alternative reaction pathways took 

place. Therefore, two tasks were designed intending to cause a cognitive dissonance by judging the 

plausibility of alternative reaction pathways in organic chemistry. Both tasks consisted of four subtasks, 

while the first task was centered on the reaction of 4-chlorobutanol with hydroxide, the second task 

was centered on the reaction of methyl acetate with diisopropylamide. In the first subtask, students 

were asked to build a product for a typical organic chemistry reaction. In the second subtask, students 

were again asked to build a product for a reaction that differed from the previous reaction only by one 

additional surface feature. Subsequently, in subtask 3, the students were given five alternative reaction 

products on product cards for the reaction from subtask 2, for which they were to judge the 

plausibility. It is to notice that not all of the provided alternative reaction products were correct. Finally, 

the students had the opportunity to defend or revise their product formed in subtask 2. A more 

detailed description of the tasks can be found in chapter 2. The original tasks and their sample solutions 

are provided in the Appendix (6.2.1 and 6.2.2).  

Study 1 was a qualitative interview study conducted at the Justus-Liebig-University Giessen in October 

and November 2019. The think-aloud interviews were conducted using a semi-structured interview 

guide provided in the Appendix (6.2.3) (Bernard and Bernard, 2013). Twenty-nine students from the 

course "Organic Chemistry 3 - Catalysis and Synthesis" were recruited for the interviews on a voluntary 

basis. All students were enrolled in the previous organic chemistry courses (OC I and OC II), which 
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meant that the content of these courses was assumed to be students’ prior knowledge. Content of the 

previous courses included reactivity of functional groups, typical reaction mechanisms, and structure-

property relationships, among other topics. At the beginning of the individual interviews the students 

indicated that they agreed to allow their data to be analyzed and used for research purposes. They 

completed a demographic questionnaire and were informed about their rights. The demographic 

questionnaire and consent form are provided in the Appendix (6.1.1 and 6.1.2). During the interviews, 

students completed the two tasks, which were previously mentioned. The collected data includes the 

demographic questionnaire, the completed worksheets, and video and audio recordings. Since only 

native German speakers participated in the study, interviews were conducted in German, transcribed 

verbatim, and analyzed. Corresponding quotations were translated into English and are listed in the 

Appendix (6.4). The data analysis took place using the software MAXQDA and consisted of three 

sequential steps, which are described in more detail in chapter 3. In the first step, the argumentation 

patterns were identified for each student and for each product card (see Appendix 6.2.4 for students' 

argumentation patterns). This involved using the CER model to determine claims, pieces of evidence, 

and reasoning statements uttered by the students (McNeill and Krajcik, 2012; McNeill et al., 2006; 

Osborne and Patterson, 2011). In the second step, data-based reasoning categories were built from 

students’ reasoning statements. In the third step, the number of pieces of evidence and reasoning 

statements and the ratio of reasoning to evidence were used to determine three argumentation 

approaches into which students were assigned. 

Study 2 was a quantitative study that took place online at Tufts University in Boston (USA) in April and 

May 2021 and received Institutional Review Board approval for human subjects research 

(STUDY00001480). To conduct this study, a two-part adaptive scaffold was developed using the 

application Qualtrics, which consisted of a diagnostic scaffold that all students worked on equally and 

four adapted scaffolds, on which students worked on one of the four adapted scaffolds depending on 

their performance in the diagnostic scaffold two weeks later. Sixty-four students from the Organic 

Chemistry II course participated in the study on a voluntary basis. However, students who did 

participate received extra credit for their participation, which made up 1% of their final course grade. 

Again, the content of the previous organic chemistry course was assumed to be students' prior 

knowledge. Before students could work on the diagnostic scaffold, they completed a consent form and 

a demographic questionnaire, which are provided in the Appendix (6.1.3). The scaffolds can also be 

found in the Appendix (6.3) and are presented in more detail in chapter 4 and chapter 5. The collected 

data includes the demographic questionnaire and students’ answers of the diagnostic scaffold and the 

adapted scaffolds. The data analysis consisted of three parts. The first part of the data analysis took 

place immediately after the diagnostic scaffold. Here, students’ answers were analyzed to determine 

an argumentation score and a concept knowledge score for each student. In the second step, students 
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were assigned to one of four adapted scaffold groups based on their argumentation score and concept 

knowledge score (see chapter 4). After students completed the adapted scaffold, the third and final 

step of the data analysis took place. Here, students’ answers were scored again, giving each student a 

second argumentation score and concept knowledge score. Based on the scores, quantitative tests 

were used to determine whether the adaptive scaffold helped students to build arguments and to use 

concept knowledge. For this purpose, the software R 4.0.4 (R Core Team, 2021) was used with the 

packages ggplot2 (Wickham, 2016), psych (Revelle, 2021), rcompanion (Mangiafico, 2021), stats (R 

Core Team, 2021), base (R Core Team, 2021), and graphics (R Core Team, 2021). A detailed description 

of the methods can be found in chapter 4.  

1.4 Results and Discussion 

In the following chapter, the two preceding hypotheses will be answered. The first part deals with the 

diagnosis of students when building arguments on alternative reaction pathways. The focus is placed 

on a classification of argumentation approaches, which allows the analysis of students’ individual 

challenges and their subjective feedback. The second part deals with the support of students based on 

their individual needs through the adaptive scaffold. Thereby, the effectiveness of the scaffold along 

with the personal evaluation of the students is discussed. In both hypotheses, the main findings of the 

two studies are summarized and their contribution to the literature is provided. Student quotes are 

from the German interview study and the U.S. investigation and were used in the publications unless 

noted otherwise (see chapter 2-5). 

1.4.1  New insights into how students build arguments on alternative reaction pathways in 

 organic chemistry and the challenges they experience 
 

To build well-grounded arguments in chemistry, it is important to be able to structure arguments as 

well as to activate and apply prior knowledge (Choi et al., 2013; Sandoval and Millwood, 2005; von 

Aufschnaiter et al., 2008). Teaching concept knowledge is a central component of organic 

chemistry (Cooper, 2015; Stowe et al., 2021). In contrast, building arguments and weighing alternative 

reaction pathways are competencies that are new to most students. For this reason, the analysis of 

argumentation on alternative reaction pathways focused initially on the structuring of arguments and 

the general use of chemical concepts and not on the correct use of scientific principles. In its simplest 

form, the structure of an argument consists of a claim that is supported with evidence and justified 

with reasoning (CER model) (McNeill and Krajcik, 2012; McNeill et al., 2006). Thus, the claim-evidence-

reasoning model offers a promising approach to characterize how students build arguments, which 

has already been successfully applied by several researchers (Bodé et al., 2019; Deng and Flynn, 2021; 

Luo et al., 2020; Petritis et al., 2021; Walker et al., 2019). 
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To gain new insights into the process of building arguments on alternative reaction pathways and to 

be able to support students in a targeted manner, the use of the three argument components, i.e., 

claim, evidence, and reasoning, was analyzed. Three argumentation approaches were identified, which 

build a foundation to illustrate the results, namely the reasoning-based argumentation approach, the 

based-on-both argumentation approach, and the evidence-based argumentation approach.  

How do students use evidence and reasoning in their argumentation on alternative reaction 

pathways? 

To investigate how students use evidence and reasoning in their argumentation, “argumentation 

trees” (see Figure 4) were created from students’ argumentation patterns based on the interviews of 

each student and each of the five alternative reaction pathways. Complete argumentation patterns of 

all students are provided in the Appendix (6.2.4). By analyzing the frequency of pieces of evidence and 

reasoning statements and the ratio of reasoning to evidence, three argumentation approaches were 

characterized (see Figure 3). Students in the reasoning-based argumentation approach (RB approach) 

justified each piece of evidence on average with at least one reasoning statement (ratio > 1). Students 

in the based-on-both argumentation approach (BoB approach) supported their claims also with 

evidence and reasoning, but less frequently than students in the RB approach (ratio ~ 1). Students in 

the evidence-based argumentation approach (EB approach) provided the least evidence and reasoning 

statements to support the claim, however, not all pieces of evidence were justified with reasoning 

(ratio ≤ 1).  

Fig. 3: Classification of the three argumentation approaches related to the frequency of evidence and reasoning and the ratio 
of reasoning to evidence. 

In addition to the frequency and ratio of the claims’ justification, the study also examined the ways in 

which students used reasoning. The analysis revealed eight data-based reasoning categories: 

Electronics, Energetics, Kinetics, Spatial Arrangement, Strength, Stability, Analogies, and Conditions (a 

detailed description of the reasoning categories can be found in chapter 3). Students in the RB 

approach provided the most statements in each reasoning category, whereas students in the EB 
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approach provided the least. However, the percentage distribution of reasoning categories was similar 

for all three approaches (see Table 1).  

Table 1: Frequency (number of appearances, left side of the column) and percentage (right side of the column) of reasoning 
statements in the eight data-based reasoning categories for the reasoning-based argumentation approach (RB), for the 
based-on-both argumentation approach (BoB), and for the evidence-based argumentation approach (EB). 

 Electronics Energetics Strength Spatial 
Arrangement 

Stability Analogies Kinetics Conditions 

RB 98 39% 42 17% 36 14% 30 12% 26 10% 8 3% 7 3% 5 2% 

BoB 61 43% 24 17% 14 10% 14 10% 19 13% 5 4% 3 2% 2 1% 

EB 15 40% 6 16% 2 5% 8 22% 4 11% 1 3% 1 3% 0 0% 

 

The following three examples (see Figure 4) serve to illustrate the three reasoning approaches and the 

implementation of the reasoning categories. All students claimed that THF is a plausible product of the 

reaction of 4-chlorobutanol with hydroxide. The quotes are not part of the publications. 

Fig. 4: Example argumentation patterns for the alternative reaction pathway to THF: (top) argumentation pattern of Charlie 
(reasoning-based argumentation approach); (bottom left) argumentation pattern of Sydney (based-on-both argumentation 
approach); and (bottom right) argumentation pattern of Amber (evidence-based argumentation approach). 

Charlie, a student from the reasoning-based argumentation approach, used four pieces of evidence 

and seven reasoning statements to justify his claim. Each piece of evidence was justified with at least 

one reasoning statement. Charlie provided reasoning statements of five reasoning categories, such as 

Electronics (“C-Cl bond is more polarized than C-O” and “reaction of two highly charged species”), 

Energetics (“C-Cl bond is weaker than C-O”), and Strength (“Cl- is a bad nucleophile”). Sydney, a student 

from the based-on-both argumentation approach, built three pieces of evidence for the claim, one of 

which was justified with two reasoning statements that belonged to the reasoning categories Stability 

(“Cl- is stable”) and Electronics (“octet rule is obeyed”). Amber, who was assigned to the evidence-

based argumentation approach, supported her claim with one piece of evidence but no further 

reasoning statements, which is why no reasoning category was applied. A detailed description of the 

argumentation approaches and further examples can be found in chapter 3.  



 

11 
 

Even though all three students came to the same conclusion at the end, namely that THF is a plausible 

reaction product, their argumentation differed significantly. Based on the examples, it is evident that 

the number of evidence and reasoning statements can increase the depth and breadth of an argument, 

and thus its quality, as the claim is justified with multiple chemical concepts. This is consistent with the 

literature, which states that the quality of an argument is determined by a close linkage between 

argument components, i.e., evidence and reasoning, and the required concept knowledge (Choi et al., 

2013; Sandoval and Millwood, 2005; von Aufschnaiter et al., 2008), as evidence and reasoning give 

weight to the argument. However, quantity does not necessarily equal quality regarding the number 

of argument components (Cross et al., 2008). Moreover, the use of different reasoning categories in 

all three reasoning approaches is also a promising finding, as prior studies have found that students 

experience challenges integrating multiple variables into their decision-making process (Kraft et al., 

2010; Sevian and Talanquer, 2014; Talanquer, 2006; Weinrich and Talanquer, 2015). However, 

considering multiple variables when building arguments and weighing them in the decision-making 

process supports students not only in improving the quality of their arguments, but also in better 

understanding the reactions that occur as they elaborate on the causes of structural changes (Caspari 

et al., 2018; Cooper et al., 2016; Grove et al., 2012; Watts et al., 2020). However, it has also been 

noticed, particularly among students in the evidence-based argumentation approach, that they 

experienced challenges when using evidence and especially reasoning, as illustrated by the example 

of Sonia. She had difficulty predicting the mechanism for the formation of THF, but had already claimed 

THF as the most plausible product of the reaction. 

Interviewer: “We can do it differently. When you see the product, would you describe the product as plausible in 

principle?” 

Sonia: “Yes, but I don’t know why. My feeling tells me that again, I don’t know. It looks so right somehow.” 

Interviewer: “And are there any factors that help you determine why you think the product could be right?” 

Sonia: “We once had a similar task in an exercise and I don’t know, when I saw that, it kind of clicked in my head, 

somewhere in the back corner where I thought, I think that’s it.” 

Sonia could not justify her claim with evidence nor reasoning, but relied solely on her gut feeling. Even 

though her gut feeling did not let her down in this particular case, it might not be satisfactory for a 

chemist to be unable to provide any justification for a decision. Relying on a personal experience such 

as gut feeling rather than providing a well-grounded argument is a well-known phenomenon among 

learners (Hogan and Maglienti, 2001; Sadler and Zeidler, 2004). This might relate to how learners 

handle uncertainty with concept knowledge. However, it is also possible that a certain phenomenon 

has never been questioned by the learner, which made it seem unnecessary to build a chemically 

sound argument, as Amber shows when judging the plausibility of a carbanion. The quote was not used 

in the publications. 
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Interviewer: “Do you think the product (carbanion) is plausible?” 

Amber: “Actually not because here is a negative charge at the Cl.” 

Interviewer: “And why does that bother you?” 

Amber: “I think I have never seen that before.” 

Amber saw no need to build a justification for her claim, she relied on her experience instead. This 

approach is also well known in the literature. McDonald (2010), in her study of the influence of nature 

of science and argumentation instruction on views of nature of science, interviewed a student named 

David who responded to a question about atomic structure as follows. 

David: “Well, that’s one of those silly things that I can’t explain … Right now I’ve never seen one, I put my faith in 

science … I suppose it’s part of my personality, my psyche, I’m just scientifically inclined. And I blindly believe the 

scientists.” (McDonald, 2010, p. 1161) 

The reason why students like Sonia, Amber, and David relied on their gut feeling or experience instead 

of building well-grounded arguments could be that they do not realize that claims are not absolute 

facts but need to be questioned and thus need to be further justified by evidence and 

reasoning (McDonald, 2010). This leads to them being less engaged in the argumentation 

process (Kuhn and Reiser, 2006). 

Do students change their initial claims after building arguments on alternative reaction pathways? 

Students in study 1 and study 2 received the same two reactions and built arguments on the same 

alternative reaction pathways, although in study 2 they were each reduced by one alternative reaction 

pathway (carbanion and N-O attack). At the beginning of the interview/scaffold, the students of both 

studies made an initial claim about the product of the given reaction. After students had built 

arguments on the alternative reaction pathways, they had the opportunity to defend or revise their 

initial claim. It is to mention that students in study 1 built their arguments verbally, while students in 

study 2 built them in writing. Figure 5 summarizes the results of both studies with respect to claim 

change. Detailed descriptions can be found in chapters 2, 3, and 5. 

In the first reaction of 4-chlorobutanol with hydroxide, students in both studies predicted mainly the 

incorrect reaction product ‘Diol’ when making the initial claim (study 1 58.5%, study 2 81%, see 

Figure 5). After building arguments on alternative reaction pathways, the number of the correctly 

predicted reaction products ‘THF’ and ‘Alkoxide’ increased tenfold for students in study 1 (from 5% to 

51%) and doubled for students in study 2 (from 16% to 30%). A similar trend is seen for the second 

reaction of methyl acetate with diisopropylamide. Students in study 1 achieved an increase in the 

correct products of ‘Methyl acetoacetate’ and ‘Enolate’ from 50% to 83% and students in study 2 from 

23% to 63%. Here, it becomes apparent that students in both studies increased in their number of 

correctly predicted reaction products.  
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Fig. 5: Total of all “most plausible” claims made by the students of both studies. Students in study 1 built arguments orally, 
whereas students in study 2 built written arguments. Students were able to claim more than product as plausible. “Others” 
refers to incorrect products such as intermediates. 

As an example, Charlie’s moment of claim change is presented. He is a student from study 1 (reasoning-

based argumentation approach). Charlie originally claimed the ‘Diol’ as the reaction product. After the 

argumentation process he decided to revise his initial claim by predicting ‘THF’ with ‘Alkoxide’ as the 

precursor as most plausible product of the reaction. 

Charlie: “I don’t think it’s not plausible (he refers to THF). I wouldn’t have intuitively guessed that something like 

this (THF) would happen if I am honest. But I would have taken an easier way and said it is a normal nucleophilic 

substitution, at this point, if I look at it that way I would not necessarily say it (THF) could be a by-product of what 

is being created. But the main product, the more I think about it, the more fascinating I think it is.” 

Interviewer: “Why?” 

Charlie: “Because I really didn't think that this (formation of THF) was a possibility. Well, I didn't think about it at 

all, I even think that what was there before (nucleophilic substitution) is wrong, because I just saw that I have a 

nucleophile and a good leaving group and nucleophilic substitution, but I didn't see that you can build another 

nucleophile (alkoxide).” 

However, several students also stayed with their incorrect initial claims. The most common reason for 

sticking with their incorrect initial claim in both studies might be that students could not activate the 

necessary prior knowledge and thus could not assess, for example, whether an acid-base reaction was 

occurring because they did not know the corresponding pKa values. In study 1, this occurred 

particularly frequent in the evidence-based argumentation approach. However, it can also be seen that 

students in study 1, who built arguments verbally, were more likely to make a claim change than 

students in study 2, who built written arguments. That students experience challenges changing their 

claim when building written arguments is consistent with the literature (Chang and Chiu, 2008; Luo et 

al., 2020; Novak and Treagust, 2018; Walker et al., 2019). Here, it has been noticed that it is difficult 
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to change a person’s point of view (Novak and Treagust, 2018), especially in a short period of 

time (Chang and Chiu, 2008). Instead, students often stick to their claim even when facing critique and 

do not consider alternatives in their decision-making process (Walker et al., 2019). Walker et al. (2019) 

also noticed this in the follow-up discussions of their study, in which students continued to stick to 

their claim even when they received strong counterarguments. Possible reasons for students sticking 

with their incorrect claims, in addition to a lack of concept knowledge (Novak and Treagust, 2018), may 

be that students perceive a claim change as a sign of failure of their previous work (Walker et al., 2019) 

or that new data are ignored that could change one’s claim (Novak and Treagust, 2018). This was also 

noticeable in study 2. Mary, when arguing on the alternative reaction pathway to ‘THF’, stated that 

she thought ‘THF’ is a plausible reaction product and built the following argument. The argument is 

not a highlighted example in the publications.  

Claim: THF is a plausible reaction product 

Evidence 1: The 4-chloro-1-butanol hydroxyl group can be reasonably deprotonated by hydroxide anion. 

Reasoning 1: The acidic proton of the reactant's OH group could be deprotonated by hydroxide, as hydroxide is 

a fairly strong base. The conjugate acid (water) is very stable, and the conjugate base (an alkoxy anion) is not 

wildly unstable. 

Evidence 2: The pictured product could be reached by an intramolecular SN2 reaction between the deprotonated 

OH and the electrophilic carbon involved in the C-Cl bond. 

Reasoning 2: The C of the C-Cl bond is electrophilic due to the inductive effect of the adjacent electronegative 

chlorine, so it is vulnerable to nucleophilic attack. The alkoxy anion at the other end of the molecule (following 

deprotonation) could then attack this electrophilic carbon. 

Evidence 3: Chloride is a good leaving group. 

Reasoning 3: Chloride is a weak base and electronegative, making it well able to stabilize a negative charge. 

Mary provided a detailed justification for her claim without finding any counterarguments for the 

formation of ‘THF’. Nevertheless, regarding the question of whether she would like to stay with her 

initial claim or revise it, she decided to stick to her initial claim. In line with the possible reason of Novak 

and Treagust (2018), Mary seemed to be able to build a new justification, but this new data appeared 

not sufficient enough to her to change her claim.  

How do students reflect their problem-solving approach when building arguments on alternative 

reaction pathways? 

It was part of the interviews in study 1 for students to reflect on their problem-solving approaches 

when building arguments on alternative reaction pathways and to provide feedback. Thereby, students 

provided promising insights. Figure 6 illustrates an example from each of the three argumentation 

approaches. The quotes from Lily and Amber are not part of the publications. Further examples of 

feedback from students in study 1 can be found in chapter 2. 
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Fig.6: Examples of students’ feedback in the interviews of study 1. Each argumentation approach is represented with one 
example: Lily from the reasoning-based argumentation approach, Manny from the based-on-both argumentation approach, 
and Amber from the evidence-based argumentation approach. 

In general, students were able to reflect on their problem-solving approaches and assess the 

productivity of their approaches. In addition, the task format received positive feedback, but also 

resulted in certain students feeling uncertain, possibly due to the fact that students were not used to 

the task format or they experienced cognitive overload (Sweller, 2003). 

When reflecting on the problem-solving approach, Lily and the interviewer talked about whether 

building arguments on implausible reaction pathways also supports the use of chemical concepts. Lily 

affirmed this and argued that she does not usually think about side reactions or byproducts. However, 

when building arguments on implausible reaction pathways, she thinks more about what else might 

happen. This is consistent with the findings of Popova and Bretz (2018), who found in their research 

on reaction coordinate diagrams that byproducts are not considered important, but that students 

focus mainly on the main product of a reaction. One reason for this could be that students perceive 

reaction equations and mechanisms literally (Popova and Bretz, 2018) and so they are also sometimes 

unaware that a reaction mixture does not consist of only one molecule of reactant. Students are thus 

not necessarily aware that reaction equations or mechanism do not reflect reality (Bodner and Domin, 

2000), which can be attributed to the fact that students tend to build static concepts compared to 

experts (Bhattacharyya and Bodner, 2005; Bodner and Domin, 2000). Building arguments, especially 

about implausible reaction pathways, made Lily question her problem-solving approach and broaden 

her horizon towards reaction pathways and associated side reactions. In Manny’s reflection on the 

benefits of considering alternative reaction pathways after building arguments, he expressed that it is 

beneficial to reflect on alternatives because it also makes one think more about the chemical processes 

that are going on in the background. Manny and Lily both expressed that they found reflecting on 

alternative reaction pathways helpful in being able to activate their concept knowledge as well. 

Therefore, it can be surmised that they focused less on a product and instead considered the process 
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by weighing chemical concepts. This approach is similar to that of an expert as problems are 

explored (Flynn, 2011), prior knowledge is organized (Kraft et al., 2010), and information is 

analyzed (Cartrette and Bodner, 2009). Furthermore, in considering the process, the focus is placed 

more on weighing underlying chemical concepts and considering and reasoning about mechanisms 

rather than remembering facts and ‘playing with puzzles’ (Bhattacharyya and Bodner, 2005; Caspari et 

al., 2018; Grove et al., 2012; Talanquer, 2013; Watts et al., 2021). Remembering facts, however, was 

always Amber’s problem-solving approach, as she expressed when reflecting at the end of the 

interview. By her own admission, organic chemistry was never ‘her thing’, which is why she focused 

on memorization. However, she was also able to critically reflect on her problem-solving approach, 

noting that memorization did not help her in solving new problems. That students often use 

memorization rather than understanding underlying concepts is a well-known approach in organic 

chemistry. Similar to Amber, students try to recognize patterns, which leads them to focus more on 

explicit features, neglecting the implicit properties of molecules (Anzovino and Bretz, 2015; Cooper et 

al., 2013; Gigerenzer and Gaissmaier, 2011; Graulich, 2014; Morewedge and Kahneman, 2010; 

Talanquer, 2017). It is therefore encouraging that after building arguments on alternative reaction 

pathways, students were critical of their problem-solving approaches and experienced that 

memorization related to these task formats is unproductive. 

1.4.2  New insights into how adaptive scaffolding can support students regarding their 

 individual needs in structuring their arguments and use of concept knowledge 
Subsection 1.4.1 highlighted how students build arguments on alternative reaction pathways and the 

challenges they experience in doing so. In the subjective evaluation of the students, it was found that 

they often relied on their memorized knowledge. However, by weighing alternative reaction pathways, 

many students were also able to activate and apply their concept knowledge. In the analysis, the 

students’ assessment was confirmed. Here, there were students, especially from the reasoning-based 

argumentation approach, who supported their claims with many pieces of evidence and reasoning 

statements, but also students, especially from the evidence-based argumentation approach, who 

could hardly build a justification for their claims. Students experienced the greatest challenges in 

building reasoning statements, which is congruent with the literature findings (Deng and Flynn, 2021; 

Petritis et al., 2021; Stanford et al., 2016). Analysis of the reasoning categories also revealed that 

reasoning statements were mainly built from the category Electronics, although multivariate use of 

concepts would be desirable (Kraft et al., 2010; Sevian and Talanquer, 2014; Talanquer, 2006; Weinrich 

and Talanquer, 2015), which several students have already applied. During the interviews, it was found 

that many students had difficulties to activate the necessary prior knowledge to be able to build an 

appropriate justification. This observation was confirmed in the analysis of changing initial claims, 

where several students referred to personal views instead of supporting their justification with 
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scientific principles, which is consistent with results from the literature (Hogan and Maglienti, 2001; 

Kuhn and Reiser, 2006; McDonald, 2010). 

To address students’ individual needs, in study 2 an adaptive scaffold was designed based on four 

instructional approaches (Kang et al., 2014; Walqui, 2006). A more detailed description of the scaffold 

design can be found in chapter 5. Moreover, the scaffolds are provided in the Appendix (6.3.1-6.3.5). 

Thus, the following subsection focuses on students’ individual challenges in argumentation on 

alternative reaction pathways regarding the scaffold and the effectiveness of the adaptive scaffold. 

Which challenges do students experience in their argumentation on alternative reaction products? 

At the beginning it was noted that scaffolding provides a promising approach to support students with 

their experienced challenges. Most common are so-called hard or fixed scaffolds, which provide all 

students with the same level of support (Azevedo et al., 2004; Chen, 2014). Thereby, the question 

arises whether a scaffold is equally suitable for all students, which has already been answered 

negatively in several studies. Reasons for this include that individual student challenges are not 

addressed (Azevedo et al., 2004; Chen, 2014), students are usually not diagnosed (Chen, 2014; Greene 

and Land, 2000; Puntambekar and Hubscher, 2005), and that scaffolds often only have benefit for 

single groups, such as low-performers (Kranz et al., 2022). The diverging success through fixed 

scaffolds among students relates to the fact that students should work in the zone of proximal 

development (Vygotsky, 1980). This means that each student has a zone in which he or she cannot 

complete tasks independently but only with additional guidance (Kang et al., 2014; Lajoie, 2005; Pea, 

2004; Wood et al., 1976), thus challenging but not overwhelming students. However, as students 

experience individual challenges and differ in their prior knowledge, scaffolds should be tailored to 

students’ needs (Pea, 2004; Van de Pol et al., 2010; Vygotsky, 1980). Adaptive scaffolds offer an 

opportunity in this regard, as continuous diagnosis identifies students’ challenges (Kang et al., 2014; 

Lin et al., 2012) and thus adapts the scaffold to students’ challenges (Azevedo et al., 2004; Azevedo et 

al., 2008; Chen, 2014; Kang et al., 2014; Van de Pol et al., 2010). 

Therefore, to support students based on their individual strengths and challenges, these must first be 

diagnosed. For this reason, the adaptive scaffold consisted of a diagnostic scaffold as a pre-measure in 

which students already received support on the structure of an argument and applying concept 

knowledge while being diagnosed. Based on the literature findings and the results of study 1, it was 

hypothesized that students would experience challenges in (1) structuring arguments, (2) applying 

concept knowledge, (3) both areas, or (4) building multivariate arguments. Two scoring systems 

(argumentation and concept knowledge) were designed to diagnose students’ individual challenges. 

The scoring system can be found in chapter 4 and with the following DOI 10.17605/OSF.IO/4ZPN9. 

Students were assigned to one of four adapted scaffolding groups based on the scoring results of the 
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diagnostic scaffold (pre-measure), i.e., the challenges presented earlier, providing support in the area 

in which they experienced the greatest challenges. After passing the adapted scaffolds, students’ 

answers were scored again (post-measure). Figure 7 illustrates four student examples from the 

diagnostic scaffold, each of which was assigned to one of the four adapted scaffolding groups.  

Fig.7: Exemplary arguments of four students who were assigned to the four different adapted scaffolding groups after the 

diagnostic scaffold. Students’ assignments were based on their argumentation score and concept knowledge score.  

Louis experienced challenges in separating the argument components, i.e., evidence and reasoning, 

when building arguments on alternative reaction pathways. For example, in Reasoning 1 (see Figure 7, 

left column), he simply repeated the evidence on the one hand and mentioned another evidence with 

an associated reasoning statement regarding entropy on the other hand. For this reason, Louis 

received support in the adapted scaffold for the structure of argument components (ArgS group). 

Jessica, on the other hand, was able to separate argument components, but had difficulty supporting 

evidence and reasoning with scientific principles. Therefore, she received support in applying concept 

knowledge (ConS group). Mike experienced challenges in both, the structure of argument components 

and applying concept knowledge and thus received support in both areas (ArgConS group). This is 

evident in Figure 7, as Mike, for example, reasoned incorrectly in Reasoning 1, did not make it apparent 

in Evidence 2 which molecule is more stable than the other, and Reasoning 2 is not a justification of 

Evidence 2, as the evidence is only concretized. Rachel is already conspicuous by the multiplicity and 

length of her argument components in Figure 7. Moreover, she justified her claim with multiple 

chemical concepts that are justified precisely. To further support Rachel as well, the focus of the 

adapted scaffold was on justifying the claims with multivariate reasoning (ReaS group).  
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To what extent does the adaptive scaffold close the gap in students’ performance? 

In the quantitative analysis of the scoring results, Kruskal-Wallis tests were performed for the 

argumentation score and the concept knowledge score, respectively, to determine group differences 

according to the diagnostic scaffold (pre-measure) and according to the adapted scaffolds (post-

measure). In case of significant results, post-hoc comparisons with Wilcoxon rank-sum tests and 

Bonferroni adjusted p-values were performed (Field et al., 2012; Rosenthal, 1991). The correlation 

coefficient r was defined as .10 ≤ r ≤ .30 as small effect, .30 ≤ r ≤ .50 as medium, and r ≥ .50 as 

large (Cohen, 1992). A more detailed description of the methodology and statistical results can be 

found in chapter 4. Figure 8 presents a summary of the group comparisons. 

Fig.8: Differences between the group scaffolding groups before (pre) and after (post) the adapted scaffolds. In case of non-

significant differences, the lines are dashed. Groups who received an adapted scaffold in the respective area of support are 

highlighted with a gray background circle. Significance levels of the group comparisons are indicated (* p < .05; ** p < .01; 

*** p < .001). 

It should be noted in advance that the students were not yet assigned to an adapted scaffolding group 

in the pre-measure. However, since they subsequently received support from one of the four adapted 

scaffolds on the basis of the scoring results in the pre-measure, the assignment of the students is 

already presented in the pre-measure for a better illustration of the pre- and post-measure 

comparison. Specifically, this means that Mike (see Figure 7), for example, received a low 

argumentation score and a high concept knowledge score in the pre-measure and was therefore 

assigned to the ArgS group. On Figure 8, he is thus also part of the ArgS group in the pre-measure. 

The left side of Figure 8 shows the comparison of the argumentation scores. In the pre-measure, four 

of six groups differed significantly from each other with a large effect (r = [.58;.78]). The two groups 

that received additional argumentation support after the pre-measure (ArgS and ArgConS group) did 

not differ significantly from each other in their argumentation score. The two groups that did not 

receive support in argumentation after the pre-measure (ConS and ReaS group) also did not show 

significant differences in the argumentation score. This means that the division of the groups based on 

the argumentation score can be regarded as successful. In the post-measure, there were no significant 

group differences, so the gap between the groups regarding the argumentation score could be closed. 

In terms of concept knowledge, five of six groups differed significantly from each other with large 

effects (r = [.51;.79]) in the pre-measure. Only the two groups that did not receive additional support 

in applying concept knowledge after the pre-measure (ArgS and ReaS group) showed no significant 
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difference. Therefore, one may pose the question why the ArgConS group and the ConS group both 

received support in concept knowledge after the pre-measure, even though they were noteworthy 

different from each other in the pre-measure. First, the concept knowledge scores of both the ArgConS 

group and ConS group were significantly lower in contrast to the two groups that did not receive 

additional support in concept knowledge (ArgS and ReaS group). Moreover, in the qualitative analysis 

of the arguments built, it is noticeable that the applied concept knowledge of the ArgConS group was 

noteworthy lower than that of the ConS group. For this reason, it is legitimate that both groups 

received additional support in applying concept knowledge. In the post-measure, only the ReaS group 

and the ArgConS group still differed significantly from each other, which is also due to the fact that the 

ReaS group obtained the highest scoring results in concept knowledge and the ArgConS group obtained 

the lowest. Nevertheless, the gap in concept knowledge could be narrowed between all groups.  

When studying the four adapted scaffolding groups, the question may arise to what extent 

argumentation and concept knowledge can be fostered separately from each other. At the beginning, 

it was already mentioned that argumentation and concept knowledge are closely linked. However, 

whether there is a relationship between the learning success of argumentation and concept 

knowledge is a matter of disagreement among researchers, as there are voices in favor (Acar, 2008; 

Bell and Linn, 2000; Noroozi et al., 2017; Songer and Gotwals, 2012) and there are voices opposed (de 

Lima Tavares et al., 2010; Ogan-Bekiroglu and Eskin, 2012; von Aufschnaiter et al., 2008). What there 

is agreement on, however, is that concept knowledge and argumentation are not equally enhanced in 

interventions, but argumentation can lead to an activation of prior knowledge (Ogan-Bekiroglu and 

Eskin, 2012). Argumentation and prior knowledge have kind of a reciprocal relationship, as prior 

knowledge is necessary to build arguments meaningfully in the first place (de Lima Tavares et al., 2010; 

Faize et al., 2017; von Aufschnaiter et al., 2008), but argumentation on the other hand can also help 

to develop an improved understanding of contexts, thereby relinking prior knowledge (de Lima 

Tavares et al., 2010; Faize et al., 2017). In a study by Cross et al. (2008) with high school students, it 

was also revealed that arguing and discussing content about which students have prior knowledge 

provides a sense of safety and competence. To address the inconsistencies in the relationship between 

concept knowledge and argumentation, the two scoring systems were rigorous in neglecting the use 

of concept knowledge when scoring the argument components and neglecting the structure of the 

argument built when scoring concept knowledge. Furthermore, the focus of the adaptive scaffold was 

not on the acquisition of new concept knowledge but on the activation of prior knowledge. Therefore, 

it is generally agreed that arguments cannot be appropriately build without concept knowledge. It was 

thus ensured in consultation with the instructor that the students have the necessary prior knowledge 

to be able to solve the tasks. The question is therefore not whether students have the necessary 

concept knowledge but whether they are able to activate it in the respective situation. Thus, the 
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separation of the support into an argument and a concept knowledge part is initially legitime. 

However, to be able to verify an appropriate separation, it is to ask whether the adapted scaffolding 

groups improved their performance in the respective area of support. 

Does the adaptive scaffold support students in improving their performance? 

It was revealed that the performance gap between students was closed by the adaptive scaffold in 

terms of both the argumentation score and the concept knowledge score. However, it has remained 

an open question whether students in different groups merely converged or whether they were also 

able to improve within their group. To be able to determine the effectiveness of the scaffold, Wilcoxon 

signed-rank tests with Bonferroni-adjusted p-values were performed. The correlation coefficient r was 

defined as .10 ≤ r ≤ .30 as small effect, .30 ≤ r ≤ .50 as medium, and r ≥ .50 as large (Cohen, 1992). The 

results are summarized graphically in Figure 9 and the respective values can be found in chapter 4. 

Fig. 9: Pre- and post- comparisons of the argumentation score and concept knowledge score of the four adapted scaffolding 

groups in the pre-measure and post-measure. Groups who received an adapted scaffold in the respective area of support are 

highlighted with a gray background. Horizontal stripes in box plots indicate median-values. Significance levels of the pre- and 

post-comparisons are indicated (NS. p > .50; * p < .05; ** p < .01; *** p < .001). 

In terms of the argumentation score, the two groups that received support in structuring their 

arguments improved significantly with large effects (ArgS group r = .68, ArgConS group r = .74). The 

ConS and ReaS groups, neither of which received additional support in structuring their arguments, 

showed no significant changes when comparing pre- and post-measure. Comparable results are also 

found with respect to the concept knowledge score. The two groups that received support in applying 

concept knowledge improved significantly with large effects (ConS group r = .66, ArgConS group 

r = .57). However, the two groups without additional support in concept knowledge (ArgS group and 

ReaS group) did not show significant changes. Qualitative improvements were also evident. Mike, a 

student of the ArgConS group, serves as an example of this because the ArgConS group improved 

significantly in both the argumentation and concept knowledge scores. A built argument of Mike’s pre-
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measure has already been shown in Figure 7. Figure 10 contrasts the built argument from the pre-

measure with a built argument from the post-measure. 

Fig. 10: Comparison of exemplary arguments built by Mike from the ArgConS group in the pre-measure (left) and the post-

measure (right). 

In comparing the two arguments, it becomes apparent that Mike improves as he formed more pieces 

of evidence and reasoning statements. Moreover, the justification was also based on the use of 

scientific principles. In applying concept knowledge, he still made some technical errors, but he made 

an effort to justify each piece of evidence with chemical concepts. Additionally, he used a variety of 

different chemical concepts in this process, which is often presented in the literature as an indication 

of a more intensive examination of the problem situation (Kraft et al., 2010; Sevian and Talanquer, 

2014; Talanquer, 2006; Weinrich and Talanquer, 2015). The link between concept knowledge and 

argumentation is evident in the post-measure in Mike’s and the most other students’ arguments, 

which is a necessary condition for the quality of an argument (Choi et al., 2013; Sandoval and Millwood, 

2005; von Aufschnaiter et al., 2008). Thus, it can be assumed through analysis that the adaptive 

scaffold improved students’ performance regarding their individual needs. 

1.5 Conclusions 

This dissertation demonstrates that argumentation on alternative reaction pathways can be used to 

diagnose and foster students in building concept knowledge and applying concept knowledge. Both 

diagnosis and fostering focus on the scientific practice of argumentation, which needs to be learned 

just like facts and concepts (Cooper, 2015; Crooks, 1988; Songer and Gotwals, 2012), and on linking 

argumentation and concept knowledge, which is applied in justifying claims with evidence and 

reasoning (Bricker and Bell, 2008; Driver et al., 2000; Songer and Gotwals, 2012; von Aufschnaiter et 

al., 2008). Argumentation on alternative reaction pathways also requires learners to consider the 

interplay of multiple chemical concepts and the influence that these concepts have on the reaction 

pathway. A simplified version of Toulmin’s argumentation model was used as the basis for diagnosing 

and fostering argumentation: the claim-evidence-reasoning model (see Figure 1), which includes the 
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core components of an argument (McNeill and Krajcik, 2012; McNeill et al., 2006; Toulmin, 2003) but 

in an appropriate manner regarding the student cohort (Erduran, 2007; Lazarou and Erduran, 2020). 

This dissertation shows new insights into how students build arguments on alternative reaction 

pathways and the challenges they experience. Addressing this question served as a diagnosis for 

tailoring a support for students. The diagnosis revealed that students could be assigned to three 

argumentation approaches based on their justification of claims through evidence and reasoning. This 

demonstrated that the number of justifications can improve the quality of an argument as students 

weighed multiple influencing factors. The analysis of justification further examined how students used 

reasoning in relation to chemical concepts. It was found that most students already use different 

chemical concepts, with the majority of reasoning statements based on electronic aspects. However, 

several students also experienced challenges in building justification and relied more on personal 

experiences, rather than using scientific principles as the basis of their reasoning. In addition to 

analyzing how students justify their claims, we also examined how students changed their initial claims 

after building arguments on alternative reaction pathways. This revealed that students in both studies 

often changed their initial claim after building arguments and more frequently predicted the correct 

reaction product as the most plausible product of the reaction. However, differences in the extent of 

this change emerged, as students from study 1 who built their arguments orally experienced a claim 

change more frequently than students from study 2 who built their arguments in writing, presumably 

due to a lack of activation of prior knowledge and a focus on memorized mechanisms. This was 

confirmed in the evaluation, as many students indicated that they initially answered tasks with 

memorized knowledge. However, in the reflection, the students also stated that they found the 

building of arguments on alternative reaction pathways valuable because they dealt with the tasks 

more intensively and also thought about the chemical processes running in the background. In the 

diagnosis it could therefore be determined that the students experienced challenges in the justification 

of their claim and in the use of concept knowledge as well as in the activation of their prior knowledge. 

Based on the results of the diagnosis and the relevant literature, an adaptive scaffold was designed 

and tested to support students with regard to the structure of arguments and the application of 

concept knowledge. In doing so, the dissertation provides new insights into how an adaptive scaffold 

can support students regarding their individual needs. It was shown that students experienced 

expected challenges (1) in the structure of their arguments, (2) in applying concept knowledge, (3) in 

the structure of their arguments and in applying concept knowledge, or (4) in the formation of 

multivariable arguments. Moreover, the classification of students based on an argumentation score 

and concept knowledge score could be verified by quantitative analyses. Furthermore, the adaptive 

scaffold was able to close the performance gap that was found within the different scaffolding groups 
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at the beginning. However, not only did the scaffolding groups converge, but the adaptive scaffold was 

also able to support the students in the area they experienced the greatest challenges, suggesting that 

the improvement was not due to a simple training effect.  

The results, which both confirm the findings of the literature and provide many new insights, are 

promising and provide a rich foundation for future research to not only teach students the scientific 

practice of argumentation, but also to provide them with purposeful support in applying scientific 

principles in meaningful ways. 

1.6 Outlook and Suggestions for Future Research 

The design, testing, and evaluation of the dissertation project presented has shown that there is great 

potential to diagnose and foster students in building arguments on alternative reaction pathways in 

organic chemistry. In particular, the adaptive scaffold can be used in a variety of ways, as one can 

specifically emphasize individual aspects in classroom situations, such as structuring arguments or 

applying concept knowledge. Moreover, depending on the objectives, scoring can be neglected, as it 

is the most time-consuming component of the adaptive scaffold. Particularly in very large learning 

groups like in the U.S., where up to 600 students attend one lecture, manual scoring by the instructor 

is hardly feasible. However, to support students based on their individual needs, a diagnosis of 

strengths and challenges and thus scoring of students’ answers is essential. One way to address this 

limitation is to design a computer-based adaptive learning system. This learning system can consist of 

two parts: (1) an automated scoring system to provide students with a timely and resource-efficient 

way to receive feedback, and based on this, (2) individualized support that is tailored to the strengths 

and challenges of the individual student. The following section presents approaches to how the 

development of a computer-based adaptive learning system might be implemented. 

1.6.1 Extension for the diagnosis – Automatic scoring system 
The goal of an automated scoring system is to be able to analyze and evaluate student answers with 

the help of a trained algorithm. In machine learning, a statistical model is created on the basis of an 

algorithm. This statistical model is then used as a decision model (Mitchell, 1997). The more 

heterogenous data are used to train the algorithm, the higher is the accuracy of the automated scoring 

system. 

The idea of using an automated scoring system based on machine learning to analyze student answers 

is not new (Zhai et al., 2020), but has already been implemented by several researchers in the natural 

sciences such as chemistry (Dood et al., 2020; Dood et al., 2018; Noyes et al., 2020), biology (Anderson 

et al., 2018; Haudek et al., 2012), or physics (Mason and Just, 2016; Nakamura et al., 2016). However, 

the majority of these automated scoring systems are item-specific, meaning that the scoring system 



 

25 
 

can only be used for answers obtained with the exact same item. Yik et al. (2021) extended their 

scoring system by using 15 different items on the topic of Lewis acid-base model to train the machine 

to allow item-dependent scoring and thus a more versatile automated scoring system. Therefore, 

starting from the statistical model from Yik et al. (2021), an adapted version for the automated scoring 

system of the adaptive scaffold is designed. The goal is to perform both a structural analysis of student 

answers (i.e., evidence and reasoning) and a content analysis (i.e., the use of chemical concepts).  

Fig. 11: Description of the process and evaluation of an automated scoring system using a machine learning approach. The 

four results of the validation are TP = true positive, FP = false positive, FN = false negative, TN = true negative. 

Figure 11 illustrates the process for generating the automated scoring system. In the first step, the 

data source is created from the collected data from study 2. Here, the data is divided into individual 

units of meaning. The units of meaning are the individual fields of the evidence and reasoning table 

when building autonomous arguments on the alternative reaction pathways, resulting in a data size of 

about 2500 data sources. In the second step, these individual data sources must first be manually 

scored. For the development of the algorithm it is important that for each data source the 

corresponding analysis is performed (i.e., correct or incorrect). After all data sources have been 

manually scored, the third step is the preprocessing of the data source for the generation of the 

decision model. The goal of the data preprocessing is to be able to analyze the data as generally as 

possible, so that the algorithm can later analyze a large number of student statements in a meaningful 

way. In the preprocessing, all upper-case letters are converted to lower case; stop words, which usually 

have a low information content (e.g., the, a, …), custom stop words, such as names of reactants or 

products, as well as punctuation are removed. Finally, lemmatization takes place, where nouns, 

adjectives, adverbs, and conjugated verbs, are unified to a chosen form. For example, ‘going’ and 

‘went’ become ‘go’. This preprocessing turns the data source into an adapted data set (see the 

comparison of step 1 and step 4 in Figure 11). The adapted data is split, with about 70% of the data 
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used to train the algorithm and the remaining 30% used to test the trained algorithm. When training 

the algorithm, the adapted data is combined with the manual analysis to train the model. As a result, 

each adapted data source receives a fixed analysis, for example, correct. Thus, the algorithm becomes 

a trained algorithm. To test the trained algorithm, the remaining 30% of the adapted data is used, 

which was not used for training before. As a result, the trained algorithm analyzes the data, i.e., 

whether the student answers are analyzes as correct or incorrect. In the last step, a validation of the 

evaluation process takes place, comparing the agreement of the human-classified and computer-

classified scores. The validation indicates the amount of percentage of the evaluation that matched 

(true positive and true negative) or mismatched (false positive or false negative). The higher the 

percentage of agreement, the better the algorithm can predict an evaluation of the data.  

Already published results of several research groups were promising. Nevertheless, many people are 

skeptical about the use of algorithms in the evaluation of data, which is why certain limitations will be 

discussed here. First, to increase the significance of the algorithm, a large number of data should be 

used to train the algorithm (Zhou, 2016) to increase the accuracy of the automated scoring system. In 

addition, when training the algorithm, data from as many different universities and institutes as 

possible should be used to address different ways of building arguments and prior knowledge (Yik et 

al., 2021). A common criticism is the accuracy of the algorithm compared to the manual evaluation of 

a human being. Here, it should be emphasized that both the algorithm and the human make mistakes, 

making neither alternative the perfect solution. Nevertheless, both manual and automated scoring 

achieve percentage accuracies between 84%-92% (Dood et al., 2020; Dood et al., 2018; Noyes et al., 

2020; Yik et al., 2021; Zhai et al., 2020). It should be noted that the automated scoring system is 

dependent from the human who designed and tested it because the human chooses the data which is 

used to train and test the automated scoring system. However, in automated scoring of the data, the 

length of student answers can be challenging. Whether an answer is scored as correct or incorrect is 

ultimately based on the combination of certain words. The longer an answer is, the more likely it is 

that the answer will be evaluated as false positive. The shorter the answer, the more likely it is that 

the answer will be rated false negative (Yik et al., 2021).  

However, the use of automated scoring systems offers great potential not only to save significant time 

for instructors, but also to allow the adaptive scaffold to be used in a way that is detached from the 

instructor, as the expert is represented by the computer to score the answers.  

1.6.2 Extension of the fostering – Individualized adaptive scaffold  
Based on a well-founded and repeatedly evaluated automated scoring system, it is also possible to 

adjust the adaptive scaffold more individually to the strengths and challenges of the students. Figure 

12 provides a broad overview of how such a tool could be implemented. Comparable to the 
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implementation of study 2, students equally work on the diagnostic scaffold. Scoring is then performed 

using the automated scoring system described in the previous section. Based on the scoring results, 

individual challenges can be diagnosed, which can refer to the structural level of an argument (i.e., 

evidence and reasoning) as well as to the content level (i.e., chemical concepts such as nucleophilicity 

and electrophilicity). Students receive individualized feedback in the process, which provides them 

with an overview of their strengths and challenges. Building on this, the adaptive scaffold contains 

different building blocks to address individual challenges in a meaningful way. Based on insights into 

effective learning and learning acquisition, students are provided with opportunities to meet their 

challenges, for example, through learning videos that connect explanations and representations by 

using dynamic highlighting techniques (Rodemer et al., 2020; Rodemer et al., 2022), eye movement 

modeling examples that highlight the gaze behavior of experts while they execute problem solving (Xie 

et al., 2021), or question-answer tasks that are oriented, for example, to the science writing heuristic 

by supporting students in structuring the thought process and gradually achieving a solution (Hand et 

al., 2002; Keys et al., 1999) 

Fig. 12: Illustration of a feasible implementation of the automated scoring system, which is embedded in an adaptive learning 

system. Based on the challenges diagnosed in the automated scoring system, students receive individual feedback and 

different task formats for practicing and applying the respective content, which is part of an adapted scaffold. 

In the implementation, for example, an interface in the form of a web page can be created on which 

different reactions are provided that have targeted foci. For example, reactions that focus on the 

competition between acid-base reactions and nucleophilic and electrophilic attacks or electronic 

effects on electrophilic aromatic substitutions. By providing a variety of reactions and their 

corresponding foci, instructors have the opportunity to use the adaptive scaffold to practice and 

reinforce after specific units in the curriculum, as well as to prepare for exams. By making the website 

available, students also have the opportunity to independently obtain feedback on their current 

learning status.  

The two ideas presented for an extended use of diagnosing and fostering students to build arguments 

on alternative reaction pathways in organic chemistry represent only two exemplary ways in which the 

findings of this dissertation can impact future research.   
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2 Thinking in Alternatives – A Task Design for Challenging 

 Students’ Problem-Solving Approaches in Organic Chemistry 
 

In Chapter 2, the original paper is represented. It is reproduced from Lieber and Graulich (2020) with 

permission of the American Chemical Society. 
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3 Investigating Students’ Argumentation when Judging the 

 Plausibility of Alternative Reaction Pathways in Organic 

 Chemistry 
 

In Chapter 3, the original paper is represented. It is reproduced from Lieber and Graulich (2022) with 

permission of the Royal Society of Chemistry.  
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4 Closing the Gap of Organic Chemistry Students’ Performance 

 with an Adaptive Scaffold for Argumentation Patterns 
 

 

In Chapter 4, the original paper is represented. It is reproduced from Lieber, Ibraj, Caspari-Gnann and 

Graulich (2022) with permission of the Royal Society of Chemistry.  
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5 Students’ Individual Needs Matter – A Training to Adaptively 

 Address Students’ Argumentation Skills in Organic Chemistry 
 

In Chapter 5, the original paper is represented. It is reproduced from Lieber, Ibraj, Caspari-Gnann and 

Graulich (2022) with permission of the American Chemical Society. 
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6  Appendices 

6.1 Consent Forms and Demographic Questionnaires  

6.1.1 Consent Form used at the Justus-Liebig-University Giessen for Study I 
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6.1.2 Demographic Questionnaire used at the Justus-Liebig-University Giessen for Study I 
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6.1.3 Consent Form including a Demographic Questionnaire used at the Tufts University 

 Boston for Study II 
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6.2 Supporting Information Study I 

6.2.1 Original Tasks from the Qualitative Interview Study 
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6.2.2 Sample Solutions of the Tasks from the Qualitative Interview Study 
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6.2.3 Interview Protocol 
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6.2.4 Students’ Argumentation Patterns  
 

The following argumentation patterns derived from the think-aloud interviews for study I in October 

and November 2019. The argumentation patterns were created for each participant and illustrate 

their argumentation when judging the plausibility of alternative reaction pathways. Thereby, 

students’ utterances show the experienced argumentation process and does not guarantee technical 

correctness.  

Fig. 13: Amber’s argumentation pattern of the evidence-based argumentation approach. 

 Fig. 14: Haley’s argumentation pattern of the evidence-based argumentation approach. 

 

Fig. 15: Gloria’s argumentation pattern of the evidence-based argumentation approach.  

 

Fig. 16: Pam’s argumentation pattern of the evidence-based argumentation approach. 
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Fig. 17: Sonia’s argumentation pattern of the evidence-based argumentation approach. 

Fig. 18: Sal’s argumentation pattern of the evidence-based argumentation approach. 

Fig. 19: Frank’s argumentation pattern of the evidence-based argumentation approach. 

Fig. 20: Beth’s argumentation pattern of the evidence-based argumentation approach. 

Fig. 21: Andy’s argumentation pattern of the evidence-based argumentation approach. 
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Fig. 22: Ben’s argumentation pattern of the based-on-both argumentation approach. 

 

Fig. 23: Joe’s argumentation pattern of the based-on-both argumentation approach. 
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Fig. 24: Stella’s argumentation pattern of the based-on-both argumentation approach. 

Fig. 25: Manny’s argumentation pattern of the based-on-both argumentation approach. 
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Fig. 26: Mitchell’s argumentation pattern of the based-on-both argumentation approach. 

Fig. 27: Dylan’s argumentation pattern of the based-on-both argumentation approach. 
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Fig. 28: Gil’s argumentation pattern of the based-on-both argumentation approach. 

Fig. 29: Sydney’s argumentation pattern of the based-on-both argumentation approach. 
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Fig. 30: Rhonda’s argumentation pattern of the based-on-both argumentation approach. 

Fig. 31: Ronnie’s argumentation pattern of the based-on-both argumentation approach. 
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Fig. 32: Alex’ argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 33: Lily’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 34: Jay’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 35: Pepper’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 36: Luke’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 37: Cameron’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 38: Charlie’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 39: Phil’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 40: Claire’s argumentation pattern of the reasoning-based argumentation approach. 
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Fig. 41: Reuben’s argumentation pattern of the reasoning-based argumentation approach. 
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6.3 Supporting Information Study II 

6.3.1 Diagnostic Scaffold designed and used with the Software Qualtrics 
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6.3.2 Adapted Scaffold (ArgS group) designed and used with the Software Qualtrics 
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6.3.3 Adapted Scaffold (ConS group) designed and used with the Software Qualtrics 
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6.3.4 Adapted Scaffold (ArgConS group) designed and used with the Software Qualtrics 
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6.3.5 Adapted Scaffold (ReaS group) designed and used with the Software Qualtrics 
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6.4 Students’ Original Quotes and their English Translation from Study I 
 

In cases that the students’ German utterances were grammatically incorrect, the utterance was 

translated into English in a grammatically correct way to facilitate reading flow. Care was always 

taken to ensure that the meaning of the utterance remained the same and was compared with the 

video recordings of the interview. The translations were checked multiple times by the coauthor and 

a German English student teacher. Pauses in students’ utterances are indicated with […].  

Table 2: Students’ original quotes in German and their English translation from paper 1. 

Text 
passage 

German transcript English translation of the transcript 

Results 
section  
 
p. 3734 

Haley: „Ja. Es war eher Automatismus, 
den man dann abfährt. Irgendwie halt 
die Reaktion und die Edukte habe ich 
so und so schon einmal gesehen. Das 
mache ich einfach. Weniger halt so 
gesehen dann überlegen, was, wie 
verhalten sie sich und so weiter und so 
fort, sondern eher aus der Hüfte 
geschossen, wie man so schön sagt.“ 

Haley: “It was more like an automatism 
that I used. Somehow, I saw the reaction 
and reagents before. That’s how I do it. I 
don’t see it and think about how they 
behave and so on. It’s more like ‘shoot 
from the hip’ as the phrase goes.” 

Results 
section 
 
p. 3735 

Mitchell: „Und ich denke, es ist schon 
vorteilhaft, wenn man sich alle 
Möglichkeiten überlegen muss und 
dementsprechend auch viel mehr über 
die chemischen Prozesse, die im 
Hintergrund nachlaufen oder 
ablaufen, nachdenken muss.“ 

Mitchell: “I think it is favorable to reflect 
on all the alternatives and therefore even 
more about the chemical processes that 
run in the background.” 

Results 
section 
 
p. 3735 

Phil: „Ja. Also, ich habe das ja gemerkt, 
dass so die ersten beiden Aufgaben, 
die schaut man sich dann an, das ist 
automatisiert, man macht diese SN, 
okay, und weiter. Und sobald ich halt 
die anderen Produkte gesehen habe, 
kam dann eben dieser Zweifel und 
eben diese Anregungen halt zweimal 
darüber nachzudenken oder noch 
mehr. Ja, was für Möglichkeiten gibt 
es noch, wie sinnvoll ist es.“ 

Phil: “I recognized that when you look at 
the first two subtasks, that is kind of 
automized. You do the SN, that’s it, and 
you go on. As I saw the other products, I 
began to have doubts that made me think 
twice about it and even go deeper. What 
alternatives do I have and how plausible 
are they?” 

Results 
section 
 
p. 3735 

Gloria: “Das verunsichert aber auch 
sehr. Also man hinterfragt dann sehr 
viel, was man jetzt gemacht hat, und 
ich bin dann auch jemand, der sehr 
schnell dazu tendiert, den Überblick zu 
verlieren sozusagen.“ 

Gloria: “These tasks made me uncertain. I 
questioned my decisions and I’m a person 
who tends to lose track of the big picture.” 

Results 
section 
 
p. 3735 

Cameron: “Das Problem ist, für die Art 
von Aufgabe, braucht man jemanden 
zum Diskutieren. […] Ein Kommilitone 
wäre vollkommen ausreichend dafür 
denke ich. Es reicht ja schon, dass er 
sagt: "Okay, wie kommst du da 
drauf?" Also das ist ja schon, das 

Cameron: “The problem is for these kinds 
of tasks that you need someone to discuss 
it with. […] A fellow student would be 
sufficient for this. It would be enough if he 
said ‘How do you come to this conclusion?’ 
You don’t need someone who knows the 
correct answer, only someone asking ‘Why 
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heißt, man braucht gar nicht 
jemanden, der weiß, wie es ist, 
sondern man braucht einfach nur 
jemanden, der einen fragt: "Naja, 
warum denn so? Ich finde das hier 
sieht besser aus."  

this answer?’ I prefer this [approach to 
problem-solving].” 

Results 
section 
 
p. 3735 

Claire: „Was ich halt überhaupt nicht 
gemacht habe in den ersten zwei 
Jahre, weil da hat man was vorgesetzt 
bekommen, die Reaktion läuft so ab 
und so ist das. […] Aber eigentlich 
sollte ich ja denken/ mir da ein 
Konzept aufgebaut haben, um immer 
wieder darauf zurückzugreifen.“ 

Claire: “I haven’t done something like this 
in the last two years because you’ve just 
got something in front of you telling you 
that this is the mechanism of the reaction 
and that’s it. [...] But I should have created 
a concept that I could refer back to.” 

Results 
section 
 
p. 3735 

Claire: „Und nicht so, wie die letzten 
Jahre, wo dann halt, wie auch in OC1 
und -2, einfach die Sachen an die Tafel 
geschrieben worden sind und du das 
dann abgeschrieben hast, dann 
hättest du auch von einem Lehrbuch 
abschreiben können.“ 

Claire: “During [my studies in] the last few 
years, things have just been written in the 
board and you copied it down. You 
could’ve just copied the textbook instead.” 

 

Table 3: Students’ original quotes in German and their English translation from paper 2. 

Text 
passage 

German transcript English translation of the transcript 

Table 1 
 
p. 42 

„Hier ist halt die Bindung schon mal 
stärker polarisiert.“ 

“This bond is more polarised.“  

Table 1 
 
p. 42 

„Also die Bindung von CH ist halt 
stärker. Man muss halt mehr Energie 
aufwenden, um die Bindung zu 
brechen.“ 

“The C-H bond is stronger. You have to 
spend energy to cleave the bond.“  

Table 1 
 
p. 42 

„… dass Säure-Basen Reaktionen sehr 
schnell ablaufen.“ 

“… that acid-base reactions react very 
fast.“  

Table 1 
 
p. 42 

„… weil da halt die Gruppen einfach 
näher aneinander sind.“ 

“… because the groups are close to each 
other.“  

Table 1 
 
p. 42 

„Phenole könnte man zum Beispiel mit 
OH- deprotonieren.“ 

“You can deprotonate phenols with 
hydroxide.“  

Table 1 
 
p. 42 

„… dass hier diese Stelle azider ist.“ “… that this part is more acidic.“  

Table 1 
 
p. 42 

“Es kommt ein bisschen drauf an, wie 
viel Base ich zugebe.“ 
 
 

“It depends on how much base I add.“  

Table 1 
 
p. 42 

„… weil das Produkt so in keiner Weise 
halt stabil ist“ 

“… this product would be definitely not 
stable.“  
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Fig. 5 
 
p. 44 

Phil: „Das Argument dafür wäre, wenn 
nur sehr wenig Base zugesetzt wird 
wahrscheinlich am meisten das hier 
(Alkoholat). Also wenn wir jetzt 1 zu 1 
Umsetzung hätten, würde 
wahrscheinlich das hier rauskommen, 
weil wir keine SN2 machen, da die 
Säure-Base-Reaktion viel schneller ist. 
Da wird eher alles quantitativ einfach 
nur deprotoniert. Also das kann ich 
auf jeden Fall nachvollziehen.“ 
 
Interviewer: „Bevor du weitergehst, 
du hast jetzt schon mehrfach gesagt, 
die Säure-Base-Reaktion ist einfach 
viel viel schneller als die SN in dem 
Fall. Warum?“ 
 
Phil: „Ja, das hat ja auch was mit der 
Härte zutun. Hier haben wir zum 
Beispiel eine harte Base und ein 
Proton ist eine harte Säure und nach 
dem HSAB Prinzip zum Beispiel ist der 
Energiegewinn da am besten. Ich habe 
einmal eine positive Ladung, also ein 
leeres Orbital in das ich Ladungsdichte 
reinschieben kann. Hier müsste man ja 
SN2, habe ich ja hier ein 
antibindendes Orbital, in das ich 
meine Ladung reinstecke. Ist aber halt 
einfach auch sterische Gründe. Es 
kann ja nur von da angreifen, allein 
das ist ja schon ein Faktor dann, weil 
das hier ist ja komplett endständig, es 
könnte ja praktisch von überall das 
Proton nehmen und hier muss es ja 
spezifisch angreifen und ja.“ 

Phil: “The argument for this would be, if 
only a very small amount of base is added, 
probably this (alkoxide) will be formed. If 
we have a 1 to 1 conversion, this would 
probably come out because we don’t do 
SN2 because the acid-base reaction is much 
faster. Rather everything is simply 
deprotonated quantitatively. So I can 
understand that in any case.” 
 
Interviewer: “You already said the acid-
base reaction is way faster than the SN. 
Why?” 
 
Phil: “Yes, that has something to do with 
hardness. Here we have a hard base and a 
proton is a hard acid and according to the 
HSAB principle the energy gain is best 
there. I have a positive charge, so I have an 
empty orbital in which I can push charge 
density. With an SN2 I have an antibonding 
orbital into which I can insert my charge. 
But there are also steric reasons. It can 
only attack from there, that alone is a 
factor, because this is completely terminal, 
it could take the proton from practically 
anywhere, and here it must attack 
specifically.” 

Fig. 6 
 
p. 45 

Interviewer: „Würdest du sagen, ab 
Schritt 2 ist es plausibel?“ 
 
Dylan: „Der Teil ja, weil ich hier eine 
partial positive Ladung, ich habe eine 
negative Ladung und dann ich hab 
keine große Ringspannung. Also ein 
Fünfring ist auch eher stabil und 
Chlorid ist eine gute Abgangsgruppe.“ 
[…] 
Interviewer: „Könntest du mir 
probieren zu erklären, warum Chlorid 
also was die Erklärung dafür ist, dass 
Chlorid eine gute Abgangsgruppe ist.“ 
 

Interviewer: “Do you think this step is 
plausible?” 
 
Dylan: “Yes, because here is a partial 
positive charge, there is a negative charge. 
There is also just a little ring strain. A five-
membered ring is quite stable and chloride 
is a good leaving group.” 
[…] 
Interviewer: “Could you try to explain why 
chloride is a good leaving group?” 
 
Dylan: “Chloride has an electron 
configuration and a high electronegativity. 
Compared to carbon, chloride is more 
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Dylan: „Ja es hat quasi 
Edelgaskonfiguration. Und, ja, hat 
auch eine hohe Elektronegativität, 
jetzt mit einem Bindungspartner jetzt 
als Kohlenstoff zum Beispiel, ehm, ist 
es eh partial negativ geladen. […] 
Thermodynamisch günstiger, jetzt so. 
dass ist jetzt also die Bindung ist für 
das Chlorid günstiger als Ionen 
vorzuliegen.“ 

electronegative. […] As an ion, chloride is 
thermodynamically more stable.” 

Fig. 7 
 
p. 45 

Interviewer: “Jetzt hast du gerade 
über gute und schlechte 
Abgangsgruppen gesprochen. Was ist 
denn für oder warum ist Chlor für dich 
eine bessere Abgangsgruppe als OH-.“ 
 
Amber: „Weiß ich nicht, keine Ahnung 
(lacht).“ 
 
Interviewer: „Das heißt, dass ist 
wieder ein Fakt, den du halt weißt?“ 
 
Amber: „Genau, den habe ich 
irgendwann mal gelernt und das quasi 
entweder nicht hinterfragt oder ja, 
einfach so hingenommen.“ 
 
Interviewer: „Könntest du probieren 
anhand von Chlor und OH- zu 
erklären, warum Chlor besser 
rausgeht?“ 
 
Amber: „Vielleicht weil Chlorid kleiner 
ist als OH-, aber wissen tu ich es 
nicht.“ 

Interviewer: “You have talked about good 
and bad leaving groups. Why do you think 
that chloride is a better leaving group than 
hydroxide?” 
 
Amber: “I have no idea (laughing).” 
 
Interviewer: “Is that a fact you just know?” 
 
Amber: “Exactly, I learned that at some 
point and either didn’t question it or 
simply accepted it.” 
 
Interviewer: “Could you try to explain it?” 
 
Amber: “Maybe because chloride is smaller 
than hydroxide but I don’t know it.” 

Results 
section  
 
p. 46 

Charlie: „Ich halte es nicht für nicht 
plausibel. Ich wäre jetzt intuitiv nicht 
drauf gekommen, dass sowas 
passieren würde, wenn ich ehrlich bin. 
Dafür hätte ich halt gleich den 
simpelsten Weg gegangen und hätte 
gesagt es ist eine ganz normale 
nukleophile Substitution halt eben an 
der Stelle, wenn ich mir das so 
angucke würde ich jetzt nicht 
unbedingt sagen, es könnte ein 
Nebenprodukt sein, was entsteht. 
Aber das Hauptprodukt wäre halt, je 
mehr ich darüber nachdenke desto 
faszinierender finde ich das.“ 
 
Interviewer: „Warum?“ 

Charlie: “‘‘I don’t think it’s not plausible (he 
refers to THF). I wouldn’t have intuitively 
guessed that something like this (THF) 
would happen if I am honest. But I would 
have taken an easier way and said it is a 
normal nucleophilic substitution, at this 
point, if I look at it that way I would not 
necessarily say it (THF) could be a by-
product of what is being created. But the 
main product, the more I think about it, 
the more fascinating I think it is.’’ 
 
Interviewer: ‘‘Why?’’ 
 
Charlie: ‘‘Because I really didn’t think that 
this (formation of THF) was a possibility. 
Well, I didn’t think about it at all, I even 
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Charlie: „Weil ich wirklich nicht 
darüber nachgedacht habe, dass das 
eine Möglichkeit ist. Also ich habe 
absolut nicht daran gedacht, ich habe 
bei der Aufgabe vorher, ich glaube 
sogar, dass das falsch ist, was da 
vorher war, weil ich habe halt 
gesehen, ich habe ein Nukleophil und 
eine gute Abgangsgruppe und zack 
nukleophile Substitution, aber ich 
habe nicht gesehen, dass man ja quasi 
sich ein weiteres Nucleophil bauen 
kann, wenn man so will.“ 

think that what was there before 
(nucleophilic substitution) is wrong, 
because I just saw that I have a nucleophile 
and a good leaving group and nucleophilic 
substitution, but I didn’t see that you can 
build another nucleophile (alkoxide).’’ 

Results 
section  
 
p. 46 

Interviewer: „Wir können es ja mal 
genau andersherum machen. Wenn 
du das Produkt siehst, würdest du das 
Produkt denn prinzipiell als plausibel 
bezeichnen?“ 
 
Sonia: „Ja, aber ich weiß nicht, warum. 
Das sagt mir wieder mein Gefühl, ich 
weiß nicht. Das sieht irgendwie so 
richtig aus.“ 
 
Interviewer: „Und gibt es 
irgendwelche Faktoren, an denen du 
festmachen würdest, das ist richtig 
oder deshalb denke ich, dass das 
Produkt richtig sein könnte?“ 
 
Sonia: „Wir hatten mal so eine 
ähnliche Aufgabe in der Übung und 
daran ich weiß nicht, als ich das 
gesehen habe, hat es irgendwie klick 
gemacht in meinem Kopf, irgendwo in 
der hintersten Ecke, wo ich mir 
gedacht habe, ich glaube, das ist es.“ 

Interviewer: ‘‘We can do it differently. 
When you see the product, would you 
describe the product as plausible in 
principle?’’ 
 
Sonia: ‘‘Yes, but I don’t know why. My 
feeling tells me that again, I don’t know. It 
looks so right somehow.’’ 
 
Interviewer: ‘‘And are there any factors 
that help you determine why you think the 
product could be right?’’ 
 
Sonia: ‘‘We once had a similar task in an 
exercise and I don’t know, when I saw that, 
it kind of clicked in my head, somewhere in 
the back corner where I thought, I think 
that’s it.’’ 

Results 
section  
 
p. 46 

Andy: „Also die OH-Gruppe wurde 
einfach deprotoniert.“ 
 
Interviewer: „Für wie plausibel hältst 
du das?“ 
 
Andy: „Das ist eine gute Frage. 
Eigentlich, also es kann sein, dass es 
auch passiert. Aber negative Ladung 
nur am Sauerstoff ist sehr, ich würde 
sagen, unwahrscheinlich.“ 
 
Interviewer: „Warum?“  
[…] 

Andy: ‘‘So here, the hydroxyl group was 
simply deprotonated.’’ 
 
Interviewer: ‘‘How plausible do you think is 
this?’’ 
 
Andy: ‘‘That’s a good question. Actually, so 
it may happen. But a negative charge only 
on oxygen is very, I would say, unlikely.’’ 
 
Interviewer: ‘‘Why?’’ 
[…] 
Andy: ‘‘So, that charge is on the oxygen 
and then is not somehow stabilised. That is 
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Andy: „Also ich finde den ein 
bisschen/ Ja, dass Ladung irgendwie 
am Sauerstoff ist und dann halt nicht 
irgendwie stabilisiert wird, finde ich 
ein bisschen seltsam. Weil, Ladung an 
einer Estergruppe wäre ja irgendwie, 
finde ich, normal. (...) Also bei einer 
Estergruppe hätte man ja/ Dass da 
Ladung da ist, würde ich normal 
finden, weil das ja relativ stabilisiert ist 
durch hier Mesomerie. Aber nur am O, 
ich finde es ein bisschen seltsam, 
würde ich sagen.“ 

a bit strange to me. Because, charge on an 
ester group would be kind of, I think, 
normal, because that’s relatively stabilised 
by resonance. But only at the oxygen is a 
bit strange to me.’’ 

Results 
section  
 
p. 47 

Interviewer: „Für wie plausibel hältst 
du das?“ 
 
Andy: „Das könnte sogar plausibler 
sein als das hier.“ 
 
Interviewer: „Okay. Warum?“ 
 
Andy: „Ja, das O hat freie 
Elektronenpaare, ein Fünfring ist nicht 
so gespannt wie ein Vierring zum 
Beispiel. Also dass es hier angreift, ist 
halt/ Ein Vierring ist halt ziemlich 
gespannt, Fünfring ja eher nicht so. 
Das könnte möglich sein, würde ich 
sagen. Also ich würde es sogar als 
relativ plausibel einschätzen.“ 

Interviewer: ‘‘How plausible do you think is 
it?’’ 
 
Andy: ‘‘That might even be more plausible 
than this (diol).’’ 
 
Interviewer: ‘‘Okay. Why?’’ 
 
Andy: ‘‘The O has lone pairs, a five-
membered ring is not as strained as a four-
membered-ring, for example. I would say 
that could be possible. So, I would even 
consider it relatively plausible.’’ 

Results 
section  
 
p. 47 

Andy: “Das O hat, wie gesagt, freie 
Elektronenpaare, ist mir dann 
aufgefallen. Und habe dann gedacht, 
ja, um den Fünfring zu rekonstruieren, 
muss es ja hier angreifen. Da habe ich 
ja erst das Cl hingemalt. Es wäre aber 
ein fünfbindiger Kohlenstoff, der es 
dann ja nicht gibt. Also muss das Cl 
auch irgendwie rausfliegen. Und im 
letzten Schritt halt wird das H hier 
vom OH angenommen. Aber auch nur, 
weil es/ Genau, weil das O halt positiv 
ist und es möchte ja relativ neutral 
werden. Und es muss ja irgendwie das 
Furan oder auch, wenn es nicht das 
Furan ist, rauskommen.“ 
 
Interviewer: „Das heißt, du hast im 
Prinzip geguckt, ich kenne das 
Produkt. Wie wurschtel ich es 
zusammen.“ 
 

Andy: ‘‘I noticed that the O has lone pairs. 
And then I thought, in order to reconstruct 
the five-membered-ring, it must attack 
here. That’s where I first drew the Cl. But it 
would be a pentavalent carbon atom, 
which does not exist. So, the Cl has to get 
out somehow. And in the last step the H is 
taken by the OH. But only because the O is 
positive and it wants to become relatively 
neutral. And somehow furan (Andy 
confounded THF and furan) has to be the 
product.’’  
 
Interviewer: ‘‘That means, you basically 
made sure that you knew the product and 
how to put it together?’’ 
 
Andy: ‘‘Yes, somehow. Exactly.’’ 
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Andy: „Ja, irgendwie. Genau“ 

Results 
section  
 
p. 47 

“Wegen dem +I-Effekt, das ist ja ein 
elektronenschiebender Effekt, würden 
zu einem negativen Punkt noch mal 
Elektronen hingeschoben werden“ 
(Ronnie) 

‘‘due to the positive inductive effect, which 
is an electron-pushing effect, more 
electrons would be distributed’’ (Ronnie) 

Results 
section  
 
p. 47 

„negative Ladungen neben negativer 
Ladung ist eher ungünstig, weil dann 
viel zu vieler Elektronenüberschuss 
ist.“ (Haley) 

‘‘negative charge next to negative charge is 
unfavourable because there is a high 
excess of electrons’’ (Haley) 

Results 
section  
 
p. 47 

„Weil die Entropie hier steigt. Das hat 
wieder was mit der Entartung der 
Energie zu tun. Weil umso mehr 
Moleküle, also wenn die Energie auf 
mehr Moleküle verteilt wird, ist es am 
Ende stabiler also energetisch 
günstiger.“ (Pepper) 

‘‘that is because the entropy increases. The 
degeneracy in the system increases, since 
the energy can be distributed over more 
molecules.’’ (Pepper) 

Results 
section  
 
p. 48 

„Weil es als Ion irgendwie halt kleiner 
ist und ein bisschen beweglicher.“ 
(Stella) 

‘‘that chloride, as an ion, is smaller and can 
move easily compared to the hydroxide 
ion.’’ (Stella) 

Results 
section  
 
p. 48 

„Weil die Kette sage ich jetzt mal 
ziemlich lang ist.“ (Sal) 

‘‘because the carbon chain is quite long.’’ 
(Sal) 

Results 
section  
 
p. 48 

Cameron: „Chlorid ist eine gute 
Abgangsgruppe, weil, ich denke, dass 
die Chlorkohlenstoffbindung nicht 
besonders stabil/ also schon stabil, 
aber nicht überragend im Gegensatz 
zu Abgangsgruppen, wie zum Beispiel 
OH oder OH- als Abgangsgruppe. Dann 
kann es in wässriger Umgebung gut 
stabilisiert werden. […] Es ist halt auch 
eine hohe Elektronegativität. Das ist 
auch sehr elektronenziehend, Chlor als 
Atom.“ 
 
Interviewer: „Könntest du erklären, 
warum Chlor eine gute und Hydroxid 
eine schlechte Abgangsgruppe ist?“ 
 
Cameron: „[…] Also theoretisch 
müsste es so sein, dass das Elektron, 
was beim Chlor hinzukommt, in ein 
Orbital gelagert wird, was elektronisch 
höher ist als beim OH-/ Energetisch, 
nicht elektronisch, energetischer ist 
als beim OH-. Aber so richtig weiter 
komme ich damit nicht. (lacht) Also ich 
würde jetzt sagen, so, dass das gar 
nicht aufgrund der Stabilität der 

Cameron: ‘‘Chloride is a good leaving 
group because the chlorocarbon bond is 
not very stable, unlike leaving groups such 
as OH-. Then it can be stabilised in an 
aqueous solution. [. . .] There is also a high 
electronegativity. It’s also very electron-
withdrawing, chlorine as an atom.’’ 
 
Interviewer: ‘‘Could you explain to me why 
chloride is a good leaving group and 
hydroxide is a weak leaving group?’’ 
 
Cameron: ‘‘[. . .] So theoretically it should 
be that the electron that is added in 
chlorine is stored in an orbital, which is 
energetically higher than hydroxide. But 
I’m not really getting anywhere with it 
(laughs). So, I would say that this is not the 
cause because of the stability of the two 
ions, but because of the stability of the 
bond. That the splitting, here with chlorine 
and then there is another bond with 
carbon, that the splitting, if I were to 
occupy that as well, of the orbitals is lower 
with chlorine than with oxygen. And 
therefore, if this energy gain, through the 
bond or the energy loss through the 
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beiden Ionen der Fall ist, sondern 
aufgrund der Stabilität der Bindung, 
dass die Aufspaltung, wenn man sich 
das anguckt, hier mit Chlor und dann 
gibt es noch eine Bindung mit 
Kohlenstoff, dass dann hier die 
Aufspaltung, wenn ich das jetzt auch 
noch besetzen würde, von den 
Orbitalen beim Chlor geringer ist als 
beim Sauerstoff. Und deswegen, wenn 
dieser Energiegewinn, durch die 
Bindung beziehungsweise der 
Energieverlust durch das Brechen der 
Bindung, dass der dann geringer ist, 
beim Chlor als beim OH- bzw. als beim 
Hydroxidion.“ 

cleavage of the bond, is then lower with 
chlorine than with OH.’’ 

Results 
section  
 
p. 48 

Gloria: “Halogene sind allgemein eine 
gute Abgangsgruppe. Deshalb 
vermute ich eine SN Reaktion.“ 
 
Interviewer: „Kannst du mir 
begründen, wieso Halogene gute 
Abgangsgruppen sind?“ 
 
Gloria: „Weil speziell Cl- relativ stabil 
ist und die Oktettregel erfüllt.“ 

Gloria: ‘‘Halogens are generally a good 
leaving group. That’s why I suspect a 
nucleophilic substitution.’’ 
 
Interviewer: ‘‘Can you tell me why 
halogens are good leaving groups?’’ 
 
Gloria: ‘‘Because Cl- in particular is 
relatively stable and obeys the octet rule.’’ 
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Ich erkläre: Ich habe die vorgelegte Dissertation selbständig und ohne unerlaubte fremde Hilfe und nur 

mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die wörtlich 

oder sinngemäß aus veröffentlichten Schriften entnommen sind, und alle Angaben, die auf mündlichen 

Auskünften beruhen, sind als solche kenntlich gemacht. Ich stimme einer evtl. Überprüfung meiner 

Dissertation durch eine Antiplagiat-Software zu. Bei den von mir durchgeführten und in der 

Dissertation erwähnten Untersuchungen habe ich die Grundsätze guter wissenschaftlicher Praxis, wie 

sie in der „Satzung der Justus-Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ 

niedergelegt sind, eingehalten. 
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