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Should we scaffold it? Analysing the effect of task
format and scaffolding on students’ learning gain

David Kranz, a Paul P. Martin, a Michael Schween b and Nicole Graulich *a

An essential goal of science education is to support students in reasoning about the underlying

mechanisms of observed phenomena, which requires well-designed instructional approaches. In organic

chemistry, various approaches have been designed to support students’ reasoning about mechanisms,

including contrasting cases as a task format. Qualitative studies indicate that contrasting cases positively

impact students’ mechanistic reasoning since this task format encourages students to identify and

analyse similarities and differences in chemical phenomena. Additionally, a prior mixed-methods study

showed that scaffolded contrasting cases can advance undergraduate students’ reasoning about

mechanisms, but the effect varied depending on prior knowledge. Despite these valuable insights,

research has not yet quantitatively analysed the effectiveness of scaffolded versus non-scaffolded

contrasting cases, compared with single cases. This study quantitatively examines the effects of these

instructional approaches on undergraduate organic chemistry students’ learning gains, with a particular

focus on the role of prior knowledge. Our findings suggest that non-scaffolded contrasting cases

increase learning gains for students with low prior knowledge. Additionally, scaffolded contrasting cases

support students with low prior knowledge in their open-ended reasoning about chemical mechanisms.

Given these findings, organic chemistry instructors should consider contrasting cases as an alternative

task format. However, instructors should introduce the scaffolding used in this study with practice

sessions as it may otherwise increase cognitive load for students unaccustomed to its demands.

Introduction
In organic chemistry, students should be able to predict the
selectivity of transformations, design new synthesis routes, and
critically evaluate the plausibility of reactions—practices requiring
mechanistic reasoning (Bhattacharyya and Bodner, 2005). Mecha-
nistic reasoning is a scientific practice that goes beyond simply
describing the outcomes of chemical reactions (Graulich, 2015;
Dood and Watts, 2022). It involves deducing the underlying
mechanisms behind observed phenomena to explain how and
why changes occur at the molecular level (Russ et al., 2008; Cooper
et al., 2016). However, students often struggle to reason about the
mechanisms and causal processes underlying observed phenom-
ena (Graulich, 2015; Ince, 2018; Dood and Watts, 2023). Further-
more, students may rely on different, sometimes unproductive
strategies when working with similar representations across con-
texts (Braun and Graulich, 2024). Therefore, identifying instruc-
tional approaches that help students overcome these challenges is
a key goal of chemistry education research.

Recent frameworks describing students’ mechanistic rea-
soning in general chemistry (Sevian and Talanquer, 2014) and
organic chemistry (e.g., Caspari et al., 2018; Bodé et al., 2019;
Deng and Flynn, 2021) highlight students’ challenges in deriving
implicit features from explicit representations (e.g., molecules,
electron arrows, charges, etc.). However, the ability to infer infor-
mation from representations with a high level of abstractness
allows students to find more plausible solutions (Weinrich and
Sevian, 2017). For beginners in chemistry, it is challenging
to determine which explicit features are relevant and how to
derive the corresponding implicit properties (Graulich and
Bhattacharyya, 2017). Students in chemistry, thus, tend to focus
on single surface features or symbolic patterns rather than recog-
nising implicit functional similarities, whether evaluating indivi-
dual molecules or entire reactions (Domin et al., 2008; Graulich and
Bhattacharyya, 2017; Galloway et al., 2018). However, considering
implicit properties and underlying processes of a mechanism is
essential for higher-level reasoning (Weinrich and Sevian, 2017)
and leads to greater success when solving mechanistic problems
that require knowledge transfer (Grove et al., 2012). Since these
student challenges have been documented in numerous studies,
students require targeted instructional support (e.g., Bachtiar et al.,
2022). Consequently, it is critical that evidence-based conclusions
can be drawn about the effectiveness of such instructional support.
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Contrasting cases versus single cases

Contrasting cases are a common approach across the natural
sciences and mathematics for prompting students to recognise
relevant features of a problem. In chemistry, contrasting cases are
sets of chemical examples selected to highlight critical conceptual
differences, such as how substituent effects influence reaction
rates of mechanisms, so that students can purposefully compare
and learn the underlying chemical concepts (Graulich and
Schween, 2018). Alfieri et al. (2013) found in a meta-analysis that
contrasting cases led to a significantly higher number of identi-
fied variables than single cases (d = 0.60, 95% CI [0.47, 0.72]).
Contrasting cases were successfully used to promote mechanistic
reasoning in organic chemistry (Caspari et al., 2018; Bodé et al.,
2019; Caspari and Graulich, 2019; Rodemer et al., 2020; Deng and
Flynn, 2021; Watts et al., 2021; Eckhard et al., 2022; Kranz et al.,
2023; Haas et al., 2024). Since contrasting cases have demon-
strated positive effects on students’ mechanistic reasoning in
qualitative research, it is important to evaluate how effective this
kind of instruction is when compared with tasks commonly used
in organic chemistry, e.g., predict-the-product tasks (i.e., predo-
minantly single cases) and whether contrasting cases lead to
greater learning gains than traditional organic chemistry tasks.

Scaffolding

To support students in connecting features relevant for a
problem, scaffolding (i.e., a structured sequence of prompts)
can be used to break down the reasoning process into several
sub-steps. This supporting instruction has been widely used in
science education (Lin et al., 2012; Wilson and Devereux, 2014),
among other applications, to guide students through the
problem-solving process while working with contrasting cases
in organic chemistry (Caspari and Graulich, 2019; Watts et al.,
2021; Kranz et al., 2023). Scaffolding slows down the decision-
making process (Caspari and Graulich, 2019). Furthermore, it
provides students with the opportunity to activate necessary
conceptual and procedural knowledge (Rittle-Johnson and
Star, 2007; Rittle-Johnson and Star, 2009; Shemwell et al.,
2015; Chin et al., 2016) and to reflect in depth on the concepts
used (Graulich et al., 2021). Scaffolding helps students general-
ise and transfer concepts to new examples (Lombrozo, 2006)
and to identify more connections between features that are
essential for successfully solving a task (Caspari and Graulich,
2019; Watts et al., 2021). Since scaffolding provides step-by-step
guidance in comparing the elements of a problem, such as
chemical structures, it helps students derive and weigh implicit
properties from explicit information (Caspari and Graulich, 2019).
As a result, scaffolded contrasting cases may foster greater learn-
ing gains than non-scaffolded contrasting cases.

At present, there is no quantitative evidence for the effec-
tiveness of contrasting cases and scaffolded contrasting cases
compared to traditional tasks in the context of organic chem-
istry reaction mechanisms, nor is there quantitative evidence
regarding the role of prior knowledge in moderating these
effects. For future use of contrasting cases and scaffolding, it
is, thus, critical to understand the distinct impact of each

instructional approach relative to traditional tasks, such as
single cases. Additionally, exploring how prior knowledge shapes
the effectiveness of these approaches is crucial for identifying
which students—based on their prior knowledge—gain the most
from each approach.

Theoretical framework
Variation theory

Some fundamental principles underlying the contrasting cases
task design are rooted in Variation Theory (Ling Lo, 2012).
According to this theory, learning occurs when individuals become
aware of previously unrecognised features of a phenomenon.
Consequently, instructional approaches should guide students in
analysing similarities and differences so that they can identify and
weigh critical features of the phenomenon (Ling Lo and Marton,
2011). Varying certain elements makes them salient to the viewer,
while other elements are kept invariant (Ling Lo and Marton, 2011;
Bussey et al., 2013). This enables students to notice critical features
more quickly (Bussey et al., 2013). In the context of science and
mathematics education, the use of contrasting cases (Chin et al.,
2016; Graulich and Schween, 2018) appears, therefore, to be a
promising approach for helping students identify more critical
features, compared with learning from single cases (Alfieri et al.,
2013). Nonetheless, when instructors incorporate variations into
exercises, these should not be applied at random—rather, the
timing and purpose of these variations should be carefully con-
sidered (Ling Lo, 2012).

Guiding reasoning through scaffolding

The concept of scaffolding originates from Wood et al. (1976) and
is closely linked to Vygotsky and Cole’s (1978) theory of the zone of
proximal development. This theory posits that assisted learning
can offer greater potential for learning gains than unassisted
learning because assistance can help students accomplish tasks
they could not complete independently. From this perspective, the
learning potential of a student answering a task regarding a
reaction mechanism in organic chemistry without assistance is
lower than that of a student who receives scaffolding for that task.
Scaffolding can be used to direct students’ problem-solving
process by guiding them through a complex task (Pea, 2004). It
aims to increase students’ problem-solving skills (Wood et al.,
1976; Belland, 2011; Yuriev et al., 2017).

As Reiser (2004) outlines, scaffolding supports problem-solving
by both structuring and problematising tasks. These strategies not
only facilitate engagement, but also benefit learners with low prior
knowledge by helping them build on fragmented understanding.
Students with high prior knowledge might either not profit from
scaffolding or may be hindered by it since it can create redun-
dancy, distraction, or lead to an expertise reversal effect (i.e., a task
design that is helpful for novices becomes ineffective for experts)
(Kalyuga, 2007; Homer and Plass, 2010; Nückles et al., 2010; Oksa
et al., 2010; Salden et al., 2010).

Because scaffolding seeks to manage the mental demands
placed on students, cognitive load theory offers a useful lens for

Paper Chemistry Education Research and Practice

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
4/

20
25

 8
:1

0:
53

 A
M

. 
View Article Online

https://doi.org/10.1039/d4rp00241e


This journal is © The Royal Society of Chemistry 2025 Chem. Educ. Res. Pract.

evaluating scaffold design. Cognitive load theory (Sweller, 1994)
states that working memory is limited: individuals can process
only a small amount of information at one time. Thus, this
theory clarifies why some students may struggle with particular
task designs more than other students. Cognitive load theory
assumes that more prior knowledge leads to less intrinsic
cognitive load (i.e., the effort required to understand a given
task) (Paas and Sweller, 2014). Similarly, sequencing tasks leads
to a lower intrinsic cognitive load by reducing task complexity
(Paas and Sweller, 2014). However, if the prompts are not
helpful for the individual student, a scaffold with a complex
structure may increase cognitive load, since the extraneous
cognitive load (i.e., the mental effort required to deal with the
design of a task) also increases (Sweller, 2010). The design of a
scaffold must, therefore, carefully consider to what extent the
task should be structured into subtasks to reduce the intrinsic
cognitive load, while keeping the structure simple enough to
avoid increasing the extraneous cognitive load.

Study design and research questions

From the theoretical framework of this study, one can assume
that different instructional approaches, including task format
(i.e., learning with single or contrasting cases) and structured
guidance (i.e., scaffolded contrasting cases), could have varying
effects on student learning gains. To investigate this assump-
tion, undergraduate organic chemistry students were randomly
divided into three treatment groups:

(1) a group who worked on traditional organic chemistry
tasks, predominately single cases (sc),

(2) a contrasting cases group without scaffolding (cc) and
(3) a group who received an additional scaffold with the

contrasting cases (ccsf).
We hypothesised, based on prior findings, that working with

scaffolded contrasting cases would lead to a greater effect on
students’ learning gains than non-scaffolded contrasting cases,
while contrasting cases would produce a greater effect than
single cases. This led to the first research question:

RQ1: How does the task format (sc vs. cc vs. ccsf) influence
students’ learning gain?

Building on previous findings (Kranz et al., 2023), the
effectiveness of scaffolded and non-scaffolded contrasting
cases may depend on students’ prior knowledge. The second
research question, therefore, examines this relationship:

RQ2: To what extent does the learning gain in the treatment
groups depend on students’ prior knowledge?

To answer these questions, a pre-post intervention study was
conducted.

Methods
Context of the study

Data collection took place between autumn 2021 and summer
2022 in four courses at three German universities, all of which
had been taught the basics about nucleophilic substitution

reactions prior to the study (i.e., mechanisms, hyperconjuga-
tion, inductive effects and resonance effects). The data were
collected on two consecutive days in each course. N = 122
students (33 chemistry student teachers, 62 chemistry bachelor
students and 27 students of chemistry-related study programs,
such as food chemistry or materials science) participated in the
study. The students were between 18 and 40 years old, while 62
identified themselves as male, 59 as female, and one as non-
binary. All, except four students, were German native speakers.
We ensured that students were familiar with similar chemical
content based on their course schedule and had not worked
with contrasting cases or the scaffold before the data collection.

Learning material

Each student was randomly assigned to one of three treatment
groups and received a set of tasks tailored to the respective
group (problem-solving phase, see Fig. 1), which ended with a
constructed-response task (CRT). All students had 40 minutes
to complete the respective tasks. Because the CRTs needed
different amounts of time across the groups, the sc and cc
groups were provided with additional tasks—primarily tradi-
tional tasks from the organic chemistry curriculum—to ensure
a comparable duration of the treatment. Overall, the learning
materials were piloted using an online questionnaire in a study
conducted across universities in Germany to provide evidence
of valid and reliable data (Martin, 2022).

(1) Single cases (sc): Students in the sc group received several
traditional organic chemistry tasks, for instance, predict-
the-product and ranking tasks. Students had to explain
the thermodynamic favourability of two single cases as
CRTs (Fig. 1).

(2) Contrasting cases (cc): Students in the cc group worked
with comparable tasks as the sc group and were
prompted to explain the differing reaction rate of two
contrasting cases as CRTs (Fig. 1).

(3) Scaffolded contrasting cases (ccsf): The ccsf group worked
with the same contrasting cases as the cc group as CRTs
(Fig. 1) but received additional subtasks provided in a
scaffold grid (Fig. 2). The scaffold was adopted from
Kranz et al. (2023) (Fig. 2), which was a modified version
of the scaffold by Caspari and Graulich (2019). For this
study, the scaffold provided a sequence of five scaffold
prompts in total (Fig. 2) and was implemented in a
digital format, which had the advantage that the grid
expanded step-by-step after students’ input. It is impor-
tant to note that the prompts structured the problem-
solving process only and provided no further conceptual
information.

Research instruments

Concept knowledge test. An online questionnaire
(Graulich et al., 2025) with an inventory of 13 items (after
deletion of items that had a negative impact on reliability
and very low inter-item correlation (Cronbach, 1951; Tavakol
and Dennick, 2011; Sürücü and Maslaçi, 2020)) was used to
assess students’ organic chemistry concept knowledge before
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and after the treatment (a sample of items is shown in
Appendix 2). Items were selected so that they corresponded to

the content of the organic chemistry lecture. The test included
six multiple-choice items, two single-choice items, and one

Fig. 1 Study design and illustration of the treatment groups. The second CRT was a contrasting case where 2-bromopropane and 2-bromo-2-
methylpropane were contrasted.
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ranking task as well as two closed-response and two open-
ended contrasting cases with a total of 42 attainable points. The
single- and multiple-choice items covered concepts, such as
inductive and resonance effects (see Appendix 2). The ranking
task required students to rank leaving groups according to their
quality. In the two-tiered closed-response contrasting cases
items, students first decided which reaction occurs faster and
then selected an appropriate explanation from several options;
points were only awarded if both responses were correct.
The open-ended contrasting cases are shown in Appendix 3.
The questionnaire is published by (Graulich et al., 2025).

Internal consistency was apre = 0.81 (95% CI [0.75; 0.86]) for
the pretest and apost = 0.80 (95% CI [0.75; 0.85]) for the posttest,
calculated with the R package psych (Revelle, 2022). These
values represent good reliability (Cronbach, 1951; Tavakol
and Dennick, 2011; Field et al., 2012).

The aim of the questionnaire was to assess students’ con-
cept knowledge regarding several concepts necessary for sol-
ving the mechanistic problems used in the intervention (e.g.,
inductive and resonance effects). The inventory had previously
been piloted with N = 72 students from different German
universities; based on classical test theory and item-response
theory, the original 38 items were reduced to 18 (Martin, 2022),
and finally 13 items with acceptable difficulty indices and a
Kaiser–Meyer–Olkin value (Cureton and D’Agostino, 2013)
above the threshold were retained for analysis.

Cognitive ability test. As part of the pretest, students completed
a standardised cognitive ability test (Heller and Perleth, 2000) to
assess their ability to visualise and mentally rotate objects, an
important skill for identifying reaction sites in structural repre-
sentations. The 8-minute test confirmed the randomised group
assignment and has been used in similar research (Rodemer
et al., 2021). The students had 8 minutes to complete this test.
Internal consistency was acat = 0.86 (95% CI [0.82; 0.89]),

calculated with the R-library psych (Revelle, 2022) indicating a
good reliability (Cronbach, 1951; Tavakol and Dennick, 2011;
Field et al., 2012).

Students’ perceived task difficulty. After the CRTs, students
rated task difficulty on a five-point Likert scale (1: very easy, 5:
very difficult) as well as their confidence in solving the tasks
(1: very confident, 5: very unconfident). These self-ratings served
as an approximate indicator of cognitive load because difficulty
estimates correlate with item complexity and confidence judge-
ments relate to response time and overall mental effort
(Bratfisch et al., 1972; Chen and Chang, 2009; Gavas et al.,
2018; Hoch et al., 2023).

Data collection

Students participated voluntarily in this study. The study was
conducted on two consecutive days in each course. All students
had the opportunity to win a voucher (i.e., five h20 Amazon gift
cards were randomly distributed among the students) for
participating; nevertheless, the sessions were scheduled during
regular lecture times. Approximately 80% of all enrolled students
took part, mirroring the demographics of the overall cohorts. On
the first day, a cognitive ability test and a pretest (i.e., concept
knowledge test) were administered. Demographic data were
collected via a digital survey prior to the pretest. The cognitive
ability test was administered according to Heller and Perleth
(2000). Students then had 30 minutes to complete the concept
knowledge test, which was presented in a randomised item
order. To match datasets, students generated an eight-
character code based on personal information; the data were
anonymised so that no one except the respondent could link
identities to datasets. Instructors were asked not to provide
additional information about SN1 mechanisms after the pretest.
On the following day, students completed the tasks assigned to
their treatment group, answered two constructed-response tasks

Fig. 2 Scaffold grid structured by subtasks.
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(CRTs), and then completed the posttest (i.e., concept knowledge
test) (Fig. 1). The intervention itself lasted approximately 40 min-
utes before students took the posttest. All instruments and the
intervention were delivered digitally via iPads and laptops. The
tasks were presented in German; answers were translated and
reviewed by an English native speaker for publication (Appendix
1). This two-day schedule minimised carry-over effects between
pre- and posttests and ensured identical conditions for all
groups.

Data analysis

We qualitatively coded the open-ended responses from the
concept knowledge test and the CRTs for subsequent analysis.
In addition, we scored the pretest, posttest, and CRT responses
for correctness. We also assessed students’ perceived task
difficulty and confidence. An overview of the analysis workflow
is provided in Fig. 3.

The first author coded the entire dataset, and the second
author independently coded a randomly selected 20% sample
to calculate inter-rater reliability with the R package DescTools
(Signorell et al., 2022). After the first coding round, k = 0.73 was
obtained; following a discussion of discrepancies, agreement
increased to k = 0.87 (95% CI [0.82; 0.92]), indicating an almost-
perfect level of agreement (Fleiss and Cohen, 1973; McHugh,
2012). Closed-response items on the pre- and posttest were
evaluated using a binary rubric, awarding 1 point for each
correct answer—except for the two-tiered items, where points
were given only when both tiers were answered correctly.

Concept knowledge test. For scale construction, items were
first separated into two sub-scales (i.e., conceptual and proce-
dural knowledge) but subsequently combined because the
correlation between scales was r = 0.57, p o 0.001.

Students’ answers to the two open-ended questions of the
pre- and posttest were qualitatively coded (Appendix 3) using an

Fig. 3 Overview of the analysis steps from raw data input to quantitative analysis. Scores of students with missing data were omitted, resulting in 109
student datasets for analysis (sc: 38 students, cc: 33 students, ccsf: 38 students). Students’ answers to the two open-ended questions of the pre- and
posttest were coded qualitatively (Appendix 3) based on an inductive coding scheme with four different binary codes (1: present or 0: not present, max. 4
points) (Fig. 4).
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inductive coding scheme with four binary categories (1 = pre-
sent or 0 = absent, maximum 4 points) (Fig. 4). The validity of
this coding scheme was corroborated in a related study employ-
ing machine learning techniques (Martin et al., 2024), which
are increasingly used to analyse students‘ mechanistic reason-
ing (Martin and Graulich, 2023).

Qualitative analysis of students’ answers in the CRTs. To
assess how students performed in the CRTs across treatment
groups, their responses were qualitatively coded using the
modes of reasoning by Sevian and Talanquer (2014) (Fig. 5), as

it appropriately reflects reasoning in both single and contrast-
ing cases. Chemical correctness was not coded because we were
primarily interested in students’ reasoning and how it was
influenced by task format and scaffolding. In-depth reasoning
may be logically sound even when it does not employ canoni-
cally correct ideas. In contrast, a correct answer can be based on
no or merely descriptive reasoning. Therefore, we focused our
CRT analysis on the modes of reasoning. Similarly, Weinrich
and Talanquer (2016) applied the modes of reasoning without
assessing answer correctness (Weinrich and Talanquer, 2016).

Fig. 4 Coding scheme for the open-ended contrasting cases in the concept knowledge test. The examples refer to item 1 in Appendix 3.
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The data were coded by the first author, and the second author
independently coded a randomly selected 20% subsample. Inter-
rater reliability reached k = 0.91 (95% CI [0.80; 40.99]), indicating
an almost-perfect level of agreement (Fleiss and Cohen, 1973;
McHugh, 2012). For further analysis, the sum of both CRT scores
was divided by the maximum achievable score (8 points). This
normalisation yielded a proportional score between 0 and 1,
facilitating comparisons across groups.

Approximation of cognitive load. To approximate cognitive
load in the CRTs, we calculated each student’s mean confidence
rating and perceived difficulty rating. Hoch et al. (2023) showed

that difficulty estimates are a good indicator for actual item
complexity, while difficulty and confidence rating better predict
task success than mental effort ratings. Moreover, there is a
relationship between difficulty ratings and item response time,
and preliminary indications of a relationship between confidence
ratings and item response time (Hoch et al., 2023). Bratfisch et al.
(1972) established a linear relation between perceived task diffi-
culty performance on intelligence test items, arguing that per-
ceived difficulty also reflects ‘[. . .] a person’s feelings, attitudes,
motivation, etc. [. . .]’ (Bratfisch et al., 1972). Chen and Chang
(2009) expanded these findings and identified a significant

Fig. 5 Coding scheme for the CRTs with code descriptions and student examples. The student examples refer to the two tasks in the CRTs. One of the
tasks is shown in Fig. 1. The second task was a contrasting case where 2-bromopropane and 2-bromo-2-methylpropane were contrasted.
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positive correlation between perceived difficulty and cognitive
load. Gavas et al. (2018) likewise reported that metacognitive
confidence levels correlate with overall cognitive load. On this
basis, the combined difficulty-confidence metric was adopted as a
pragmatic proxy for intrinsic and extraneous cognitive load in the
present study.

Intervention effects: statistical methods used. Descriptive
statistics were computed using the R package pastecs
(Grosjean and Ibanez, 2018). To test normality, Shapiro-Wilk
tests (Shapiro and Wilk, 1965) were performed. Not all group
scores were normally distributed. Homogeneity of variance was
examined via Levene’s test (Levene, 1961) in the R package car
(Fox and Weisberg, 2019); variances were similar across groups.
Because of the non-normal distributions, we relied on robust
procedures from WRS2 (Mair and Wilcox, 2020) and additional
functions supplied by R. R. Wilcox (Wilcox, 2023) for all
between- and within-group comparisons (Wilcox, 2021). Field
and Wilcox (2017), Wilcox (2021) and Field et al. (2012) provide
the analytic guidelines we followed.

To analyse the impact of the three treatments on students’
posttest and CRT score, we performed a robust heteroscedastic
one-way analysis of variance (ANOVA) with bootstrapped con-
fidence intervals (nboot = 2000) for trimmed means (tr = 0.2). To
compare pairwise between the groups a bootstrap-t method for
trimmed means was used. To compare learning gains from pre-
to posttest we used robust repeated-measures ANOVA with
trimmed means for within-subjects comparisons. To determine
which group had which learning gain a bootstrap-t test for
marginal trimmed means was used for post hoc pre- versus post-
comparisons.

To estimate the influence of the treatments while control-
ling for the pretest score we fitted a robust linear regression
using robustbase (Maechler et al., 2022). The grouping factor
was dummy-coded, with sc as the reference. We specified our
model for the posttest score using posttest B pretest + cc + ccsf +
(cc � pretest) + (ccsf � pretest) (R2 = 0.72). An analogous model
(R2 = 0.44) predicted CRT scores. Pretest, posttest and CRT
scores were centred (M = 0) and scaled (s = 0.5); dummy
variables were centred at zero to allow effect size comparison
(Gelman, 2008).

To explore prior knowledge effects, we created low and high
prior knowledge subgroups using a mean split of the pretest
score (e.g., McNamara and Kintsch, 1996; Salmerón et al., 2006;
Abramovich et al., 2013). This dichotomy was chosen to retain
adequate sample sizes; finer splits would have produced groups
too small for robust testing. Group comparisons within low and
high prior knowledge were evaluated with the bootstrap-t test for
trimmed means. Data preprocessing and transformation were
performed using reshape2, tidyr and dplyr (Wickham, 2007;
Wickham et al., 2019; Wickham and Girlich, 2022; Wickham
et al., 2022). Graphs were produced with ggplot2 (Wickham, 2016)
and chemometrics (Filzmoser and Varmuza, 2017).

The significance criterion was a o 0.05. Post-hoc p-values
were Bonferroni-adjusted (Bonferroni, 1936). We used AKP as a
robust effect size (Algina et al., 2005) that works well
with trimmed means, making it appropriate when using

bootstrap-t tests or non-normal distributions. The thresholds
are analogous to Cohens’ d (Mair and Wilcox, 2020; Wilcox,
2021), d Z 0.2 8 small effect; d Z 0.5 8 medium effect and
d Z 0.8 8 large effect (Cohen, 1988). x can be interpreted like r
(Cohen, 1992; Mair and Wilcox, 2020).

Results
Group composition

To ensure baseline equivalence between treatment groups, we
compared pretest scores and cognitive ability test scores across
groups. No significant differences could be found for the
pretest scores, F(2, 43.73) = 2.01, p = 0.147, x = 0.27, 95% CI
[0.07; 0.47] and the cognitive ability test scores between the
groups, F(2, 43) = 1.21, p = 0.307, x = 0.23, 95% CI [0.05; 0.44].
These findings indicate that the treatment groups did not differ
meaningfully at baseline.

RQ1: Influence of treatment groups on learning gain

Effects of the treatment groups on students’ posttest scores.
A one-way between-subjects ANOVA revealed no significant
group differences in posttest scores, F(2, 43.94) = 0.47, p =
0.630, x = 0.19, 95% CI [0.03; 0.39]. Thus, students had similar
posttest scores across all three groups.

A robust repeated measures ANOVA revealed a statistically
significant main effect, F(1, 66) = 22.56, p o 0.001, regarding
the learning gains from pre- to posttest across all groups, albeit
with a small effect size (Fig. 6). However, the three treatment
groups exhibited differing learning gains. Only the cc and ccsf
groups demonstrated significant learning gains from pretest to
posttest, while the sc group showed no significant learning
gain. Notably, the cc group achieved a medium-sized learning
gain (medium effect, AKP = 0.65), which was larger than the
small effect observed in the ccsf group (small effect, AKP = 0.46).
These findings reveal that while both contrasting case condi-
tions yielded significant learning gains, the gain observed in
the cc group was greater.

Effects of the treatment groups on students’ modes of
reasoning in the constructed response tasks (CRTs). The three
groups showed no significant difference in CRT scores, F(2,
42.51) = 1.86, p = 0.168, x = 0.26, 95% CI [0.07; 0.47]. Fig. 7
reveals only minor variation in the distribution of students’
application of the modes of reasoning, e.g., more descriptive
instances in the cc group; more multicomponent causal ones in
the ccsf group. Thus, task format and scaffolding did not
translate into overall differences in CRT score.

RQ2: Dependence of learning gain on students’ prior
knowledge

Influence of the treatment group on the posttest score
depending on the pretest score. The robust regression with
prior knowledge as a covariate revealed significant main effects
of the pretest score (standardised(std.) bpretest = 0.88, p o 0.001)
and cc group membership (std. bcc = 0.14, p = 0.036) on the
posttest score (Fig. 8). The strong effect of the pretest score
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indicates that students with higher prior knowledge tended to
perform substantially better on the posttest. Also, cc group
membership leads to significantly higher posttest scores than
sc group membership with a medium effect, after accounting
for prior knowledge.

Importantly, a significant negative interaction between pret-
est score and cc group membership (std. bpretest�cc = �0.31, p =
0.006) suggests that the effectiveness of the contrasting cases in
the cc group depended on students’ prior knowledge (for

visualisation, see Fig. 8). Follow-up pairwise comparison
showed that low prior knowledge students in the cc group
outperformed their counterparts with low prior knowledge in
the sc group (Ft = 2.032, p = 0.037, ĉ = 0.144, 95% CI [0.007;
0.281], AKP = 0.78, 95% CI [0.06; 1.86]). No difference was found
among students with high prior knowledge between the cc and
sc groups (p = 0.945). This suggests that the contrasting cases
were particularly beneficial for students with lower prior
knowledge.

Fig. 6 Results of robust tests of students’ learning gain from pre- to posttest. Numbers near the data points in the plot represent trimmed means for the
respective group and test. N.S., *, **, and *** represent whether the respective test was significant. The table below shows the corresponding results for
each group. The m represents the trimmed means, while m–m represents a trimmed mean difference with the corresponding 95% confidence interval. AKP
represents the effect size as introduced in the data analysis part of the methods with the corresponding 95% confidence interval. Significant p-values and
effect sizes are printed bold. All p-values were adjusted with Bonferroni correction.
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Influence of the treatment group on students’ CRT score
depending on the pretest score. Using a similar robust regres-
sion for the CRT scores revealed no significant interaction effects
between pretest score and cc group or pretest score and ccsf
group (std. bcc�pretest = �0.17, p = 0.235 and std. bccsf�pretest =
�0.35, p = 0.053). The analysis revealed medium-sized signifi-
cant main effects of the pretest score (std. bpretest = 0.61, p o
0.001) and ccsf group membership (std. bccsf = 0.30, p = 0.002) on
students’ use of the modes of reasoning (Fig. 9). The effect of the
pretest score indicates that students with higher prior knowledge
generally reached higher modes of reasoning. In addition, the
ccsf group showed significantly higher modes of reasoning than
the sc group, after accounting for prior knowledge.

Discussion
RQ1: Influence of treatment groups on learning gain

Based on prior research on contrasting cases in organic chemistry,
we expected both the cc and ccsf groups to outperform the sc
group because contrasting cases help students notice implicit
structural features by comparing alternatives (Caspari and

Graulich, 2019; Kranz et al., 2023). Additionally, given that scaf-
folding is intended to help students connect conceptual knowl-
edge and reason mechanistically (Caspari et al., 2018; Graulich
and Caspari, 2021; Watts et al., 2021; Kranz et al., 2023), we had
anticipated that the ccsf group would outperform both the cc and
sc groups. However, these expectations were not supported by the
posttest scores or the CRT results. Neither posttest scores nor CRT
scores differed significantly between the groups.

A plausible explanation for this finding is the strong influ-
ence of prior knowledge on students’ posttest (Fig. 8) and CRT
scores (Fig. 9). Students with high prior knowledge achieved
similar posttest scores across all groups (sc: M = 0.800; cc: M =
0.808; ccsf: M = 0.830), whereas those with low prior knowledge
exhibited substantial differences (sc: M = 0.490; cc: M = 0.607;
ccsf: M = 0.568). Students with high prior knowledge also
showed similar CRT scores across groups (sc: M = 0.610,
cc: M = 0.607, ccsf: M = 0.658), while students with low prior
knowledge varied substantially in their CRT scores (sc: M =
0.298, cc: M = 0.368, ccsf: M = 0.543). These findings suggest
that students with high prior knowledge may benefit less from
scaffolded support or contrasting cases, as they are already able
to recognise, link, and apply relevant concepts (Kalyuga, 2007).

Fig. 7 Distribution of the modes of reasoning by groups. The numbers on the bars show the absolute numbers of the respective modes in the respective
groups. Since two CRTs were answered the numbers of answers in the diagram (nanswers sc = 76, nanswers cc = 66, nanswers ccsf = 76) are twice the number of
students in each group.
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This interpretation aligns with our regression results, which
indicate that the scaffold in the ccsf condition primarily benefited
students with low prior knowledge on both posttest and CRT
scores, while students with high prior knowledge showed no
significant effects. Due to the similar scores among students with
high prior knowledge across treatments, statistical analyses did
not yield significant differences. However, task design appears to
play a critical role for students with low prior knowledge.

When examining students’ learning gains, rather than their
posttest scores, the cc and ccsf groups showed significant
learning gains from pretest to posttest compared to the sc
group (Fig. 6). Particularly, the cc group exhibited a larger

learning gain (D = 0.092, AKP = 0.65) compared to the ccsf
group (D = 0.071, AKP = 0.46)—an unexpected finding given the
assumed support by the scaffold.

Cognitive load theory may account for this unexpected finding
(Sweller et al., 2019). Students in the ccsf group reported higher
perceived difficulty and lower confidence (Ft = 1.91, p = 0.046, ĉ =
0.34, 95% CI [0.01; 0.67], AKP = 0.47, 95% CI [0.005; 0.946]). This
suggests increased extraneous cognitive load, potentially attenuat-
ing their learning gain. Hence, overly complex scaffolds can
increase extraneous cognitive load, especially for students unfami-
liar with them (Sweller et al., 2019). In contrast, non-scaffolded
contrasting cases may leave more cognitive resources available for

Fig. 8 Interaction effects between the treatment groups and the pretest score on the posttest score and model parameters of the robust linear model
for the posttest score. The x-axis shows the standardised pretest score, while the y-axis shows the resulting posttest score. The lines in the plot represent
the interaction effects. The steepness of the slopes shows how large the association between pretest score and posttest score is in each group.
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applying concept knowledge, possibly explaining the medium-
sized gain observed in the cc group.

RQ2: Dependence of learning gain on students’ prior knowledge

Building on prior evidence that students with low prior knowl-
edge benefit most from scaffolding (Kranz et al., 2023), we
investigated to what extent learning gains depend on students’

prior knowledge. Among other findings, a robust linear regres-
sion examining the effect of treatment group on students’
posttest scores as a function of their pretest scores (Fig. 8)
revealed a significant negative interaction between member-
ship in the cc group and prior knowledge (std. bcc�pretest =
�0.31, p = 0.006). Practically, this indicates that contrasting
cases reduced the differences in posttest scores between

Fig. 9 Interaction effects between the treatment groups and the pretest score on the CRT score and model parameters of the robust linear model for
the CRT score. The x-axis shows the standardised pretest score, while the y-axis shows the resulting posttest score. The lines in the plot represent the
interaction effects. The steepness of the slopes shows how large the association between pretest score and CRT score is in each group.
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students with low and high prior knowledge. Specifically, students
with low prior knowledge in the cc group outperformed their
peers in the sc group (Ft = 2.032, p = 0.037, ĉ = 0.144, 95% CI
[0.007; 0.281], AKP = 0.78, 95% CI [0.06; 1.86]). In contrast,
no such difference was found among students with high prior
knowledge (p = 0.945). Contrasting cases highlight explicit
structural differences between molecules, which can support
students in reasoning about these differences (Watts et al., 2021).
Therefore, a contrasting cases task may help students with
low prior knowledge to identify more structural differences than
they would in a single-case task—and to incorporate these differ-
ences into their reasoning while working on the concept
knowledge test.

Similar effects were not observed in the ccsf group when
analysing their posttest scores. It is, thus, possible that the
stepwise instructions of the unfamiliar scaffold distracted
students from focusing on critical features of the reaction
mechanisms, or that the increased perceived task difficulty
contributed to this null effect (Moos and Pitton, 2014).

For the CRT scores, the regression (Fig. 9) showed no
significant interaction effects (std. bcc�pretest = �0.17, p =
0.235 and std. bccsf�pretest = �0.35, p = 0.053). However, among
students with low prior knowledge, the ccsf group achieved the
highest CRT score (0.543), compared to the cc (0.368) and sc
groups (0.298). This difference in CRT scores between the ccsf
and sc group has a large effect size (Ft = 2.171, p = 0.048, ĉ =
0.233, 95% CI [0.002; 0.465], AKP = 0.90, 95% CI [0.20; 2.42]). In
contrast, no significant difference was found among students
with high prior knowledge (p = 0.165). The CRT responses of
students with low prior knowledge in the ccsf group showed
more linear causal and multicomponent causal modes of
reasoning (Fig. 10). The subtask prompts of the scaffold may
have facilitated more elaborate reasoning. Being instructed to
explicitly identify and connect the different features of the
shown reactions may have led students with low prior knowl-
edge to integrate multiple chemical concepts while working on
the tasks (Weinrich and Talanquer, 2016; Kranz et al., 2023),
achieving more elaborate reasoning in the CRTs than students

Fig. 10 Distribution of the qualitatively coded modes of reasoning based on students’ answers (students with pretest scores below the mean). The
numbers on the bars show the absolute numbers of the respective modes in the respective groups. Since two CRTs were answered the numbers of
answers in the diagram (nanswers sc low = 26, nanswers cc low = 38, nanswers ccsf low = 46) are twice the number of students in each group.
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with low prior knowledge in the sc group. These findings are
consistent with findings of a previous study by Kranz et al.
(2023), which documents that students with low prior knowl-
edge also significantly benefited from working with the scaf-
folded contrasting case, showing greater score gains than their
peers with high prior knowledge, whose scores remained
stable. Haas et al. (2024) could also show that scaffolded
contrasting cases contribute to more in-depth reasoning. In a
qualitative study, Caspari and Graulich (2019) provide an
explanation for this finding. They observed in their study that
students working with scaffolded contrasting cases were in 80%
of the cases able to identify more than one implicit influence
on the reaction rate compared to non-scaffolded contrasting
cases—a prerequisite for higher modes of reasoning. However,
this more elaborate reasoning did not translate into better
posttest scores as mentioned above.

The absence of a main effect for the cc group in the CRT
scores is notable, especially given the posttest differences. We
had expected that students with low prior knowledge in the cc
group would outperform those in the sc group on the CRTs,
which was not observed. These results suggest that scaffolded
prompts enable students to engage in more elaborate mecha-
nistic reasoning compared to non-scaffolded contrasting cases.

Overall, these findings suggest for students with low prior
knowledge in the CRTs that:

(1) non-scaffolded contrasting cases seem to foster more
descriptive and relational modes of reasoning compared
to students in the sc group.

(2) scaffolded contrasting cases seem to foster even higher
modes of reasoning, such as linear causal or multicom-
ponent causal, compared to students in the cc group,
although they reported a higher perceived difficulty
(perceived difficulty: Ft = 1.91, p = 0.046).

Students with high prior knowledge seem to be able to solve
tasks effectively regardless of the task format. Consistent with
the expertise-reversal effect, additional prompts may become
redundant or distracting for these students (Kalyuga et al., 2003;
Kalyuga, 2007).

Conclusions

This study compared the effect of the task format, single (sc) or
contrasting cases (cc), and the type of support, scaffolded
contrasting cases (ccsf), on students’ learning gains. Both the
cc and ccsf groups demonstrated significant learning gains from
pretest to posttest, with the cc group showing a more substan-
tial gain (medium effect size) than the ccsf group (small effect
size). This difference may be attributable to the added complex-
ity of the scaffolded task, which likely contributed to higher
perceived difficulty and lower confidence among students in
the ccsf group. However, neither the cc nor the ccsf group
significantly outperformed the sc group in terms of overall
posttest scores.

In the second part of the analysis, students’ prior knowledge
was considered as a covariate. A robust linear regression

revealed a significant interaction between cc group member-
ship and pretest scores on posttest scores. Pairwise compar-
isons demonstrate that contrasting cases are particularly
beneficial for students with low prior knowledge. Although,
we did not observe a significant interaction between pretest
scores and ccsf group membership on the CRT scores, pairwise
comparisons show a significant advantage of the ccsf group over
the sc group among students with low prior knowledge when
evaluating the modes of reasoning. This suggests that scaf-
folded contrasting cases can effectively support students with
low prior knowledge. This aligns with qualitative research that
documents that scaffolded contrasting cases enhance causal
reasoning (Haas et al., 2024).

Limitations

The analysis was conducted with 109 datasets, which is still a
relatively small sample by quantitative standards. To validate
the results, a follow-up study should include a larger number of
students.

When analysing the data, some group parameters were not
normally distributed. A larger number of students would likely
have produced normal distributions. Nevertheless, we selected
robust test procedures (Field et al., 2012; Field and Wilcox,
2017; Wilcox, 2021) as the most appropriate way to obtain
interpretable results.

Statistical tests showed no significant prior knowledge dif-
ferences between the three treatment groups. Qualitatively,
however, small disparities in pretest scores were noticeable
and should not be overlooked. Descriptively, students in the sc
group had higher average pretest scores, which may have
affected their learning gain. Future studies could pretest prior
knowledge first and then allocate students to homogeneous
groups.

There is still debate if perceived task difficulty and con-
fidence are proxies for cognitive load compared with estab-
lished scales (Paas et al., 2003). As justified in the Methods, we
treated them only as rough estimates.

The intervention covered a short time span and, therefore,
cannot fully demonstrate the extent of the learning gains that would
occur if the task formats were used for a more extended period.
Longitudinal studies are needed to confirm and extend these
findings for contrasting cases and scaffolded contrasting cases.

For administrative reasons, we collected the demographic
data at the beginning of the pretest. Doing so may inadvertently
have primed participants’ social identities and induced stereo-
type threat, potentially influencing their subsequent engage-
ment with the intervention.

Implications for research

Our work offers several implications for future research. First, a
scaffold may have different effects on procedural and concep-
tual knowledge (Anderson et al., 2001), which is why developing
an instrument that more precisely distinguishes these variables
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would allow clearer statements about the specific impact of
contrasting cases and scaffolding. Especially given the findings
that students with low prior knowledge had higher modes of
reasoning in the CRTs, but this was not reflected in higher
learning gains. Accordingly, future research needs to more
clearly differentiate between students’ conceptual and proce-
dural knowledge in undergraduate organic chemistry.

As an alternative to the scaffold used here, future work
should examine adaptive support that adapts to students’
concept knowledge and mechanistic reasoning in real time,
e.g., by directed prompting or providing the missing conceptual
pieces (Lieber et al., 2022a, 2022b). Such adaptive scaffolds
could vary in complexity according to prior knowledge. To
develop such adaptive scaffolds, additional research is needed
to clarify how the reasoning process varies across different
levels of prior knowledge and how scaffolds could be tailored
accordingly. To date, effects of fading, such as gradually
removing support has not been explored with this scaffold type
(Puntambekar and Hubscher, 2005; McNeill et al., 2006; Lin
et al., 2012).

Finally, mixed-methods studies linking process data (e.g.,
log files) with outcome measures could reveal how and when
students actually engage with scaffold prompts. Such analyses
could help uncover the mechanisms through which scaffolding
supports learning and identify the conditions under which it is
most effective.

Implications for teaching

This study demonstrates that non-scaffolded contrasting cases
lead to higher learning gains than traditionally used single
cases for students with low prior knowledge in organic chem-
istry. Consequently, contrasting cases can be introduced early
in a course to familiarise students with discipline-specific
reasoning, or whenever new mechanisms are taught.

Although both the cc and ccsf groups improved from pretest
to posttest, scaffolded contrasting cases did not automatically
produce larger gains than contrasting cases alone. Neverthe-
less, qualitative research documents that scaffolded contrast-
ing cases enhance causal reasoning (Haas et al., 2024). Our CRT
findings—higher modes of reasoning among students with low
prior knowledge in the ccsf group—support this benefit.
Instructional strategies, such as providing worked-out exam-
ples in class, could support students’ understanding of how to
approach contrasting cases or use scaffolds, and thus minimise
negative effects on cognitive load. Using the scaffold regularly
and from the outset may prevent cognitive overload
(Sweller et al., 2019) and build routines for activating key
concepts. At the same time, scaffolds should remain optional
for advanced students who may not need them (Kalyuga, 2007).
Teachers might adopt a scaffold-on-demand approach: provide
the grid only when students request help or show signs of
impasse, thereby balancing support and autonomy.
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Appendices
Appendix 1 Translations

Translations of students’ German original quotes into English.

Original (German) Translation (English)

Die Reaktion A läuft schneller ab. Reaction A occurs faster.

Kation A: Stabilisierung der Ladung möglich durch eine Hyperkonjuga-
tion und einen +M Effekt ausgelöst durch die Doppelbindung.

Cation A: Stabilisation of the charge by means of hyperconjugation and a
resonance effect induced by the double bond.

Hier muss man nur die Kationen miteinander vergleichen. Bei A wirkt
ein +M-Effekt, +I-Effekt und Hyperkonjugation. Bei [B] tritt Hyperkon-
jugation und ein stärkerer +I-Effekt auf, da mehr Methylgruppen
anhängen. Die Anionen sind gleich. Die Möglichkeit einer mesomeren
Ladungsstabilisierung bei A ist daher für mich ausschlaggebend.

In this case, only the cations have to be compared with each other. In A,
there is a resonance effect, a positive inductive effect and hyperconjuga-
tion. In [B], hyperconjugation and a stronger positive inductive effect
occur because more methyl groups are attached. The anions are the same.
The possibility of resonance stabilisation in A is, therefore, crucial for me.

Bei Reaktion A entsteht ein Kation, welches am 3C-Atom eine positive
Ladung trägt. Diese wird durch den Induktiven Effekt der anliegenden
Methylgruppe stabilisiert, indem Elektronendichte in das leere p-Orbital
an 3C doniert werden kann. Weiterhin ist das Kation

In reaction A, a cation is formed which has a positive charge at the 3C
atom [third carbon atom]. This is stabilised by the [positive] inductive
effect of the adjacent methyl group as electron density can be donated
into the empty p-orbital at 3C [third carbon atom]. Furthermore, the
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Table (continued )

Original (German) Translation (English)

mesomeriestabilisiert. Die Ladung kann durch Überklappen der Dop-
pelbindung auf das 1C-Atom des Moleküls umverlagert werden. Dadurch
ist sie delokalisiert und das entstandene Ion liegt energetisch wesentlich
niedriger, als es ohne Delokalisierung der Fall wäre.

cation is resonance stabilised. The charge can shift to the 1C atom [first
carbon atom] of the molecule due to the double bond. Therefore, it [the
positive charge] is delocalised and the resulting ion is energetically much
lower than it would be without delocalisation.

B ist schneller. B is faster.

Reaktion A läuft schneller ab, da der Propylrest besser stabilisiert ist. Reaction A occurs faster, because the propyl is more stabilised.

Die Reaktion läuft schneller ab, da eine elektronenschiebende Wirkung
auf das C-Atom ausgeübt wird.

The reaction proceeds faster because an electron-pushing effect is per-
formed on the C atom [carbocation].

Reaktion B verläuft schneller, da hier die Bindungsspaltung des Broms
durch mehr elektronenschiebenden Effekt an das C [Kohlenstoffatom]
begünstigt ist. Das entstehende Produkt (Carbenium-Ion) bei B ist durch
die 3 Methylgruppen mit elektronennschiebenden Effekten besser sta-
bilisiert als bei A mit nur 2 Methylgruppen am C [Kohlenstoffatom],
welches die Ladung trägt.

Reaction B proceeds faster because in this case, the cleavage of the bond
to the bromine is favoured by a greater electron-pushing effect towards
the carbon atom. The resulting product (carbocation) in B is better sta-
bilised by the three methyl groups with electron-pushing effects than in
A, which carries the charge with only 2 methyl groups attached to the
carbon atom.

Brom ist eine gute Abgangsgruppe (polarisierbar, das entstehende Bro-
mid ist eine sehr schwache Base), das entstehende Carbeniumion ist
relativ gut stabilisiert (3fache Hyperkonjugation). Außerdem wird die
Entropie vergrößert, da im Zuge der Reaktion mehr Teilchen entstehen.
Trotzdem muss erst einmal die C–Br – Bindung gespalten werden, was
Energie benötigt. Relativ zu anderen heterogenen Bindungspaltungen
sollte die Reaktion thermodynamisch begünstigt sein, insgesamt benö-
tigt man jedoch Energie.

Bromine is a good leaving group (polarisable, the resulting bromide is a
very weak base) and the resulting carbocation is relatively well stabilised
(3-fold hyperconjugation). In addition, the entropy is increased because
more particles are produced during the reaction. However, first the C–Br
bond needs to be cleaved, which requires energy. Compared to other
heterogeneous bond cleavages, the reaction should be thermodynami-
cally favoured, but overall energy is required.

Appendix 2 Exemplary items of the concept knowledge test Appendix 3 Open-ended contrasting case tasks
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