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Introduction

Organic chemistry is a challenging subject, largely because %§
the volume of reaction mechanisms presented in the course
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What students write about when students write about
mechanisms: Analysis of features present in students’ written
descriptions of an organic reaction mechanism

Field M. Watts,? Jennifer Schmidt-McCormack,® Catherine Wilhelm,? Ashley Karlin,® Atia Sattar,®
Barry C. Thompson,? Anne Ruggles Gere ¢ and Ginger V. Shultz *2

Learning to reason through organic reaction mechanisms is challenging for students because of the volume of reactions
covered in introductory organic chemistry and the complexity of conceptual knowledge and reasoning skills required to
develop meaningful understanding. However, understanding reaction mechanisms is valuable for students because they are
useful for predicting and explaining reaction outcomes. To identify the features students find pertinent when explaining
reaction mechanisms, we have collected students’ written descriptions of an acid-catalysed amide hydrolysis reaction.
Students’ writing was produced during the implementation of Writing-to-Learn assignments in a second semester organic
chemistry laboratory course. We analysed students’ written responses using an analytical framework for recognizing
students’ mechanistic reasoning, originally developed with attention to the philosophy of science literature. The analysis
sought to identify the presence of specific features necessary for mechanistic reasoning belonging to four broad categories:
(1) describing an overview of the reaction, (2) detailing the setup conditions required for the mechanism to occur, (3)
describing the changes that take place over the course of the mechanism, and (4) identifying the properties of reacting
species. This work provides a qualitative description of the variety of ways in which students included these features
necessary for mechanistic reasoning in their writing. We additionally analysed instances of co-occurrence for these features
in students’ writing to make inferences about students’ mechanistic reasoning, defined here as the use of chemical
properties to justify how electrons, atoms, and molecules are reorganized over the course of a reaction. Feature co-
occurrences were quantified using the lift metric to measure the degree of their mutual dependence. The quantitative lift
results provide empirical support for the hierarchical nature of students’ mechanistic descriptions and indicate the variation
in students’ descriptions of mechanistic change in conjuction with appeals to chemistry concepts. This research applies a
framework for identifying the features present in students’ written mechanistic descriptions, and illustrates the use of an
association metric to make inferences about students’ mechanistic reasoning. The findings reveal the capacity of
implementing and analysing writing to make inferences about students’ mechanistic reasoning.
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12

the use and usefulness of the electron-pushing formalism
(Bhattacharyya and Bodner, 2005; Ferguson and Bodner, 2008;
Grove, Cooper, and Cox, 2012; Grove, Cooper, and Rush, 2012),
research examining students’ use of conceptual reasoning
applied to reaction mechanisms (Anzovino and Bretz, 2015;

which are especially difficult for students to learn meaningfuli/.G
This challenge is due in part to the conceptual nature of the
discipline (Anderson and Bodner, 2008; Grove and Bretz, 201

and is related to the types of problem solving skills required for,
success in the organic chemistry classroom (Kraft et al., 2010;
Graulich, 2015). Previous research has focused on th2|9
acknowledged difficulty, including investigations characterizi%
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Cooper et al., 2016; Bhattacharyya and Harris, 2018; Caspari,
Kranz, et al., 2018; Petterson et al., 2020), and studies involving
restructuring the curricula for general chemistry (Crandell et al.,
2018) or organic chemistry (Grove et al.,, 2008; Flynn and
Ogilvie, 2015; Flynn and Featherstone, 2017; Galloway et al.,
2017, Webber and Flynn, 2018) to promote students’
understanding of the connections between chemical structure,
properties, and reactivity.

Understanding how students both describe and explain
reaction mechanisms is valuable because of the inherent
challenge of learning to use the electron-pushing formalism
while connecting steps in a mechanism to conceptual
understanding. A means to access students’ descriptions and
explanations on a large scale is through students’ writing.
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Writing-to-Learn (WTL) is a pedagogical practice that instrucdd
students to produce written artefacts of their knowledge, whi&8
can serve as a resource for understanding students’ reasonif®
(Grimberg and Hand, 2009; Moreira et al., 2018; Moon et dh0
2019) while serving to promote students’ conceptiual
understanding (Reynolds et al., 2012; Shultz and Gere, 20162
Finkenstaedt-Quinn et al., 2017; Moon et al., 2018; Gere et b3
2019; Schmidt-McCormack et al., 2019). 64

The goal of this study is to investigate the mechanis6&
reasoning used by a large number of students by analysing thé&b
written responses to a WTL prompt meant to elicit mechanisfhd
reasoning about a specific reaction mechanism. The fif68
objective of the analysis was to describe the variations in 69
way students write about the components they found pertinedf
when describing and explaining the mechanism, coded 74
features necessary for engaging in mechanistic reasoning. TH&
second objective of the analysis was to identify student33
engagement in mechanistic reasoning by examining the cé4
occurrences of these features. Note that, although there is #d
consensus on the definition of mechanistic reasonidd
(Bhattacharyya, 2013), for the purposes of this study, w&/
conceptualize mechanistic reasoning as the ability to identi\8
the species involved over the course of a reaction (e.g., tH®
starting materials, intermediates, and products), to provide &0
account for how atoms and molecules change over the cour8d
of areaction, and to appeal to chemical properties to justify wBy2
these changes occur. This definition aligns with the comm@&3
features present in the various definitions of mechanis8d
reasoning identified by organic chemistry facul®p
(Bhattacharyya, 2013), and this definition aligns with tho&b6
identified in prior studies (Becker et al., 2016; Cooper et dd/
2016; Weinrich and Talanquer, 2016; Moreira et al., 2018). &8
particular, this definition of mechanistic reasoning requir89
both the what and how for a reaction—i.e., describing wh86
structural changes occur from starting materials $d
intermediates to products and how these changes arise fro82
interactions between the involved subcomponents (electror83
atoms, and molecules). This definition also requir84
justifications for why mechanistic steps occur by appealing 85
the properties of involved components (e.g., nucleophilicity af6
electrophilicity). Note that this definition of mechanisfd
reasoning is distinct from of causdB
mechanistic reasoning, which also require an energefi®
justification for why a reaction proceeds as it does from 408
step to the next (Caspari, Kranz, et al., 2018; Caspari, WeinridB1
et al., 2018). 102
103
104
105

Mechanisms are used by organic chemists to explain or preq_'ﬁs
the outcome of reactions. Because of their usefulness, i’@ﬁ
organic chemistry curriculum typically involves a study of ib%
mechanisms for each class of reaction presented to studeﬁ_ﬁg
and problems are often posed assuming students will be ablq_i(b
use mechanisms as a problem-solving tool (Grove, Cooper, Tﬁ.
Cox, 2012; Grove, Cooper, and Rush, 2012). Hence, the abiIit‘ﬁ_c?
reason through a reaction mechanism is a useful skill that 313

some definitions

Mechanistic reasoning in organic chemistry

2 | J. Name., 2012, 00, 1-3

help students achieve success in organic chemistry (Grove,
Cooper, and Cox, 2012).

However, research has shown that many students do not
use mechanisms meaningfully and that students often do not
value the electron-pushing formalism in the same way as
practicing chemists (Grove, Cooper, and Cox, 2012; Grove,
Cooper, and Rush, 2012). Additionally, studies found that
students may not conceptualize the electron-pushing formalism
to have any physical meaning (Bhattacharyya and Bodner, 2005;
Ferguson and Bodner, 2008), though this was shown not to be
true in a modified curriculum (Galloway et al., 2017; Webber
and Flynn, 2018). Prior research also suggests that students hold
a range of intuitions, misconceptions, and understandings
regarding fundamental concepts pertaining to organic reaction
mechanisms (Cartrette and Mayo, 2011; Anzovino and Bretz,
2016; Cooper et al., 2016; Petterson et al., 2020). Although
students might have some conceptual understanding—and are
often able to produce correct mechanisms for common
reactions—studies have demonstrated that they often lack the
ability to connect chemical reasoning to individual steps in a
reaction mechanism (Bhattacharyya and Bodner, 2005;
Ferguson and Bodner, 2008; Kraft et al., 2010; Graulich, 2015).

Particular barriers to students’ learning are their approaches
to problem-solving, which may be either product- or process-
oriented. Product-oriented approaches incorporate reasoning
focused on the final product, result, or answer to the problem
rather than the process or methods by which the solution is
obtained. Such approaches include model-based reasoning, in
which  mechanistic explanations are developed using
generalized mental models about structure and reactivity (Kraft
et al., 2010; Christian and Talanquer, 2012), and are reflected in
students’ use of causal or multi-component argumentation to
explain chemical reactions (Sevian and Talanquer, 2014; Cooper
et al., 2016; Weinrich and Talanquer, 2016; Bodé et al., 2019).
Successful process-oriented approaches also include reasoning
that demonstrates knowledge of the connections between
properties of reacting species (e.g., basicity or nucleophilicity)
and the mechanistic steps of a reaction (De Arellano and Towns,
2014). Process-oriented problem-solving requires students to
reason about the process of a reaction as opposed to reasoning
only about the reactants and products. This type of problem-
solving values the usefulness of mechanisms to explain or
predict reaction outcomes, and is hence an important skill to
develop when learning organic chemistry (Graulich, 2015).

Despite the importance of the process of a mechanism,
students often engage in product-oriented problem-solving
(Graulich, 2015). This type of problem-solving is evident in
students’ drawn mechanisms which often demonstrate a focus
on simply illustrating mechanistic steps to arrive at the given
product without considering whether or not the steps shown
are chemically reasonable (Bhattacharyya and Bodner, 2005;
Caspari, Weinrich, et al., 2018; Petterson et al., 2020). Product-
oriented strategies include reasoning based on remembered
cases or rules that are prompted by the surface features of
molecules (Kraft et al., 2010; Christian and Talanquer, 2012; De
Arellano and Towns, 2014), and are evident in studies

demonstrating students’ use of descriptive or relational

This journal is © The Royal Society of Chemistry 20xx
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argumentation that lacks consideration of multiple componenb6
or cause-effect relationships when explaining chemi&V
reactions (Sevian and Talanquer, 2014; Cooper et al., 20168
Weinrich and Talanquer, 2016; Bodé et al., 2019). Additional§9
product-oriented strategies are evident in studies illustratifg)
that students do not necessarily consider alternative reacti@rl
pathways or the dynamic, rather than static, nature of chemidal
reactions (Caspari, Kranz, et al., 2018; Popova and Bretz, 20163
A possible reason that students focus on product- rather th&dl
the process-oriented problem solving is that general chemistbb
tends to foster product-oriented strategies, so many of tk®
problem-solving skills students have learned in prior courses &/
not transfer to organic chemistry (Anderson and Bodner, 20088
Grove and Bretz, 2012). 69

The disciplinary skills and conceptual knowledge with whid®
students must be proficient while solving mechanistic problerdd
is an additional barrier to learning. Students must hav@
representational competence, and they must engage with many
concepts fundamental to understanding mechanisms, including
recognizing reactants as acids and bases or as nucleophiles arl®
electrophiles (Graulich, 2015). Because students must acceyg
many types of information when working with mechanisms, 7t
can be difficult for them to make connections between whag
occurs in a mechanism and the chemical explanatiopy
underlying each step. This issue of cognitive load has beegrg
suggested to contribute to students’ devaluation 9§
mechanisms for problem-solving purposes (Grove, Cooper, argt)
Cox, 2012) and is connected to the concern that mechanisrgy
are usually taught in a way that encourages memorization g9
product-oriented approach) and discourages chemigb
understanding (a process-oriented approach) (Galloway et ggq
2017). The research in mechanistic reasoning has identifigk
students’ struggles with learning mechanisms, detailing hogg
students solve problems or explain reactions with a focus on tiggy
answer rather than using chemical reasoning to understand tigg
process. The literature demonstrates that this lack g
engagement is connected to problems of cognitive load and lagk)
of sophisticated chemical understanding. These findingg
provide space for research-based instructional practices thgb
promote students’ abilities to apply chemical reasoning 3
reaction mechanisms. 94

95

Using Writing-to-Learn to access students’ mechanistic reasoningyg

An instructional practice that requires students to engage wisy
mechanisms beyond working with the eIectron-pushiQ@
formalism is Writing-to-Learn (WTL), which involves usiQ@
writing assignments to engage students with course contdi0
The primary goal of WTL is to foster students’ deei)@ﬂ-
conceptual understanding (Anderson et al., 2015; Finkenstaed2
Quinn et al.,, 2019; Gere et al., 2019). WTL has bd&B
implemented in the context of chemistry courses and has bd &4
shown to support development of conceptual knowledge 495
disciplinary reasoning skills (Grimberg and Hand, 2009; shdi@b
and Gere, 2015; Finkenstaedt-Quinn et al., 2017; Moon etl)@.?

2018, 2019; Schmidt-McCormack et al., 2019). 108
109

110
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WTL can be leveraged in the context of organic chemistry to
help students identify the value in utilizing mechanisms to solve
problems. Using WTL in this way is motivated by the idea that
writing offers a valuable route into the electron-pushing
formalism, which prior researchers recognized as a language
that students must first learn and understand before being able
to use successfully when engaging in reasoning (Grove, Cooper,
and Cox, 2012; Flynn and Ogilvie, 2015; Flynn and Featherstone,
2017; Galloway et al., 2017). As opposed to problems requiring
students to use the electron-pushing formalism—problems
which assume that students will implicitly make connections
between  mechanistic representations and chemical
reasoning—writing requires students to explicitly make such
connections. This allows researchers to use students’ writing to
infer and analyse their reasoning, and for the work of many
students to be analysed (as opposed to interview analysis which
is typically limited to a small subset of students).

Theoretical framework

This research is grounded in theories of writing as a tool for
learning, with particular attention to perspectives on the
cognitive processes that occur during writing (Emig, 1977; Klein,
1999; MacArthur and Graham, 2016). These theories not only
justify the implementation of WTL pedagogies (Klein, 1999;
Klein and Boscolo, 2016), but also serve as a theoretical basis for
analysing students’ written work for evidence of mechanistic
reasoning. This study is specifically guided by the cognitive
process theory of writing originally proposed by Flower and
Hayes (1981, 1984) and later revised by Hayes (1996). This
theory states that learning occurs when writers must access
content knowledge and address content problems to meet their
writing goals. Components of the theory include the social
environment, the motivation for writing, and the cognitive
moves that are made while writing (Hayes, 1996). The theory
identifies three cognitive processes—planning, writing, and
revising—that occur at every point during the production of a
text. These processes occur in the context of the task
environment—including the problem or prompt, the text-in-
production, and the social environment—and requires the
writer access to any available knowledge of the topic (Flower
and Hayes, 1981). During these processes, the writer must form
internal representations of knowledge, translate these
representations into language, and evaluate and revise the text
being written (Flower and Hayes, 1984). This is where learning
can occur, as the writer must explore and consolidate
knowledge for the purpose of translating representations into
written language.

The cognitive process theory of writing provides ground for
utilizing students’ written work as an analytical tool for
understanding students’ knowledge. Writing a mechanistic
description requires students to find or produce the
symbolically represented reaction mechanism and to translate
it into words, using their knowledge of fundamental chemistry
concepts to explain why mechanistic steps occur. While doing
this translation, students engage in the recursive process of
writing which requires them to explore their knowledge and

J. Name., 2013, 00, 1-3 | 3
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revisit their ideas. While there is a possibility that studers
might use appropriate jargon without actually understandifbdl
the language they are using (Ferguson and Bodner, 2008), ti%
cognitive process theory posits that when using these words &b
their writing, students are at least engaging with the relat&¥
concepts. The analysis of students’ writing relies on the fact tha8
students are given time to decide what information to includ®
and not include. Thus, when a student chooses to include (@0
during the process of writing, does not include) some aspe@fl
necessary to engage in reasoning, it can provide insight in62
what content students do and do not find relevant whé&3
explaining a reaction mechanism. For these reasons, students?
writing can serve as a useful source of data for understandif

students’ reasoning. 66
67
68
Research questions 69

The present study examines students’ responses to a writilzg
assignment eliciting descriptions of an organic reactidn
mechanism. The research seeks to address the foIIowiZg
questions to demonstrate the use of writing analysis to make
inferences about students’ mechanistic reasoning:
1. What features necessary for mechanistic reasoniZé
are present in students’ written descriptions of 46
organic reaction mechanism?

2. How do students write about each feature? 78
3. What inferences about students’ mechanisat.9
reasoning can be made by analysing co-occurrences 8P

81

the features necessary for mechanistic reasoning?

Methods

Setting and participants

The study was conducted at a large, Midwestern research
university within a chemistry
laboratory course (often taken concurrently with the second-

second-semester organic
semester lecture course). The laboratory course includes a
lecture and laboratory component, both of which meet once a
week. The lecture is taught by faculty and postdoctoral
instructors who describe experiments and procedures, and the
laboratory is facilitated by graduate teaching assistants. The
requires students to maintain a laboratory
notebook, complete three writing assignments (one of which is

coursework

the focus of this study), and take quizzes for assessment. The
three writing assignments made up thirty percent of students’
grades, with each writing assignment contributing ten percent.
The participants consisted of the 543 students who received a
final score in the course and completed the WTL assignment
described below.

Writing-to-Learn assignment

The WTL assignment was the third and final WTL assignment
that students completed during the semester. It was developed
in collaboration with researchers experienced in designing
writing assignments to support meaningful learning and with
attention to components of the cognitive process theory of

4| J. Name., 2012, 00, 1-3

writing (Hayes, 1996; Gere et al., 2019). The relevant prompt
components are specified in Figure 1, with the full prompt
reproduced in Appendix 1. The prompt design included
consideration of components meant to elicit mechanistic
reasoning, describing that thalidomide undergoes acid-
catalysed hydrolysis and explicitly illustrating two hydrolysis
products. Students were asked to describe the mechanism for
the formation of both hydrolysis products and to propose an
analogue that would prevent the mechanism. For reference,
one of the two pathways for the mechanism students were
expected to describe is presented in Figure 2. As students were
given starting materials and products, the learning objective for
the mechanistic description was for students to demonstrate
their reasoning for the reaction mechanism. We limited the
focus of this study to students’ descriptions of the amide
hydrolysis mechanism.

Writing-to-Learn implementation

Students’ first drafts were due on a Friday, after which students
were randomly assigned to read and provide feedback for three
of their peers in a double-blind peer-review by the following
Monday. After receiving feedback, students were required to
revise and resubmit the assignment by the end of the week.
Students were able to ask questions and receive guidance on
the assignment from the course writing fellows who were
undergraduate students that had previously been successful in
the course and were trained to provide feedback on content
and writing. Grades for this assignment were determined
independently of the present analysis.

e Describes history of thalidomide used to treat
morning sickness in pregnant women

e |dentifies present value of using thalidomide to
treat cancer and leprosy

e |dentifies the acid hydrolysis mechanism to
produce two products

e Specifies student’s role as an organic chemist
seeking to identify an analog of thalidomide
that prevents hydrolysis

e Provides the writing goal to produce a
description explaining the structure and
reactivity of thalidomide toward hydrolysis

0
0 NH,
N
C:i OH
0 - 0 o
N )
NH

O O
thalidomide

thalidomide hydrolysis products

o)
\ 0 OH
N
NH,
00O

Figure 1. Relevant prompt components and the starting
material and products for the reaction students were asked to
describe and explain.

This journal is © The Royal Society of Chemistry 20xx
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H gH OH H OH
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H{OH,
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®
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COH H
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H,0 H,0 Hz0

Figure 2. The acid-catalysed hydrolysis of one of the thalidomide molecule’s amide
carbonyls. This is one of the mechanistic pathways students were expected to describe;
the other pathway is the hydrolysis of the other amide carbonyl.

43
Data collection 44
The data collected and analysed from the WTL assighment wed&
students’ final drafts. Before collecting any data, té®
Institutional Review Board granted approval for the study add/
the participating students provided consent. Students’ fird8
drafts were the only data source included because studen#%9
revised writing best captures the features they found importab0
to include in their mechanistic descriptions after receiving pebi
feedback and revising their work. Analysing only the final drafs2
was done to focus on the writing that best represent&®

students’ knowledge after engaging with the cognitibl
processes of writing as facilitated by the structured peer-reviénb
process. 56

57

Data analysis 58
Analytical framework. We conducted the writing analysis B
coding students’ final revised drafts from the WTL proce&0
Analysis was guided by an analytical framework presented Il
Russ et al. (2008), originally adapted from Machamer, Dardef?
and Craver’s generalized description of a mechanism (20063
The framework provides a coding scheme for discourse analy6¢
to identify the presence of mechanistic reasoning. The codifi®
scheme is in the form of a logical hierarchy of codes for featuré6
expected to be present in a mechanistic description. THY
analytical framework was chosen for its focus on identifyif8
features necessary for mechanistic reasoning in student9
discourse, and because it aligned with the prompt in whid®
students were asked to explain the acid hydrolysis mechanisAl
(Russ et al., 2008). 72

This framework was successfully used in other chemist/g
education research studies focused on mechanistic reasoning 7l
the context of organic chemistry (Caspari, Kranz, et al., 20185
Caspari, Weinrich, et al., 2018) and in the context of generadb
chemistry (Moreira et al., 2018). Caspari, Weinrich, et al. (2018yY
utilized the framework to analyse organic chemistry student38
ability to propose mechanisms while Caspari, Kranz, et al. (20189
similarly used the framework to analyse students’ constructi@®
of accounts relating structural changes to reaction energid8]l
both in interview settings. Moreira et al. (2018) utilized ti82
framework to analyse high school students’ written respons83
after being given ten minutes to respond to a brief writing

This journal is © The Royal Society of Chemistry 20xx

assignment eliciting mechanistic explanations of freezing point
depression. The present study similarly adapts this framework
for recognizing students’ mechanistic reasoning, but differs in
that it is focused on written descriptions of the amide acid
hydrolysis
framework to organic chemistry students’ writing about more

reaction mechanism. The adaptation of this

complex reaction mechanisms is valuable for understanding
how these students think about and understand chemistry
principles as applied to organic reactions. Furthermore, this
study is differentiated by the WTL process used to promote
students’ engagement with the cognitive processes of writing.

The framework presented by Russ et al. (2008) is centred
around entities and activities. Entities are defined as the things
which are involved in a mechanism (Machamer et al., 2000;
Russ et al., 2008). In terms of organic reaction mechanisms,
entities are electrons, atoms, and molecules (Caspari, Weinrich,
et al., 2018). Activities are defined as the actions entities take to
produce change (Machamer et al., 2000; Russ et al., 2008). For
organic reaction mechanisms, activities include the movement
of electrons and the breaking and forming of bonds that
produces structural change over the course of the mechanism
(Caspari, Weinrich, et al., 2018). The original framework
described by Russ et al. (2008) included seven hierarchical
levels—(1) describing the target phenomenon, (2) identifying
setup conditions, (3) identifying entities, (4) identifying
activities, (5) identifying properties of entities, (6) identifying
organization of entities, and (7) chaining.

The coding scheme adapted from this framework, located in
Appendix 2, Table 1 and detailed in the results and discussion,
was developed by deductively coding for features expected in
students’ writing for each level of the hierarchy and open coding
for additional features present in students’ writing. Early in the
coding process, the authors decided to code on a sentence-level
grain size with the allowance that all appropriate codes would
be applied to each sentence. This grain-size was chosen so we
would be able to analyse what features were present, how
frequently they appeared, and how often they co-occurred with
other features. The coding frame began with the first sentence
in a students’ response in which a code could be applied and
ended when the response shifted to answering another part of
the prompt.

J. Name., 2013, 00,1-3 | 5
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We conducted the initial coding (which included deductibe/
and open coding in tandem) on a randomly selected subset b8
student responses, using constant comparative analysis 59
ensure all features were represented in the coding scheme ard)
to clarify coding definitions (Corbin and Strauss, 1990; Nowell 64
al., 2017). The first and second authors worked in conjuncti€?
to develop the coding definitions, and other members of tls3
research team with knowledge of mechanistic reasoning @l
organic chemistry assisted with further refinements5
Improvements made the coding includéb
incorporating codes developed from the open coding into tke/
appropriate level of the hierarchical coding scheme. F68
example, in our deductive coding we did not include students9
descriptions of the connectivity of starting materials anfd
reaction intermediates, but it was a feature present in mamyl
responses. Thus, this feature of students’ writing was include®
in the open coding and later integrated into the identifyidg
setup conditions category of the hierarchical coding schemé4
The choice was made to expand what was included within tH&
setup conditions category beyond what was expected, 6
descriptions of connectivity relate the organization of atomdd
bonded together. This aligns with the setup conditions categor§8
as specific connectivity is a requirement for particuld®
mechanistic steps to occur. Furthermore, the way studen$€
wrote about and described connectivity during the course of tigd
mechanism aligned with this category of the coding scheme, 82
their descriptions for products of one mechanistic st&3
operationally served as the setup conditions for the ne&%
mechanistic step in the reaction. We combined and reorganiz&b
other codes from the deductive and open coding into ti&6
adapted coding scheme in a similar fashion. Additionally, v/
determined that some aspects of the original framework we88
not appearing in students’ writing at the sentence level and th89
we did not incorporate these into the coding scheme. TI§)
process of developing the coding scheme continued un$il
saturation was reached (Miles et al., 2014). In total, we cod&2
163 responses, representing 30% of the entire dataset. 93

The finalized coding scheme included four broad categorif4
corresponding to four levels of the original framework th@b
reflect the features necessary for engaging in mechanis86
reasoning: (1) describing the target phenomenon, (3Y
identifying setup conditions, (3) identifying activities, and (38
identifying properties of entities. Codes relating to genef@9
descriptions of hydrolysis or the two reaction pathways leadiff)
to the two hydrolysis products were placed in the categord 0l
describing the target phenomenon. The identifying sel@}2
conditions category included codes relating to specifying 163
reaction medium or describing the structure or connectivityl 08
starting materials, intermediates, and products. The tHi@b
category, identifying activities, included codes relatingl@b
descriptions of electron movement or descriptions of boh8y
being broken or formed. The final category included 108
properties of entities—such as being acidic or bak@9
nucleophilic or electrophilic, or formally charged—that studehtf
identified in their mechanistic explanations. To illustrate 1é
application of the coding scheme, two example studéd®

113

to scheme

6 | J. Name., 2012, 00, 1-3

responses, with the applied codes indicated, are provided in
Appendix 3, Figure A3.

We did not include the third level of the original hierarchy,
identifying entities, in the adapted coding scheme because the
relevant entities (electrons, atoms, and molecules) were
inherently coded for in other categories of the coding scheme.
In other words, students never simply identified the entities
without also describing their properties or the activities in which
they were engaged. We also did not include the final two levels
of the original framework—identifying organization of entities
and chaining. Identifying the organization of entities was not
included because of the category’s focus exclusively on the
spatial organization of entities as they are interacting during a
mechanistic step, a feature which did not present itself in the
students’ writing. It is possible that whether or not students
attend to the organization of entities depends on the
mechanism—for instance, it might be present in mechanisms
where there is a difference in stereochemical outcome
depending upon the spatial organization of molecules as they
interact (e.g., a unimolecular elimination reaction), or where
spatial orientation during a mechanistic step might be described
(e.g., the backside attack during a bimolecular substitution
reaction). Chaining, defined as an explanation of how each
mechanistic step leads to the next or why steps occur in the
order that they do (Russ et al., 2008), did not appear distinctly
in student responses aside from the ordering of mechanistic
steps. There was little variety in the ordering of mechanistic
steps in students’ writing, and analysing chaining was not an
insightful avenue of analysis in the present study due to this
uniformity. It is likely that chaining pertains primarily to non-
written descriptions of mechanisms in which students are
proposing unknown mechanisms, or to written descriptions
when students do not have the opportunity to refer to outside
resources or revise their assignments after peer-review.
Notably, chaining was the focus of the coding scheme presented
by Caspari, Weinrich, et al. (2018), in which students were
proposing familiar and unfamiliar mechanisms during an
interview. It is also possible that chaining was not identified due
to the sentence-level grain size for coding, as chaining requires
recognizing connections between mechanistic steps that might
only be apparent across multiple sentences. Though chaining
was likely present in students’ thought processes regarding the
hydrolysis mechanism, it was not necessarily identifiable in the
conducted analysis.

Reliability. After finalizing the coding scheme, two authors
independently coded 50 randomly selected responses to assess
inter-rater reliability. The two coders met to check agreement,
discuss codes, and make minor changes to the coding
definitions to ensure the application of the coding scheme was
clear. The fuzzy kappa statistic, a modified version of Cohen’s
kappa that allows for individual coding units to have multiple
codes applied, was used to measure the reliability of the coding
scheme (Kirilenko and Stepchenkova, 2016). For the 50
responses coded by two authors (representing 30% of the
coded data), the fuzzy kappa statistic was 0.81, indicating near
perfect agreement (McHugh, 2012).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Percent of students incorporating features that describe the target phenomenon.

45

Post-coding analysis. After coding students’ writing and assessid®
reliability, we performed further data analyses with NVivo &7
(QSR International Pty Ltd., 2018) and RStudio (RStudio Team,
2018) to understand the results of the coding. First, we
examined the total number of responses for which each cod8
was applied at least once to determine how many studerig
were incorporating each code. We additionally examined tiag)
frequency data relating how often each code was applied g
each response. For this data, we calculated descriptive statistigy
across the set of responses in which the code appeared 3
characterize the general trends for how many sentencgg
reflected each code within a response. We also calculateg
descriptive statistics for response length (in sentences) amgh
total number of codes applied to each response. 57
Lastly, we examined the co-occurrences of codes to develgg

a more detailed understanding of how students were reasoning)
through the acid hydrolysis mechanism. To do this, vgp
calculated a metric called lift, an association rule whigh
measures the degree of dependence between two items, fgp
each pair of codes. These values are useful to determine whigg
pairs of codes were appearing together more or less thgy

probabilistically expected. Lift is defined as 65
P(A,B) 66
P(A) - P(B) 67

where P(A) is the probability of code A appearing, P(B) is tigg
probability of code B appearing, and P(A4, B) is the probabiligg
of code 4 and code B appearing together (Merceron and Yacefp
2008). We extracted the frequencies of each code and thm
frequencies of co-occurrence for each pair of codes from the
coding results. Then, as the sentence was the grain size fgg
coding, we determined probabilities by dividing the appropriatg]
frequencies by the total number of sentences coded. We them
used the probabilities to calculate lift, which compares thgg
observed probability of two codes appearing together, P(4, B)y
to the expected probability of two codes appearing togetherg
P(A) - P(B). Hence, lift measures whether codes appegg
together more or less than probabilistically expected. Lift valugg)
are interpreted by whether they are greater than, less than, gn
equal to one. Lift values greater than one indicate that codgy
appear together more often than expected (e.g., lift of tvgg
indicates that the codes appear together twice as often thgy
they would due to chance), while lift values less than o
indicate that codes appear together less often than expectgg
(e.g., lift of 0.2 means the codes appear together one-fifth as

This journal is © The Royal Society of Chemistry 20xx

often as they would due to chance). A lift of one indicates the
two codes in question appear together as often as expected due
to chance (i.e., that they are independent of one another).

Results and discussion

The results from analysing students’ written descriptions of the
hydrolysis reaction are drawn from the application of the coding
scheme adapted from Russ et al. (2008), specifically by
examining the prevalence and co-occurrences of codes within
students’ responses. The codebook is structured with four
broad categories, each containing codes that indicate the
specific features of students’ writing corresponding to each
category. These categories relate to the different components
necessary for mechanistic reasoning present across the set of
responses. We first report the percentages of responses in
which each of the broad categories appears. Next we provide a
detailed description of each category, focusing on the codes
used to support claims made throughout the section. Lastly, we
include an analysis of the co-occurrences of codes to make
inferences about students’ mechanistic reasoning for the acid
hydrolysis mechanism.

What features are present in students’ written mechanistic
descriptions?

To examine the features present
descriptions, we first observed how often each of the four broad
categories of the coding scheme appeared in responses across
the dataset. For these categories, 99% of responses included at
least one description of the target phenomenon, 96% included
an indication of setup conditions for the mechanism, 100%
included a description of an activity taking place over the course
of the mechanism, and 95% included an identification of the
properties of entities. The high percentages of students
incorporating each of these components necessary for
mechanistic reasoning in their response indicates that the
assignment, in general, successfully elicited descriptions of the
acid hydrolysis mechanism. Since the majority of these features
were present across students, these values also suggest that the
majority of students likely engaged in some form of mechanistic
reasoning, which was the objective of the WTL assignment.

in students’ written

How do students write about the features present in their
mechanistic descriptions?

J. Name., 2013, 00, 1-3 | 7
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Next we describe and provide examples of codes to illustra3®
how students appealed to each category of a mechanistf
description. The reported percentages indicate the proportidkl
of students including particular features in their response 42
least once. The full coding scheme, with definitions add®
examples for every code, can be found in Appendix 2. 44
45

1. Describing the target phenomenon. The category of describid®
the target phenomenon included two codes, identified in Figude/
3. Nearly all students included some description of the targéd8
phenomenon, and 98% included an overview of the reactiof9
Students’ writing that contained an overview of hydroly$§
included simply naming the reaction about to be described bd
identifying the two hydrolysis products. Some students al52
included a general description of hydrolysis, such as “HydrolySS
is the breakdown of a compound which proceeds as a result bA
water reacting with a carbonyl group.” 55
Students identified the two reaction pathways by stating &6
explanation, however minimal, of why two products webd/
formed—such as “Two different hydrolysis products can b8
made based on which carbonyl gets attacked, but thb®
mechanism is the same.” Note that this example was also codé&d)
with providing an overview of hydrolysis, as it also states théfl
there are two hydrolysis products. Students’ responses migbh2
also have included language suggestive of the existence 68
multiple reaction pathways without explicitly making tkd}
connection to the two hydrolysis products, as in statemerfsS
such as “This hydrolysis reaction can occur with either one of thé
carbonyl groups present on the ring.” Notably, 14% of studerby
did not make reference to the two reaction pathways leading 68
the different hydrolysis products identified in the writif®
assignment. This suggests that some students are ndf
considering or placing enough importance on alternativél
essentially equivalent, reaction pathways even when the resuff2
of these pathways are presented to them. 73
74

2. Identifying setup conditions. The level for identifying setU{b
conditions included codes that pertained to the reactigtb

8 | J. Name., 2012, 00, 1-3

medium or the connectivity of the molecules involved in the
mechanism, as specified in Figure 4.

Students described the acidic reaction medium by including
phrases such as the “acid present in solution,” the “acidic
environment” or the “acidic conditions.” Students similarly
described the aqueous reaction conditions. As shown in Figure
4, 74% of responses incorporated at least one of the codes
relating to the reaction conditions—and of that 74%, only 50%
identified the reaction as occurring in acidic conditions and only
29% identified the reaction as occurring in aqueous conditions.
From these percentages, it is clear that not all students are
recognizing the value of identifying the reaction conditions in
their mechanistic descriptions despite the importance of
reaction conditions for understanding a mechanism.

Students specified the carbonyls involved by identifying the
location on thalidomide where the hydrolysis reaction was
taking place. They did this by providing some spatial description
to identify which of the four carbonyls was reacting, such as
“carbonyl in the 6-membered ring” or “carbonyl that is closest
to the stereocenter” or “furthest away from the aromatic ring.”
This code only appeared in 55% of responses, suggesting that
nearly half of the students did not pay sufficient attention to
differentiating the reactive and non-reactive carbonyls.

Many students provided a description of the connectivity for
the starting materials, intermediates, or products of the
reaction. Descriptions of connectivity ranged from being
relatively detailed (e.g. “the nitrogen atom that is part of the
imide group is attached to a hydrogen atom”) to including only
reference to a functional group (e.g., “the Thalidomide molecule
has two amide groups” or “..creating a hydroxyl group”).
Students also included more general descriptions of
connectivity such as “At this moment, we have a neutral
tetrahedral intermediate.” Descriptions of connectivity for the
starting materials and intermediates are considered setup
conditions for the mechanism, as such descriptions help the
reader identify the connectivity required for each step of the
mechanism to take place.

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 26



Page 9 of 26

oNOYTULT D WN =

Identifying activities

Describes electron movement
* Explicit electron movement
* Implicit electron movement
= Entity focused
* “Attacks”
* Protonates-deprotonates
* Double bond movement
* Passive electron pushing
Describes changes in bonding
* Bond breaking and making
* Ring opening
* Nitrogen leaving

included in 100% of responses overall

Chemistry Education Research and Practice

0 20 40 60 80 100
Percent of students including each feature

Figure 5. Percent of students incorporating features that serve to identify activities.

3. Identifying activities. The level for identifying activitid2
included codes for descriptions of electron movement a3®
changes in bonding. As seen in Figure 5, 99% of responsd4
included some description of electron movement, while 10035
of responses included some description of changes in bonding6

Students described electron movement both explicitly asd
implicitly. Explicit descriptions included students’ reference B8
“electrons” or “lone pairs” when describing the movement 39
electrons. Implicit descriptions were those which did néf
explicitly refer to electrons, and were subdivided into codes f4d
descriptions (a) focusing on the entity, (b) using variations of t4&
word “attacks,” (c) using variations of the words “protonate43
and “deprotonates,” (d) suggesting the movement of a doubdl
bond, and (e) mentioning passive electron pushing. Studen#5
descriptions of entity-focused implicit electron movemedb
included instances when the subject of a sentence describingly/
mechanistic step was something other than electrons (e.48
“One of the hydroxyl substituents forms a double bond...49
Students’ use of the word “attacks” is a special case of this codé
in which the subject of the sentence was something other th&rl
electrons and the verb of the sentence was “attacks” (e.§2
“Water then attacks...”). Students also described mechanis63
steps using variations “protonates” b#
“deprotonates.” Descriptions indicating the movement bb
double bonds were those which described the movement of56
pi bond rather than the movement of electrons in a pi bond. T/
code for electron pushing was applied when students passivehd
described electron movement, in the sense of identifyib®
something other than the entity involved in the mechanisa®
performing the action (e.g., “The oxygen in the water molecuBd
then attacks the carbon in the carbonyl, which, through electrér?

of the words

This journal is © The Royal Society of Chemistry 20xx

pushing, forms a tetrahedral intermediate...”). Despite its
infrequent appearance, this code remained in the codebook
because it was an artefact of students’ language use aligning
with prior findings in the literature which suggest that students
find the electron pushing formalism to be simply an academic
exercise with little physical meaning (Bhattacharyya and
Bodner, 2005; Ferguson and Bodner, 2008). It is promising that
the potentially more problematic codes for descriptions of
implicit electron movement appeared infrequently.

Explicit descriptions of electron movement were present in
85% of responses, while at least one of the codes for implicit
descriptions of electron movement was present in 99% of
responses. That a majority of students explicitly referred to
electrons is a promising finding, indicating that the WTL
assignment encouraged students to make connections between
mechanistic steps and the movements of electrons. This
suggests that, during the process of writing, students are
attentive to the physical meaning of mechanistic steps, as
opposed to prior studies that have shown students to not
associate physical meaning when using the electron-pushing
formalism (Bhattacharyya and Bodner, 2005; Ferguson and
Bodner, 2008). However, 15% of students did not, in any
sentence of their mechanistic description, identify the
movement of electrons to describe a mechanistic step, while
nearly every student included implicit descriptions of electron
movement. Note that nothing is inherently wrong with implicit
descriptions of electron movement; these descriptions simply
do not indicate with certainty whether students are
conceptualizing mechanistic steps as occurring due to the
movement of electrons. It is notable that the most common
codes for implicit electron movement are those for using

J. Name., 2013, 00, 1-3 | 9
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Figure 6. Percent of students incorporating features that appeal to chemical concepts.

variations of the words “attacks,” “protonates,” add
“deprotonates,” as practicing and instructod2
frequently use these words when describing mechanisms. THS
provides evidence that students are using appropriate languagkl
when describing mechanistic steps. 45
The other set of codes categorized as identifying activitid6
included descriptions of changes in bonding, as indicated 4Y
Figure 5. Students commonly did this using phrases such as “tA8
bond between the nitrogen and carbon breaks” or “A lone pdi®
from the oxygen reforms the carbonyl! double bond.” The5€
descriptions can be thought of as a counterpoint to tibd
aforementioned code for descriptions of connectivity in tha2
this code was applied to active descriptions of changes &3
connectivity while the other code was applied to descriptions b#l
connectivity before or after mechanistic steps. Students largehp
included descriptions of bonds being broken or formed, but 1856
of responses contained no explicit description of this. Maby/
students also referred to surface features of molecules 58
describe changes in bonding for the ring-opening step, with 4858
of responses describing changes in bonding as a ring openifif)
and 61% of responses describing changes in bonding as tie
nitrogen leaving. It is not necessarily incorrect to descrile
changes in bonding in terms of these surface features; howevé3
it does suggest that some students may be overlooking tkd}
fundamental changes occurring in mechanisms—the bon85
being broken and formed—in favour of paying attention to tk®
more obvious surface features (such as the ring opening 67
nitrogen leaving, changes in bonding which result in obvio68
structural change). 69
70

4. Identifying properties of entities. The final level of the codidg
scheme, shown in Figure 6, included codes that identified th&
properties of the involved molecules that students used in theid
explanation of the acid hydrolysis mechanism. Studenf4
identified acids and bases by explicitly identifying the entifyp
performing an activity as an acid or base or by referring to/76
mechanistic step as an acid-base reaction. Students identifyidg/
nucleophilicity or electrophilicity included specific reference 78
the molecules involved in a mechanistic step acting as eithéB
nucleophiles or electrophiles, occasionally including definitio86

chemists

10 | J. Name., 2012, 00, 1-3

of these words as well. Students identified charges by using
words such as “positive,” “negative,” or “neutral” to describe a
molecule acting in the mechanism. Some students included
slightly more detailed explanations of charge, such as “The
positive oxygen activates the carbonyl making the carbon a
partial positive.”

As illustrated in Figure 6, only 55% of responses appealed to
the properties of reacting molecules as nucleophiles or
electrophiles, which is a fundamental property for explaining an
acyl transfer mechanism. Instead, more students (67%)
appealed to the properties of molecules as acids or bases. This
is not surprising, as many of the reaction steps are protonations
and deprotonations. Furthermore, acid-base chemistry is a
topic that is introduced in general chemistry, so students in
organic chemistry are likely more familiar with thinking of
molecules in terms of acids and bases than in terms of
nucleophiles and electrophiles. An even higher percentage of
students (83%) appealed to the charged nature of reacting
species. Again, this is not surprising since charges are explicit,
surface features of molecules that change during the
mechanism and are perhaps the simplest way for students to
connect the movement of electrons to the properties of
molecules. The relative percentages of students appealing to
these three different properties of molecules aligns with prior
studies in which students were found to rely on charges when
considering mechanisms (Anzovino and Bretz, 2015; Galloway
et al., 2017; Graulich and Bhattacharyya, 2017; Caspari, Kranz,
etal., 2018).

The remaining codes in the category—identifying resonance
or electronegativity—appeared less frequently. Students
identified resonance by applying the concept either correctly
(e.g., “The positive charge on the oxygen atom is stabilized
through resonance”), somewhat correctly (e.g., “The resonance
form of this molecule results in a positive charge...”), or
incorrectly (e.g., “The electrons from the double bond resonate
onto the oxygen”). Some responses also appealed to the
electronegativity of atoms to describe electron density. It is
somewhat surprising that few students identified resonance or
electronegativity, as prior studies have shown that students
often use these concepts to guide their mechanistic thinking

This journal is © The Royal Society of Chemistry 20xx
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indicate the number of sentences in which both codes in the pair appear together.

(Ferguson & Bodner, 2008). However, it is unclear whether t133
is due to the specific mechanism students described or tBd}
nature of producing a written mechanism. 35

Overall, the results for the first two research questiod6
(summarized by the complete coding scheme in Appendix 2 ad
the appearance and frequency data in Appendix 4, Table 38
indicate that while most students are including the componen3$
necessary for mechanistic reasoning as identified in the adaptdd)
coding scheme, there is considerable variety in how studerdd
include each of these components. Furthermore, despiée
promisingly high percentages of students appealing to ead3
level of the coding scheme, the results draw attention to tédl
codes within each category for which fewer students ad&
incorporating particular components necessary for mechanisl6
47
48
What inferences about students’ mechanistic reasoning can B&
made by analysing co-occurrences of the features necessary b
mechanistic reasoning? 51
In addition to what features were present in studenf2
responses and how frequently these features appeared, we al53
examined the frequencies in which codes co-occurred with ol
another. We did this to make inferences about how studer$
were engaging in mechanistic reasoning in their writt&b
explanations of the acid hydrolysis mechanism, specifically by
examining how students combined properties of entities wil{8
the activities during the mechanism. In order to assess whi&9
pairs of codes were co-occurring in a meaningful way, Vo
calculated the lift for each pair as described in the Methods. Tie
lift values and co-occurrence frequency data for all pairs 62
codes are presented in Appendix 5, Figures A4 and A5. Froo3
examination of the co-occurrence data, particular themes aroéd}

reasoning.

This journal is © The Royal Society of Chemistry 20xx

that are each supported by specific lift values and sets of Venn
diagrams. Each of these themes are described below.

1. Students’ writing provides empirical evidence for the hierarchical
nature of the framework for identifying components necessary for
mechanistic reasoning. The hierarchical nature of the analytical
framework follows directly from the hierarchy of codes originally
described by Russ et al. (2008). Furthermore, this hierarchical
relationship is implied by prior studies of students’ reasoning abilities
that progress from descriptive to relational to linear causal to
multicomponent reasoning (Sevian and Talanquer, 2014; Cooper et
al., 2016; Weinrich and Talanquer, 2016; Bodé et al., 2019). These
studies are aligned with research conducted by Moreira et al. (2018)
in which the hierarchical relationships between features of a
mechanistic description were present in their classification of
students’ reasoning from “descriptive” to “emerging mechanistic.” In
this study, the components increasingly built upon one another and
connected to each other as the sophistication in students’ reasoning
increased (Moreira et al., 2018). Our results corroborate these prior
studies by providing further empirical evidence of the hierarchical
nature of the components necessary for mechanistic reasoning.
Specifically, the lift values calculated between codes within the
same category and between codes within neighbouring
categories identify that such pairings generally co-occur more
frequently than pairings from non-neighbouring categories.
Overlaps within and between the first two categories of the
coding scheme can be seen in Figure 7. The co-occurrences
between these categories are evident with the high lift for
providing an overview of hydrolysis with identifying two
reaction pathways (1.57) and with the codes for specifying the
reaction medium (ranging from 1.15 to 2.45). There are also
high lift values between the codes for specifying the reaction

J. Name., 2013, 00, 1-3 | 11
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medium (ranging from 2.94 to 3.42), showing the overl29
between codes within the second category. 30

There are similar trends between codes in the third catego3yl
of the coding scheme (describing activities), with some notab3
illustrated in Figure 8. First, explidB
descriptions of electron movement had high lift with the codd}
for implicitly describing electron movement with the woBb
“attacks” (1.75). This is an artefact of when students used tB®&
word “attacks” followed by an explicit depiction of electr@y
movement—such as the case when a nucleophile attacks &8
electrophilic carbonyl followed by the movement of the 39
electrons onto the carbonyl oxygen. Explicit descriptions 40
electron movement also had high lift with the three coddd
related to the formation or breaking of bonds (2.34, 2.85, ad®
3.24). This finding aligns with prior research that has foudB
students to be able to describe changes in bonding usiddl
electron movement (Galloway et al., 2017). In contrast, td&
codes for implicit descriptions of electron movement—usidb
the word “attacks,” “

CoO-occurrences as

protonates,” or “deprotonates”—had &7
values below one for the codes related to the formation 48
bonds. This suggests that students’ writing does not reflect th49
bonds are formed or broken in the processes of nucleophibf
attacks, protonations, or deprotonations. Unsurprisingly, thebd
were high lift values (3.40, 3.03, and 4.27) between the thr&
codes related to the forming and breaking of bonds, as studerhS
often explicitly described the fact that bonds were being broké&rdl
or made in conjunction with describing the surface featubd
changes of the ring opening or nitrogen leaving. 56

57

12 | J. Name., 2012, 00, 1-3

Notably, the lift values were generally below one for codes
in the first and second categories of the coding scheme paired
with codes in the third and fourth categories. This result shows
that the codes related to describing mechanistic activities (the
third category) and identifying properties of entities (the fourth
category) are largely independent of the codes for describing
the target phenomenon (the first category) and identifying the
setup conditions (the second category). The lift values below
one provide further evidence for the hierarchical nature of
students’ mechanistic descriptions, as students included
features from the first two categories alongside features from
to the last two categories less than expected by chance.

2. Students identified the two reaction pathways primarily by
identifying divergence in the first step of the reaction. By
examining the lift values between the codes identified in Figure
9, the connection students made between the reaction’s first
protonation step and the two reaction pathways was notable.
The code for identifying reaction pathways had high lift (3.66)
with only one code—the code for specifying the carbonyls
involved in the reaction. The magnitude of the lift value
suggests a strong dependence between these two codes, which
is not surprising as the source of the two reaction pathways is
directly connected to the two carbonyls present that undergo
the same hydrolysis reaction. The co-occurrence between these
two codes does, however, provide evidence that students are
not merely stating that the reaction produces two products, but
are connecting this outcome to the features of the starting
material that are responsible for the two reaction pathways.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. Venn diagrams between the codes relating to students’ descriptions of the two reaction pathways yielding different

hydrolysis products. Overlaps indicate the number of sentences in which both codes in the pair appear together.

The code for specifying the carbonyls involved in tB&
reaction had high lift values with three other codes—identifyigd
the acidic conditions (1.45), using the words “protonates” 32
“deprotonates” (1.54), and identifying entities as acids or basd$
(1.36). There were similarly high lift values between the othd#
combinations of these codes (ranging from 1.47 to 2.15). TBS
relationships between these codes show that students aBé®
making the logical connections between the acidic medium add
the protonation steps in the mechanism—particularly tB8
protonations of one of the two carbonyls that leads to one 39
the final products. This result differs from prior research B{)
Caspari et al. (2018) and Petterson et al. (2020), in whidl
students did not verbalize alternative mechanistic steps th42
lead to alternative reaction pathways. This finding suggests th48
the WTL assignment, which included clear expectations #dl
explain the formation of two products, elicited studen#5
consideration of the alternative mechanistic pathways that thép
might not have considered otherwise. 47

Another observation is that the code for using the woA8
“attacks” is relatively independent of the codes for identifyid®
the reaction pathway or specifying the carbonyls involved (IO
of 1.13 and 1.16, respectively). This independence is notable &l
light of the two ways students chose to identify the divergen&
in the reaction that leads to two products. The first, which tb63
co-occurrence data suggests students did with more frequen&§4
was to identify the divergence at the first step of the reaction55
the protonation of one of the two carbonyls (e.g., “..the fino®
product is determined by which oxygen is initially protonate87
or “Depending on which amide is originally protonated, tva®

This journal is © The Royal Society of Chemistry 20xx

hydrolysis products can form”). However, an alternative way
that some students used to identify the divergence in the
reaction was in terms of which protonated carbonyl served as
the electrophile in the nucleophilic attack by water (e.g., “The
other hydrolysis product forms when water attacks the other
carbonyl” or “The hydrolysis product depends on which carbonyl
group on the 6-membered ring is attacked.”). While the
divergence at the protonation step is reflective of how this
reaction mechanism might be drawn to show the formation of
two products, the divergence at the step of nucleophilic attack
suggests a potentially more nuanced understanding of the
dynamic equilibrium between protonated and deprotonated
species in acidic media, as the protonation step is likely to be
more easily reversible than the nucleophilic attack. Hence, the
lower co-occurrence between the codes for using the word
“attacks” and identifying the two reaction pathways suggests
that more students are writing the descriptions for alternative
mechanisms as the individual mechanisms would be drawn,
rather than locating within the description the most likely point
of divergence. This result could indicate that some students do
not have a full conceptual understanding of the dynamic nature
of reactions, especially when reactions lead to similar products.
The difference between these two descriptions could indicate
differences in whether students perceive reactions to be
occurring stepwise or in @ more dynamic manner, a possibility
that has emerged in other studies (Galloway et al., 2017).
Furthermore, the set of co-occurrences between identifying
the acidic conditions, using “protonates” or “deprotonates,”
and identifying entities as acids or bases (with lift values ranging

J. Name., 2013, 00, 1-3 | 13
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Figure 10. Venn diagrams illustrating the overlaps between codes for descriptions of electron movement
and codes for identifying properties of entities. Overlaps indicate the number of sentences in which both

codes in the pair appear together.

from 1.47 to 2.15) illustrates that students did make tRO
connection between the acidic medium and the presence of39
molecule acting as an acid to perform a protonation. Ti34d
finding suggests that students engaged in reasoning th3R
connected the acidic setup conditions to the product 38
molecules being in a protonated state through the mechanisad}
of an acid-base reaction. Notably, there is no dependend®
between the acidic conditions code and the charge explanatid®
code (lift of 1.06). This may be an artefact of students nd¥
making the conceptual connection between acidB8
environments and the presence of positively charged specie39
However, we might expect students to apply rule-basdd)
reasoning to directly make this connection using the rule thdfl
positive charges are associated with acidic reaction conditiorf?
similar to students’ rule-based-reasoning described in priéd
studies (Kraft et al., 2010; Christian and Talanquer, 2012; @<l
Arellano and Towns, 2014). Hence, this result may suggest th4b
the WTL assignment facilitated reasoning reflective of proce#46
oriented rather than product-oriented problem-solving. 47

48
3. Students made appropriate connections between mechanist®
steps and properties of entities. Another finding from examinibg)
the co-occurrence data is how students’ descriptions of changbd
during a mechanism relate to the identified properties b2
entities involved in the change. These co-occurrences abd
illustrated in Figure 10. First, there is a large lift (4.14) betweé&dl
the code for using the word “attacks” and identifying entities 55
nucleophiles or electrophiles, meaning these two codb6

14 | J. Name., 2012, 00, 1-3

appeared together approximately four times more than
expected by chance. There is also a demonstrated dependence
between using the words “protonates” or “deprotonates” and
identifying acids and bases (lift of 2.15) or charge (lift of 1.49).
These are expected overlaps, as reactions between nucleophiles
and electrophiles are typically described as the nucleophile
“attacking” the electrophile and protonations and
deprotonations are acid-base reactions which result in changes
in charge. However, it is possible that students might have
described entities as nucleophiles simply due to the fact that
they attack another entity, rather than inferring the
nucleophilicity from electronic properties (i.e., a lone pair of
electrons or a partial negative charge). Similarly, students might
have recognized acids and bases simply from the fact that they
are engaged in an acid-base reaction rather than inferring their
acidic and basic properties from structural features.
Nevertheless, these co-occurrences provide evidence that
students are using appropriate language to discuss the chemical
properties related to particular changes occurring during the
mechanism. While there are expected overlaps between the
codes for describing electron movement and identifying
properties of entities, the lift values are near or below one
between the three codes for describing changes in bonding and
the three most prevalent codes for identifying properties of
entities (charges, acid/bass, or nucleophile/electrophile). This
pattern shows that students were appealing to the properties
of entities to justify electron movement but were rarely using
the properties of entities to justify changes in bonding.

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Venn diagrams between the codes for identifying properties of entities. Overlaps
indicate the number of sentences in which both codes in the pair appear together.

The lift values between different properties of entities add)
explicit descriptions of electron movement are also notabkl
While the lift values between explicit descriptions of electrd
movement and identifying nucleophiles/electrophiles 48
charges are slightly above one (1.19 and 1.32, respectively), tAl
lift between explicit descriptions of electron movement adkb
identifying acids/bases is below one (0.51). These values reveb
a modest dependence between describing explicit electrd?

movement and identifying entities by either thdlB
nucleophilicity/electrophilicity or charge. However, the overl49
between explicit electron movement and identifyibd)

acids/bases is less than expected due to chance—meaning thafl
when students identified acids/bases they were less likely 5@
accompany that identification with explicit descriptions b8
electron movement (and vice versa). This finding suggests tha8
students are appealing to Bronsted-Lowry acid-base theobp
more than they are appealing to Lewis acid-base theorlyb
aligning with prior research regarding students’ application b¥
different acid-base theories (Cartrette and Mayo, 20138
Schmidt-McCormack et al., 2019; Petterson et al., 2020). ThO
lack of appeal to Lewis acid-base theory is valuable to recognit®
in students’ writing, as the Lewis theory is a concept necessabjl
for mechanistic reasoning (Bhattacharyya, 2013) and studer®2
who use Lewis acid-base theory are more successful 68
mechanism tasks (Cooper et al., 2016; Dood et al., 2018). &}
addition, the percent of overlap between explicit descriptiof$
of electron movement and the identification of properties 66
entities is the largest for identifying charges. Together, these
findings suggest that students are able to connect explicit—as
opposed to implicit—descriptions of electron movement wif
more accessible or surface-level reasoning (identifying charggg
or using Bronsted-Lowry acid-base theory) as opposed gm
reasoning with more sophisticated concepts (identifyirg)
nucleophiles/electrophiles or using Lewis acid-base theory)q
Such a focus on surface features of reactants has been showp
to engender rule- or case-based reasoning, and might g
reflective of students’ product-oriented approaches g
problem-solving (Kraft et al, 2010; Christian and Talanquerg
2012; De Arellano and Towns, 2014). 76

77

This journal is © The Royal Society of Chemistry 20xx

Lastly, among the three most prevalent codes for the
identifying properties of entities, the lift values are less than one
for identifying nucleophilicity and electrophilicity in conjunction
with both other commonly identified properties (acidic/basic
and charge). The overlaps between these codes are presented
in Figure 11. These co-occurrences indicate that identifying
nucleophiles and electrophiles occurs most commonly with the
absence of identifying other properties of entities, matching
findings from prior research in which few students made
connections between acids/bases and
nucleophiles/electrophiles (Cartrette and Mayo, 2011).
However, there is a high lift value (1.57) between identifying
acids and bases and identifying charges, indicating that these
constructs frequently occur together. This lift value provides
further support for the hypothesis that students are more
comfortable identifying the more familiar construct of charge or
using Bronsted-Lowry acid-base theory—and even use them to
complement each other. On the other hand, when students do
identify nucleophiles and electrophiles, it is much less likely to
be accompanied with identification of other properties of
entities. This finding may reflect students’ abilities to engage in
integrated multicomponent reasoning only with certain
properties of entities (i.e., being able to use charge and
acid/base character simultaneously) but to be limited when
considering properties such as nucleophilicity or electrophilicity
(Sevian and Talanquer, 2014; Weinrich and Talanquer, 2016;
Bodé et al., 2019).

Conclusions

We have described the analysis of student responses to a WTL
assignment designed to elicit mechanistic descriptions of an
acid hydrolysis reaction. Our study was guided by an analytical
framework for discourse analysis grounded in the philosophy of
science literature. Responses were coded for the presence of
features necessary for mechanistic reasoning within the broad
categories of describing the target phenomenon, specifying
setup conditions, identifying activities, and identifying
properties of entities. Our goal for coding was to provide a rich
description of how students incorporated these features in their
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descriptions of the reaction mechanism. The second aspect b8
this research identified how these features co-occurred to mak8
inferences about students’ mechanistic reasoning. This analy$6€
furthers our understanding of the way students think abo6fl
reaction mechanisms in the context of a specific reaction. It h62
shown that, in general, the assignment successfully elicitéB
complete mechanistic descriptions, as most students appeal&d}
to each level of components necessary for mechanis6b
reasoning as described by the coding scheme adapted froa®
Russ et al. (2008), with 85% of students explicitly describing tike/
movement of electrons. Additionally, trends in the co-
occurrence data—in which codes within the same category or
from neighbouring categories generally co-occurred more oft&8
compared to codes from more separated categories—provideh)
support for the hierarchical ordering of the componenys)
necessary for engaging in mechanistic reasoning. 71

A number of findings arose from analysis of the frequengyp
and co-occurrence data presented which identify the featurgsg
students did (or did not) engage with during the process pf]
writing. First, there were notable percentages of responses thgt
did not incorporate some of the important features of 7
description for the mechanism. Some students (26%) did ngty
specify the reaction medium, indicating that these students apg
not recognizing the importance of the reaction conditions gg
they pertain to reaction mechanisms. Additionally, songp
students (14%) did not consider the two reaction pathwaygj
even though the assignment explicitly requested an explanatigp
for the formation of two products. For those students who dif
consider the two reaction pathways, there was evidence gy
suggest different interpretations of where the reactigyg
diverged. Many students indicated the divergence at the figg
mechanistic step, while fewer students indicated tigg
divergence at a later (more chemically reasonable) stepg
suggesting differences in students’ understanding of tigg
dynamic nature of reactions when considering multiple reactigp
pathways. 91

Perhaps most notable is that 45% of students made mp
reference to the reacting species as nucleophiles gn
electrophiles. In general, identifying charges was mogg
prevalent than identifying properties of entities that allow fgg
more sophisticated conceptual reasoning such as identificatigg
of nucleophiles and electrophiles or acids and baseyy
Furthermore, compared to other properties of entitiggg
identifying nucleophilicity and electrophilicity occurred legg
often in conjunction with identifying other properties. qlug
findings also showed that students more often magdg
connections between charges and explicit descriptions]g
electron movement compared to other properties of entitigy3
Explicit descriptions of electron movement were also frequentiy
connected to descriptions of bonds being broken and formggy,
but this connection was not present for implicit descriptiong g§
electron movement. In addition, when describing changes in {lig7
mechanism, identifying the properties of entities mppR
frequently accompanied descriptions of electron movemgpy
than descriptions of changes in bonding. Another finding thap
presented itself throughout the data was that many students
were using appropriate language to describe mechanistic steps.

16 | J. Name., 2012, 00, 1-3

Students commonly used the word “attacks” when describing a
nucleophilic attack and used variations of “protonates” or
“deprotonates” in reference to acid-base reactions. This
suggests that students were making appropriate connections
between concepts across different categories of the coding
scheme. Taken together, the findings from this research identify
how students were engaging in mechanistic reasoning by
revealing how students used or did not use different properties
of entities in conjunction with descriptions of the activities and
changes occurring over the course of the mechanism.

Limitations

This research is limited by a variety of factors. First, the
generalizability of the results are limited by the context in which
the research was conducted. Data was collected only from a
single, selective institution. Students’ mechanistic descriptions
are likely influenced by their backgrounds, their instructors, and
other factors which vary with institution. Specifically, the
language used by instructors and the emphasis placed on
particular aspects of mechanistic reasoning may influence
students’ written mechanistic descriptions.

The results are also limited by the data collected and the
analytical framework. Since we only analysed students’ final
drafts, the findings are limited to the evidence of students’
reasoning demonstrated in their written work after the peer-
review process. Some aspects of students’ understanding may
not be captured by examining their writing, and students’ actual
ability to reason through mechanisms could be greater or less
than suggested by their writing. Also, the framework used to
analyse students’ writing did not assess the accuracy or
correctness of the written mechanisms. Hence, the framework
is limited to characterizing how students include the features
necessary for mechanistic reasoning as opposed to whether or
not their written mechanism is correct. The analysis is also
limited in that no external measures of students’ mechanistic
reasoning were administered, so the research cannot suggest
the efficacy of the WTL assignment to develop the capacity for
reasoning.

Another limitation is that the framework was applied to a
specific prompt eliciting students’ mechanistic descriptions of a
specific reaction mechanism. Descriptions of other reaction
mechanisms might produce different results in terms of the
prevalence of particular features; furthermore, writing to
describe other reaction mechanisms might prompt students to
incorporate additional features not included in the present
analytical framework. Additionally, elements of prompt design
likely influence the way students write about mechanisms. In
particular, the features necessary for mechanistic reasoning not
present in students’ writing (e.g., identifying organization of
entities) could be due to the specific mechanism or prompt
examined in this study. The absence of these features could
alternatively be an artefact of translating a mechanism into
writing. This distinction is unclear and would require further
research.

This journal is © The Royal Society of Chemistry 20xx
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Implications

Implications for teaching
There are a number of implications for practice stemming fro,
this work. First, this research presents a Writing-to-Leagb
assighment that successfully elicited detailed mechanis%(i
descriptions, which, as suggested by the cognitive proce
theory of writing, can support students’ learning. Additionalh{s
the findings suggest that the language students use to wri
about mechanisms—and, tangentially, the way students thi
about mechanisms—is reasonably accurate and thus potentia%yé
influenced by the language instructors use when describi
mechanisms. For example, students frequently used the wogé
“attacks” to describe a nucleophilic attack, but it is not certagg
that students understand the implicit electron moveme
described when they write that a nucleophile “attacks”
electrophile. Therefore, it is important to be as explicit 3
possible that these words being used to describe mechanistj
steps—words like “attacks” and “protonates” —are words th
are implicitly describing the movement of eIectronf5
Furthermore, it may be valuable for instructors to use wor
that more accurately represent molecular behaviour—f
example, replacing the word “attacks” with “collisions” wh
describing interactions between nucleophiles and electrophil

Building upon this observation, it is vital that instructog
connect mechanistic steps to the underlying chemi
properties driving mechanisms. The findings in this stugyz
suggest that students are able to say what is happening but n
always able to explain why things are happening. This tendeng\h
suggests that instructors need to emphasize the appropria
use of fundamental chemistry concepts students should
thinking of when considering reaction mechanisms.
particular, instructors can place more focus on considering t%%
nucleophilicity and electrophilicity of reacting species as a w
to describe the flow of electrons in each step of a mechanisrgo
this concept is perhaps the most fundamental way thgii
practicing chemists think about mechanisms, but it was leéi
common among students’ written explanations in comparis%
to considerations of charges or acid-base chemistry.

In addition to careful modelling for students all compone
of a mechanistic description when presenting a mechanism %
class, further implications for practice could be to incorporaée]
these components into mechanism questions on assignme
or assessments. The four categories of features in studem;j’9
mechanistic descriptions provide a natural scaffold for engagj_%
students in mechanistic reasoning; these could be presented j
the text accompanying a mechanism problem or could be m
into problems themselves. For example, a problem askjb%
students to provide a mechanism might include compon
where the student must identify the reaction conditionslag
describe the relevant properties of molecules driving partiClilag
mechanistic steps in addition to providing the electron-pushj
diagram. Incorporating such questions into a problem
emphasize for students the components of a mechanism tfab
practicing chemists are considering—the reaction medi
alternative reaction pathways, the properties of entities, et(il—l

112
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as opposed to only emphasizing for students the electron-
pushing formalism itself.

Implications for research

Prior research has identified differences in students’ reasoning
(Sevian and Talanquer, 2014; Cooper et al., 2016; Weinrich and
Talanquer, 2016; Bodé et al., 2019), including identification of the
hierarchical relationships
mechanistic description (Moreira et al., 2018). The present

between components of a
research is the first study to use the lift metric to empirically
this between
components. Furthermore, this study used lift to analyse a large

demonstrate hierarchical  relationship

set of written data to make inferences about students’
mechanistic reasoning. This is valuable because it has allowed
for the investigation of students’ mechanistic reasoning at a
larger scale, which in prior studies has been investigated using
think-aloud interviews with limited numbers of participants.
Generally, lift is a metric that can be applied in other settings to
examine co-occurrences between codes in a qualitative coding
scheme. It is applicable to any coding scheme in which multiple
codes may be applied to a single unit of analysis and is valuable
for identifying when code co-occurrences occur more or less
than expected by chance. Hence, lift could be useful in analysing
coding results for any number of research studies utilizing a
coding scheme.

Studies by Moon as well as Moreira examined students’
writing to understand their reasoning (Moon et al., 2019) and
mechanistic reasoning (Moreira et al., 2018) in general
chemistry and high school chemistry settings. This study
expands on this work to examine students’ responses to a WTL
prompt eliciting explanations of reaction
mechanism. The methods presented in this study provide a

an organic
route to access students’ reasoning using qualitative methods
to identify features in students’ responses followed by a
quantitative method to make inferences about their reasoning.
This methodology could be used in similar studies of students’
mechanistic reasoning to afford further insights. For instance,
more specific coding of entities (e.g., specific functional groups)
and their properties and activities could allow researchers to
specifically characterize how students construct structure-
property relationships. Such efforts identify the
sophistication of students’ reasoning by
recognizing if students connect properties to function or simply
specific with  particular
mechanistic activities. This may be especially insightful in

could
mechanistic
features

associate structural

situations where students are proposing an unknown
mechanism without access to outside resources, where they
would be required to use these relationships to determine
reaction progress. Furthermore, analysing student writing, as
opposed to their use of symbolic notation, could be applied to
similar WTL activities engaging students in tasks of describing
other organic reaction mechanisms. Doing so would broaden
understanding of reason through

mechanisms and develop our understanding of the relationship

our how students
between reaction type (e.g., hydrolysis versus substitution) and
use of components necessary for engaging in

mechanistic reasoning.

students’
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Additional studies are also needed to further explore tb8
application of this framework in other contexts, with attenti&rdl
to variables such as institution, prompt design, instructors’ us&
of language, and students’ prior experience with organic
chemistry. These variables, among others, may influence
students’ mechanistic descriptions. Beyond this, future
research could include examining the effect of peer review and
revision on students’ mechanistic descriptions by applying the
framework to students’ first and final drafts and examining
changes in the presence of each feature of mechanistic
reasoning. Another future direction could involve further
examination of the data to identify if there are differences in
mechanistic reasoning between students. For example, the
features present in students’ writing may correlate to their
success in the course or relate to other factors linked to student
performance. If this is the case, such writing assignments could
be utilized as a tool for providing formative assessment to
students in order to develop their mechanistic reasoning skills.
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Thalidomide: A pharmaceutical Jekyll and Hyde 58

Thalidomide was widely used after World War Il as a sedati$®
and later as a treatment for morning sickness. Unfortunately,60
was only after widespread use that it was discovered thed
thalidomide causes very serious side effects —in particular, bir@2
defects such as phocomelia (limb malformation). The drug w63
banned in 1962 and these events resulted in important changég}
to the way the FDA approves drugs. 65

Despite the inherent dangers, thalidomide is now used f66
treatment of serious diseases, such as cancer and leprosy, wh&y
the benefit of treatment outweighs the inherent risks. It is nd®8
understood that thalidomide exists as two enantiomers; oneg9
a teratogen and the other has therapeutic properties. Rapj@
racemization occurs at body pH and both enantiomers apd
formed at roughly an equal mixture in the blood, which meaid®
that even if only the useful isomer is used, both will form on@8
introduced in the body. Furthermore, both enantiomers aye}
subject to acid hydrolysis in the body and produce hydrolysis
products that may or may not be teratogens depending on thél6
structure. The structure of Thalidomide and two Thalidomid&
hydrolysis products are shown below in Figure Al. 78

You are an organic chemist collaborating with a team 39
other researchers from USC with the goal of testing Thalidomi@&®
analogs for cancer treatment. An analog is a compound that84
very similar to the pharmaceutical target that has sm8p2
structural differences. For example, m-cresol (shown in Figug3
A2 below) is an analog of phenol. Your goal will be to design8#4
structural difference that will make the Thalidomide analog |e8%
reactive toward hydrolysis than Thalidomide. Your analogs will

18 | J. Name., 2012, 00, 1-3

be tested for the inhibition of a pro-inflammatory protein
mediator, which in elevated levels may be responsible for
symptoms associated with the early stages of HIV.

o)
0 NH,
N
©Ei OH
0 / o O

N— o
NH

thalidomide hydrolysis products

o
\ (0] OH
N
NH,
O O

Figure A2. Thalidomide and thalidomide hydrolysis products.

O O
thalidomide

The stereocenter is shown (*).

CHg

phenol m-cresol

Figure A1, Example of an analog of phenol.

Although Thalidomide is warranted for treatment of some
diseases, it would be preferable to identify an analog that has
similar therapeutic qualities without the potentially devastating
side effects. It is known that Thalidomide is easily hydrolyzed,
and it has been proposed that one of the biologically active
species may be one of the two possible hydrolysis products
shown above. Thus it is important to propose analogs that are
not readily hydrolyzed.

Your research team is drafting a grant proposal for the
National Institute of Health. You must contribute a 500-750
word description explaining the structure and reactivity of
thalidomide toward hydrolysis and the structural differences in
proposed analogs that will make them inert to hydrolysis. The
committee who will review the proposal is likely to be made up
of scientists from disciplines including biology, chemistry and
medicine. While they are experts in their own field, they may
not be knowledgeable about organic chemistry, racemization,
hydrolysis, or NMR spectroscopy.

When writing, you should consider the following:

1. Design one compound (thalidomide analog) that
should be a pro-inflammatory protein mediator
inhibitor. Explain.

2. Explain whyitisimportant that thalidomide analogs do
not have acidic protons at their stereocenters.

3. Explain the mechanism for acid hydrolysis of
thalidomide to form the two hydrolysis products in
Figure Al.

4. Describe how you would monitor hydrolysis of
thalidomide by NMR.

This journal is © The Royal Society of Chemistry 20xx
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5. Set the tone of your piece by placing your descriptior®
in the context of the larger goal of developing a saf&d
drug for the treatment of cancer patients. 11

6. You should consider carefully which organic chemisti?
terms you use and when you define or explain therh3
Remember, your collaborators are relying on you gl
clearly communicate your plan so that they can write
a competitive proposal for funding from the NIH.

This journal is © The Royal Society of Chemistry 20xx
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NOTE: You can choose to include drawings of either the
mechanism or of your proposed analog. However, given your
audience, your written explanation should be sufficient such
that your proposed analog can be understood without the
drawing. Your grade will be solely determined based on what
you wrote.
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Appendix 2. Coding scheme

Journal Name

Table 1. The finalized coding scheme used to analyse students’ written descriptions of the hydrolysis mechanism.

Category Code name Code name Definition Exemplars
(shortened)
Describing the Overview of over The sentence provides a broad description of “One reaction of thalidomide is an acid
target hydrolysis the hydrolysis reaction. hydrolysis reaction”
phenomenon “Thalidomide is a compound which,
when undergoing an acid hydrolysis
reaction, can form two constitutionally
isomeric products.”
“Hydrolysis is the breakdown of a
compound which proceeds as a result of
water reacting with a carbonyl group.”
Identifies two idpath The sentence identifies that the initial “Two different hydrolysis products can
reaction pathways protonation and nucleophilic attack can occur be made based on which carbonyl gets
at two carbonyls, which leads to two different attacked, but the mechanism is the
products. same.”
“The same general mechanism occurs
when the other carbonyl is first
protonated”
“This hydrolysis reaction can occur with
either one of the carbonyl groups
present on the ring.”
Identifying setup Specifies reaction acid The sentence identifies the acidic environment “acid present in solution”
conditions medium—acidic or conditions. Simply stating that the “acidic environment”
mechanism was an acid hydrolysis reaction “acidic conditions”
does not suffice, as “acid hydrolysis” is the
name of the reaction and does not itself
indicate an awareness of the reaction occurring
in acidic media
Specifies reaction aq The sentence identifies the aqueous “aqueous environment”
medium—agqueous environment or conditions. “water in solution”
“presence of water”
Specifies reaction body The sentence identifies that the reaction is “in the body”
medium—body occurring in the body. “in the blood”
Specifies the carb The sentence specifies which carbonyls on the “carbonyl in the 6-membered ring”
carbonyls involved thalidomide molecule are involved in the “carbonyl that is closest to the
reaction. stereocenter”
“furthest away from the aromatic ring”
Description of conn The sentence includes a depiction of the “the nitrogen atom that is part of the
connectivity connectivity of the starting materials, imide group is attached to a hydrogen
intermediates, or products. This code was not atom”
applied when only the word “intermediate” “the Thalidomide molecule has two
was used, as simply stating that an amide groups”
intermediate is present gives no indication of “...creating a hydroxyl group”
connectivity. “At this moment, we have a neutral
tetrahedral intermediate.”
Identifying Explicit electron exp The sentence uses the word “electrons” or “Electrons from one of the oxygens then
activities movement phrase “lone pair” as the subject of a phrase move...”
when describing the movement of electrons. “The lone pair then comes back down to
reform the double bond...”
Implicit electron entity The sentence uses a word or phrase other than | “One of the hydroxyl substituents forms
movement—entity “electrons” or “lone pair” as the subject of a a double bond...”
focused phrase when describing the movement of
electrons, with any verb besides “attacks.”
Implicit electron att The sentence uses a word or phrase other than | “Water then attacks...”

movement—
“attacks”

20 | J. Name., 2012, 00, 1-3

“electrons” or “lone pair” as the subject of a
phrase when describing the movement of
electrons, with the verb “attacks.”

This journal is © The Royal Society of Chemistry 20xx
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Implicit electron prot The sentence uses some variation of the word “The hydronium ion protonates...”
movement— “protonates” or “deprotonates” to describe a “ A water molecule deprotonates...”
protonates- mechanistic step. This code was not applied

deprotonates when variations of these words were used to
describe a structural feature (e.g. “the
protonated oxygen”).

Implicit electron dbm The sentence refers to the movement of “This pushes the double bond up onto

movement—double double bonds rather than the movement of the oxygen...”

bond movement electrons.

Implicit electron epush The sentence uses a phrase that passively “Electron pushing results in...”

movement—passive describes the movement of electrons (in the “The oxygen in the water molecule then

electron pushing sense that the subject of the phrase is attacks the carbon in the carbonyl,
something other than the electrons or which, through electron pushing, forms
atoms/molecules involved in the mechanism). a tetrahedral intermediate...”

Changes in bbm The sentence uses language to indicate that “the bond between the nitrogen and

Identifying bonding—bond bonds are being broken or formed in the carbon breaks”
properties of breaking and making process of a mechanistic step. “Alone pair from the oxygen reforms
entities the carbonyl double bond.”

Changes in ring The sentence explicitly describes thalidomide’s “the ring then opens”

bonding—ring ring structure being broken or opened in the “breaking the ring”

opening mechanism.

Changes in nitro The sentence explicitly refers to the nitrogen- “eliminates the nitrogen”

bonding—nitrogen carbon bond breaking as the nitrogen acting as “kicking out the nitrogen”

leaving a leaving group. “the nitrogen group leaves”

Acid-base ab The sentence refers to a reactant acting as an “An acid protonates...”
acid or a base or refers to a mechanistic stepas | “The carbonyl group will then be
an acid-base reaction. This code was not deprotonated by the conjugate base of
applied when the phrase “acid hydrolysis” the original acid...”
appeared; students needed to have included “...either carbonyls are protonated
language relating to acid-base chemistry in through an acid/base reaction...”
connection to entities acting in the mechanism.

Nucleophile- nuc The sentence refers to the identify of reacting “Then, water, acting as a nucleophile,

electrophile species as nucleophiles or electrophiles when attacks the electrophilic carbon”
describing a mechanistic step. “Electrophilic means it is extremely

attracted to electrons.”

Charge charge The sentence refers to the creation or “The oxygen is then deprotonated to
neutralization of formal charges when neutralize the charge...”
describing a mechanistic step. “The water would attack that positively

charged carbonyl group.”

“The positive oxygen activates the
carbonyl making the carbon a partial
positive.”

Resonance res The sentence justifies a mechanistic step by “The positive charge on the oxygen
referring to the resonance structures of the atom is stabilized through resonance”
reacting molecules. “The resonance form of this molecule

results in a positive charge...”
“The electrons from the double bond
resonate onto the oxygen”

Electronegativity eneg The sentence justifies a mechanistic step by “...because nitrogen is more

This journal is © The Royal Society of Chemistry 20xx

referring to the electronegativity of the
reacting atoms.
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electronegative, the lone pair falls on
the nitrogen atom”

“This increases the net inductive effect
on the associated carbonyl carbon since
it makes the oxygen more electron
deficient.”
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Appendix 3. Sample responses and application of coding scheme.

Sample student response:
Thalidomide undergoes acid hydrolysis through a serie

a water molecule

. This step
. Lastly, a water molecule

f either carbonyl, creatin,
Water (H,O) then that carbonyl center and the
toward the oxygen

Journal Name

Codes present in this response:

e Overview of hydrolysis

e Identifies two reaction iathways

e Description of connectivity

o Protonates-deprotonates
o “Attacks”

e Nitrogen leaving
¢ Explicit electron movement
o Bond breaking and making

e Acid-base

e Charge

e Nucleophile-electrophile
Codes present in this response:

e Overview of hydrolysis
o Identifies two reaction pathways

e Reaction medium—body
e Reaction medium—acidic

e Description of connectivity

I

o Protonates-deprotonates

o “Attacks”

o Explicit electron movement
¢ Bond breaking and making
o Nitrogen leaving

e Ring opening

e Charge

Figure A3. Two example student responses, with the applied codes indicated. Note that (1) these are excerpts of the full responses, including
only the portion of the response that was analysed and (2) codes were applied on the sentence level, and have been indicated on a finer
grain size to demonstrate the portions of each sentence that correspond to the applied codes.
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2

3 Appendix 4. Appearance rate and frequency data.

4 Table 2. Appearance rates and frequency data for each category and code. Entries without frequency data or descriptive statistics are the

5 categories for which only sub-codes were applied. To contextualize this data, note that the average response contained 9.81 sentences (with

6 standard deviation 2.55 sentences) and had 22.25 codes applied (with standard deviation 6.26 codes).

; Category/code Appearance ? Frequency P | Mean © | St. Dev. ©

9 Describing the target phenomenon 99%

10 Overview of hydrolysis 98% 402 2.51 1.20

11 Identifies two reaction pathways 86% 214 1.52 0.67

12 Identifying setup conditions 96%

13 Specifies reaction medium 74%

14 Acidic 50% 133 1.62 0.87

15 Aqueous 29% 59 1.23 0.51

16 Body 42% 88 1.29 0.62

17 Specifies the carbonyls involved 55% 132 1.47 0.69

18 Description of connectivity 82% 274 2.04 1.21

19 Identifying activities 100%

20 Describes electron movement 99%

21 Explicit electron movement 85% 263 1.88 0.84

22 Implicit electron movement 99%

23 Entity focused 18% 37 1.23 0.50

“Attacks” 90% 205 1.40 0.65

24 Protonates-deprotonates 96% 581 3.72 1.22

25 Double bond movement 6% 9 1.00 0.00

26 Passive electron pushing 1% 2 1.00 0.00

27 Describes changes in bonding 100%

28 Bond breaking and making 82% 202 1.52 0.78

29 Ring opening 48% 85 1.08 0.27

30 Nitrogen leaving 61% 132 133 0.55

31

32 Category/code Appearance ? Frequency P | Mean © | St. Dev. ©

213‘. Identifying properties of entities 95%

35 Acid-base 67% 233 2.14 1.16
Nucleophile-electrophile 55% 143 1.61 0.86

36 Charge 83% 414 3.04 1.54

37 Resonance 8% 15 1.15 0.38

38 Electronegativity 1% 4 2.00 1.41

39 aPercent of responses in which the code, or any code within the category, appears at least once (N=163 responses).

40 b Number of sentences to which the code was applied (N=1497 sentences).

41 < Statistic for the frequencies, across the set of responses in which the code appeared.
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Appendix 5. Co-occurrence and lift data.

Journal Name

over idpath acid aq body carb conn exp entity att

over 402 90 41 35 58 36 22 4 0 18
idpath 214 14 2 4 69 20 4 1 33
acid 133 16 23 17 9 11 0 15
aq 59 15 3 7 2 1 5
body 88 7 3 4 0 8
carb 132 8 5 3 21
conn 274 60 8 43
exp 263 4 63
entity 37 0
att 205
prot

dbm

epush

bbm

ring

nitro

ab

nuc

charge

res

eneg

prot dbm epush bbm ring nitro ab nuc  charge res eneg
54 0 0 30 11 2 24 25 17 0 0
87 0 0 5 4 2 21 13 11 0 0
76 0 0 9 2 8 64 13 39 0 0
16 0 0 15 0 1 14 8 6 0 0
17 0 0 0 0 12 6 2 0 0
79 0 0 0 2 0 28 13 13 1 0
101 2 1 40 16 18 32 22 83 3 0
37 2 1 115 35 66 21 30 96 9 2
4 1 0 11 4 10 7 1 8 2 0
40 2 0 10 4 3 29 81 61 4 1
581 0 0 36 14 47 194 31 239 2 0
9 0 1 0 0 0 1 4 0 0
2 0 0 0 0 0 1 0 0
202 39 54 16 13 48 6 1
85 32 3 2 11 2 0
132 16 4 38 3 0
233 16 101 0 0
143 33 5 1
414 5 0
15 0
4

Figure A4. Co-occurrence frequency data for all codes. The values indicate the total number of sentences for which each pair of codes

appeared together.

idpath acid aq
over 1.57 1.15 221 245
idpath

body carb conn exp
1.02  0.30

entity att prot
0.33
1.13
0.82

0.74 032 3.66 0.51
acid 294 145 037 047
aq 0.58 0.65 0.69 0.62
0.33 0.92

body 0.90 0.66
carb 1.16
conn 125 1.18 1.15

exp 0.62
entity
att
prot
dbm
epush
bbm
ring
nitro
ab

nuc
charge
res

1575)

dbm epush bbm ring nitro ab nuc

- 038 0.65

charge res eneg

0.63 0.64
0.68 3.09 1.02
152 142
0.88 0.71
136 1.03
075 0.75 0.84

234 285 051 1.19
1.90 122 028
0.34 0.91

042 092 2.15 0.56
1.16

121 273
1.26 2.85

Figure AS. Lift values for each pair of codes.
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