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Translating between representations of molecular structure is a key component of representational
competence. While studies have examined how students translate between two or three represen-
tations,
representations of molecular structure. Herein, we use a semi-structured think-aloud protocol to
investigate how 28 Organic Chemistry | students translate between seven representations of molecular
structure (molecular formulae, condensed structures, Lewis structures, skeletal structures, wedge-dash

no studies have comprehensively investigated how students translate between multiple

diagrams, chair conformations, and Newman projections). We identified 18 strategies students use to
translate, which we grouped into three primary categories: strategies associated with decoding,
mapping, and drawing. Our data show that appropriately using the decoding and mapping strategies is
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associated with correct translations across all representations; however, the appropriate use of drawing
strategies is associated with correctly translating representations that include implicit atoms and convey
DOI: 10.1039/d5rp00382b 3D information. Additionally, we identified four distinct personas that describe students’ approaches to

translating: the Handyperson, the Apprentice, the Quick Fixer, and the Rule Follower. These personas
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Introduction and conceptual
framework

Representations are integral tools in chemistry for visualizing
imperceptible chemical particles. Chemists routinely leverage
a variety of representations to communicate phenomena, often
maneuvering between different representational formats
(Kozma et al., 2000). As such, instruction in chemistry must
support students in decoding the features of various represen-
tations, understanding how one representation connects to
another, and using representations to solve problems and
communicate information.

The large number of representations introduced in chem-
istry courses is a challenge for students. Research has shown
that students overly focus on the surface features of representa-
tions instead of the underlying phenomena embedded within
them (Chi et al., 1981; Stains and Talanquer, 2008; Jaber and
BouJaoude, 2012; Pande et al, 2015; Galloway et al, 2018;
Popova and Bretz, 2018; Wright and Oliver-Hoyo, 2020; Atkin-
son et al., 2021; Rotich et al., 2024). Though instructors value
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can help instructors anticipate common challenges and tailor support accordingly.

using multiple representations, some acknowledge that the
large number of representations they teach makes it challenging
for students to decode underlying concepts (Patron et al., 2017;
Popova and Jones, 2021).

These challenges become particularly apparent in the tran-
sition from General Chemistry to Organic Chemistry. General
Chemistry curricula support students in communicating struc-
ture primarily through molecular formulae, condensed struc-
tures, and Lewis structures. This is expanded in the Organic
Chemistry curricula to also include skeletal (bond-line) struc-
tures, wedge-dash diagrams, Newman projections, and chair
conformations. The information embedded in these represen-
tations increases in complexity, with the General Chemistry
representations addressing primarily the composition and con-
nectivity of molecules and ions, and the Organic Chemistry
representations also depicting various degrees of spatial infor-
mation (Fig. 1). Organic Chemistry students are expected not
only to learn each representation in isolation but also to
recognize how they relate to one another in conveying different
aspects of molecular structure.

Developing this proficiency is part of what scholars describe
as representational competence—*“a set of skills and practices
that allow a person to reflectively use a variety of representa-
tions or visualizations, singly and together, to think about,
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Fig. 1 The increasing complexity of what is communicated through the diagrammatic features of molecular representations.

communicate, and act on chemical phenomena in terms of
underlying, aperceptual physical entities and processes”
(Kozma and Russell, 2005, p. 131). This construct is composed
of several highly interconnected skills (Nickel et al., 2025; Ward
et al., 2025), including the ability to translate or make connec-
tions across different related representations by mapping
features of one representation onto those of another. These
skills are used by chemists to communicate structural informa-
tion, predict reactivity and properties, and select appropriate
representational forms for specific problems (Kozma et al.,
2000). As students develop their representational competence,
they begin to think more like practicing chemists.

In this study, we investigated how students reason when
translating between seven commonly used representations in
Organic Chemistry: molecular formulae, condensed structures,
Lewis structures, skeletal structures, wedge-dash diagrams,
Newman projections, and chair conformations. While all seven
representations communicate chemical structure, they differ in
surface features, such as the use of letters, numbers, dots, lines
(thin, wedged, or dashed), and circles. Moreover, while all seven
are symbolic representations (iconicity) and depict information
on a similar level of abstraction (granularity), they differ based
on their dimensionality and quantitativeness (Talanquer, 2022).
Specifically, molecular formulae and condensed structures can
be described as primarily compositional, while the remaining
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representations are more structural (dimensionality). Further-
more, Newman projections and chair conformations can convey
mathematical information about the relative energy of chemical
structure (quantitativeness). Finally, as described in Fig. 1,
these representations vary in complexity, ranging from com-
municating composition only to a combination of composition,
connectivity, and spatial information. Taken all together,
differences in appearance, dimensions of variation, and com-
plexity can impact student reasoning and representational
competence. While prior work has highlighted the importance
of the ability to translate for effective problem-solving and
communication of ideas (Kozma and Russell, 2005; Ainsworth,
2006), little is known about how students navigate the distinct
visual and conceptual features across this broad spectrum of
representational forms.

Building on Talanquer’s (2022) recent call for deeper
insights into how the unique characteristics of chemical repre-
sentations shape student reasoning, our study fills this gap by
examining how students move across multiple representations
of molecular structure. To our knowledge, this is the first study
that comprehensively characterizes students’ ability to reason
with and translate between such a large number of representa-
tions. In doing so, we provide a fuller characterization of
students’ ability to translate, offering new insights and implica-
tions for both instruction and assessment.

This journal is © The Royal Society of Chemistry 2026
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Background and significance
Current instruction about translating between representations

Translating between representations is one of the most fre-
quently cited representational competence skills that instruc-
tors aim to teach in organic chemistry (Popova and Jones, 2021).
However, there is notable variation in which representations are
emphasized and what instructional goals are associated with
this skill (Jones et al, 2022). A key resource that supports
students in making these connections is the textbook, but the
extent and nature of that support differ depending on both the
textbook and the specific representation (Gurung et al., 2022).
Often, textbooks present translation tasks in a unidirectional
manner, which can limit students’ awareness of spatial features
and promote a narrow, fixed interpretation of molecular struc-
ture (Kumi et al., 2013; Gurung et al., 2022). These limitations in
textbook support likely contribute to instructors’ desire for
professional development on how to teach representations more
effectively (Popova and Jones, 2021). Additionally, many note
that the content-heavy nature of organic chemistry limits the
instructional time available to support student representational
competence.

A deeper understanding of how students actually translate
between multiple representations can equip instructors to set
more targeted goals and adopt more intentional strategies
when teaching representations of molecular structure. Impor-
tantly, this does not mean instructors need to spend more time
on these representations or teach more content—these repre-
sentations are already part of their courses. What is needed are
research-based insights into how students reason across multi-
ple representations and what types of translation tasks
or instructional sequences are most effective. Such insights
can help instructors make more strategic, evidence-informed
decisions about how they allocate their limited instructional
time. In doing so, they can enhance students’ representational
competence not by teaching more, but by teaching more
intentionally.

Review of research on how students translate between different
molecular representations

Several studies have investigated how students translate
between representations of chemical structure in the context
of two distinct yet related task types. In one common task,
students are presented with multiple representations and
asked to identify correspondences between them (e.g., identify
a Newman projection among the four options below that
corresponds to this wedge-dash diagram) (Koutalas et al,
2014; Stieff et al., 2014, 2018). In another, which is referred to
by some researchers as a transformation task, students are
asked to produce a new representation based on a given one
(e.g., draw a Newman projection that corresponds to a given
wedge-dash diagram) (Shane and Bodner, 2006; Cooper et al.,
2010; Stieff, 2010; Tiettmeyer et al., 2017; Sandi-Urena et al.,
2020). Regardless of the task type, studies have collectively
focused on translations between specific representation pairs,
such as between Lewis structures, molecular formulae, and/or
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condensed structures (Shane and Bodner, 2006; Cooper et al.,
2010; Tiettmeyer et al., 2017; Sandi-Urena et al., 2020), as well
as between Newman projections and wedge-dash diagrams
(Stieff, 2010; Koutalas et al., 2014; Stieff et al., 2014, 2018).
In contrast, far less is known about how students translate
between other pairs, such as wedge-dash diagrams and
chair conformations. Additionally, while previous studies have
focused on students’ ability to translate between two or three
representations (Shane and Bodner, 2006; Cooper et al., 2010;
Stieff, 2010; Koutalas et al., 2014; Stieff et al., 2014; Mohamed-
Salah and Alain, 2016; Tiettmeyer et al, 2017; Sandi-Urena
et al., 2020), no studies have comprehensively examined how
students reason across the full range of representations of
molecular structure used in organic chemistry. The paragraphs
below summarize previous research on how students translate
between some of these representations.

Lewis structures have been widely studied across the chem-
istry curriculum to understand how learners shift from think-
ing about composition to reasoning about both composition
and connectivity. Though there is an improvement with exper-
tise, learners throughout the undergraduate curriculum strug-
gle to translate molecular formulae and condensed structures
into Lewis structures. This difficulty often stems from an over-
reliance on memorized rules and surface features, rather than a
deeper understanding of how those features map onto the
actual chemical entities they represent (Shane and Bodner,
2006; Cooper et al., 2010; Tiettmeyer et al., 2017; Sandi-Urena
et al., 2020).

Newman projections and wedge-dash diagrams have been
widely studied together due to their shared emphasis on
representing spatial information. Research on these represen-
tations has revealed several important findings. First, students
tend to rely more heavily than experts on imagistic reasoning
(Stieff, 2010)—the ability to generate and manipulate image-
like mental representations for thinking and problem solving.
They also often apply heuristics that treat the representations
as two-dimensional diagrams rather than as depictions of
submicroscopic entities (Stieff, 2010). Second, successful trans-
lation between these formats depends not only on spatial
ability but also on representational competence (Stieff, 2010;
Koutalas et al., 2014; Stieff et al., 2014, 2018). Third, manip-
ulatives can support student understanding, especially when
representations embed 3D spatial information, although their
effectiveness varies by representation type (Mohamed-Salah
and Alain, 2016). Finally, students’ performance on translation
tasks is often influenced by the particular representational
format used (Koutalas et al., 2014).

Collectively, these findings underscore the complexity of
representational translation in organic chemistry and the mul-
tiple cognitive resources students must coordinate to be suc-
cessful. Whether students are translating from compositional
to structural representations (e.g., molecular formulae to Lewis
structures) or between more spatial formats (e.g., wedge-dash
diagrams to Newman projections), improving representational
competence requires targeted instruction that improves reason-
ing with these representations.

Chem. Educ. Res. Pract.
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Reasoning strategies used to translate between representations

Studies have investigated how experts and novices reason when
translating between spatial representations such as wedge-dash
diagrams, Newman projections, and Fischer projections. Three
primary reasoning strategies have been identified: (a) algorith-
mic-diagrammatic, which involves non-spatial utterances, ges-
tures, or inscriptions; (b) spatial-imagistic, which includes
spatial utterances, gestures, or inscriptions; and (c) complex-
mixed, which combines elements of both approaches (Stieff
and Raje, 2010). Experts tend to employ a wider and more
flexible repertoire of strategies, often selecting task-specific
approaches that align with their personal preferences and goals
(Stieff and Raje, 2010). Notably, experts rarely rely solely on
spatial-imagistic reasoning (Stieff and Raje, 2010). Instead, they
typically use it to evaluate or verify the accuracy of proposed
structures. This ability to draw on multiple strategies allows
experts to overcome any possible limitations in spatial ability
(Stieff, 2007), which is less feasible for novices without knowl-
edge of many strategies. Experts also appropriately apply heur-
istics and algorithmic strategies by generating additional
structures or using imagistic reasoning to support and confirm
their use of heuristics (Stieff and Raje, 2010).

Novices often rely on spatial-imagistic strategies, such as
mentally visualizing molecular models or 2D diagrams when
translating between representations (Stieff, 2010); however, as
their expertise develops, they incorporate a broader range of
alternative strategies (Stieff et al, 2012). Students who use
algorithmic-diagrammatic strategies take longer to solve the
problem, but can do so with high accuracy (Stieff, 2010). A more
fine-grained study on translations between wedge-dash dia-
grams and Newman projections has shown that students used
strategies such as (a) counting atoms, (b) checking the con-
nectivity of atoms, (c) sequential tracking to map the connec-
tivity of atoms or functional groups, and (d) adopting an
egocentric perspective-taking strategy (Ward et al., 2022).

Student strategies have also been captured when using
manipulatives. For example, when working on an iPad, stu-
dents used three strategies to translate between wedge-dash
diagrams and ball-and-stick models (McCollum et al., 2016).
In order of increasing sophistication, these strategies were (a)
sequential tracking (i.e., focusing on the sequential order of
connected atoms while simultaneously tracking corresponding
atoms in both representations); (b) isolation and branching
(i.e., fixating on a reference point and then branching out to
other atoms); and (c) spatial orientation (i.e., considering the
orientation and connectivity of atoms relative to a fixed point).
Similarly, when translating between wedge-dash diagrams,
Newman projections, and Fischer projections, students used
five main strategies: (a) random assignment or guessing, (b)
following rules or algorithms, (c) diagrammatic (i.e., drawing
an intermediate diagram), (d) mental visualization, and (e) use
of physical models (Padalkar and Hegarty, 2013).

These studies collectively show that reasoning when trans-
lating between spatial representations spans a continuum from
less to more sophisticated strategies, with differences between

Chem. Educ. Res. Pract.
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novices and experts. Fine-grained analyses reveal a variety of
approaches (i.e., from simple counting or guessing to more
advanced strategies like spatial orientation) that differ in effec-
tiveness and cognitive demand. The effectiveness of a given
strategy depends on the specific task and representation, and
strategies can be applied both appropriately and inappropri-
ately (Ward et al., 2022). While no single strategy is universally
most effective (Stieff, 2010), some are more productive in
specific contexts (Padalkar and Hegarty, 2013; McCollum
et al., 2016). Consequently, students would benefit most from
instruction that not only develops a repertoire of multiple
strategies but also emphasizes when and how each is best
applied (Stieff et al., 2012).

The strategies described above were identified with studies
that primarily investigate visuospatial skills, often in the con-
text of representations that depict 3D spatial information (e.g.,
wedge-dash diagrams, Newman projections). While these stu-
dies provide important insights, representational competence
extends beyond spatial reasoning alone (Harle and Towns, 2011;
Carlisle et al., 2015). To holistically capture students’ ability to
translate between representations of molecular structure, it is
necessary to examine a broader range of representations,
including those that do not explicitly convey spatial informa-
tion. In this work, we extend prior research by examining how
students translate between seven different representations
of molecular structure and by exploring how the strategies
they employ vary across these representations. Understanding
which strategies students use and whether those strategies are
productive is essential for providing targeted instructional
guidance. Specifically, our research questions (RQ) are as
follows:

e RQ1: What reasoning strategies do students use when
translating between different representations of molecular
structure?

e RQ2: How does students’ use of reasoning strategies vary
across different representations?

e RQ3: How does students’ use of reasoning strategies
impact their accuracy?

e RQ4: What patterns describe student proficiency when
translating between representations of molecular structure?

Methods

Sample and data collection

The second author conducted semi-structured, think-aloud
interviews (Bowen, 1994) with 28 students enrolled in their
first semester of organic chemistry at a public southeastern
university during Fall 2019 and Spring 2020. Four instructors
taught these students across five course sections, all using the
same curriculum and textbook (Bruice, 2016). We purposefully
sampled participants (Patton, 2002) to represent a range of
grades (from “A” to “C”) in General Chemistry II. Including
students with varied grades in the previous chemistry course
helped us capture reasoning that is more representative of what
instructors encounter in real classrooms, as opposed to having

This journal is © The Royal Society of Chemistry 2026
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only the “A” students volunteer to participate. Pseudonyms
were assigned to protect student identities, and all procedures
adhered to institutional review board (IRB) guidelines.

The interview consisted of four phases addressing different
representational competence skills and lasted approximately two
hours. Sessions were audio- and video-recorded, then transcribed
verbatim, including all student-generated diagrams and annota-
tions. This manuscript focuses on the data from one phase of the
interview in which students translated between seven representa-
tions of molecular structure: wedge-dash diagrams, chair confor-
mations, Newman projections, condensed structures, skeletal
structures, molecular formulas, and Lewis structures (see SI).

Students were randomly assigned to one of two protocol
forms (Form 1: N = 15 and Form 2: N = 13), each containing 20
unique translation tasks spanning the seven representations
(see SI). This design allowed us to include a wide range of
representation pairs without requiring any participant to com-
plete more than 20 translations, keeping the interviews man-
ageable in both cognitive effort and time.
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For each task, students judged whether the representations
corresponded to each other and explained their reasoning. The
tasks were informed by pilot interviews, which revealed com-
mon sources of confusion that were incorporated as distractors
in the incorrect options. These distractors included issues with
bond angles, molecular geometry, the number of atoms, con-
nectivity, or selection based on surface-level similarity alone
rather than structural features.

Data analyses

Our analysis followed a multi-stage process integrating quali-
tative coding, statistical testing, and cluster analysis to capture
both the nature and patterns of students’ reasoning when
translating between the representations. In Stage 1, we coded
interview transcripts for reasoning strategies (see Table 1 in
Results). We then categorized each response by the appropri-
ateness of reasoning and accuracy of the answer, creating a
four-category performance measure. In Stage 2, we used statis-
tical tests to examine associations between student reasoning

Table 1 Decoding (orange), mapping (blue), and drawing (green) reasoning strategies students used to translate between representations of molecular

structure. The single test-taking strategy is shown in purple

Strategy Description

Check connectivity (CC)

Describe atoms that are adjacent to one another

Count atoms: carbons (CAC),
hydrogens (CAH), others

the molecule
(cAO)

Count the total number of atoms (carbons, hydrogens, or others) in

Label atoms (LA)

Number, highlight, or label atoms

Anchor to a plane (AP)

Recognize whether a group is pointing into or out of the page

Mental rotation-full (MRF)
(3D)

Mentally rotate an object either in the plane (2D) or out of the plane

Spatial orientation (SO)

Describe how an object would look from a different perspective by
reorienting oneself

Map connectivity (MC)

Compare the connectivity of atoms between representations

Map functional groups (MFG)

Compare functional groups between representations

Map labeled atoms (MLA)

Compare labeled atoms between representations

Map frame of reference (MFR)

Recognize the features that indicate spatial relations in a
representation and algorithmically compare them to the features
that indicate spatial relations in another representation

Map position on page (MPP)

Conserve the position (left, down, close, etc.) relative to the page or
something on the page

Map unique features of
representations (MUF)

Identify how unique conventions in one representation are
conveyed in another representation

Expand the structure (ES)

Draw implicit atoms/electrons/bonds

Draw transitional
representation (DTR)

Draw a different representation to support a translation

Redraw the representation
(RR)

Redraw the same representation

Unfamiliar elimination (UE)

Eliminate a representation because it is perceived as unfamiliar

This journal is © The Royal Society of Chemistry 2026

Chem. Educ. Res. Pract.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5rp00382b

Open Access Article. Published on 24 March 2026. Downloaded on 6/17/2026 10:29:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and correctness. Finally, in Stage 3, we conducted agglomerative
cluster analysis to identify patterns across students’ performance
across all representations. The sections below describe each stage
of data analysis in more detail.

Stage 1: qualitative analyses to characterize student reasoning
and accuracy

The first and third authors analyzed interview transcripts to
examine how students translate between representations of
molecular structure, documenting both response accuracy and
reasoning. Transcripts were uploaded into ATLAS.ti (version 9,
https://atlasti.com/) and coded deductively using a codebook from
pilot work (Ward et al., 2022). Given the broader range of
representations in this study, inductive coding and constant
comparative analysis (Glaser, 1965; Saldana, 2013) were used to
add new reasoning strategies (see Results for complete code-
book) and refine categories. Credibility was supported through
peer debriefing, code-recode strategies, and negative case ana-
lysis (Lincoln and Guba, 1985). The first and third authors
independently coded all data for the 28 participants. The
percent agreement for each code ranged between 77% and
100%, with only two codes having an agreement of less than
80% (Campbell et al., 2013). Every disagreement was discussed
until a 100% inter-rater agreement was reached. Student per-
formance was then classified into four categories reflecting
reasoning appropriateness and answer accuracy: (a) correct
answer supported with appropriate reasoning, (b) incorrect
answer supported with appropriate reasoning, (c) correct
answer supported with inappropriate reasoning, and (d) incor-
rect answer supported with inappropriate reasoning.

Stage 2: statistical tests to examine associations between
student reasoning and accuracy

After reaching a consensus in describing the accuracy and
appropriateness of student reasoning, the counts of responses
that fell into each category above were totaled. To investigate
the relationship between student answers and reasoning, the
two-sided Fisher’s exact test or Pearson’s x> test of indepen-
dence was used. Fisher’s exact test was used instead of Pear-
son’s ;> test when the number of counts within a frequency
table was less than five. Statistical significance was set at
p < 0.05 for all significance testing. All statistical analyses
were completed using the R Stats Package in RStudio. Odds
ratios were evaluated post hoc as a measure of effect size. The
Haldane-Anscombe correction was used to determine odds
ratios due to some frequencies equaling zero (Lawson, 2004).
Small, moderate, and large effects corresponded to odds ratios
equaling 1.68, 3.47, and 6.71, respectively (Chen et al., 2010).

Stage 3: cluster analysis to identify patterns across students’
performance

We then used agglomerative cluster analysis to explore patterns
among our participants (Clatworthy et al., 2005). The four
categories reflecting the relationship between students’ reason-
ing and accuracy were scored: (a) correct answer supported with
appropriate reasoning was scored as 3 points, (b) incorrect
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Fig. 2 Adendrogram showing the four-cluster solution from the agglom-
erative hierarchical cluster analysis.

answer supported with appropriate reasoning was scored as
2 points, (c) correct answer supported with inappropriate
reasoning was scored as 2 points, and (d) incorrect answer
supported with inappropriate reasoning was scored as 1 point.
We then averaged each student’s responses by representation
for an overall representation score. Aggregated scores for all
participants can be found in the Appendix Table 5.

The cluster analysis was conducted using R Version 4.3.0 (R
Core Team) using Ward’s method with the squared Euclidean
distance similarity measure due to the elevation of scores
(Clatworthy et al., 2005). We used the gap statistic and the
dendrogram (Fig. 2) to determine that the optimal number of
clusters was four (Tibshirani et al, 2001). To demonstrate the
validity and stability of the clusters, we randomized the dataset
ten times, and each time the clusters remained stable (Brandriet
and Bretz, 2014; Harshman et al., 2017). Additional evidence of
cluster validity, based on inferences about each group, is pre-
sented in the Results section (Clatworthy et al., 2005).

Results

RQ1: What reasoning strategies do students use when
translating between different representations of molecular
structure?

We identified 18 strategies that students use as they translate
between the seven different representations of molecular struc-
ture (Table 1). Some matched reasoning strategies reported in
the literature, which we coded deductively, while others were
novel (to our knowledge) and developed through inductive
coding. For the previously reported strategies, we intentionally
retained the original terminology to maintain consistency with
prior work (as opposed to creating new names). For example,
we adopted ‘expanding the structure’ and ‘redrawing the repre-
sentation’ from studies by Flynn and colleagues on student
reasoning about reaction mechanisms (Bodé and Flynn, 2016;
Flynn and Featherstone, 2017; Carle et al., 2020). Their work
also described a ‘mapping strategy,” which we observed as well;
however, we distinguished between mapping different aspects
of a representation (e.g,, mapping connectivity, mapping

This journal is © The Royal Society of Chemistry 2026
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functional groups, etc.). Similarly, McCollum and colleagues
(2014) described ‘sequential tracking,” in which students follow
the order of connected atoms while aligning corresponding
atoms across representations. We separated this strategy into
‘checking connectivity,” where students described which atoms
are connected within a single representation, and ‘mapping
connectivity,” where students compared the connectivity
between multiple structures. We also adopted the terminology
of previously reported spatial-imagistic strategies, such as ‘full
mental rotation’ (Stieff, 2007; Stieff et al., 2018) and ‘spatial
orientation’ (Lohman, 1979; Barnea, 2000; Harle and Towns,
2011; Oliver-Hoyo and Babilonia-Rosa, 2017).

For novel strategies, we created new names that captured the
essence of the approach. Examples include ‘anchor to a plane,’
where students determine whether atoms or bonds lie in or out
of the plane of the page, and ‘mapping position on the page,
where students focus on conserving the position of an atom or
bond relative to the page (e.g., left, down) when translating
between representations.

The 18 reasoning strategies represent the fine-grained pro-
cesses students used to complete translation tasks. We grouped
them into four categories: decoding, mapping, drawing, and
general test-taking strategies (Tables 1 and 2). The decoding
strategies, such as ‘counting atoms’ or ‘checking connectivity,’
enabled students to make sense of individual representations.
The mapping strategies supported aligning features across
representations. Examples include ‘mapping labeled atoms’
and ‘mapping functional groups,” where students identified,
compared, and mapped corresponding features between two
representations. The drawing strategies include examples such
as ‘redrawing a given representation’ and ‘expanding the struc-
ture’ by adding implicit atoms, which were used to support
decoding of a single representation, as well as ‘drawing a
transitional representation,” which was used to support map-
ping of two representations. Students often drew to interpret
features, make features explicit, or reduce the complexity of a
representation. Drawing potentially enabled them to offload
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information onto the paper to create more working memory
capacity to complete a task (Miller, 1956; Chandler and Sweller,
1991; Hegarty and Steinhoff, 1997; Johnstone, 2006; Fiorella
and Zhang, 2018; Fan et al., 2023). Finally, we identified one
general test-taking strategy, ‘unfamiliar elimination’ (Table 1),
in which students dismissed a representation as non-
corresponding because they thought that they had never seen
it before.

We also organized the strategies by the type of representa-
tional features they helped make sense of (Table 2). Strategies
such as ‘label atoms’ or ‘map connectivity’ were categorized as
connectivity & composition because they helped students per-
ceive the types of atoms in representations and how those
atoms are connected. In contrast, strategies like ‘anchor to a
plane’ or ‘map frame of reference’ were categorized as spatial
information, as they supported reasoning about spatial relation-
ships within representations. Two drawing strategies were
considered translation-dependent because their focus, whether
on connectivity & composition or on spatial features, varied
depending on the representations being translated. For exam-
ple, when students drew a transitional representation that is a
condensed structure, they emphasized connectivity & composition.
However, if the translational representation they drew was a
wedge-dash diagram, they often discussed spatial information.

Each reasoning strategy could be used in isolation or in
combination with others. On average, students used 2-4 stra-
tegies per task. Moreover, most strategies could be applied
either appropriately or inappropriately. If participants reasoned
appropriately, they applied the strategy normatively and made
productive statements relevant to that specific context. For
example, the ‘labeling atoms’ strategy was always appropriate
and productive because atoms can be labeled in any manner to
support sense-making; however, once labeled, students could
‘map the labeled atoms’ either appropriately or inappropriately.
In contrast, ‘mapping position on the page’ is a non-normative
and unproductive strategy. Rather than reasoning about the 3D
spatial relationships of substituents in two representations,

Table 2 Decoding, mapping, and drawing strategies, categorized by whether they support sense-making of connectivity & composition or spatial
information. The test-taking strategy ‘unfamiliar elimination’ is not included in this table as it did not support the sense-making of representations

Category

Connectivity & composition

Spatial information

Check connectivity (CC)

Anchor to a plane (AP)

Decoding strategies to
make sense of individual

Count atoms: carbons (CAC),
hydrogens (CAH), others (CAQ)

Mental rotation-full (MRF)

representations
Label atoms (LA)

Spatial orientation (SO)

Mapping strategies to

Map connectivity (MC)

Map frame of reference (MFR)

align features of one

Map functional groups (MFG)

Map position on page (MPP)

representation to
features of another

Map labeled atoms (MLA)

Map unique features of
representations (MUF)

Drawing strategies to

Expand the structure (ES)

externalize information

Draw transitional representation (DTR)

to reduce cognitive load

Redraw the representation (RR)

This journal is © The Royal Society of Chemistry 2026
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students simply compared the position of an atom, bond, or
functional group relative to the page (e.g., left, down) to con-
clude that the representations depict the same molecule.
‘Unfamiliar elimination’ is another always inappropriate strat-
egy, as students claimed they had never seen a certain repre-
sentation despite having been taught all seven in class.

RQ2: How does students’ use of reasoning strategies vary across
different representations?

Each translation required students to move between two dif-
ferent representations of molecular structure. While it is pos-
sible to analyze strategy use for each specific representation
pair, we instead conducted our analyses at the level of indivi-
dual representations. In other words, we counted the frequency
of strategies whenever a given representation appeared in a
translation task, regardless of whether it was the representation
translated from or the representation translated to, and regardless
of the other representation in the pair. This approach allowed us to
identify patterns in strategy use that are more directly tied to the
inherent features of each representation rather than patterns that
might be specific to a particular pairing.

On average, students used decoding strategies (75.2% of
translations) about as often as mapping strategies (76.3% of
translations), with a stronger emphasis on strategies that
supported reasoning about connectivity & composition (78.2%)
compared to those focused on spatial information (26.8%)
(Table 3). This pattern is unsurprising, as all seven representa-
tions convey connectivity & composition, but only certain repre-
sentations also convey spatial information (Fig. 1). Drawing
strategies were used less frequently (17.6% of tasks).

The data reveal clear, representation-specific differences,
with the most frequently used individual strategy varying from
one representation to another. For condensed structures (CS),
wedge-dash diagrams (WDD), chair conformation (CC),
and Newman projections (NP), the most frequently used was
‘mapping functional groups.” For Lewis structures (LS) and
skeletal structures (SS), it was ‘checking connectivity,” and for
molecular formulae (MF), it was ‘counting atoms - carbon’
(Appendix Table 6). MF tasks elicited the fewest strategies
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overall, with a strong emphasis on decoding, reflecting the fact
that this representation contains only compositional informa-
tion and little else to map or interpret spatially. In contrast, LS
and CS prompted both high decoding and high mapping use,
suggesting that their explicit connectivity details require students
to both interpret the representation and align it with others.
Representations with embedded 3D information, such as WDD,
CC, and NP, showed higher use of spatial strategies. Drawing
strategies appeared most often with CS and NP, likely because CS
often require expansion to make implicit atoms explicit, and
transitional sketches are helpful with NP to clarify orientation.

RQ3: How does students’ use of reasoning strategies impact
their accuracy?

To investigate if there is a relationship between student
answers and reasoning, the two-sided Fisher’s exact test and
Pearson’s y” test of independence were used. Odds ratios (ORs)
were evaluated post hoc as a measure of effect size. These
statistical tests showed that there is a strong and consistent
relationship between appropriate reasoning and answer accu-
racy across all representations, but with notable differences
across strategy categories (Table 4). Across all strategies com-
bined, p-values are <0.0001 for every representation, with high
ORs. Therefore, for each representation, if students used stra-
tegies appropriately, they were far more likely to complete
translation tasks correctly.

Breaking the data in Table 4 down by strategy category, the
appropriate use of decoding and mapping strategies show sta-
tistically significant associations and high effect sizes with
accuracy across all representations. The large mapping effect
sizes highlight that accurate translation depends on connecting
elements across representations, not just interpreting one in
isolation. Likewise, the large decoding effect sizes emphasize
that such translation is only possible when students can
accurately interpret the features of each individual representa-
tion. Drawing strategies present a more mixed picture: their
appropriate use is significantly associated with accuracy only
for SS, WDD, CC, and NP, which are representations that are
both novel to organic chemistry students, contain implicit

Table 3 The average number of strategies per representation in the 20 translation tasks. The gradient from dark green to yellow represents the
magnitude of values from highest to lowest. MF is molecular formulae, CS is condensed structure, LS is Lewis structure, SS is skeletal structure, WDD is
wedge-dash diagram, NP is Newman projection, and CC is chair conformation

MF cs LS SS WDD cC NP Average

Average number of

strategies used 1.9 2.6 3.5 2.5 33 2.6 33 2.9

Strategies categorized

Decode 94.2% | 76.9% | 90.6% | 82.7% | 66.4% | 78.6% | 75.3% | 75.2%
Map 26.9% | 89.0% | 92.2% | 73.1% | 93.3% | 80.1% | 87.9% | 76.3%
Draw 11.5% | 31.9% | 10.9% | 17.3% | 17.2% | 13.0% | 22.4% | 17.6%
Connect. & compos. 94.2% | 92.3% | 92.2% | 81.7% | 76.1% | 70.2% | 83.9% | 78.2%
Spatial information 1.9% 7.7% 12.5% | 17.3% | 37.3% | 37.4% | 39.7% 26.8%
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Table 4 The p-values (p) and odds ratios (OR) corresponding to Fisher's exact test or Pearson’s ;2 test to evaluate the relationship between student

answers and reasoning across the translation tasks

MF CS LS SS WDD cc NP

p [OR] p [OR] p [OR] p [OR] p [OR] p [OR] p [OR]
All <.0001* <.0001* <.0001* <.0001* <.0001* <.0001* <.0001*
strategies | [15.9] [12.6] [53.9] [8.9] [10.6] [13.8] [10.0]

Strategies categorized

Decode <.0001* .006* <.0001* .0003* <.0001* <.0001* <.0001*

[11.9] [17.9] [100.6] [9.4] [11.83] [26.39] [12.8]
Map .003* .001* <.0001* <.0001* <.0001* <.0001* <.0001*

[135] [17.13] [40.89] [18.1] [9.99] [14.6] [9.6]
S .285 n/a° n/a° .0048* .0092* .0022* .0025*

[11] [6.1] [17] [195] [10.24] [23.83] [12.22]
Connect. <.0001* <.0001* <.0001* <.0001* <.0001* <.0001* <.0001*
& comp. [13.08] [35.87] [213.5] [17.54] [14.10] [11.4] [14.86]
spatial n/a“ n/a‘ .167 1011 <.0001* <.0001* <.0001*

[3] [5.7] [11] [7.89] [14.9] [32.1] [9.48]

Legend: *Significantat p < 0.05. “ n/a are contingency tables in which all frequencies in one row or column are zero. MF is molecular formulae, CS
is condensed structures, LS is Lewis structures, SS is skeletal structures, WDD is wedge-dash diagrams, NP is Newman projections, and CC is chair

conformations.

features, and show a higher degree of 3D information. In these
cases, drawing may help reduce representational complexity,
highlight or visualize relevant features, and make implicit
atoms explicit. Interestingly, students relied on different drawing
strategies depending on the representation. When translating
with SS, WDD, and NP, the ‘draw transitional representation
strategy’ was associated with accurate answers (Appendix
Table 7). The representations most frequently drawn were SS
and MF. However, for CC, students used the ‘redraw the repre-
sentation’ strategy, suggesting that redrawing the CC called their
attention to the conventions of the representation to help them
better translate. While students used the ‘expanding the structure’
drawing strategy to make the implicit explicit, it was not asso-
ciated with better problem-solving. It should be noted that draw-
ing was not beneficial in cases when essential conventions were
overlooked. These findings underscore the importance of ensur-
ing that students can accurately draw diagrammatic conventions
of these representations, as this skill directly supports their ability
to translate between forms, especially those showing a higher
degree of 3D information.

When categorizing by representational features, connectivity &
composition strategies are highly significant for every representa-
tion, with high ORs, especially for LS and CS. This suggests that
correctly reasoning about connectivity and composition is uni-
versally important. Spatial strategies, in contrast, show significant
associations only for translations that include WDD, CC, and NP,
which are representations that encode 3D information. This
suggests, perhaps unsurprisingly, that spatial reasoning is a
necessary but representation-specific predictor of accuracy.

So far, we described the reasoning strategies students used
when translating between different representations of molecular

This journal is © The Royal Society of Chemistry 2026

structure, and how students’ use of these strategies varied across
different representations and impacted their accuracy. Besides
these findings, we also noticed patterns across students’ perfor-
mance, which are described in the section below.

RQ4: What patterns describe student proficiency when
translating between representations of molecular structure?

The cluster analysis revealed four distinct groups of students
based on their representation scores across all 20 translation
tasks (Fig. 2). To validate the clustering solution, we compared
these groups across additional external attributes not included
in the clustering process (Clatworthy et al., 2005). Specifically,
we examined the type and number of reasoning strategies used
as well as the characteristics associated with students’
approaches to problem-solving. These criteria helped us
develop a set of personas for each cluster, which is an approach
adapted from ethnographic research, that captures the defining
qualities of the problem solvers in each group (Pruitt and
Aldin, 2006; Zagallo et al., 2019). We represent these personas
through the metaphor of a contractor: just as contractors select
tools from their toolbox to complete a task, students draw upon
their repertoire of visualization tools and problem-solving
strategies. We identified four distinct personas: The Handyper-
son, The Apprentice, The Quick Fixer, and The Rule Follower.
Below, we describe the characteristics (Fig. 3) and reasoning
strategies (Fig. 4) of each persona.

The Handyperson. Participants identified as Handypersons
(n = 8) have a variety of tools in their toolbox to leverage
depending on the problem at hand. Importantly, Handypersons
know when and how to use these tools appropriately to solve
problems. Handypersons were the most proficient problem
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The Handyperson The Apprentice
Cluster 1 (n = 8) Cluster 2 (n = 11)
Repr ion Perfor R Rep! ion Perfor!
DWD
SS CC NP

Description: Most strategies used.
Flexible and proficient use across all
representations. Reasoning evolved
during problem-solving. Recognized
affordances and limitations of
representations.

Description: Used a variety of
strategies. Showed proficiency with
more familiar representations but
struggled with more spatial
representations with implicit atoms,
defaulting to rule-based reasoning.

Strategy Use:
e ~4 strategies/task .
¢ Majority used drawing strategies U
* Majority used spatial strategies

Strategy Use:

~3 strategies/task

Most used ‘mapping position on
the page’ strategy, comparing
substituent positions on the page
rather than reasoning about
spatial relationships
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The Quick Fixer The Rule Follower
Cluster 3 (n=4) Cluster 4 (n = 5)

Perfor

Repr Repr ion Perfor

Description: Struggled with spatial
representations. Rigidly followed self-
generated rules with limited
awareness of representational
affordances and limitations. All
expressed uncertainty or doubt.

Description: Heavily relied on surface
features of representations and
ignored spatial information. Frequent
inappropriate strategy use. All
expressed uncertainty or doubt during
problem-solving.

Strategy Use: Strategy Use:

s ~2 strategies/task ¢ ~2 strategies/task

* All used ‘mapping position onthe ¢ Majority used ‘unfamiliar
page’ strategy elimination’ strategy

* Did not use drawing strategies * Prioritized composition &

connectivity at the expense of
spatial information

Fig. 3 Four personas identified through the cluster analysis. Circle colors represent average performance with each representation: green = correct on
>2/3 of tasks, yellow = correct on 1/3 to 2/3 of tasks, and red = correct on <1/3 of tasks. The order and color for each persona align with its

corresponding branch in the dendrogram in Fig. 2.

solvers across all representations, correctly answering more than
two-thirds of all tasks. These students demonstrated an ability to
recognize both the affordances and limitations of different repre-
sentations. They also flexibly applied decoding, mapping, and
drawing strategies, including those involving spatial as well as
compositional reasoning. When using drawing strategies, Handy-
persons often began by drawing a transitional representation and
then checking whether the given structure corresponded to what
they had drawn. Although their initial answers were not always
correct, their reasoning frequently evolved during the explanation
process, shifting from incorrect to correct responses. On average,
Handypersons used four strategies per task (Fig. 3), and most of
their reasoning was appropriate (Fig. 4).

The

Handyperson
Cluster 1 (N = 8)

Will exemplifies the Handyperson persona. For example, when
converting between a CS and a WDD (Task A, Fig. 5), Will used the
‘drawing a transitional representation’ strategy to draw a SS of the
provided CS. He then compared his drawing to the WDD, reflect-
ing aloud: “I don’t know if that stereochemistry [in the wedge-dash
diagram] is correct, yeah, it is. It’s got to be correct. Boom! .. .this [CS]
isn’t supposed to display as much stereochemistry, whereas with the
tertbutyl group [in WDD], we can presume that at the end, these all
have to be on separate planes, right?” Will used a drawing strategy
first to convert the CS into the SS and then compared it to the
WDD. Additionally, Will acknowledged that the WDD affords the
depiction of stereochemical information, but that spatial informa-
tion is not represented in a CS.

Checking connectivity (CC)
Counting atoms: carbons (CAC)
Counting atoms: hydrogens (CAH)
Counting atoms: other (CAO)
Labeling Atoms (LA)

Anchor to a Plane (AP)

Mental Rotation-Full (MRF)

Spatial Orientation (SO)

Mapping Connectivity (MC)
Mapping Functional Groups (MFG)
Mapping Labeled Atoms (MLA)
Mapping Unique Features (MUF)
Mapping Frame of Reference (MFR)
Mapping Position on Page (MPP)
Expanding the Structure (ES)
Drawing Transitional Rep (DTR)
Redrawing the Representation (RR)
Unfamiliar Elimination (UE)
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[ incorrect Answer, Appropriate Reasoning

N Incorrect Answer, Inappropriate Reasoning

Fig. 4 The reasoning strategies used by students within each persona. The strategies on the left are sorted by the four categories described in Tables 1 and 2:
decoding (orange), mapping (blue), drawing (green), and general test-taking (purple). Bars are color-coded to demonstrate the accuracy of the answer (dark blue
for correct and red for incorrect) and shaded to reflect the appropriateness of reasoning for a given context (solid for appropriate and striped for inappropriate).
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Task A

Corresponds

\ o
| &
/\‘/ N

Fig. 5 Task A requires students to translate from a condensed structure to
a corresponding wedge-dash diagram. The skeletal structure was drawn
by Will. The “corresponds” in green indicates the actual answer, not the
students’ response.

CHyCOCH,C(CHy)

The Apprentice. Participants identified as Apprentices
(n = 11) know a variety of strategies and usually use them
appropriately, but they occasionally use rigid rule-based patterns
and non-normative approaches (Ward et al., 2022). Apprentices
are proficient with representations that explicitly depict the
atoms, which are commonly emphasized in general chemistry
(LS, CS, and MF). However, they struggle with representations
introduced in organic chemistry in which atoms are implicit (SS,
NP, WDD, CC). Like Handypersons, Apprentices applied decod-
ing, mapping, and drawing strategies, including those involving
spatial as well as compositional reasoning. On average, Appren-
tices used about three strategies per translation task.

Maggy exemplifies the Apprentice persona. While she per-
formed some translations correctly and supported her answers
with appropriate reasoning, other translations were a challenge.
For example, when converting a WDD to a CC (Task B, Fig. 6),
Maggy used the ‘redraw the representation’ strategy to redraw the
cyclic WDD as a linear WDD. This mistake has been documented
in our previous work in which over 15% of about 1500 students
thought that cyclic structures can be opened up into linear
structures (Ward et al., 2025). When asked about the purpose of
the linear WDD, Maggy stated, “This is literally the skeletal
structure since I didn’t, um, do the molecular formula. .. This is just
to check over it at the end, I guess, cause I didn’t write the formula.”
The interviewer followed up to clarify, asking Maggy how she
would perform this translation in the opposite direction (from CC
to WDD). Maggy doubled down on her approach: “...number it,
starting at one of the ethyl [methyl] groups and then keep numbering
it. Like you have to be consistent with the numbers. So, you can’t do
like one, two, like jump around like, you have to go continuously. And
then, you know, each point represents like a carbon. So, then we start

Task B
Corresponds

N
i =

Fig. 6 Task B requires students to translate from a cyclic wedge dash
diagram to a corresponding chair conformation. The linear wedge-dash
diagram was drawn by Maggy. The “corresponds” in green indicates the
actual answer, not the students’ response.

v
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to draw, I would draw, draw something like this first [indicates the
linear WDD she drew]. And then maybe if you told me to put it into a
cyclohexane, I would put it there. But honestly, if you didn’t tell me
that it was a cyclohexane, then I wouldn’t put it in that structure. I
would just leave it like that [indicates the linear WDD she drew].”
While Maggy correctly identified the two structures as corres-
ponding due to the ‘mapping labeled atoms’ strategy, she also
used the ‘redrawing the representation’ strategy inappropriately,
equating a cyclic structure with a linear structure. This non-
normative approach led to incorrect answers for other problems
Maggy encountered. During the interview, similar to other stu-
dents in this persona, Maggy acknowledged that she still needs
support or guidance when translating.

The Quick Fixer. Participants identified as a Quick Fixer (n = 4)
relied more heavily than other groups on surface-level similarities
between representations, often inappropriately applying the
‘mapping position on the page’ and ‘mapping unique features’
strategies. Quick Fixers struggled with translations across all
representation types. Quick Fixers primarily used decoding and
mapping strategies but did not employ drawing strategies (Fig. 4).
By focusing on surface features, these participants overlooked the
composition, spatial orientation, and the underlying meaning of
various representations. Instead, they thought that corresponding
structures must have features that appear in similar positions on
the page (e.g., up, left). On average, Quick Fixers used two
strategies per task (Fig. 3) and frequently expressed doubt or
uncertainty in their ability to translate.

Edith exemplifies the Quick Fixer persona. When translating
between a cyclic WDD and a linear NP (Task C, Fig. 7), Edith
described and drew the following: “So this wedge here [blue in
WDD] shows a carbon and three hydrogens, which is shown here [blue
in NP]. And then here and here [pink in WDD] show a carbon and
hydrogen, which is shown here [pink in NP, they are hydrogens. And
then this dash [red in WDD] is the reverse of this [blue in NP], which is
shown here [red in NP] and it shows what’s behind. And then, this
shows a carbon with hydrogens [purple in WDD], and this shows a
carbon with hydrogens [black in WDD], which is shown here with
these hydrogens [purple and black in NP].” Edith overlooked the
actual atomic composition and connectivity and, instead, applied
a ‘mapping position on the page’ strategy, equating features simply
because they appeared in similar positions across the two dia-
grams. By relying on surface similarity over structural meaning, she
inappropriately treated a cyclic WDD as if it corresponded directly

Task C
Does not correspond

W

Fig. 7 Task C requires students to translate from a cyclic wedge dash diagram
to a Newman projection that does not correspond. The structures were
annotated by Edith, and the color was added for emphasis and clarity. The
“does not correspond” in red indicates the actual answer, not the students’
response.
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to a linear NP. All participants grouped as Quick Fixers used this
inappropriate ‘mapping position on the page’ strategy.

The Rule Follower. Participants identified as a Rule Follower
(n = 5) often followed a set of rules that they could not deviate
from. Rule Followers approached translation tasks as though
following an instruction manual, disregarding anything that
fell outside the rules they applied. The rule-based reasoning
patterns applied by Rule Followers, similar to Apprentices, were
self-generated. Notably, these rules revealed both a limited
grasp of both representational conventions and the affordances
and limitations of different representations. Rule Followers
were only proficient with MF, LS, and SS. They applied decod-
ing, mapping, and drawing strategies, including those invol-
ving reasoning about composition and connectivity, but not
about spatial relationships. Rule Followers expressed a lot of
doubt in their responses, resulting in a frequent use of the
‘unfamiliar elimination’ strategy. Similar to the Quick Fixers,
Rule Followers used about two strategies per task (Fig. 3).

Charlie and Vanessa are two participants characterized as
Rule Followers. When translating between a CS and a WDD
(Task A, Fig. 5), Charlie stated, “Uh, because the problem with
[WDD] is that they, uh, indicate some sort of orientation or
directionality of the substituent groups. Um, not to say that those
are like wrong per se... there’s not enough information from the
orientation, from the representation to answer that.” Here, Char-
lie assumed that a CS could not correspond with a WDD
because one affords spatial information and the other does
not. This rigid reasoning prevented him from leveraging the
complementary information across the two representations.

Vanessa would immediately state that structures they were
less familiar with would not correspond. For example, she
stated that she was not familiar with chair conformations
(CC), which is why when completing Task B (Fig. 6), she stated
“that one just doesn’t look right [CC]. .. just because I'm unfami-
liar with this one as well, I'm going to ‘X’ it out.” Their disregard
for representations that they perceived as not familiar (even
though they were taught them in class) led to Rule Followers
struggling to complete many of the problems.

Limitations

There are several limitations that should be acknowledged. First, all
interviews were conducted and recorded virtually, which limited
our ability to fully capture student gestures. Gestures often play an
important role in translation tasks, particularly those requiring
spatial reasoning (McCollum et al, 2014; Flood et al., 2015; Stieff
et al, 2016). Without a complete record of these nonverbal
behaviors, our analysis does not fully capture the role gestures play
in supporting or externalizing students’ reasoning processes.
Second, the number of distinct representations varied across
tasks. For example, there were more tasks involving translations
using wedge-dash diagrams than molecular formulas. Because of
this uneven distribution, we analyzed strategy use at the level of
individual representations rather than representation pairs. This
approach allowed us to identify patterns tied to the inherent
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features of each representation, but it comes with trade-offs.
Certain strategies may emerge more or less frequently when
students translate between specific representation pairs, and these
nuances are not visible when strategies are aggregated at the
representation level.

Third, the sample was from a single institution and reflects
the characteristics of that student population. Other popula-
tions may use different strategies or bring different experiences
to translation tasks. Additionally, our relatively small sample
size limited our ability to test the statistical significance of
strategy use within clusters or personas.

Finally, our interviews capture students’ translation strate-
gies at a single moment in time. We do not account for how
these strategies might develop or shift over the course of the
Organic Chemistry course sequence.

Discussion and conclusions

We identified 18 distinct strategies that students used across
seven representations of molecular structure, which we
grouped into decoding, mapping, drawing, and general test-
taking categories. In the context of our study, the test-taking
strategy of ‘unfamiliar elimination,” which has also been cap-
tured in other contexts (Sandi-Urena et al., 2020), was indicative
of students who have not developed a thorough understanding
of the course material. The strategies also differed in the kinds
of representational features they helped students make sense
of: connectivity & composition versus spatial relationships. Stu-
dents typically used 2-4 strategies per translation task, and
most strategies could be used either productively or inappro-
priately, underscoring the importance of not only knowing a
strategy but also applying it effectively. Overall, decoding and
mapping strategies were most common, used in about three-
quarters of translation tasks, while drawing strategies appeared
less often, in fewer than a quarter of tasks.

Translating between representations is defined as the ability to
“map features of one type of representation onto those of another”
(Kozma and Russell, 2005, p. 132), and students’ mapping strate-
gies (e.g, ‘mapping functional groups’) directly supported this
process. Decoding strategies such as ‘checking connectivity’ or
‘counting atoms’ reflect interpretation skill, defined as “the ability
to use words to identify and analyze features of a particular
representation” (Kozma and Russell, 2005, p. 132). Students also
used drawing strategies (e.g., ‘expanding the structure, ‘drawing
transitional representations’), which represent generation skill
(Kozma and Russell, 2005). Drawing is known to support students
in offloading information from the working memory onto the
paper (Miller, 1956; Chandler and Sweller, 1991; Hegarty and
Steinhoff, 1997; Johnstone, 2006; Fiorella and Zhang, 2018; Fan
et al., 2023), though some studies suggest that drawing increases
cognitive load (Leutner et al, 2009). However, within this study,
students were not required to draw but chose to, suggesting its
utility in achieving their goal. These findings highlight how
interconnected representational competence skills are: interpreting
and generating directly support students’ ability to translate. This
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interconnectedness also extends to students’ meta-represen-
tational skills. For example, Rule Followers’ limited awareness of
the affordances and limitations of representations hindered their
translations. This issue is reflected in prior work showing that
weak meta-representational reasoning constrains problem solving
(Jaber and BouJaoude, 2012). Taken together, and similar to other
studies (Nickel et al, 2025; Ward et al, 2025), these results
emphasize the need to develop representational competence as
an integrated whole, where interpretation, translation, generation,
and meta-representational skills work in concert rather than as
isolated skills.

Students’ strategy use varied across representations, which
has been previously shown in other studies examining how stu-
dents translate between representations (Koutalas et al, 2014).
Molecular formulae elicited the fewest strategies, mostly focused
on decoding by counting atoms. Lewis and condensed structures
prompted both decoding and mapping, while 3D-rich representa-
tions such as wedge-dash diagrams, chair conformations, and
Newman projections elicited more spatial reasoning. The most
common strategies differed by representation: ‘counting atoms’ for
molecular formulae, ‘checking connectivity’ for Lewis and skeletal
structures, and ‘mapping functional groups’ for condensed, wedge-
dash, chair, and Newman tasks. Drawing strategies appeared most
often with condensed and Newman structures, where sketches
helped make implicit and/or spatial features explicit. These find-
ings highlight how representational features shape the reasoning
strategies students use, pointing to the need for instruction tailored
to the unique demands of each representation.

Across all representations, there was a strong and consistent
relationship between appropriate strategy use and accuracy.
Unsurprisingly, students are most proficient with translating
between representations covered in general chemistry (molecular
formulae, Lewis, and condensed structures) and are more chal-
lenged by the new representations introduced in organic chem-
istry, which also communicate more 3D information (skeletal
structures, chair conformations, wedge-dash diagrams, and New-
man projections). Similar to the findings of Olimpo and colleagues
(2015), as the complexity of the representation increases, so does
the chance that the students will respond incorrectly to a prompt.
Decoding and mapping strategies were especially powerful predic-
tors of correct translations, because accurate interpretation of
individual representations and effective linking across them are
both essential. Drawing strategies were associated with accuracy in
tasks involving representations that use implicit features and
depict spatial information (skeletal structures, chair conforma-
tions, wedge-dash diagrams, and Newman projections), where
sketching reduced complexity or made implicit features explicit.
Transitional drawings, especially with skeletal structures, wedge-
dash diagrams, and Newman projections, supported accuracy
by reducing complexity and making features explicit. Redrawing
chair conformations also appeared to help students attend to
representational conventions. The underuse but importance of
drawing strategies, especially when complexity or 3D information
is involved, highlights the importance of encouraging students to
practice drawing representations (Ainsworth et al., 2011; Van Meter
and Firetto, 2013). Connectivity & composition strategies were
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universally important, whereas spatial reasoning strategies pre-
dicted success only for 3D representations.

Finally, we identified four distinct personas that describe
students’ approaches to translation tasks. The Handypersons
demonstrated the most proficient and flexible use of strategies,
applying them appropriately across all representations. For exam-
ple, they drew on a wide repertoire of strategies and showed
awareness of when to generate additional structures or when to
rely on imagistic reasoning, which are practices often associated
with expert problem solvers (Stieff and Raje, 2010). The Apprentices
showed solid proficiency with more familiar representations
(molecular formulae, Lewis and condensed structures) but strug-
gled with more spatial representations that use implicit atoms
(wedge-dash diagram, skeletal structures, chair conformations,
and Newman projections), occasionally defaulting to rule-based
reasoning. The Quick Fixers struggled across all representations
because they relied on inappropriate surface-level comparisons.
They also did not use any drawing strategies to support their
reasoning. Finally, Rule Followers struggled with representations
that communicate spatial information. They rigidly followed self-
generated rules with limited awareness of representational affor-
dances and limitations. These personas illustrate key differences in
translation proficiency and provide a practical framework for
instructors to recognize and respond to diverse student approaches.

Implications

This work provides insight into the strategies students use when
translating between representations and responds to instructors’
reported need for guidance on how to effectively teach with them
(Popova and Jones, 2021). Because instructors’ choices of repre-
sentations are shaped by their perceptions of student knowledge
(Patron et al., 2017), it is important to help students recognize the
purpose of each. One way to make this explicit is through overview
diagrams such as Fig. 1, which illustrate how representations vary
in complexity and why different representations may be needed.
Using such tools can strengthen students’ meta-representational
awareness by helping them see not only how representations
differ, but also what each affords and where each is limited. This
is important as previous research in the context of resonance has
shown that meta-representational awareness has a great impact on
student conceptual understanding (Xue and Stains, 2020). To
further develop this skill, instructors can design tasks that require
students to choose and justify the most appropriate representation
for a given context.

This study underscores the need to treat representational
competence as an integrated set of skills rather than as
separate abilities. Instructors should recognize the complexity
of representational tasks that may appear simple to them because
of their years of experience in the discipline (Popova and
Jones, 2021). They should scaffold and model their reasoning in
contexts that provide integrated learning opportunities, where
students can practice combining interpretation, translation, gen-
eration, and meta-representational awareness rather than treating
these skills as isolated (Ward et al., 2025).
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When translating between representations, students not only
need to know a range of strategies but also to learn when and how
to use them productively. For example, rather than letting students
default to surface-level cues, instructors could design practice tasks
that require students to justify their reasoning with structural
features, such as connectivity or spatial orientation. The strong
link between appropriate strategy use and accuracy suggests that
instruction should focus on making strategies explicit and visible.
Instructors can model their own reasoning aloud (e.g., “first I'll
count carbons to check connectivity, then I'll map functional
groups”), and then ask students to solve similar problems in
think-pair-share or clicker formats. Reflection prompts or short
written justifications can be built into homework and exams to
reinforce metacognitive awareness of strategy choice. Drawing
should be encouraged as a routine practice for representations
that convey 3D information: students might be asked to sketch a
wedge-dash diagram from a condensed structure, or draw a
transitional representation before deciding whether two represen-
tations depict the same molecule.

Finally, the four personas identified in this study illustrate the
diverse ways students approach translation tasks. These personas
can help instructors anticipate common challenges and tailor
support accordingly. For example, “Handypersons” can benefit
from opportunities to explain their reasoning while translating.
These students occasionally began with an incorrect answer,
but through verbalizing their thought process, their reasoning
often shifted toward the correct solution. “Apprentices” may need
targeted practice with spatially rich representations. “Quick Fix-
ers,” who rely on surface cues, may need assessments that probe
beyond recognition to explanation. Similar to other studies
(Stieff, 2010; Stieff and Raje, 2010; Stieff et al., 2012), we recom-
mend that these students be modeled a broad repertoire of
strategies, so that they have more problem-solving tools at their
disposal. “Rule Followers” could benefit from assignments that
explicitly ask students to compare the affordances and limitations
of different representations and how multiple representations can
be used in tandem to communicate different things. By recogniz-
ing these different approaches, instructors can better design
scaffolds that move students from limited or rule-based reasoning
toward more flexible, expert-like problem solving. While we pro-
vide suggestions tailored to each persona, their implementation
would help all students.

Structured activities, such as clicker questions, think-pair-share,
guided inquiry, or small-group discussions, can make reasoning not
only visible but also actively develop it. Both “Apprentices” and
“Quick Fixers” often relied on the unproductive ‘mapping position
on the page’ strategy, focusing on the surface placement of sub-
stituents rather than reasoning about their spatial orientation.
These students could benefit from explicit confrontation with such
non-normative approaches. An example class activity, which creates
opportunities for students to articulate their reasoning and recog-
nize flaws in surface-level approaches, is shown in Fig. 8.

Following the discussion, instructors could model how to
redraw a wedge-dash diagram as a Newman projection for “Quick
Fixers,” and use that moment to highlight the affordances and
limitations of each representation for “Rule Followers.” Prompts
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Think — Write — Pair — Share

/ ’ i
Jon claims the two structures below represent the same molecule because the
methyl groups appear to point in the same direction. Using as many approaches
as you can, explain why these structures are not equivalent. In your explanation,

make sure to highlight the structural evidence that you used to justify your
claim.

- H

Fig. 8 Anexample think — write — pair — share activity to support students
in translating between representations of molecular structure.

should encourage students to consider the complementary func-
tions of different visual representations rather than superficial
similarities between them and to focus on conceptually relevant
features (Rau, 2017). Feedback should go beyond right or wrong
answers to highlight reasoning strategies and help students refine
their approaches (Ward et al., 2022; Rotich et al., 2024).

Carefully designed assessment items can also reveal rule-
based reasoning patterns, helping identify students who rely on
them (see Fig. 3.3 in Ward et al., 2022). Physical model kits or virtual
3D models can further support students in translating between
spatially rich representations. However, these tools function as
representations themselves and, as studies have shown, students
require assistance in using manipulatives and computer-generated
models (Carlisle et al., 2015), because if students do not understand
the affordances or limitations of manipulatives, they will not use
them (Padalkar and Hegarty, 2013; McCollum et al., 2016).

Finally, to monitor the effectiveness of instruction for sup-
porting students’ ability to translate between different repre-
sentations, instructors could use the Organic chemistry
Representational Competence Assessment (ORCA; Ward et al.,
2025). ORCA measures the learner’s ability to interpret, trans-
late, and use various commonly used representations of mole-
cular structure in organic chemistry.
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Appendix

Tables 5-7.

Table 5 Average scores for each translation

MF | CS | LS SS |WDD | CC | NP
MF - - - 2.40 - 2.00 | 2.08
(&) - 1231]220| 237 | 2.54 | 193
LS 2.69 | 2.50 - - 2.77
SS 2.73 - 2.31 | 2.07
WDD 2.54 | 2.22 | 2.03
CC 2.36 | 2.07
NP -

Table 6 The overall percentage of tasks that contained each individual strategy

MF CS LS SS WDD CC NP Average
Checking connectivity® 54% | 41.0% | 59.7% | 42.5% | 33.7% | 19.5% | 37.0% | 33.6%
Counting atoms: C° 67.9% | 22.0% | 40.3% | 24.8% | 21.6% | 26.8% | 26.0% | 27.5%
Counting atoms: H® 57.1% | 18.0% | 31.3% | 23.0% 8.4% 18.1% 8.3% 17.4%
Counting atoms: O° 17.9% | 9.0% | 26.9% | 19.5% | 5.3% 3.6% 9.9% 10.5%
Labeling atoms® 1.8% 8.0% | 10.4% | 8.0% | 22.1% | 13.7% | 21.0% | 13.9%
Anchor to a plane? 0.0% 3.0% 4.5% 1.8% | 30.5% | 29.7% | 24.9% | 17.9%
Mental rotation® 0.0% 0.0% 0.0% 9.7% 1.6% 0.7% 2.2% 2.6%
Spatial orientation® 0.0% 5.0% 1.5% 0.0% 6.3% 0.7% 9.4% 3.7%
Mapping connectivity® 1.8% 34.0% | 56.7% | 38.9% | 30.0% | 18.8% | 33.1% | 30.1%

Mapping functional
) 8.9% | 52.0% | 52.2% | 37.2% | 53.7% | 33.3% | 53.0% | 43.1%
groups
Mapping labeled atoms® 1.8% 6.0% | 10.4% | 6.2% 13.7% | 13.0% | 12.2% | 9.8%
Mapping unique features 0.0% 20.0% | 26.9% 6.2% 33.2% | 20.3% | 33.1% | 23.5%
Mapping frame of

reference?

0.0% 1.0% 1.5% 1.8% | 23.2% | 21.7% | 17.1% | 13.1%

Mapping position on the
page?

Expanding the structure 3.6% 3.0% 3.0% 5.3% 8.4% 2.1% 7.2% 5.0%
Drawing transitional rep 3.6% 26.0% 9.0% 10.6% | 13.2% 1.4% 14.4% | 10.9%
Redrawing the
representation
Unfamiliar elimination 1.8% 5.0% 3.0% 3.5% 8.9% 8.0% 9.4% 6.3%

0.0% 0.0% 6.0% 44% | 10.5% | 9.4% 9.4% 7.2%

5.4% 1.0% 0.0% 2.7% 4.7% 8.7% 3.9% 3.9%

“ Strategies characterized as spatial. ? Strategies that emphasize connectivity and composition. The representations are abbreviated as molecular
formulae (MF), condensed structures (CS), Lewis structures (LS), skeletal structures (SS), wedge-dash diagrams (WDD), Newman projections (NP),
and chair conformations (CC).
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Table 7 The p-values (p) and odds ratios (OR) correspond to either Fisher's exact tests or Chi-squared test for the significance of the appropriate
reasoning with the strategies and students’ answers. Only strategies that evidence significance with at least one representation are shown. The
representations are abbreviated as molecular formulae (MF), condensed structures (CS), Lewis structures (LS), skeletal structures (SS), wedge-dash
diagrams (WDD), Newman projections (NP), and chair conformations (CC)

MF CS LS SS WDD CC NP

p [OR] p [OR] p [OR] p [OR] p [OR] p [OR] p [OR]
Check .333 .0256* .0128* .0186* .002* 111 .0001*
connectivity | [15] [31.4] [50.7] [37.7] [9.84] [29.4] [18]
Count .0607 .0286* .1481 119 .0001* .1102 <.0001*
atoms: C [4.76] [35] [20] [10.8] [52.5] [5.36] [47.1]
Count <.0001* n/a? .0143* .0047* .125 .006* .0147*
atoms: H [67.22] [4.4] [61.7] [38] [29] [30] [35]
Anchortoa | n/a® n/a? n/a? n/a® .0009* .0001* .093
plane [3] [7] [7] [n/a"] [13.67] [105.3] [4.2]
Map n/a? n/a® .0005* .0008* .0004 >.999 .0002*
connectivity | [5] [11.4] [25.9] [110.6] [14.9] [.911] [21.5]
Map n/ad n/a? .035* A <.0001* .0039* .0005*
functional [3] [.33] [25.9] [6.98] [9.88] [47.7] [6.3]
groups
Map labeled | n/a® .3333 .1429 .0476* .001* 2222 .0002*
atoms [3] [7.8] [39] [55] [73.8] [12.43] [85.8]
Map unique | .2 .1206 n/a? .1429 .0031* .0006* <.0001*
features [27] [8.33] [11.67] [15] [6.25] [50.1] [31.5]
Map frame | n/a® n/a n/a? n/a® <.0001* .0001* .0443*
of reference | [n/a"] (3] (3] [n/a®] [37.5] [705] [10.4]
Draw >.999 n/a® n/a® .0152* .015* n/a? .002*
transitional [5] [6.4] [13] [105] [28.8] [5] [36.6]
representat.
Redraw the .333 n/a? n/a® n/a? n/a? .0045* n/a?
representat. | [15] [7] [n/a"] [7] [5.7] [133] [4.33]

*Significant at p < 0.05. n/a® are contingency tables in which all frequencies in one row or column are zero n/a® are contingency tables in which all

frequencies are zero.
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