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ABSTRACT: Learning the language of organic chemistry, i.e., how to describe reaction mechanisms, is crucial to success in any
postsecondary organic chemistry course. However, it is well-known that learners struggle with reasoning about and explaining
reaction mechanisms beyond surface-level features. Multiple studies have sought to aid learners in developing these skills.
Investigating the connections that learners make regarding reaction mechanisms through their explanations provides insight into
how we can better promote the development of learners’ reasoning skills. In this study, we evaluate 20,000+ learner explanations of
90 reaction mechanisms. We use network analysis to explore patterns in keywords used by learners and visualize the word
connections between them, based on their co-occurrence, within our entire data set, by reaction type, and by levels of explanation
sophistication. Our results indicate that learners consistently rely on explicit surface-level features in their explanations with expected
contextual variance by reaction type. This trend persists across the levels of sophistication, however, with improvements in the use of
vocabulary and coherency as sophistication progresses. We hypothesize that this is evidence of learners actively working toward
constructing understanding as they experiment with and refine their vocabulary until they are able to pare down their explanations in
a coherent manner. This work offers insights for instructors seeking to promote the development of learners’ reasoning skills and for
researchers interested in the development of machine-learning models to assist in evaluating learner explanations of reaction
mechanisms.

KEYWORDS: Lower-Division Undergraduate, Organic Chemistry, Reaction Mechanisms, Explanations, Network Analysis,
Chemical Education Research
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Organic chemistry is ubiquitously touted as a difficult, if not cvelopment Ol assessments, ra-
the most difficult, postsecondary chemistry course for brics,'1#217232%3132 and other tools or learning aids™*** ™
learners.'™® Learning reaction mechanisms is central to that to determine the type of reasoning learners are employing as
difficulty; reaction mechanisms are a necessary learning well as how to promote higher levels of reasoning. Despite

component for success in the course. The scope of learning
outcomes related to reaction mechanisms includes drawing
reaction mechanisms, interpreting their meaning, and predict-

these efforts to promote learning, most learners still grapple

ing the product of reactions.” Multiple studies show that Recf?ived: August 21, 2024 e
learners struggle with reasoning about reaction mechanisms, Revised:  October 15, 2024 g
particularly constructing explanations that extend beyond AccePted: October 18, 2024 \/
noting surface-level features of reaction mechanisms. ™5 A Published: November 6, 2024 ">

large focus of the research on learning reaction mechanisms
has centered on how learners develop an understanding of
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with understanding beyond identifying and describing explicit
structural features of reactants, intermediates, and products of
a given reaction mechanism. In our study herein, we ask: what
words are learners using in their explanations of reaction
mechanisms and how does word use differ by reaction mechanism
type? Furthermore, what differences in word use, if any, occur in
differing levels of sophistication for learner explanations?

In our study, learners in both semesters of a yearlong organic
chemistry course sequence were asked to construct explan-
ations for an array of reaction mechanisms.'”'>"* Explanations
were evaluated using a previously reported level of explanation
sophistication rubric.'”'” Network analysis is used to visualize
the co-occurrence of words used in learner explanations, as
well as to analyze the importance of keywords in the network
graphs. Our results corroborate prior findings that learners
mostly use words associated with surface-level, explicit features
with observed differences by reaction type (e.g, aromatic
versus reduction); our results extend research in this area by
identifying that explanations at higher levels of explanation
sophistication are associated with a more coherent use of
terminology and with terminology associated with implicit-
level features.

B LEARNER REASONING IN CHEMISTRY

Several reasoning types are employed by learners in written
explanations of chemical phenomena; these include, but are
not limited to, teleological,”_42 anthrogp01norphic,43_46 and
causal mechanistic reasoning.”' *>*™* In a review from
Dood and Watts,” 19 studies were identified that evaluated or
characterized levels of learner reasoning of organic chemistry
reaction mechanisms. The review identified multiple, over-
lapping reasoning frameworks including teleological, anthro-
pomorphic, mechanistic, causal, and causal mechanistic
reasoning typologies.”' ' »!®?129384750752  gpe  reviewed
framework was focused on the level of explanation
sophistication of learners’ responses to prompts in the context
of reaction mechanisms; the framework characterizes explan-
ations into four levels from Absent to Complex.">">**>* While
other frameworks presented in Dood and Watts’ review,”">">
including the level of explanation sophistication rubric, are
applicable across various reaction mechanism contexts and
assessment types (e.g, homework or examinations), the levels
of explanation sophistication rubric was specifically developed
for researchers and classroom use by instructors and
learners.'”****>* To enhance accessibility, this rubric inten-
tionally minimizes jargon, making it easier to interpret for
those less familiar with the mechanistic reasoning terminology.

Previous studies have indicated that learners’ abilities to
explain reaction mechanisms varies depending on the specific
components present, such as nucleophiles and electro-
philes."”'*'> This suggests the importance of investigating
beyond a broad evaluation of learner reasoning, focusing on
these different components that comprise a reaction.' ”'’
Studies show that learners tend to be cued toward, and more
frequently mention, the nucleophile and its role in reaction
mechanisms compared to electrophiles and their role,'>'>°%°
When asking learners to describe what was occurring in various
reaction mechanisms, Anzovino and Bretz”>® noted that only
one of their 11 interviewees made any mention of an
electrophile. Work by Frost et al.'> reported a similar trend
with higher levels of explanation sophistication observed for
nucleophiles rather than electrophiles; however, in contrast to
Anzovino and Bretz, descriptions of electrophiles were present
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within 80% of the 19,936 learner explanations evaluated and,
on occasion, electrophiles were explained at a higher level of
sophistication, especially when an explicit cue for the
electrophile (e.g., a positive charge) was present.

This tendency of learners to focus on nucleophiles over
electrophiles mirrors a broader pattern in which learners can
more easily identify, and are more likely to invoke explicit,
surface-level features in their explanations of reaction
mechanisms.'"”'”*” However, many of the important features
of a reaction mechanism are implicit, requiring a learner (and
practicing chemist!) to note and integrate those features with
explicit features and prior knowledge in constructing a viable
explanation; this deeper level of reasoning is often where
learners struggle. Reliance on explicit features hinders a
learner’s ability to propose and explain mechanistic steps,
and overall mechanisms, when those steps and mechanisms are
unfamiliar (e.g., not explicitly taught in the course);***” from
the perspective of a practicing chemist, the ability to propose
and explain the unexpected is essential to research.’”’’
Furthermore, learners may be misled by superficial features
that are not wholly relevant to the task at hand or may only be
able to make connections to certain concepts when prompted
via visual features in different contexts, despite the relevancy
being the same. For example, given several different
heterogeneous bond-forming/breaking reaction mechanisms,
learners may be able to identify an electrophile in a reaction
mechanism only when a positive charge is explicit, despite the
role of the electrophile in all such reactions.”>*® This stance
has been attributed to learners using rote-memorization
techniques or applying simple associations rather than
determining the relevance and correctness to select concepts
in their problem-solving.'"**%*~%*

B THEORETICAL FOUNDATION

We employ constructivism, cognitive linguistics, and methodo-
logical interactionism to inform our work herein. The
metaphor used by Nobel Laureate, Jean-Marie Lehn,
“..atoms are letters, molecules are the words, super molecular
entities are the sentences and the chapters and of course—
science is the book”, emphasizes the foundational role of
language and structure in understanding of chemical
concepts.®”%° Piaget’s constructivism emphasizes the impor-
tance of meaningful connections between concepts in the
facilitation and transfer of knowledge and learning.’” Cognitive
linguistics further emphasizes the role of language in shaping
thought processes and the understanding of concepts,
proposing that learners’ word choices can reflect their cognitive
structures.®® Methodological interactionism posits that lan-
guage is influenced by social interactions;”” this suggests that
organic chemistry learners’ language is shaped by their
interactions and experiences with others (e.g, instruction,
course materials, and peer discussion). The interplay between
these frameworks provides a rich understanding of how
learners construct knowledge and communicate their under-
standing regarding the reaction mechanisms.

Constructivism

Piaget’s conceptualization of constructivism emphasizes that
learned concepts are not isolated; even when memorized, these
concepts are connected in ways that are fruitful and unfruitful
to further learning and for transferability to new contexts.””
Knowledge, however, must be connected in meaningful ways,
and stored in well-organized structures to be useful in future
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applications.””~"> As concepts are learned, those concepts
must be assimilated into current knowledge structures or be
the cause of knowledge reconstruction. Thus, learning can be
conceptualized as a process of constructing and reconstructing
a network of concepts and ideas.”® As expertise increases, a
learner’s knowledge becomes increasingly more connected and
more organized, with more points for accessing needed
knowledge for a given task.”*”

Within the chemistry education research context, concept
maps have been used to concretely depict and understand the
“network” of conceptual connections for a given learner, for a
given topic.”°”’’ The benefit of concept maps as formative
assessment tools has been repeatedly shown.*>”"”°~** Multi-
ple studies use “network analysis” techniques to understand
collections of learner (and expert)-created concept maps. Such
techniques have been used to understand how novices and
experts organize organic chemistry reactions differently” and
how undergraduate students make conceptual connections
between organic chemistry reactions.”’ Network analysis
techniques have also been used to examine learners’ knowledge
organization through written explanations. For example,
Asmussen et al.*> examined learner written responses to
different chemical concepts applied while solving case
comparison tasks on nucleophilic substitution reactions and
compared the learner identified concepts with sample
responses written by the organic chemistry professors,
visualizing responses using network analysis. Derman et al.”®
investigated year eight and year 12 chemistry learners’
cognitive structure of acid—base chemistry using a word
association test and free writing techniques. Koponen et al.**
explored preservice physics teacher learners’ knowledge of
electricity and magnetism via concept networks and written
reports. This collection of research suggests that networks and
network analysis techniques are viable means for visualizing
and evaluating learners’ organic chemistry conceptual con-
nections.

Our work is informed by Piaget’s constructivism. However,
we deviate from a traditional view of concept maps as a tool for
learners to explicitly show the connections between concepts.
Our work focuses on learners’ co-occurrence of words used in
explanations of reaction mechanisms as evidence of their
learning; this is in alignment with prior work®>*® that analyzed
co-occurrences of features to investigate how learners engage
in reasoning and the combination of said features in their
explanations.

Cognitive Linguistics

Mapping language onto concepts is key to understanding and
acquiring language.®” Cognitive linguistics offers the possibility
to study cognition by examining language, informing the
relationship of language to cognition in a systematic approach,
and emphasizing how linguistic structures reflect underlying
cognitive processes.(’g’88 Cognitive linguistics suggests that
language is not simply an arbitrary tool for communication but
rather that language shapes thought processes and influences
understanding of complex concepts. Cognitive linguistics also
posits that linguistic structures or categories are not simply
tools for communication but are integral components of
cognition, affecting how individuals perceive, categorize, and
reason about their experiences. This perspective highlights how
learners use specific terminology to navigate complex topics
and concepts.”””"
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Within organic chemistry, learners’ choice of words in their
explanation of reaction mechanisms can reveal underlying
cognitive structure and their understanding and highlight the
interplay between context and conceptual understanding.
Much of the organic chemistry education research literature
has shown that learners often gravitate toward explicit, surface-
level features in their explanations rather than implicit features,
e.g.10, 12, 16, 55, 56, 86, and 91; this may reflect the perceived
accessibility or fragmented ideas of certain concepts. As
learners begin to engage with more implicit features, their shift
in focus may serve as an indicator of their cognitive
development; these concepts, once unconnected, are now
well-integrated into their cognitive structure. This is not to
suggest that learners who only mention surface-level features
or “buzz” words demonstrate no evidence of learning. The
ability to recognize and use words within the appropriate
context reflects that learners are beginning to engage with the
language of organic chemistry, even if their explanations
remain somewhat superficial, a sentiment shared by Watts et
al.*® Our work employs principles of cognitive linguistics to
examine how the language choices of organic chemistry
learners reveal their conceptual understanding and reasoning
processes regarding reaction mechanisms.

Methodological Interactionism

Scientific practice contributes to the development of language
within a discipline through novel theories and research; in turn,
language shapes the discipline itself, giving meaning to novel
concepts and practices as new individuals enter the field.
Methodological interactionism posits that learning practical
skills within a domain (e.ég., drawing reaction mechanisms) is
closely tied to language.”””> Methodological interactionism
assumes that knowledge is socially constructed, that learning or
practicing a skill creates opportunities for discussion with
others (e.g, instructors and peers), helping to deepen
understanding.” On the individual level especially, language
plays a crucial role in advancing the engagement in a practice
as it is through talking or writing about the skill that learners
connect concepts, refine their knowledge, and construct
expertise.69 In other words, to participate in practice, one
must be able to communicate within the context of the domain
(e.g, talk or write about reaction mechanisms).

For learners in organic chemistry, learning the language to
explain reactions is important for learner success in the
course.”¥”® This framework suggests that learners’ explanations
are not constructed in isolation; rather, they are shaped and
influenced by their interactions with instructors, course
materials, and peers. As they learn, learners adopt and refine
language in their explanations, incorporating technical terms
and concepts in a way that reflects their personal under-
standing as well as the collective learning experience.
Therefore, as both our work and prior literature sug-
gest,g’10’12’16’21’26’28’31’57’86’96 organic chemistry instruction
and assessment should focus on developing learners’ skills to
effectively communicate their understanding of reaction
mechanisms (e.g, their written explanations), the development
of which has the potential to further promote their
understanding and comprehension of these concepts. Our
work herein reflects the principles of methodological
interactionism as we investigate the patterns of how learners
use keywords in their explanations across different reaction
types; these patterns offer insights not only into individual
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Figure 1. Exemplar original prompt. Further cued variations of this prompt are reported in Crowder et al, 2024."

reasoning but also into the influence of instruction, course
materials, and classroom or peer discourse.

B RESEARCH QUESTIONS AND GOALS

Research suggests that learners struggle with constructing
explanations of organic chemistry reaction mechanisms while
also grappling with recognizing the importance of certain
underlying concepts and features present in these reaction
mechanisms. Prior work in this area has largely focused on
understanding the reasoning learners employ as they construct
their explanations and attempts to elicit certain types of
reasoning;'”'>"> our work extends prior work in considering
the connections learners make with their explanations.
Our study answers two research questions:

1. What words are most prevalent in learners’ explanations
of organic chemistry reaction mechanisms? How are
those words used in connection with each other?

2. What differences in word use or co-occurrence of word
pairs in learner explanations are observed between levels
of explanation sophistication?

We aim to use network analysis techniques to gain insight
into learner explanations of reaction mechanisms through
visualizing the co-occurrence of word use; our work points to
key means for how instruction can further promote the
development of learners’ reasoning skills.

B METHODS

Our work was carried out under application Pro#00028802,
“Comprehensive evaluation of the University of South
Florida’s undergraduate and graduate chemistry curricula”, as
reviewed by the University of South Florida’s Institutional
Review Board (IRB) on December 13, 2016. Data are
deidentified and are not linked by the learner per an IRB
review.

Data Collection

Data were collected at the University of South Florida, a large,
research-intensive, public university in the southeastern United
States and an emerging Hispanic-serving institution. Data were
collected in the first semester of a year-long postsecondary
organic chemistry course over eight semesters (Fall 2017—
Spring 2018, Spring 2019—Fall 2020, and Fall 2021—Spring
2022) and in the second semester of the same course sequence
over two semesters (Spring 2020 and Fall 2021). Both courses
were taught by four instructors over nine total semesters. The
course used Solomons et al’s Organic Chemistry, 12th ed.”’
(Fall 2017—Spring 2019), Klein’s Organic Chemistry, 3rd ed.”
(Fall 2019—Spring 2021), and Klein’s Organic Chemistry, 4th
ed.”” (Fall 2021—Spring 2022).
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Qualtrics was used to collect learners’ explanations of
reaction mechanisms. Constructed-response items used in our
study varied based on the level of cueing (see Figure 1 for an
exemplar prompt) and are reported in prior work."> The
constructed-response item format we used was initially
reported for a single-step proton transfer reaction”' and
asked learners to articulate “what” was occurring in a reaction
mechanism and “why” it was occurring. The separation of the
explanation into “what” and “why” prompts was found to elicit
more causal mechanistic reasoning responses from learners.”!
Research suggests that learners only consider certain features
in their explanations when explicitly prompted;'”*’ thus,
further iterations and modifications to this constructed-
response item have been made to provide explicit conceptual
support (e.g., scaffolding and cueing) to help learners make
further connections.'”'>*** Dood et al** modified the
prompt by replacing the explicit Lewis structures with chemical
names to assess fluency in converting between chemical names
and structures. Crandell et al*’ studied different prompt
wordings to better understand in what ways the organic
chemistry learner thought processes may be receptive to
certain prompt wordings. The constructed-response item
format underwent further modifications for use with acid—
base reactions’>*****” and multistep substitution reac-
tions'l(),12,15,23,34

A total of 90 reaction mechanisms were used to collect data
for our study (reported in Yik et al, 2023;'° Frost et al,
2023;'* Crowder et al,, 2024'°). A total of 22,015 responses
were collected and evaluated. The 90 reaction mechanisms are
categorized into five types: carbocation (n = 8,693
explanations, n = 19 reactions), Sy2 (n = 5,312 explanations,

n = 20 reactions), nucleophilic addition (n = 3,264
explanations, n = 23 reactions), reduction (n = 3,165
explanations, n = 16 reactions), and aromatic (n = 1,581

explanations, n = 12 reactions). Learners had the opportunity
to complete a maximum of three assessments at three to four
points throughout a term for bonus points toward their
midterm or final examination scores. All assessments occurred
in the three days before a midterm or final examination.

Data Coding and Interrater Reliability

We used a previously published rubric for the evaluation of our
explanations; the rubric consists of four levels of sozphistication:
Absent, Descriptive, Foundational, and Complex.'” Responses
designated as Absent are composed of statements such as “I
don’t know how to answer this”, irrelevant descriptions of the
reaction, or are unable to identify the electrophile and other
relevant features. For Descriptive level responses, these
explanations contain simplistic descriptions of general bond-
forming processes, possibly identifying the electrophile with a

https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01042?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01042?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01042?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01042?fig=fig1&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Chemical Education Research

primary focus on surface-level features. Foundational level
responses include details about the role of electrons in the
bond-forming processes with mention of some implicit features
(e.g., attractions, lone pairs, pi bonds). Finally, Complex level
responses include in-depth descriptions of electronic and
implicit features (e.g., partial charges, polarity differences, and
electron density), as well as how those implicit features are
interrelated. Assignment of level of explanation sophistication,
including interrater reliability of those assignments, has been
previously reported with final agreement ranging from 86.5%
to 93.3% (k = 0.700 to 0.890), indicating strong agree-

10,12,15
ment.
Analysis

Analyses were conducted with R (version 4.3.3)'% using
RStudio (version 2023.12.1 + 402)."”" Network analysis
packages used include ggraph'®” and igraph.'®’

Words within each explanation were limited to those central
to reaction mechanisms; this is a practical choice we have
made, as a network graph of all words within all explanations is
unwieldy and uninterpretable. Word choice was based on
relevancy and frequency of appearance, with English stopwords
used to further limit and refine our important word list (e.g.,
words like “the” or “if” were not included in our study).
Central words and associated co-occurrence were determined
for the complete data set and by each reaction mechanism type
(i.e.,, carbocation, Sy2, nucleophilic addition, reduction, and
aromatic) and include the 16 most relevant and frequently
occurring keywords: “attack”, “attract”, “bond”, “carbocation”,
“charge”, “double”, “electron”, “electrophile”, “group”, “leav-
ing”, “negative”, “nucleophile”, “partial”, “pi”, “positive”, and
“stable”. Our keyword list originally included 32 words;
however, we limited our report to 16 words for the sake of
visualization purposes in the network graphs and for more
focused analyses. Words were set to certain positions within
the network graphs to allow for direct comparisons between
the multitude of network graphs present in the study; however,
this limited our ability to expand upon the spatial relationship
between words; thus, the network graphs presented herein are
used solely to visualize word co-occurrences.

A connection between words exists if those two words co-
occur within a given explanation (e.g, “electrophile” and
“positive”). The weight of a connection is relative to how many
explanations contain those two words (e.g, 16,291 of 22,015
explanations contain both the words “nucleophile” and
“attack”). Log transformations are used to visualize such
connections; this allows for better depiction and thus
interpretation of the relative weight (i.e., prevalence of two
words found in an explanation) of a co-occurrence.

Descriptive statistics were used to investigate the unique
number of words within an average learner’s explanation and
are reported as median, minimum (i.e., min), and maximum
(i.e., max). Unique words are counted based on whether they
appear within a response or not for each of the 16 keywords
(e.g., an explanation may include the word “attack” three times
but is only counted once for analysis purposes). Histograms
are used to visualize the number of unique words used by the
frequency at which they appear in explanations.

Descriptive statistics, histograms, and network graphs are
reported for the complete data set, by level of explanation
sophistication, by reaction type, and by level of explanation
sophistication by reaction type.
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B RESULTS AND DISCUSSION

Results of our study suggest that explicit, surface-level features
(e.g., “nucleophile” and “attack”) are among the most prevalent
words and pairs of words used in learner explanations
regardless of reaction type. Many of these explicit features
are central to learner explanations (e.g, “attack”, “bond”, and
“group”). There are, however, words and pairs of words that
are more closely associated with certain reaction mechanism
types more so than with other reaction mechanism types; for
example, the pair “negative” and “charge” is prevalent in the
reduction mechanism network but not nearly as prevalent in
the aromatic reaction mechanism network. Furthermore, we
observe a progression in the words and pairs of words that
learners use across levels of sophistication, where learners
move from using surface-level “buzz” words (ie., at the
Descriptive level) to mainly consisting of implicit features (i.e.,
at the Complex level). This highlights the shift from a more
fragmented, scattered, and unconnected knowledge base
toward a stronger, stable, and organized knowledge base.
Research Question 1: What Words Are Most Prevalent in
Learners’ Explanations of Organic Chemistry Reaction
Mechanisms? How Are Those Words Used in Connection
with Each Other?

An array of words are used and used in combination in
explanations of reaction mechanisms (see Figure 2); for

charge

double carbocation

electron bond

-

electrophile attract
group attack
Sc \
leaving stable
negative positive

nucleophile

pértial

Figure 2. Full network of word use and co-occurrence of word use for
all data (N = 22,015 explanations). Limited to connections that occur
at least 850 times. Connections are reported on a log scale.

parsimony, only the most prevalent words (n = 16) and
associated co-occurrences are shown. The pairs of words used
most prevalently are “leaving” and “group”, “nucleophile” and
“attack”, and “double” and “bond”; this is depicted in Figure 2
as the boldest lines connecting those word pairs. These words
and co-occurring word pairs are associated with explicit,
surface-level features. Co-occurring words less common in the
explanations include “partial” with “positive”, “negative”, and/
or “charge” and “attract” with “charge”, i.e.,, words associated
with more implicit features of molecules and reaction
mechanisms.

Quantitative measures further illuminate what words an
average explanation might contain (see Table 1). Typically,
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Table 1. Descriptive Statistics of Words Used in
Explanations of Reaction Mechanisms for All Data and for
the Reaction Mechanism Type

Reaction Type Median Min Max n
Complete 6 0 16 22,015
Carbocation 6 0 15 8,470
Sn2 S 0 15 4,982
Nucleophilic Addition 6 0 16 3,817
Reduction S 0 15 3,165
Aromatic S 0 15 1,581

learners used an average of five to six of the 16 keywords
within their explanations; at most, 15 to 16 of the keywords
were used within a single explanation. Our results (see Figure
3) suggest a normal-like distribution of the number of

3000

2000

Frequency

1000

0 4 8
Number of Unique Terms

12

Figure 3. Histogram of unique words used in reaction mechanism
explanations for all data (N = 22,015 explanations).

keywords used in a single explanation response. This indicates
that high word use (i.e,, 15 to 16) is an extreme. This trend
holds for each of the five reaction types (i.e., carbocation, Sy2,
nucleophilic addition, reduction, and aromatic; see Table 1),
not only for the median word use but also for the general
distributions of these words (see histograms reported in Figure
4). From these results, we hypothesize that learners, in general,
are not using words simply for the sake of using them in their
responses (e.g, “gaming” the system) but rather using words
perceived as meaningful or important for their reaction
mechanism explanations. While some learners may be
attempting to “game” the system, we would expect to see a
higher frequency of keywords in their explanations if this were
widespread instead of something we observed only to a limited
extent. We hypothesize, however, that low-performing learners
(e.g., at the Absent level) may still use these “buzz” words
superficially.

While the five reaction mechanism types have similar
average word usage within learner responses (see Table 1), we
hypothesize that the prevalence of these words and co-
occurring word pairs is not consistent across reaction
mechanism types. For example, “double” and “bond” is a
word pair more associated with the reduction mechanism type
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compared to the Sy2 mechanism type, or the “leaving” and
“group” word pair is more associated with the carbocation
mechanism type compared to the aromatic mechanism type.
Figure S contains the network graphs for the five reaction
types; note that the same words are in each network graph and
in the same location to facilitate direct comparison between
the network graphs. As expected, particular word pairs are
more prevalent by reaction mechanism type.

For example, within the network graph for the carbocation
reaction type, “leaving” and “group”, as well as “nucleophile”
and “attack”, are frequently co-occurring word pairs; for this
reaction mechanism type, a substituent typically “leaves” early
in the reaction mechanism either prior to, or in tandem with, a
“nucleophile” “attacking”. For the Sy2 reaction type, the two
most prominent word pair co-occurrences are also “leaving”
and “group” as well as “nucleophile” and “attack”; though the
pair “negative” and “charge” is also common as the negative
charge on the nucleophile is sometimes explicit within the Sy2
mechanism type. Within the nucleophilic addition reaction
type, there is one word pair consistently co-occurring: “double”
and “bond”, a common explicit feature for all the reactions
within this reaction mechanism type. Mechanisms within the
reduction reaction type all feature an explicit negative charge
on the reducing agent and the double bond; the most common
pairs of co-occurring words include “negative” and “charge”,
“double” and “bond”, and “nucleophile” and “attack”. Double
bonds are the key structural feature of mechanisms within the
aromatic reaction type and are thus easily recognized by
learners, even more so than a “nucleophile” “attack”, and as
such are often described at a surface-level in their responses.

These results are expected, in that expert-level explanations
should contain the expected prevalent words and co-occurring
word pairs; the differences observed for the five reaction
mechanism types further confirm expected differences in how
those reaction mechanisms should be explained. Given that
these explanations were written by learners, it is reassuring that
students are using, at a minimum, the words associated with
reaction mechanisms and each reaction mechanism type. This
suggests that most concepts seem to be available at the cohort
level, an expected observation proposed by Asmussen et al.*®
However, it should be noted that within the full and individual
mechanism networks (see Figures 2 and §), the word
“electrophile” is rarely used, whereas “nucleophile” is
consistently one of the most used words. Moreover, for
reaction mechanisms with more explicit, surface-level cues of
the electrophile, learners are observed using “carbocation” in
their explanations to indirectly identify the electrophiles. This
observation is not entirely novel,'”*>*®°! rather it has been
suggested that a potential cause of this difference between
learner usage of the words “nucleophile” and “electrophile”
may be due to the active voice that chemists give the
nucleophile regarding its role in bond formation (e.g,
nucleophile or nucleophilic attack)”" and a reliance on explicit
structural features to be able to identify a nucleophile or
electrophile within the reaction mechanism (e.g., charges and
lone pairs).”>*

Though the keywords are generally present and prevalent in
learner explanations overall, an area for further exploration is
which words and co-occurring pairs of words persist or
(dis)appear by each level of learner explanation sophistication.

https://doi.org/10.1021/acs.jchemed.4c01042
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Figure 4. Histogram of unique words used in reaction mechanism explanations by reaction mechanism type

Research Question 2: What Differences in Word Use or
Co-occurrence of Word Pairs in Learner Explanations Are
Observed between Levels of Explanation Sophistication?

Our data are largely comprised of Descriptive level explanations
(n = 13,065 or 59% of all explanations; see Table 2), which are,
by definition, indicative of a focus on surface-level features and
general bond-forming processes; this level of explanation
sophistication distribution holds for each reaction mechanism
type. Given the majority of explanations are categorized at the
Descriptive level, the network graphs shown previously in
Figure 5 may be skewed toward that level, and thus, we sought
to determine whether learner explanations at different levels of
sophistication show differences in their prevalent words and
word pairs.

Descriptive statistics better illuminate word use frequency by
level of explanation sophistication for the 16 keywords (see
Table 3) for all data and by reaction mechanism type. As
expected, we observe that the number of keywords used is
associated with the level of explanation sophistication
categorization, with a higher level of explanation sophistication
associated with using more of the central words. We observe,
as well, a large range of the central words used with
explanations categorized at all levels ranging from zero or
one word through more than ten words used. Histograms
depicting the frequency of central word usage by level of
explanation sophistication (see Figure 6) suggest that there is a
normal-like distribution with few explanations containing ten
or more of the central words. These trends (i.e, more central
words used in explanations categorized at greater levels of
sophistication and normal-like distributions with few explan-
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ations containing ten or more central words) hold for each
reaction mechanism type (see Table 3 and Figure 6).

In comparison to the network in Figure 2 (i.e., the network
graph for all explanations), there are notable differences
between the words commonly used in each of the levels of
explanation sophistication (Figure 7) and by reaction type.

At the Absent level, only a handful of words are used
concurrently; this suggests that learners constructing such
explanations have a limited set of available words from which
to describe what is happening and why for the reaction
mechanisms. These explanations may simply include keywords
sparingly if at all, for example, “---In this reaction it seems that
the OH is taking a hydrogen from the molecule. The oxygen in
the molecule is then attacking the CL and it rearranges with the
oxygen--” (emphasis added; an explanation constructed for an
Sx2 epoxidation reaction). Oftentimes explanations catego-
rized at this level simply state the reaction type, for example,
“On the molecular level there is an electrophilic reaction to
chlorinate the ring which will lose aromaticity and then regain
it at the end of the reaction:--”emphasis added; an explanation
constructed for an electrophilic aromatic chlorination reac-
tion). We hypothesize that, overall, these learners exhibit a
superficial familiarity, but do not necessarily have the “fluency”
to construct coherent explanations.

Explanations categorized at the Descriptive level have more
co-occurring word pairs; this suggests that learners are
“learning” how to use language to construct an explanation,
albeit with little focus on what words are appropriate for a
given reaction mechanism. Generally, these explanations focus
on more surface-level features, for example, “In step one, the
hydrogen-bonded to the aluminum is nucleophilic and attacks

https://doi.org/10.1021/acs.jchemed.4c01042
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Table 2. Distribution of Reaction Mechanism Explanations by Level of Explanation Sophistication for All Data and by

Reaction Mechanism Type®

Reaction Type Absent

Descriptive

Complete 4,036 (18.34) 13,065 (59.34)
Carbocation 1,360 (16.06) 4,614 (54.47)
Sn2 881 (17.68) 3,140 (63.03)
Nucleophilic Addition 726 (19.02) 2,485 (65.10)
Reduction 724 (22.87) 1,818 (57.44)
Aromatic 345 (21.82) 1,008 (63.76)

“Row percentages are reported in parentheses.

Foundational Complex Total

3,186 (14.47) 1,728 (7.85) 22,015 (100)

2,017 (23.81) 479 (5.66) 8,470 (100)
447 (8.97) 514 (10.32) 4,982 (100)
326 (8.54) 280 (7.34) 3,817 (100)
287 (9.07) 336 (10.62) 3,165 (100)
109 (6.89) 119 (7.53) 1,581 (100)

Table 3. Descriptive Statistics of Words Used in Reaction Mechanism Explanations by Level of Sophistication for All Data and

by Reaction Mechanism Type

Absent Descriptive Foundational Complex
Type Median Min Max Median Min Max Median Min Max Median Min Max
Complete 3 0 11 6 0 14 8 1 16 9 1 1S
Carbocation 3 0 9 6 0 12 1 14 9 2 15
Sn2 3 0 9 S 0 12 7 1 12 9 2 15
Nucleophilic Addition 3 0 11 6 0 12 7 1 16 9 2 15
Reduction 3 0 10 S 0 13 7 2 11 8 1 15
Aromatic 3 0 10 6 0 14 8 2 13 9 2 15

the carbon pushing up the double bond...” (emphasis added; an
explanation constructed for a LiAIH, reduction of a carbonyl).
However, they may sparingly mention implicit features or the
role of electrons, for example, “The N is the nucleophile
attacking the hydrogen, the proton from the hydrogen moves
to where the double bond is, and the Cl bond breaks and the Cl
takes those electrons with it--”” (emphasis added; an
explanation constructed for an addition—elimination aromatic
reaction). We observe that learners constructing such
explanations (i.e., Descriptive level) know just enough to say
a lot about a reaction mechanism but not yet necessarily how
to communicate this in a clear, coherent, and efficient
explanation.

We argue that a more coherent set of the central words is
used at the Foundational explanation sophistication with
stabilization at the Complex level; this suggests that learners
are more cognizant of the relevant explanatory words and have
learned how to combine those words in constructing
appropriate explanations. Explanations categorized at the
Foundational level may feature the attraction of charges, for
example, “The bromine leaves creating a carbocation. the
electrons on the OH group are then attracted to the positive
charge..” (emphasis added; an explanation constructed for an
Syl reaction). Additionally, they explicitly make the con-
nection between charges and electron density; for example,
“...the negative ion that makes up lithium aluminum hydride is
electron rich as [sic] is able to act as a nucleophile. The carbon
double bonded to the electron rich oxygen is electron poor...”
(emphasis added; an explanation constructed for a LiAlH,
reduction of a carbonyl). Explanations categorized at the
Complex level further build upon these features as well as
include other electronic properties, though partial charges are
the most notably mentioned, for example, “..The H- group
performs a nucleophilic attack on the partially positive carbon
atom, and the double bond of the oxygen is broken..The
partially positive carbon attracts the H-...” (emphasis added; an
explanation constructed for a LiAlH, reduction of a carbonyl)
or “..The enolate anion then attacks itself at the other carbonyl
carbon because this carbon atom has a partial positive charge,
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attracting the negative charge of the enolate anion...” (emphasis
added; an explanation constructed for a Dieckmann cyclization
nucleophilic addition reaction). Overall, there is a shift in
learner focus in explanations at these higher levels of
sophistication toward the role of implicit features, this is in
contrast to the focus of explicit surface-level features observed
in explanations at lower explanation sophistication levels.

There are several important trends in word use and co-
occurrence of word pairs by level of explanation sophistication
and by reaction mechanism type. First, there are more co-
occurring word pairs for the carbocation reaction mechanism
type; based on the wide diversity of reaction mechanisms
within this type (e.g, acid-catalyzed hydration of methyl-
enecyclohexane, bromination of cyclohexene, and unimolecular
nucleophilic substitution reaction of t-butyl bromide with
ethanol), the number and frequency of co-occurrences is
expected. The carbocation and Sy\2 reaction mechanism types
are the first mechanisms introduced in the first-semester of
organic chemistry and were primarily administered to first-
semester learners. As foundational mechanisms, they shape
how learners initially learn to communicate about reactions,
which may explain the greater variety in word use, even at
higher levels of sophistication, as learners are still developing
and organizing their understanding. In contrast, nucleophilic
addition and aromatic reaction mechanism types were mostly
given to second-semester learners, who are expected to have a
more organized knowledge structure and greater fluency with
the language of organic chemistry, a trend that is reflected at
the higher levels of sophistication in Figure 7.

Next, at all levels of explanation sophistication, but
particularly at the Complex level, we observe that the relevant
word pairs for each reaction mechanism type are most
frequent; for example, “nucleophile” and “attack” for the Sy2
mechanism type, “double” and “bond” for the nucleophilic
addition and aromatic mechanism types, and “charge” for the
reduction type. However, the context in which these words
were used is important too. For example, the word pair
“negative” and “charge” appears at every level of sophistication
for the reduction reaction mechanism type, yet it is not used

https://doi.org/10.1021/acs.jchemed.4c01042
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Figure 6. Histograms of unique words used in reaction mechanism explanations by level of sophistication for the complete data set and by reaction

mechanism type.

the same at each level. At more novice levels, this word pair molecule is, but lacks understanding of the deeper, underlying

may only refer to the explicit structural feature present, unable significance; a concept that becomes clearer as learners gain

to grasp the underlying meaning: an area of electron density on fluency and grasp the nuance of the concept. Additionally, by

the molecule. An explanation categorized at the Absent level reaction mechanism type, the co-occurrence word pair

may recognize what the name of the negative sign on a frequencies associated with implicit features increases with
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level of explanation sophistication; for example, “partial” and
corresponding “positive” or “negative” charges are much more
prevalent in explanations categorized at higher levels of
sophistication. From the premise that language use reflects
underlying cognitive structures, the limited depth in vocabulary
indicates that learners with explanations categorized at the
Absent level are at an early stage in their cognitive
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development. This contrasts with those at higher levels of
sophistication, with progression reflecting an evolving cognitive
structure as these learners increasingly engage with the nuance
of the language of organic chemistry.

Regardless of reaction type, the word “electrophile” was
rarely used, whereas “nucleophile” was one of the most
prevalent at all levels of sophistication, mirroring a result from

https://doi.org/10.1021/acs.jchemed.4c01042
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Research Question 1. Though learners were able to discuss
relevant features of electrophiles in their explanations, they
rarely explicitly identified them. Even for explanations
categorized at the Foundational and Complex levels, learners
rarely explicitly identified the electrophile, opting to describe
surface-level features (e.g., a positively charged carbon) or
implicit features (e.g., partial positive or electron poor) instead.

Summary of Results and Discussion

Our work corroborates a foundational theme in the chemical
education research literature: when we, as educators, ask
learners to describe and explain, we come to understand that
our expectations for learning are not always met as desired.
This is reflected in our results, where learners frequently used
explicit, surface-level terms (e.g., “nucleophile” and “attack”) in
their explanations, but rarely used more implicit features (e.g.,
“attract” or “partial” charges) or consistently omitted other
relevant features (e.g., “electrophile”). This is corroborated by
work by Asmussen et al,** that indicated that some concepts
were seldom applied by learners despite being relevant in
multiple tasks. This highlights an important aspect of learners’
cognitive development; the use of surface-level features in
explanations suggests that learners are engaging with the
language of organic chemistry; however, it also indicates that
learners are still at an early stage of conceptual integration.
Though learners can recognize and use appropriate words,
reflecting initial engagement in the discipline, it does not
necessarily equate to a deep understanding. It is known that a
learner’s ability to draw a reaction mechanism does not equate
with that learner’s ability to describe what is happening in the
reaction mechanism they have drawn, nor explain why the
reaction they have drawn occurs.” The literature supports this
claim, though the results are often muddied depending on
whether the learner drew a “correct” reaction mechanism or
not. Our work herein, and work from prior stud-
jes, @1 21928:3486.96,106105  inimizes the “correctness”
founding variable and has learners explain a “correct” reaction
mechanism that is provided to them. Whether drawn by the
learner, or a correct reaction mechanism provided to the
learner, we continue to observe that all learners’ explanations
are not at the highest level of reasoning. We might argue,
though, that the distribution of responses (rather than all
correct) in the context of our research is more illuminating as
to how we can facilitate and create meaningful learning
experiences.

The learning objectives and instructional goals at our
institution primarily focus on bringing learners at least to the
Descriptive level. From the perspective of methodological
interactionism, the way that content is taught and discussed in
the classroom (shaped by these goals and expectations) plays a
significant role in how learners construct their understanding
of reaction mechanisms, a result reflected in our data, as the
majority of learner explanations were categorized at the
Descriptive level (~59%). Despite the skew toward this level,
trends observed for the complete data set mirror those at each
level of explanation sophistication, albeit with a progression in
the number of words used and the use of more implicit
features in explanations across the spectrum of levels and levels
by reaction mechanism type. This suggests that there is a
hierarchical ordering of words and concepts necessary for
engaging in more complex reasoning, reflecting findings
reported in the literature.”"*"*>'% Although there is little
that can be drawn out from Absent level responses due to how

con-
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little learners conveyed in explanations categorized at the
Absent level, learners who attempt to construct these
explanations and use relevant words are at least beginning to
engage with the language of organic chemistry, even if their
understanding is not yet at the desired level. The shift in
explanations from the Absent to Descriptive level reflects
learners’ growing familiarity with vocabulary for discussing
reaction mechanisms, though the usage of these words remains
scattered and largely surface-level. This becomes more
organized and more coherent in explanations categorized at
the Foundational and Complex levels as learners pare down
their explanations more effectively by correctness and
relevancy, and such explanations focus more on the underlying,
implicit features rather than the typical “buzz” words observed
in the lower levels. This shift in explanations also illustrates the
principles of methodological interactionism; as learners refine
their language, explanations, and vocabulary through dis-
cussions with instructors and peers, they should be able to
connect concepts in a more cohesive manner.

B LIMITATIONS

There are three key limitations to be considered in light of our
findings.

First, our data were collected at one institution with a
relatively standardized curriculum. This means that our data
may not reflect all students learning with all curricula. We
hypothesize, for example, that students engaged in learning
environments that employ the POGIL'”" pedagogy or that
specifically target science practice skills such as the OCLUE'*®
curriculum, may have differing distributions of explanations at
the different levels of sophistication. This, however, does not
invalidate the results presented, as we have noted how our
results corroborate those of others’ work; additionally, we do
not expect the patterns of word use or co-occurring word pairs
to differ by learning environment context; we only expect
differences to emerge as to how many explanations are
categorized at each explanation sophistication level.

Second, per a restriction on how the data were collected
within the scope of our IRB approval, we are unable to link
data by learner; this includes linking two or more explanations
collected at the same time or linking two or more explanations
collected across a term or the year-long course sequence. Thus,
we are unable to follow an individual learner and their
progression; however, we acknowledge that such a study would
be important to confirm our hypotheses about the availability
of words to use in explanations and the development of
explanation sophistication across a course. Such a study would
be interesting in both “measuring” the level of explanation of
sophistication for the same (or highly similar) reaction
mechanism across multiple time points as well as “measuring”
the level of explanation sophistication for multiple reaction
mechanisms across multiple time points.

Last, the length of any given reaction mechanism
explanation was insufficient to fully embrace the use of
network analysis metrics (e.g, degree,109 betweenness,''* and
eigenvector centrality measures''") based on linked word pairs.
Our data reflect the co-occurrence of word pairs within an
explanation; however, words did not have to appear after each
other and could occur anywhere within an explanation. In a
lengthier writing sample, such pairs could be observed, and
thus network analysis metrics could be applied; however, such
metrics would be applied for each explanation. Thus, a more
meta-analysis of network metrics would need to be employed
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for such a study, i.e. an analysis of many analyses. Furthermore,
our analyses were limited, by choice, to the 16 keywords and
fixed positions within the network graphs for ease of
visualization. While restricting the keywords to the most
frequently occurring and related words present in learner
explanations aided in the visualizations of the network graphs
and allowed for a more focused discussion, this choice
excluded less frequent but still relevant words (e.g., polarity
or polarizability); the inclusion of these words could offer
deeper insights into the learning patterns of the smaller subsets
of learners who used them in their explanations. Additionally,
the fixed positions of words within our network graphs limited
our ability to explore the spatial relationships of the keywords;
using a different layout algorithm (e.g., Fruchterman—
Reingold) could better illustrate the underlying structure of
the network. That being said, the results of our study
illuminate our expected results while providing key implica-
tions for instruction and research; thus, we question whether
longer explanations and the use of more advanced metrics are
necessary to inform our teaching practices and understanding
of student learning of reaction mechanisms.

B IMPLICATIONS FOR INSTRUCTION

A question that has garnered little attention in the research on
the teaching and learning of organic chemistry reaction
mechanisms is whether expert-level reasoning is the goal or
realistic expectation at the end of the first postsecondary
organic chemistry course. We have been purposeful in our
study to not make a value judgment as to what level of
explanation sophistication is desired; in our learning context,
we understand that our learning goals are to help learners to
engage, at least, with descriptive reasoning and then to
progress to higher levels of reasoning, if possible, but those
may not be the same for all course contexts. It could be the
case that a general-organic-biochemistry (GOB) course may
set a goal for learners to be able to identify the nucleophile and
electrophile in a particular reaction mechanism and denote
which bonds are being formed or broken; this could be done
by having a learner circle or square the nucleophile, for
example. However, asking learners to use words in the form of
a sentence could provide an additional piece of confirming
evidence of learning. At the other end of the spectrum, an
honors-level course designed for learners engaged in synthetic
organic chemistry research may desire those learners to be able
to explain in detail all aspects of a reaction mechanism, both
explicit and implicit features, invoking causal-mechanistic
reasoning. Learning outcomes should be context dependent;
that being said, we advocate that evidence of learning reaction
mechanisms, at whatever level, should extend beyond solely
drawing the reaction mechanism.

Constructing explanations (ie, a process) is critical to
developing the desired reasoning skills;*"''* the process
explaining what is happening in a reaction mechanism and
why the reaction is occurring is not a one-time activity. As
observed in our study, learners’ growing familiarity with the
language of organic chemistry was reflected in the shift from
the Descriptive level to more complex levels of sophistication;
learner explanations evolved from more scattered and surface-
level to more organized and precise, attention shifting toward
the importance of implicit features. However, our results, and
those of prior work,'”'****1%% 3ls0 suggest that learners need
opportunities to construct explanations; learners need
scaffolded or structured experiences to facilitate their con-
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struction processes. Within our study, generally, learners were
able to use surface-level features in their explanations; however,
learners struggled to consistently use certain key surface-level
words like “electrophile” and “carbocation” and rarely
incorporated implicit features into their explanations. This
suggests that learners need more instructional scaffolding to
help them become familiar with these terms and determine
their relevancy to promote fluency.”’ Learners should not be
expected to construct explanations of reaction mechanisms
without opportunities to observe others (i.e., instructors,
teaching assistants, and peers) construct explanations; if we
adhere to the principles of methodological interaction-
ism,”?>? these social experiences are how students learn
the language of organic chemistry, refining what word(s) or
language is important until they are (near) fluent. This process
comprises more than just having learners regurgitate
explanations; true understanding of reaction mechanism
concepts is demonstrated when explaining reaction mecha-
nisms not yet seen by the learner. Learners need guidance on
how to connect all the pieces into a coherent explanation;
instructional scaffolding needs to include how to translate
explicit features (e.g., lone pairs) into more implicit ideas (e.g.,
electron density). As corroborated by prior studies,'>**" >~
instructional staff should be purposeful and explicit in
demonstrating the desired level of explanation sophistication,
noting the process of constructing an appropriate explanation,
and pointing out anticipated difficulties learners may encounter
when constructing explanations on their own. Additionally, the
peer-review process—where learners give and receive feedback
from one another—can be highly insightful; observing how
peers approach their explanations of reaction mechanisms in
both similar and different ways may encourage deeper
reflection and revision in their work.''’**! Thus, we need
to do more than tell; we need to model the desired skills; and
we need to support learners as they work through and succeed
at explanation construction.

B IMPLICATIONS FOR FUTURE RESEARCH

Our results point toward two key opportunities for further
research.

First, how does a learner’s ability to construct an explanation
vary across an organic chemistry course or across the yearlong
organic chemistry course sequence? As we have noted in the
Limitations section, we are unable to link our data by learner.
While our data may appear to be set in a cross-sectional
longitudinal way (e.g., carbocation reactions are a large focus of
the first-semester organic chemistry course and aromatic
reactions are a large focus of the second-semester organic
chemistry course), data were collected in such a way that once
a reaction mechanism had been taught in the course sequence,
it could (and did) appear on any subsequent assessment. This
means that explanations of reactions typically taught in the
first-semester course were elicited not only from students in
the first-semester course but also from students in the second-
semester course. A more purposeful study would be
illuminating the collected data across the yearlong course
sequence that sampled explanations of reaction mechanisms as
those reaction mechanisms were taught. Such a study would
address whether explanation sophistication is developed across
the course or whether explanation sophistication is reaction
mechanism dependent. Furthermore, a study of this sort could
point toward interventions (e.g., implementation of particular
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pedagogical techniques or curricula) that best promote the
construction of explanations at higher levels of sophistication.

Second, the ability to incorporate assessment items (either
on a homework assignment, quiz, examination, etc.) is
dependent on the time and resources to provide meaningful
feedback to learners. Such feedback cannot be simply limited
to correct or incorrect; rather, feedback necessary for
promoting reasoning skills must be targeted and purposeful.
Even with a small class (n ~ 20 students), the inclusion of
multiple reaction mechanism assessment items can quickly
become cumbersome; for a large class (n = 180 students per
section; there are six such first-semester organic chemistry
course sections at our institution in a fall term), the inclusion
of even one such assessment item may be impractical.
Computer-based scoring models provide one avenue for not
only handling a large number of responses but also providing
near-instant feedback to learners. Martin and Graulich’s
scoping review' > considered the variety of machine learning
models developed to capture mechanistic reasoning within
chemistry education research. Such scoring models have been
developed and disseminated for use of the Lewis acid—base
model in explanations of acid—base reactions or explanations
of acidity/basicity/amphoteric properties;””***” these scoring
models have been paired with adaptive tutorials to provide
real-time learner-specific experiences’””” and real-time feed-
back.®® Such a model that scores explanations of reaction
mechanisms using the levels of explanation sophistication has
the potential to extend current work in this area, providing a
tool for educators and learners to further the development of
the desired reasoning skills. Additional models have also been
reported for scoring other types of organic chemistry learners’
explanations: essay responses (e.g., writing-to-learn
prompts),'** argumentation skills related to reaction mecha-
nisms,'”* and multilingual (German and English) written
scientific arguments.'*’

The work herein, though, points to a potential challenge in
developing such a predictive model: at each level of
sophistication, the desired keywords for a given reaction
mechanism are present and co-occurring with each other,
albeit at differing levels of frequency. Imbalanced data, though
common in educational contexts, can present challenges when
training a generalizable predictive and may result in reduced
scoring accuracy.'”*"'** Thus, the presence or absence of
keywords (as was the main basis for a previously reported
Lewis acid—base model) is insufficient for the development of
a predictive model, other factors will need to be taken into
consideration to overcome these limitations. In alignment with
results from Gombert et al.,*° the structure, or the network of
word use, will need to be considered during the feature
engineering phase of model building. Other data augmentation
methods and metrics for model performance (e.g, F; score,
Matthews Correlation Coefficient, ROC-AUC) previously
reported in the literature’”**"** may also need to be
considered for a more robust model. While a single model
would be ideal, the differences we observed by reaction type
may necessitate further feature engineering or predictive
scoring models for each reaction type.

B CONCLUSIONS

The results of our study extend the growing body of research
on how learners reason about reaction mechanisms. Generally,
learners use a wide variety of surface-level features in their
explanations, they consistently omit words explicitly relating to
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the electrophile (e.g, “electrophile” and “carbocation”),
corroborating findings from prior work.'”'¥**° Using net-
work analysis, we investigated patterns in the keywords used
within learner explanations and visualized the co-occurrence of
these keywords via network graphs. Our findings suggest that
learners consistently use explicit surface-level features (e.g.,
“nucleophile” and “attack”) in their explanations, with some
features used more frequently than others based on reaction
context (e.g., “double” and “bond” in the aromatic reaction
type). These trends also hold for each level of sophistication;
though, with a progression of words used and coherency as
explanation sophistication increases, shifting in focus from
mainly surface-level toward implicit features, until explanations
are near “expert-like”. These results provide opportunities for
instructors to reflect upon their teaching practices to better
support students as they construct these connections between
surface-level and implicit features with suggested steps for
providing the space and structure to aid learners in making
these connections. These results also offer researchers
opportunities to better understand if and how learner
reasoning changes over time and considerations for the
development of predictive-scoring models for quick snapshots
of understanding for large sets of learner explanations as well as
to provide adaptive tutorials and feedback to learners.

B AUTHOR INFORMATION
Corresponding Author

Jeffrey R. Raker — Department of Chemistry, University of
South Florida, Tampa, Florida 33620, United States;
orcid.org/0000-0003-3715-6095; Email: jraker@usf.edu

Author

Caroline J. Crowder — Department of Chemistry, University
of South Florida, Tampa, Florida 33620, United States;
orcid.org/0000-0001-6745-3088

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jchemed.4c01042

Author Contributions

CJ.C. and JRR. conceptualized the project. Data were
collected and analyzed in prior reported studies. C.J.C.
conducted analyses. C.J.C. and J.R.R. discussed and interpreted
study results. CJ.C. authored the paper. Both authors read,
edited, and approved the final manuscript.

Notes

Any opinions, findings, and conclusion or recommendations
expressed in this material are those of the authors and do not
necessarily reflect the view of the National Science Foundation.
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank the organic chemistry learners who
wrote the reaction mechanism explanations evaluated in this
study. We would also like to thank John Skvoretz for helpful
comments on a version of this study completed as part of the
requirements for their social network analysis course. The
results presented in this manuscript are based upon work
supported by the National Science Foundation no. NSF DUE-
1936574.

https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jeffrey+R.+Raker%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3715-6095
https://orcid.org/0000-0003-3715-6095
mailto:jraker@usf.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Caroline+J.+Crowder%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6745-3088
https://orcid.org/0000-0001-6745-3088
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01042?ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Chemical Education Research

B REFERENCES

(1) Anderson, T. L.; Bodner, G. M. What can we do about ‘Parker’?
A case study of a good student who didn’t ‘get’ organic chemistry.
Chem. Educ. Res. Pract. 2008, 9 (2), 93—101.

(2) Bradley, A. Z; Ulrich, S. M.; Jones, M., Jr.; Jones, S. M. Teaching
the Sophomore Organic Course without a Lecture. Are You Crazy? J.
Chem. Educ. 2002, 79 (4), 514.

(3) Asmussen, G.; Rodemer, M.; Bernholt, S. Blooming student
difficulties in dealing with organic reaction mechanisms — an attempt
at systemization. Chem. Educ. Res. Pract. 2023, 24 (3), 1035—1054.

(4) Kraft, A; Strickland, A. M.; Bhattacharyya, G. Reasonable
reasoning: multi-variate problem-solving in organic chemistry. Chem.
Educ. Res. Pract. 2010, 11 (4), 281-292.

(5) Grove, N. P; Cooper, M. M,; Cox, E. L. Does Mechanistic
Thinking Improve Student Success in Organic Chemistry? J. Chem.
Educ. 2012, 89 (7), 850—853.

(6) Grove, N. P.; Hershberger, J. W.; Bretz, S. L. Impact of a spiral
organic curriculum on student attrition and learning. Chem. Educ. Res.
Pract. 2008, 9 (2), 157—162.

(7) Widanski, B. B.; McCarthy, W. C. Assessment of Chemistry
Anxiety in a Two-Year College. J. Chem. Educ. 2009, 86 (12), 1447.

(8) Schmidt-McCormack, J. A,; Judge, J. A.; Spahr, K; Yang, E;
Pugh, R,; Karlin, A,; Sattar, A.,; Thompson, B. C.; Gere, A. R; Shultz,
G. V. Analysis of the role of a writing-to-learn assignment in student
understanding of organic acid—base concepts. Chem. Educ. Res. Pract.
2019, 20 (2), 383—398.

(9) Bhattacharyya, G. From Source to Sink: Mechanistic Reasoning
Using the Electron-Pushing Formalism. J. Chem. Educ. 2013, 90 (10),
1282—1289.

(10) Yik, B. J; Dood, A. J.; Frost, S. J. H.; Cruz-Ramirez de Arellano,
D.; Fields, K. B.; Raker, J. R. Generalized rubric for level of
explanation sophistication for nucleophiles in organic chemistry
reaction mechanisms. Chem. Educ. Res. Pract. 2023, 24 (1), 263—282.

(11) Bhattacharyya, G.; Bodner, G. M. "It Gets Me to the Product”:
How Students Propose Organic Mechanisms. J. Chem. Educ. 2005, 82
(9), 1402.

(12) Frost, S. J. H; Yik, B. J.; Dood, A. J.; Cruz-Ramirez de Arellano,
D.; Fields, K. B.; Raker, J. R. Evaluating electrophile and nucleophile
understanding: a large-scale study of learners’ explanations of reaction
mechanisms. Chem. Educ. Res. Pract. 2023, 24, 706.

(13) Grove, N. P.; Cooper, M. M.; Rush, K. M. Decorating with
Arrows: Toward the Development of Representational Competence
in Organic Chemistry. J. Chem. Educ. 2012, 89 (7), 844—849.

(14) Bhattacharyya, G. Trials and tribulations: student approaches
and difficulties with proposing mechanisms using the electron-
pushing formalism. Chem. Educ. Res. Pract. 2014, 15 (4), 594—609.

(18) Crowder, C. J,; Yik, B. J; Frost, S. J. H,; Cruz-Ramirez de
Arellano, D.; Raker, J. R. Impact of Prompt Cueing on Level of
Explanation Sophistication for Organic Reaction Mechanisms. J.
Chem. Educ. 2024, 101 (2), 398—410.

(16) Graulich, N.; Hedtrich, S; Harzenetter, R. Explicit versus
implicit similarity — exploring relational conceptual understanding in
organic chemistry. Chem. Educ. Res. Pract. 2019, 20 (4), 924—936.

(17) Ferguson, R; Bodner, G. M. Making sense of the arrow-
pushing formalism among chemistry majors enrolled in organic
chemistry. Chem. Educ. Res. Pract. 2008, 9 (2), 102—113.

(18) Decocq, V.; Bhattacharyya, G. TMI (Too much information)!
Effects of given information on organic chemistry students’
approaches to solving mechanism tasks. Chem. Educ. Res. Pract.
2019, 20 (1), 213—228.

(19) Cartrette, D. P.; Mayo, P. M. Students’ understanding of acids/
bases in organic chemistry contexts. Chem. Educ. Res. Pract. 2011, 12
(1), 29-39.

(20) Galloway, K. R.; Stoyanovich, C.; Flynn, A. B. Students’
interpretations of mechanistic language in organic chemistry before
learning reactions. Chem. Educ. Res. Pract. 2017, 18 (2), 353—374.

(21) Cooper, M. M.; Kouyoumdjian, H.; Underwood, S. M.
Investigating Students’ Reasoning about Acid—Base Reactions. J.
Chem. Educ. 2016, 93 (10), 1703—1712.

5217

(22) Crandell, O. M;; Kouyoumdjian, H; Underwood, S. M,;
Cooper, M. M. Reasoning about Reactions in Organic Chemistry:
Starting It in General Chemistry. J. Chem. Educ. 2019, 96 (2), 213—
226.

(23) Crandell, O. M.; Lockhart, M. A,; Cooper, M. M. Arrows on
the Page Are Not a Good Gauge: Evidence for the Importance of
Causal Mechanistic Explanations about Nucleophilic Substitution in
Organic Chemistry. J. Chem. Educ. 2020, 97 (2), 313—327.

(24) Dood, A. J; Fields, K. B.; Raker, J. R. Using Lexical Analysis To
Predict Lewis Acid—Base Model Use in Responses to an Acid—Base
Proton-Transfer Reaction. J. Chem. Educ. 2018, 95 (8), 1267—1278.

(25) Gupte, T.; Watts, F. M.; Schmidt-McCormack, J. A.; Zaimi, L;
Gere, A. R;; Shultz, G. V. Students’ meaningful learning experiences
from participating in organic chemistry writing-to-learn activities.
Chem. Educ. Res. Pract. 2021, 22 (2), 396—414.

(26) Watts, F. M.; Park, G. Y.; Petterson, M. N.; Shultz, G. V.
Considering alternative reaction mechanisms: students’ use of
multiple representations to reason about mechanisms for a writing-
to-learn assignment. Chem. Educ. Res. Pract. 2022, 23 (2), 486—507.

(27) Graulich, N.; Schween, M. Concept-Oriented Task Design:
Making Purposeful Case Comparisons in Organic Chemistry. J. Chem.
Educ. 2018, 95 (3), 376—383.

(28) Watts, F. M.; Zaimi, L; Kranz, D.; Graulich, N.; Shultz, G. V.
Investigating students’ reasoning over time for case comparisons of
acyl transfer reaction mechanisms. Chem. Educ. Res. Pract. 2021, 22
(2), 364—381.

(29) Caspari, L; Kranz, D.; Graulich, N. Resolving the complexity of
organic chemistry students’ reasoning through the lens of a
mechanistic framework. Chem. Educ. Res. Pract. 2018, 19 (4),
1117—1141.

(30) Becker, N.; Noyes, K;; Cooper, M. Characterizing Students’
Mechanistic Reasoning about London Dispersion Forces. J. Chem.
Educ. 2016, 93 (10), 1713—1724.

(31) Bodé, N. E.; Deng, J. M,; Flynn, A. B. Getting Past the Rules
and to the WHY: Causal Mechanistic Arguments When Judging the
Plausibility of Organic Reaction Mechanisms. J. Chem. Educ. 2019, 96
(6), 1068—1082.

(32) Deng, J. M; Flynn, A. B. Reasoning, granularity, and
comparisons in students’ arguments on two organic chemistry
items. Chem. Educ. Res. Pract. 2021, 22 (3), 749-771.

(33) Dood, A. J.; Fields, K. B.; Cruz-Ramirez De Arellano, D.; Raker,
J. R. Development and evaluation of a Lewis acid—base tutorial for
use in postsecondary organic chemistry courses. Can. J. Chem. 2019,
97 (10), 711-721.

(34) Dood, A. J.; Dood, J. C.; Cruz-Ramirez de Arellano, D.; Fields,
K. B.; Raker, J. R. Analyzing explanations of substitution reactions
using lexical analysis and logistic regression techniques. Chem. Educ.
Res. Pract. 2020, 21 (1), 267—286.

(35) Dood, A. J.; Watts, F. M.; Connor, M. C; Shultz, G. V.
Automated Text Analysis of Organic Chemistry Students’ Written
Hypotheses. J. Chem. Educ. 2024, 101 (3), 807—818.

(36) Noyes, K; McKay, R. L; Neumann, M.; Haudek, K. C,;
Cooper, M. M. Developing Computer Resources to Automate
Analysis of Students’ Explanations of London Dispersion Forces. J.
Chem. Educ. 2020, 97 (11), 3923—3936.

(37) Yik, B. J.; Dood, A. J.; Cruz-Ramirez De Arellano, D.; Fields, K.
B.; Raker, J. R. Development of a machine learning-based tool to
evaluate correct Lewis acid—base model use in written responses to
open-ended formative assessment items. Chem. Educ. Res. Pract. 2021,
22 (4), 866—88S.

(38) Watts, F. M.; Dood, A. J.; Shultz, G. V. Automated, content-
focused feedback for a writing-to-learn assignment in an under-
graduate organic chemistry course. LAK23: 13th International
Learning Analytics and Knowledge Conference 2023, 531—537.

(39) Talanquer, V. Explanations and Teleology in Chemistry
Education. Int. J. Sci. Educ. 2007, 29 (7), 853—870.

(40) Roqué, A. J. Self-Organization: Kant’s Concept of Teleology
and Modern Chemistry. Rev. Metaphys 1985, 39 (1), 107—135.

https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://doi.org/10.1039/B806223B
https://doi.org/10.1039/B806223B
https://doi.org/10.1021/ed079p514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed079p514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2RP00204C
https://doi.org/10.1039/D2RP00204C
https://doi.org/10.1039/D2RP00204C
https://doi.org/10.1039/C0RP90003F
https://doi.org/10.1039/C0RP90003F
https://doi.org/10.1021/ed200394d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200394d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B806232N
https://doi.org/10.1039/B806232N
https://doi.org/10.1021/ed086p1447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed086p1447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8RP00260F
https://doi.org/10.1039/C8RP00260F
https://doi.org/10.1021/ed300765k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed300765k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2RP00184E
https://doi.org/10.1039/D2RP00184E
https://doi.org/10.1039/D2RP00184E
https://doi.org/10.1021/ed082p1402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p1402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2RP00327A
https://doi.org/10.1039/D2RP00327A
https://doi.org/10.1039/D2RP00327A
https://doi.org/10.1021/ed2003934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed2003934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed2003934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3RP00127J
https://doi.org/10.1039/C3RP00127J
https://doi.org/10.1039/C3RP00127J
https://doi.org/10.1021/acs.jchemed.3c00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.3c00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9RP00054B
https://doi.org/10.1039/C9RP00054B
https://doi.org/10.1039/C9RP00054B
https://doi.org/10.1039/B806225K
https://doi.org/10.1039/B806225K
https://doi.org/10.1039/B806225K
https://doi.org/10.1039/C8RP00214B
https://doi.org/10.1039/C8RP00214B
https://doi.org/10.1039/C8RP00214B
https://doi.org/10.1039/C1RP90005F
https://doi.org/10.1039/C1RP90005F
https://doi.org/10.1039/C6RP00231E
https://doi.org/10.1039/C6RP00231E
https://doi.org/10.1039/C6RP00231E
https://doi.org/10.1021/acs.jchemed.6b00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0RP00266F
https://doi.org/10.1039/D0RP00266F
https://doi.org/10.1039/D1RP00301A
https://doi.org/10.1039/D1RP00301A
https://doi.org/10.1039/D1RP00301A
https://doi.org/10.1021/acs.jchemed.7b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0RP00298D
https://doi.org/10.1039/D0RP00298D
https://doi.org/10.1039/C8RP00131F
https://doi.org/10.1039/C8RP00131F
https://doi.org/10.1039/C8RP00131F
https://doi.org/10.1021/acs.jchemed.6b00298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0RP00320D
https://doi.org/10.1039/D0RP00320D
https://doi.org/10.1039/D0RP00320D
https://doi.org/10.1139/cjc-2018-0479
https://doi.org/10.1139/cjc-2018-0479
https://doi.org/10.1039/C9RP00148D
https://doi.org/10.1039/C9RP00148D
https://doi.org/10.1021/acs.jchemed.3c00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.3c00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1RP00111F
https://doi.org/10.1039/D1RP00111F
https://doi.org/10.1039/D1RP00111F
https://doi.org/10.1145/3576050.3576053
https://doi.org/10.1145/3576050.3576053
https://doi.org/10.1145/3576050.3576053
https://doi.org/10.1080/09500690601087632
https://doi.org/10.1080/09500690601087632
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Chemical Education Research

(41) Liquin, E. G.; Lombrozo, T. Structure-function fit underlies the
evaluation of teleological explanations. Cogn. Psychol. 2018, 107, 22—
43.

(42) Kelemen, D.; Rottman, J.; Seston, R. Professional Physical
Scientists Display Tenacious Teleological Tendencies: Purpose-Based
Reasoning as a Cognitive Default. J. Exp. Psychol. 2013, 142 (4),
1074—1083.

(43) Miller, L. L. Molecular anthropomorphism: A creative writing
exercise. . Chem. Educ. 1992, 69 (2), 141.

(44) Dacey, M. Anthropomorphism as Cognitive Bias. Philos. Sci.
2017, 84 (S), 1152—1164.

(45) Costall, A. Thinking with Animals New Perspectives on
Anthropomorphism. Anthrozoos 2007, 20 (1), 85—87.

(46) Tamir, P.; Zohar, A. Anthropomorphism and teleology in
reasoning about biological phenomena. Sci. Educ. 1991, 75 (1), 57—
67.

(47) Machamer, P.; Darden, L.; Craver, C. F. Thinking about
Mechanisms. Philos. Sci. 2000, 67 (1), 1-25.

(48) Caspari, L; Graulich, N. Scaffolding the structure of organic
chemistry students’ multivariate comparative mechanistic reasoning.
Int. J. Phys. Chem. Educ. 2019, 11 (2), 31—43.

(49) Russ, R. S.; Scherr, R. E.; Hammer, D.; Mikeska, J. Recognizing
mechanistic reasoning in student scientific inquiry: A framework for
discourse analysis developed from philosophy of science. Sci. Educ.
2008, 92 (3), 499—525.

(50) Dood, A. J.; Watts, F. M. Mechanistic Reasoning in Organic
Chemistry: A Scoping Review of How Students Describe and Explain
Mechanisms in the Chemistry Education Research Literature. . Chem.
Educ. 2022, 99 (8), 2864—2876.

(51) Sevian, H.; Talanquer, V. Rethinking chemistry: a learning
progression on chemical thinking. Chem. Educ. Res. Pract. 2014, 1S
(1), 10-23.

(52) Dood, A.J.; Dood, J. C.; Cruz-Ramirez de Arellano, D.; Fields,
K. B; Raker, J. R. Using the Research Literature to Develop an
Adaptive Intervention to Improve Student Explanations of an SN1
Reaction Mechanism. J. Chem. Educ. 2020, 97 (10), 3551—3562.

(53) Caspari, I; Weinrich, M. L.; Sevian, H.; Graulich, N. This
mechanistic step is “productive”: organic chemistry students’
backward-oriented reasoning. Chem. Educ. Res. Pract. 2018, 19 (1),
42-59.

(54) Raker, J. R; Yik, B. J; Dood, A. J. Development of a
Generalizable Framework for Machine Learning-based Evaluation of
Written Explanations of Reaction Mechanisms from the Post-
secondary Organic Chemistry Curriculum. In Student Reasoning in
Organic Chemistry; Graulich, N., Shultz, G., Eds.; The Royal Society of
Chemistry, 2023; pp 304—319.

(55) Anzovino, M. E; Bretz, S. L. Organic chemistry students’
fragmented ideas about the structure and function of nucleophiles and
electrophiles: a concept map analysis. Chem. Educ. Res. Pract. 2016, 17
(4), 1019-1029.

(56) Anzovino, M. E.; Lowery Bretz, S. Organic chemistry students’
ideas about nucleophiles and electrophiles: the role of charges and
mechanisms. Chem. Educ. Res. Pract. 2015, 16 (4), 797—810.

(57) Finkenstaedt-Quinn, S. A.; Watts, F. M.; Petterson, M. N.;
Archer, S. R; Snyder-White, E. P.; Shultz, G. V. Exploring Student
Thinking about Addition Reactions. J. Chem. Educ. 2020, 97 (7),
1852—1862.

(58) Talanquer, V. Progressions in reasoning about structure—
property relationships. Chem. Educ. Res. Pract. 2018, 19 (4), 998—
1009.

(59) Chi, M. T. H.; VanLehn, K. A. Seeing Deep Structure From the
Interactions of Surface Features. Educ. Psychol. 2012, 47 (3), 177—
188.

(60) Raker, J. R.; Towns, M. H. Problem types in synthetic organic
chemistry research: Implications for the development of curricular
problems for second-year level organic chemistry instruction. Chem.
Educ. Res. Pract. 2012, 13 (3), 179—185.

(61) Raker, J. R; Towns, M. H. Designing undergraduate-level
organic chemistry instructional problems: Seven ideas from a

5218

problem-solving study of practicing synthetic organic chemists.
Chem. Educ. Res. Pract. 2012, 13 (3), 277—28S.

(62) Maeyer, J.; Talanquer, V. Making predictions about chemical
reactivity: Assumptions and heuristics. J. Res. Sci. Teach. 2013, S0 (6),
748—767.

(63) Galloway, K. R; Leung, M. W,; Flynn, A. B. Patterns of
reactions: a card sort task to investigate students’ organization of
organic chemistry reactions. Chem. Educ. Res. Pract. 2019, 20 (1), 30—
S2.

(64) DeFever, R. S.; Bruce, H.; Bhattacharyya, G. Mental
Rolodexing: Senior Chemistry Majors’ Understanding of Chemical
and Physical Properties. J. Chem. Educ. 2015, 92 (3), 415—426.

(65) Cadeddu, A.; Wylie, E. K; Jurczak, J.; Wampler-Doty, M.;
Grzybowski, B. A. Organic Chemistry as a Language and the
Implications of Chemical Linguistics for Structural and Retrosynthetic
Analyses. Angew. Chem., Int. Ed. 2014, 53 (31), 8108—8112.

(66) Lehn, J.-M. Supramolecular Chemistry; VCH: Weinheim, 1995.

(67) Piaget, J. The Origins of Intelligence in Children; International
Universities Press, 1952.

(68) Rao, V. C. Cognitive Linguistics: An Approach to the Study of
Language and Thought. JRSP-ELT 2021, S (24), No. 3817460.

(69) Collins, H. Language and practice. Soc. Stud Sci. 2011, 41 (2),
271-300.

(70) Greca, 1. M.; Moreira, M. A. Mental models, conceptual
models, and modelling. Int. J. Sci. Educ. 2000, 22 (1), 1-11.

(71) Novak, J. D.; Gowin, D. B. Learning How to Learn; Cambridge
University Press, 1984. DOI: 10.1017/CB09781139173469.

(72) Koedinger, K. R;; Corbett, A. T.; Perfetti, C. The Knowledge-
Learning-Instruction Framework: Bridging the Science-Practice
Chasm to Enhance Robust Student Learning. Cogn. Sci. 2012, 36
(8), 757—798.

(73) Gupta, A; Hammer, D.; Redish, E. F. The case for dynamic
models of learners” ontologies in physics. J. Learn. Sci. 2010, 19 (3),
285-321.

(74) Bhattacharyya, G.; Bodner, G. M. Culturing reality: How
organic chemistry graduate students develop into practitioners. J. Res.
Sci. Teach. 2014, 51 (6), 694—713.

(75) Galloway, K. R.; Leung, M. W.; Flynn, A. B. A Comparison of
How Undergraduates, Graduate Students, and Professors Organize
Organic Chemistry Reactions. J. Chem. Educ. 2018, 95 (3), 355—365.

(76) Derman, A; Gunes, F.; Gulacar, O.; Eilks, I. Using a
combination technique for the assessment of students’ cognitive
structures on acid—base chemistry. Chem. Educ. Res. Pract. 2024, 25
(2), 458—473.

(77) Huynh, Q.-T.; Yang, Y.-C. Impact of fill-in-the-nodes concept
maps on low prior-knowledge students learning chemistry: a study on
the learning achievements and attitude toward concept maps. Chem.
Educ. Res. Pract. 2024, 25 (1), 360—374.

(78) Neiles, K. Y.; Todd, I; Bunce, D. M. Establishing the Validity of
Using Network Analysis Software for Measuring Students’ Mental
Storage of Chemistry Concepts. J. Chem. Educ. 2016, 93 (S), 821—
831.

(79) Wilson, J. M. Differences in knowledge networks about acids
and bases of year-12, undergraduate and postgraduate chemistry
students. Res. Sci. Educ. 1998, 28 (4), 429—446.

(80) Francisco, J. S.; Nakhleh, M. B.; Nurrenbern, S. C.; Miller, M.
L. Assessing Student Understanding of General Chemistry with
Concept Mapping. J. Chem. Educ. 2002, 79 (2), 248.

(81) Akkuzu, N.; Uyulgan, M. A. An epistemological inquiry into
organic chemistry education: exploration of undergraduate students’
conceptual understanding of functional groups. Chem. Educ. Res. Pract.
2016, 17 (1), 36—57.

(82) Burrows, N. L.; Mooring, S. R. Using concept mapping to
uncover students’ knowledge structures of chemical bonding
concepts. Chem. Educ. Res. Pract. 2015, 16 (1), 53—66.

(83) Asmussen, G.; Rodemer, M.; Eckhard, J.; Bernholt, S. From
Free Association to Goal-directed Problem-solving—Network Anal-
ysis of Students’ Use of Chemical Concepts in Mechanistic
Reasoningl. In Student Reasoning in Organic Chemistry; Graulich,

https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://doi.org/10.1016/j.cogpsych.2018.09.001
https://doi.org/10.1016/j.cogpsych.2018.09.001
https://doi.org/10.1037/a0030399
https://doi.org/10.1037/a0030399
https://doi.org/10.1037/a0030399
https://doi.org/10.1021/ed069p141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed069p141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1086/694039
https://doi.org/10.2752/089279307780216678
https://doi.org/10.2752/089279307780216678
https://doi.org/10.1002/sce.3730750106
https://doi.org/10.1002/sce.3730750106
https://doi.org/10.1086/392759
https://doi.org/10.1086/392759
https://doi.org/10.51724/ijpce.v11i2.39
https://doi.org/10.51724/ijpce.v11i2.39
https://doi.org/10.1002/sce.20264
https://doi.org/10.1002/sce.20264
https://doi.org/10.1002/sce.20264
https://doi.org/10.1021/acs.jchemed.2c00313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.2c00313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.2c00313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3RP00111C
https://doi.org/10.1039/C3RP00111C
https://doi.org/10.1021/acs.jchemed.0c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7RP00124J
https://doi.org/10.1039/C7RP00124J
https://doi.org/10.1039/C7RP00124J
https://doi.org/10.1039/C6RP00111D
https://doi.org/10.1039/C6RP00111D
https://doi.org/10.1039/C6RP00111D
https://doi.org/10.1039/C5RP00113G
https://doi.org/10.1039/C5RP00113G
https://doi.org/10.1039/C5RP00113G
https://doi.org/10.1021/acs.jchemed.0c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7RP00187H
https://doi.org/10.1039/C7RP00187H
https://doi.org/10.1080/00461520.2012.695709
https://doi.org/10.1080/00461520.2012.695709
https://doi.org/10.1039/C2RP90001G
https://doi.org/10.1039/C2RP90001G
https://doi.org/10.1039/C2RP90001G
https://doi.org/10.1039/C1RP90073K
https://doi.org/10.1039/C1RP90073K
https://doi.org/10.1039/C1RP90073K
https://doi.org/10.1002/tea.21092
https://doi.org/10.1002/tea.21092
https://doi.org/10.1039/C8RP00120K
https://doi.org/10.1039/C8RP00120K
https://doi.org/10.1039/C8RP00120K
https://doi.org/10.1021/ed500360g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed500360g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed500360g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201403708
https://doi.org/10.1002/anie.201403708
https://doi.org/10.1002/anie.201403708
https://doi.org/10.1177/0306312711399665
https://doi.org/10.1080/095006900289976
https://doi.org/10.1080/095006900289976
https://doi.org/10.1017/CBO9781139173469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1551-6709.2012.01245.x
https://doi.org/10.1111/j.1551-6709.2012.01245.x
https://doi.org/10.1111/j.1551-6709.2012.01245.x
https://doi.org/10.1080/10508406.2010.491751
https://doi.org/10.1080/10508406.2010.491751
https://doi.org/10.1002/tea.21157
https://doi.org/10.1002/tea.21157
https://doi.org/10.1021/acs.jchemed.7b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3RP00142C
https://doi.org/10.1039/D3RP00142C
https://doi.org/10.1039/D3RP00142C
https://doi.org/10.1039/D3RP00238A
https://doi.org/10.1039/D3RP00238A
https://doi.org/10.1039/D3RP00238A
https://doi.org/10.1021/acs.jchemed.5b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02461508
https://doi.org/10.1007/BF02461508
https://doi.org/10.1007/BF02461508
https://doi.org/10.1021/ed079p248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed079p248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5RP00128E
https://doi.org/10.1039/C5RP00128E
https://doi.org/10.1039/C5RP00128E
https://doi.org/10.1039/C4RP00180J
https://doi.org/10.1039/C4RP00180J
https://doi.org/10.1039/C4RP00180J
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Chemical Education Research

N,, Shultz, G, Eds.; The Royal Society of Chemistry, 2022; pp 90—
109.

(84) Koponen, 1. T.; Nousiainen, M. Pre-Service Teachers’
Knowledge of Relational Structure of Physics Concepts: Finding
Key Concepts of Electricity and Magnetism. Educ. Sci. 2019, 9 (1), 18.

(85) Gombert, S.; Di Mitri, D.; Karademir, O.; Kubsch, M.; Kolbe,
H.; Tautz, S.; Grimm, A.; Bohm, I; Neumann, K.,; Drachsler, H.
Coding energy knowledge in constructed responses with explainable
NLP models. J. Comput. Assist. Learn. 2023, 39 (3), 767—786.

(86) Watts, F. M.; Schmidt-McCormack, J. A.; Wilhelm, C. A,;
Karlin, A.; Sattar, A.;; Thompson, B. C.; Gere, A. R.; Shultz, G. V.
What students write about when students write about mechanisms:
analysis of features present in students’ written descriptions of an
organic reaction mechanism. Chem. Educ. Res. Pract. 2020, 21 (4),
1148—-1172.

(87) Unal, E; Papafragou, A. Relations Between Language and
Cognition: Evidentiality and Sources of Knowledge. Top Cogn Sci.
2020, 12 (1), 115—135.

(88) Dabrowska, E. Cognitive Linguistics’ seven deadly sins. Cogn.
Linguist. 2016, 27 (4), 479—491.

(89) Salinas Barrios, I. E. Embodied experiences for science learning:
A cognitive linguistics exploration of middle school students’” language
in learning about water. Ph.D. Thesis, The University of Arizona,
2014. https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_
USF/01FALSC_USF:USF?url_ver=739.88-2004&rft_val fmt=
info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=
ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=
Embodied+experiences+for+science+learning%3A+A+cognitive+lin
guistics+exploration+of+middle+school+students%27+language+in+
learning+about+water&issn=&date=2014-01-01&volume=&issue=
&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-
14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/.

(90) Brookes, D. T.; Etkina, E. The Importance of Language in
Students’ Reasoning About Heat in Thermodynamic Processes. Int. J.
Sci. Educ. 2015, 37 (5—6), 759—779.

(91) Bhattacharyya, G.; Harris, M. S. Compromised Structures:
Verbal Descriptions of Mechanism Diagrams. J. Chem. Educ. 2018, 95
(3), 366—375.

(92) Collins, H. Three dimensions of expertise. Phenomenol. Cogn.
Sci. 2013, 12 (2), 253—273.

(93) Schilhab, T. S. S. Words as cultivators of others minds. Front.
Psychol. 2015, DOI: 10.3389/fpsyg.2015.01690.

(94) Childs, P. E.; Markic, S.; Ryan, M. C. The Role of Language in
the Teaching and Learning of Chemistry. Chemistry Education 20185,
421—446.

(95) Osborne, J. Science without literacy: A ship without a sail?
Camb. J. Educ. 2002, 32 (2), 203—218.

(96) Petterson, M. N.; Finkenstaedt-Quinn, S. A.; Gere, A. R;;
Shultz, G. V. The role of authentic contexts and social elements in
supporting organic chemistry students’ interactions with writing-to-
learn assignments. Chem. Educ. Res. Pract. 2022, 23 (1), 189—205.

(97) Solomons, T.; Frhyle, C.; Snyder, A. Organic Chemistry; John
Wiley & Sons, Inc., 2016.

(98) Klein, D. R. Organic Chemistry; John Wiley & Sons, Inc., 2017.

(99) Klein, D. R. Organic Chemistry; John Wiley & Sons, Inc., 2021.

(100) R: A language and environment for statistical computing; R
Foundation for Statistical Computing: Vienna, Austria, 2024. https://
www.R-project.org/ (accessed 09/06/2022).

(101) RStudio: Integrated Development Environment for R; 2024.
http://www.rstudio.com/ (accessed 09/06/2022).

(102) Pederson, T. ggraph: An Implementation of Grammar of
Graphics for Graphs and Networks. https://ggraph.data-imaginist.com/

(103) Csardi, G.; Nepusz, T. The igraph software package for
complex network research. Interfournal 2006, 1695.

(104) Graulich, N.; Caspari, I. Designing a scaffold for mechanistic
reasoning in organic chemistry. Chem. Teach. Int. 2021, 3 (1), 19—30.

(105) Haas, D. B.; Watts, F. M.; Dood, A. J.; Shultz, G. V. Analysis
of organic chemistry students’ developing reasoning elicited by a

5219

scaffolded case comparison activity. Chem. Educ. Res. Pract. 2024, 25,
742.

(106) Moreira, P.; Marzabal, A.; Talanquer, V. Using a mechanistic
framework to characterise chemistry students’ reasoning in written
explanations. Chem. Educ. Res. Pract. 2019, 20 (1), 120—131.

(107) Hein, S. M. Positive Impacts Using POGIL in Organic
Chemistry. J. Chem. Educ. 2012, 89 (7), 860—864.

(108) Cooper, M. M.,; Stowe, R. L.; Crandell, O. M.; Klymkowsky,
M. W. Organic Chemistry, Life, the Universe and Everything
(OCLUE): A Transformed Organic Chemistry Curriculum. J.
Chem. Educ. 2019, 96 (9), 1858—1872.

(109) Golbeck, J. Chapter 3: Network Structure and Measures. In
Analyzing the Social Web; Golbeck, J., Ed.; Morgan Kaufmann, 2013;
pp 25—44.

(110) Golbeck, J. Chapter 21: Analyzing networks. In Introduction to
Social Media Investigation; Golbeck, J., Ed.; Syngress, 2015; pp 221—
23s.

(111) Hansen, D. L.; Shneiderman, B.; Smith, M. A.; Himelboim, 1.
Chapter 3: Social network analysis: Measuring, mapping, and
modeling collections of connections. In Analyzing Social Media
Networks with NodeXL, 2nd ed.; Hansen, D. L., Shneiderman, B.,
Smith, M. A, Himelboim, I, Eds.; Morgan Kaufmann, 2020; pp 31—
S1.

(112) Cooper, M. M. Why Ask Why? J. Chem. Educ. 2015, 92 (8),
1273—-1279.

(113) Bernholt, S.; Parchmann, I. Assessing the complexity of
students’ knowledge in chemistry. Chem. Educ. Res. Pract. 2011, 12
(2), 167—173.

(114) Stoyanovich, C.; Gandhi, A.; Flynn, A. B. Acid—Base Learning
Outcomes for Students in an Introductory Organic Chemistry
Course. J. Chem. Educ. 2015, 92 (2), 220—229.

(115) Weinrich, M. L.; Talanquer, V. Mapping students’ modes of
reasoning when thinking about chemical reactions used to make a
desired product. Chem. Educ. Res. Pract. 2016, 17 (2), 394—406.

(116) Carle, M. S.; Flynn, A. B. Essential learning outcomes for
delocalization (resonance) concepts: How are they taught, practiced,
and assessed in organic chemistry? Chem. Educ. Res. Pract. 2020, 21
(2), 622—637.

(117) Finkenstaedt-Quinn, S. A.; Polakowski, N.; Gunderson, B.;
Shultz, G. V.; Gere, A. R. Utilizing Peer Review and Revision in
STEM to Support the Development of Conceptual Knowledge
Through Writing. Writ. Commun. 2021, 38 (3), 351-379.

(118) Finkenstaedt-Quinn, S. A.; Snyder-White, E. P.; Connor, M.
C.; Gere, A. R;; Shultz, G. V. Characterizing Peer Review Comments
and Revision from a Writing-to-Learn Assignment Focused on Lewis
Structures. J. Chem. Educ. 2019, 96 (2), 227-237.

(119) Finkenstaedt-Quinn, S. A,; Halim, A. S.; Chambers, T. G.;
Moon, A,; Goldman, R. S.; Gere, A. R; Shultz, G. V. Investigation of
the Influence of a Writing-to-Learn Assignment on Student
Understanding of Polymer Properties. J. Chem. Educ. 2017, 94 (11),
1610—1617.

(120) Watts, F. M.; Finkenstaedt-Quinn, S. A.; Shultz, G. V.
Examining the role of assignment design and peer review on student
responses and revisions to an organic chemistry writing-to-learn
assignment. Chem. Educ. Res. Pract. 2024, 25 (3), 721-741.

(121) Finkenstaedt-Quinn, S.; Watts, F.; Schultz, G.; Ruggles Gere,
A. A Portrait of MWrite as a Research Program: A Review on Writing-
to-Learn in STEM through the MWrite Program. IJ-SoTL 2023, 17, 1.

(122) Martin, P. P.; Graulich, N. When a machine detects student
reasoning: a review of machine learning-based formative assessment
of mechanistic reasoning. Chem. Educ. Res. Pract. 2023, 24 (2), 407—
427.

(123) Watts, F. M; Dood, A. J.; Shultz, G. V. Developing Machine
Learning Models for Automated Analysis of Organic Chemistry
Students” Written Descriptions of Organic Reaction Mechanisms. In
Student Reasoning in Organic Chemistry; Graulich, N., Shultz, G., Eds.;
The Royal Society of Chemistry, 2022; p 0.

(124) Martin, P. P.; Kranz, D.; Wulff, P.; Graulich, N. Exploring new
depths: Applying machine learning for the analysis of student

https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://doi.org/10.3390/educsci9010018
https://doi.org/10.3390/educsci9010018
https://doi.org/10.3390/educsci9010018
https://doi.org/10.1111/jcal.12767
https://doi.org/10.1111/jcal.12767
https://doi.org/10.1039/C9RP00185A
https://doi.org/10.1039/C9RP00185A
https://doi.org/10.1039/C9RP00185A
https://doi.org/10.1111/tops.12355
https://doi.org/10.1111/tops.12355
https://doi.org/10.1515/cog-2016-0059
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://usf-flvc.primo.exlibrisgroup.com/openurl/01FALSC_USF/01FALSC_USF:USF?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations&sid=ProQ:ProQuest+Dissertations+%26+Theses+Global&atitle=&title=Embodied+experiences+for+science+learning%3A+A+cognitive+linguistics+exploration+of+middle+school+students%27+language+in+learning+about+water&issn=&date=2014-01-01&volume=&issue=&spage=&au=Salinas+Barrios%2C+Ivan+Eduardo&isbn=978-1-321-14536-6&jtitle=&btitle=&rft_id=info:eric/&rft_id=info:doi/
https://doi.org/10.1080/09500693.2015.1025246
https://doi.org/10.1080/09500693.2015.1025246
https://doi.org/10.1021/acs.jchemed.7b00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11097-011-9203-5
https://doi.org/10.3389/fpsyg.2015.01690
https://doi.org/10.3389/fpsyg.2015.01690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9783527679300.ch17
https://doi.org/10.1002/9783527679300.ch17
https://doi.org/10.1080/03057640220147559
https://doi.org/10.1039/D1RP00181G
https://doi.org/10.1039/D1RP00181G
https://doi.org/10.1039/D1RP00181G
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/
https://ggraph.data-imaginist.com/
https://doi.org/10.1515/cti-2020-0001
https://doi.org/10.1515/cti-2020-0001
https://doi.org/10.1039/D4RP00021H
https://doi.org/10.1039/D4RP00021H
https://doi.org/10.1039/D4RP00021H
https://doi.org/10.1039/C8RP00159F
https://doi.org/10.1039/C8RP00159F
https://doi.org/10.1039/C8RP00159F
https://doi.org/10.1021/ed100217v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed100217v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.9b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C1RP90021H
https://doi.org/10.1039/C1RP90021H
https://doi.org/10.1021/ed5003338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed5003338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed5003338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5RP00208G
https://doi.org/10.1039/C5RP00208G
https://doi.org/10.1039/C5RP00208G
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1177/07410883211006038
https://doi.org/10.1177/07410883211006038
https://doi.org/10.1177/07410883211006038
https://doi.org/10.1021/acs.jchemed.8b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4RP00024B
https://doi.org/10.1039/D4RP00024B
https://doi.org/10.1039/D4RP00024B
https://doi.org/10.20429/ijsotl.2023.17118
https://doi.org/10.20429/ijsotl.2023.17118
https://doi.org/10.1039/D2RP00287F
https://doi.org/10.1039/D2RP00287F
https://doi.org/10.1039/D2RP00287F
https://doi.org/10.1002/tea.21903
https://doi.org/10.1002/tea.21903
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education pubs.acs.org/jchemeduc Chemical Education Research

argumentation in chemistry. J. Res. Sci. Teach. 2024, 61 (8), 1757—
1792.

(125) Martin, P. P.; Graulich, N. Beyond Language Barriers:
Allowing Multiple Languages in Postsecondary Chemistry Classes
Through Multilingual Machine Learning. J. Sci. Educ. Technol. and
Technology 2024, 33 (3), 333—348.

(126) Li, B;; Hou, Y.; Che, W. Data augmentation approaches in
natural language processing: A survey. AI Open 2022, 3, 71-90.

(127) Kaldaras, L.; Haudek, K. C. Validation of automated scoring
for learning progression-aligned Next Generation Science Standards
performance assessments. Front. Educ. 2022, 7, No. 968289.

(128) Fang, L.; Lee, G.-G; Zhai, X. Using GPT-4 to Augment
Unbalanced Data for Automatic Scoring. arXiv preprint 2024,
DOI: 10.48550/arXiv.2310.18365.

(129) Tyagi, S.; Mittal, S. Sampling Approaches for Imbalanced Data
Classification Problem in Machine Learning. In Proceedings of ICRIC
2019; Singh, P. K, Kar, A. K, Singh, Y., Kolekar, M. H., Tanwar, S.,
Eds.; Springer International Publishing: Cham, 2020; pp 209—221.

(130) Martin, P. P.; Graulich, N. Navigating the data frontier in
science assessment: Advancing data augmentation strategies for
machine learning applications with generative artificial intelligence.
Comput. Educ.: Artif. Intell. 2024, 7, No. 100265.

5220 https://doi.org/10.1021/acs.jchemed.4c01042
J. Chem. Educ. 2024, 101, 5203—5220


https://doi.org/10.1002/tea.21903
https://doi.org/10.1007/s10956-023-10087-4
https://doi.org/10.1007/s10956-023-10087-4
https://doi.org/10.1007/s10956-023-10087-4
https://doi.org/10.1016/j.aiopen.2022.03.001
https://doi.org/10.1016/j.aiopen.2022.03.001
https://doi.org/10.3389/feduc.2022.968289
https://doi.org/10.3389/feduc.2022.968289
https://doi.org/10.3389/feduc.2022.968289
https://doi.org/10.48550/arXiv.2310.18365
https://doi.org/10.48550/arXiv.2310.18365
https://doi.org/10.48550/arXiv.2310.18365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.caeai.2024.100265
https://doi.org/10.1016/j.caeai.2024.100265
https://doi.org/10.1016/j.caeai.2024.100265
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

