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Editorial on the Research Topic

Organic chemistry education research into practice

Scholarship in chemical education has grown in remarkable ways over the past century.

What started with a focus in primary and secondary education soon spread to first-

year courses in higher education. By 2008 there was enough research on topics beyond

the introductory undergraduate level, that the Royal Society of Chemistry’s Chemistry

Education Research and Practice dedicated a Research Topic to “advanced courses” (Bodner

and Weaver, 2008). Along with the expansion into all levels of education, scholarship in

chemical education has advanced to the point that journals devoted to chemical education

are now dominated by theory-grounded research studies using quantitative, qualitative,

and mixed methodologies (Cooper and Stowe, 2018)!

Ostensibly, chemical educators worldwide use the resulting bodies of research to

inform, and reform, their instruction. However, these innovations are infrequently

reported because of the absence of peer-reviewed journals in which the associated

scholarship can be published (Sweder et al., 2023). We are excited to provide this forum for

presenting evidence-based instructional practices in organic chemistry. To use an analogy

from organic synthesis, CER articles are equivalent to methodology articles; and evidence-

based practice articles—like the ones in this special issue—are like total syntheses. Just

as we recognize the importance of total syntheses in showcasing and extending/refining

respective methodologies, the articles in this issue, similarly, expand the knowledge base of

CER and are clearly a valued form of scholarship in chemical education.

The contributions to this special issue of Frontiers in Education share several key

attributes. First, each group of authors designed learning experiences that are grounded

in research literature and/or theoretical frameworks from social sciences and philosophy.

Second, the articles include detailed descriptions of the context in and methods by

which the authors implemented their developed learning materials. Third, the authors

demonstrate the efficacy of their evidence-based course innovations. Critically, all the

presented data in this issue are consistent with one or more levels in St. John and McNeal’s

(2017) strength of evidence pyramid.
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This Research Topic contains 12 articles, divided into

three themes: (1) generally-applicable instructional strategies;

(2) imaginative repurposing of instructional agents and virtual

platforms; and (3) innovative approaches to assessment. In the brief

descriptions of the contributions in the following paragraphs, we

use one of the following abbreviations after the authors’ names to

designate the Frontiers manuscript category to which the article

belongs: Curriculum, Instruction, and Pedagogy (CIP), Hypothesis

and Theory (HT), Original Research (OR), Perspective (P), or

Review (R).

Each of the contributions to the first theme, generally-

applicable instructional strategies, presents concepts that are

applicable to teaching across the spectrum of topics in organic

chemistry. Popova (P) describes how research-practitioner

partnerships can be used to create more effective course materials

and, therefore, pedagogical implementation of research findings.

Using representational competence as an example, the author

explains how one such partnership was used to explicitly address

an area of learner skill development that is often left implicit.

MacNeil et al. (CIP) follow with a report on instruction in

metacognition delivered concomitantly with course content. Using

seminal works from cognitive and educational psychology, the

authors developed a combination of learning task inventories,

confidence self-assessments, and performance predictions and

post-dictions. They found that learners improved their ability

to engage cognitive processes involving planning, monitoring,

and evaluating knowledge acquisition. Wackerly et al. (HT) then

propose that abductive reasoning skills, essential in scientific

problem-solving and medical diagnosis, are crucial for career

interests of students that present in the 2nd-year undergraduate

course. The authors provide examples of how instructors can

integrate abductive reasoning into their teaching and, thereby,

enhance students’ problem-solving abilities. Concluding this

section, Graulich and Lieber (R) assert that effective chemistry

learning requires engaging students in meaningful tasks that

go beyond rote exercises. They explain that contrasting case

comparisons are meaningful because they tend to induce students

to use multiple cognitive operations simultaneously, which helps

in their overall problem-solving ability.

The authors for the second theme, imaginative repurposing of

instructional agents and virtual platforms, meticulously describe

their adaptations and successful creation or adaptation of

instructional methodologies for virtual and in-person learning.

Schuessler et al. (OR) present their conversion of assessment tasks

from pencil-and-paper formats into a digital ones. In their multi-

institutional study, the authors demonstrate how these types of

transitions need to be carefully and purposefully executed. Using

cognitive load theory, the research team used several cycles of

implementation and feedback to identify and minimize extraneous

cognitive load resulting from the change in medium. Griffin

et al. (CIP) describe their use of chemical education and peer-

learning research literature to simultaneously design a new lab

curriculum alongside a new Learning Assistant (LA) program in

which undergraduate students worked with the graduate teaching

assistants (GTAs). The authors discuss how interactions with

LAs positively impacted several affective factors for students in

non-majors courses. Additionally, the students found LAs to be

especially helpful when their GTAs were working with other

students. Ward et al. (CIP), explore how an augmented reality (AR)

app, H NMR MoleculAR, helps students understand proton NMR

in organic chemistry labs. The study highlights the challenges and

benefits of using AR tools in different learning environments. In

the final article of this section, Gallardo-Williams and Dunnagan

(P) present their use of extended reality to address factors related to

access to instructors during introductory-level organic chemistry

labs. Initially developed for virtual instruction, the authors provide

a research-based methodology for fostering constructive and

thoughtful interactions between students and their lab instructors

in research-focused institutions.

The articles in the final theme, innovative approaches to

classroom assessment, offer compelling evidence demonstrating

the potential of non-standard methods of assessment. Mio (CIP)

reviews alternative grading methods, such as “ungrading” and

standards-based assessments, and describes how these can reduce

students’ stress and anxiety while improving their metacognition.

Gaines and Burrows (CIP) implemented oral examinations in two

different classrooms during the disruption in educational settings

caused by the pandemic. They found that oral exams allowed

students and instructors to collaboratively identify strengths and

weaknesses. Moster and Zingales (CIP) describe specifications-

based grading in an online graduate organic chemistry course,

wherein students earned grades by meeting specific learning

objectives rather than accumulating points. The flexible system

allowed students to choose assessments, work at their own pace,

and use tokens for extensions or retakes, leading to more content-

focused interactions and a slight increase in pass rates. This

Research Topic concludes with Ferguson and Bonner (P), who

share their perspective on “ungrading” across the curriculum and

how they implement it in their organic chemistry courses. LikeMio,

they propose “ungrading” as a promising strategy for increasing

student metacognition.

Above all, we would like to thank the more than 30 authors

who contributed to this Research Topic. The authors afford

readers unique opportunities to learn about new and effective

instructional strategies, some of which may have been previously

unknown. Furthermore, several manuscripts demonstrate how

creative adaptation of existing resources can lead to ground-

breaking change.

As co-Editors, we recognize that a single Research Topic,

cannot comprehensively alter the landscape of teaching and

learning in organic chemistry. Rather than being definitive or

prescriptive, our main hope is that this issue will stimulate

healthy debates in the global chemical education community about

ways to improve the student experience. Though we may have

differences in approaches and proposed remedies, as instructors

of organic chemistry we can certainly agree that there is room

for improvement.

Finally, we strongly feel that the contributed articles

demonstrate the immense value of practice-focused, evidence-

based scholarship in chemical education, and the clear need for

more venues to publish articles like the ones in this issue. In

fact, the American Chemical Society Statement on Scholarship

(American Chemical Society Committee on Education (SOCED),

2010) exhorted, “the chemistry community [to] accept and act upon
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a broader definition rewarding faculty for the wide range of activities

needed to bring about a modern and effective research and education

infrastructure.” To that end, journals need to establish clear and

consistent guidelines for evidence of instructional efficacy that do

not mandate research studies. We hope that the readers will join us

in advocating for these future opportunities.
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Bridging chemistry education 
research and practice through 
research-practice partnerships
Maia Popova *

Department of Chemistry and Biochemistry, University of North Carolina at Greensboro, Greensboro, 
NC, United States

This perspective article is a call to establish research-practice partnerships (RPPs) 
to foster collaborations between instructors and education researchers to tune 
into the needs of practice, share evidence-based practices, and solve modern 
organic chemistry education problems. I begin the article by discussing some 
limitations of the traditional approach of “translating” research into practice 
and suggest RPPs as an alternative model for “bridging” research and practice. 
Importantly, RPPs have been shown to address persistent problems of practice 
and improve educational outcomes. While more common at the secondary 
level, RPPs are rarely leveraged in post-secondary chemistry education. 
The article goes on to provide a concrete and relevant context for potential 
future RPP efforts to improve aspects of organic chemistry education—RPPs 
between education researchers and organic chemistry instructors to work 
toward designing, administering, and testing interventions to support learners’ 
representational competence (RC). RC is a set of skills that allow for the 
reflective use of a variety of representations to think about, communicate, and 
act on chemical phenomena. Current instruction often falls short of effectively 
supporting learners in developing RC. It is often tacitly assumed that learners 
will develop RC without explicit instruction that scaffolds the development 
of the RC skills. While it is important to improve the teaching about and 
with representations, implementing innovative pedagogical approaches 
can be  challenging, particularly when instructors feel isolated in their efforts 
within their work environments. The RPP model could catalyze solutions to 
these challenges by pooling diverse expertise, thus enabling more robust and 
sustainable educational innovations.

KEYWORDS

post-secondary education, organic chemistry, representational competence, 
professional development, research-practice partnerships

1 The problem with traditional approaches to 
translating research into practice

In the ever-evolving landscape of higher education, the importance of implementing 
innovative, evidence-based pedagogical approaches cannot be overstated. Educators must 
continuously seek out and apply the best available evidence to their teaching practices, thereby 
enhancing the quality of education they provide to improve student learning outcomes. At the 
same time, implementing innovative pedagogical approaches can be challenging, particularly 
when instructors feel isolated in their efforts within their work environments. Even if 
instructors recognize the potential benefits of a particular innovation, the absence of support 
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can impede their well-intentioned curricular reform efforts or efforts 
to improve their teaching practices (Fairweather, 2008). These barriers 
can result in a lack of motivation needed to initiate change within their 
instruction (Shadle et al., 2017). To mitigate these barriers, educators 
and curriculum developers require knowledge, skills, resources, and 
support. This need has been previously emphasized by the National 
Research Council:

“The translation of research findings into forms useful for 
educational practice… will require large-scale, systematic 
experimentation and demonstration to transform knowledge about 
human learning and the development of competence into the 
working vocabulary of teachers…” (Committee on a Feasibility 
Study for a Strategic Education Research Program, National 
Research Council, 1999, p. 3).

Today, one of the most common mechanisms to provide such 
support is faculty professional development initiatives that typically 
involve structured programs, workshops, or seminars, where 
education researchers directly impart knowledge to instructors in a 
one-directional manner. A significant limitation of such traditional 
professional development lies in the assumption that knowledge 
transfer is straightforward and that teaching practices can be directly 
informed and transformed by simply exposing instructors to new 
educational theories or research findings. The conventional 
“translation” metaphor of research into practice provides an 
impoverished way of understanding the complex relationship between 
research and practice (Penuel et al., 2015). While effective to a degree, 
the “translation” approach overlooks several critical aspects that are 
essential for meaningful pedagogical growth as it fails to account for 
the specific contextual challenges and opportunities within different 
teaching environments and results in a lack of instructors’ engagement 
and ownership, missed opportunities for collaboration between 
educational researchers and instructors, inadequate attention to 
implementation challenges, and issues with the sustainability of 
instructional innovations (Burbank and Kauchak, 2003; Chicoine, 
2004; Webster-Wright, 2009; Coburn et al., 2013; Penuel et al., 2015; 
Coburn and Penuel, 2016; Rodriguez and Towns, 2019; Johnson, 2022).

Major task force reports have called for changes in how 
we conceptualize the “translation” of research into practice (National 
Research Council, 1999; Donovan et  al., 2013). Researchers, 
administrators, and stakeholders need to better account for the 
complex challenges researchers and practitioners face when using 
research to drive educational improvement (National Research 
Council, 1999; Coburn and Stein, 2010; Donovan et al., 2013). These 
efforts should go beyond the predominantly used “teaching as telling,” 
“one-directional,” or “one-shot” professional development models, 
especially given the evidence of the failure of some of these 
professional development approaches (Lovitt and Clarke, 1988; Fullan 
and Stiegelbauer, 1991; Johnson, 1998). The evolving landscape of 
higher education and the diverse needs of modern learners call for 
more innovative, flexible, and inclusive professional development 
approaches, as well as for a broader range of mechanisms through 
which faculty professional development can emerge. This perspective 
article is a call for the chemistry education community to consider an 
alternative faculty professional development model that has the 
potential to address the limitations described above—research-
practice partnerships (Coburn et al., 2013; Penuel et al., 2015).

2 Research-practice partnerships as 
an alternative model for bridging 
research and practice

Research-practice partnerships (RPPs) are long-term 
collaborations, often between educators and education researchers, 
that have been shown to address persistent problems of practice, and 
improve educational outcomes (Tseng, 2012; Coburn et  al., 2013; 
Donovan et al., 2013; Fishman et al., 2013). RPP members establish 
an external community of like-minded colleagues outside of one’s 
institution which becomes an important force in promoting 
educational innovation. RPP members engage in processes of 
collaboration and exchange that are both messier and often more 
transformative than the traditional “one-directional translation” of 
research into practice. RPPs are characterized by mutual goals that 
focus on problems of practice rather than gaps in research and theory. 
Importantly, these goals and efforts often evolve through interactions 
between RPP members, rather than being defined fully ahead of time 
(Penuel et al., 2015).

RPPs offer opportunities for growth and development not only for 
instructors but also for education researchers. By working closely with 
practitioners, researchers gain direct insights into the problems of 
practice. This deep engagement with the realities of educational 
settings fosters a richer understanding of the context-dependent 
nature of learning and teaching, enhancing the relevance and 
applicability of research findings. Effective RPPs establish shared 
authority where goals, work, and interactions are jointly negotiated, 
with carefully elaborated roles, routines, and protocols for engagement 
(Coburn and Penuel, 2016). Ultimately, this symbiosis between 
research and practice enriches the academic and research 
communities, fostering an environment where knowledge creation 
and pedagogical excellence coalesce more effectively.

While there is promising evidence on the impact of RPPs’ 
interventions on student learning at the secondary level (Fishman 
et al., 2003; Yarnall et al., 2006; Geier et al., 2008; Snow et al., 2009; 
Barab et al., 2010; Booth et al., 2015), RPPs are uncommon in post-
secondary chemistry education. Below I propose a potential direction 
for future RPPs to improve aspects of post-secondary organic 
chemistry education.

3 Representational competence as a 
potential context for future 
research-practice partnerships to 
improve aspects of organic chemistry 
education

Organic Chemistry is known for its high attrition rates (Lovecchio 
and Dundes, 2002; Jones and Gellene, 2005; Grove et al., 2008). It is 
imperative to rethink and redesign the curriculum, instructional, and 
assessment strategies used to teach this course. To effectively 
transform organic chemistry education, it is necessary to forge 
effective professional development programs to equip instructors with 
literature-based resources and support that could meaningfully affect 
instructors’ pedagogical knowledge and teaching practices (Gess-
Newsome et al., 2003; Henderson et al., 2011; Talanquer, 2014). One 
critical direction for these initiatives is in the area of representational 
competence (RC), as learning and communicating with visualizations 
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is an essential component of chemistry instruction (Kozma and 
Russell, 2005; Ainsworth, 2006; Gilbert, 2007; Stieff, 2007; Keehner 
et al., 2008).

The development of RC has been positioned as one of the chief 
goals for STEM education by the National Research Council (2012). 
Chemistry is one of the main STEM disciplines where learner success 
is significantly impacted by RC because many of the fundamental 
concepts and processes in chemistry cannot be directly observed or 
experienced in the physical world (Kozma and Russell, 2005; 
Ainsworth, 2006; Gilbert, 2007). Kozma and Russell (2005), p. 131 
define RC as “a set of skills and practices that allow a person to 
reflectively use a variety of representations, singly and together, to 
think about, communicate, and act on chemical phenomena in terms 
of underlying aperceptual physical entities and processes.” This set of 
skills includes the ability to interpret, translate, generate, and use 
representations, among others. At the same time, one can develop 
these foundational RC skills without understanding the ‘why’ behind 
engaging in tasks that require these skills. This is problematic because 
instruction and tasks that do not make sense to learners undermine 
their motivation to continue work in science (diSessa, 2004). Meta-RC 
“may be precisely what makes learning representations sensible to 
students” (diSessa, 2004). Meta-RC is a subset of RC that allows for 
the reflective and purposeful use of representations and includes skills 
such as the ability to describe affordances and limitations of various 
representations or select an optimal representation for a particular 
purpose. Therefore, effective support for developing RC requires a 
comprehensive approach that targets both the foundational RC skills 
and meta-RC skills.

Although a wide body of literature has focused on exploring 
organic chemistry students’ learning about and with representations 
(Bodner and Domin, 2000; Cooper et al., 2010; Grove et al., 2012; Stull 
et al., 2012; Popova and Bretz, 2018a,b,c), less is known about organic 
chemistry instructors’ approaches toward developing learner 
RC. Literature in this domain shows that even though conventional 
teaching approaches in chemistry incorporate a wide variety of 
representations, they are not frequently guided by learning objectives 
that explicitly target RC (Talanquer, 2022). It is often tacitly assumed 
that learners will develop RC without explicit instruction that 
intentionally scaffolds the development of the various RC skills. 

Recent studies from our research group found that neither chemistry 
instructors (Popova and Jones, 2021; Jones et al., 2022) nor chemistry 
textbooks (Gurung et al., 2022) support learners in developing higher-
level meta-RC skills that allow for the reflective and purposeful use of 
representations. Moreover, currently, no professional development 
opportunities exist focused on improving how instructors support 
learner RC, despite chemistry instructors reporting wanting to learn 
about (a) finding quality representations to use in their teaching (e.g., 
animations, simulations), (b) effective teaching about representations, 
(c) proper assessment of student mastery of representations, and (d) 
expert-novice differences in understanding representations (Popova 
and Jones, 2021). The lack of such domain-specific professional 
development is problematic, as learners with developed RC are better 
set for building conceptual understanding and acquiring scientific 
practices (Lansangan and Orleans, 2007; Sim and Daniel, 2014; 
Lansangan et al., 2018; Dickmann et al., 2019; Herunata et al., 2021).

4 Hypothetical five-year RPP between 
organic chemistry instructors and 
education researchers

RPPs could be  established to fill this gap in domain-specific 
professional development. Here, I present an outline for a potential 
five-year RPP between organic chemistry instructors and education 
researchers, aiming to improve organic chemistry students’ 
RC. Importantly, should RPP work be  externally funded, it is 
imperative to ensure that appropriate funds are allocated to 
compensate for the work of not only the researchers but also the 
practitioners. Securing external funding is crucial not only for the 
operational needs of the RPP but also to honor the significant 
contributions of each participant. Appropriately allocated funds will 
ensure that instructors are compensated for their time, particularly for 
tasks that extend beyond their usual teaching responsibilities. Proper 
compensation would acknowledge instructors’ essential role in 
the partnership.

The RPP work could be partitioned into six main stages (Table 1) 
following the application process to express an interest in participating. 
The application process for the RPP should be intentionally designed 

TABLE 1 Timeline and the main stages for the proposed five-year research-practice partnership.
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to select instructors who demonstrate a clear commitment to engage 
in a long-term collaboration. The teaching pre-RPP and post-RPP 
periods in Years 1 and 5 (Table 1) could be used for collecting various 
data (e.g., video observations, course artifacts, interviews) to evaluate 
the impact of RPP on the Pedagogical Content Knowledge (PCK) and 
practices of instructors over time. Recognizing that RPPs generally 
involve establishing an external community of like-minded colleagues 
outside of one’s institution, ideally, the RPP work should start at an 
in-person gathering to help the RPP members more effectively build 
rapport with each other. Additionally, the RPP members should have 
an opportunity to come together at least yearly (e.g., at conferences). 
At the same time, consideration should be  made for allowing for 
hybrid attendance of the in-person meetings, recognizing potential 
diverse needs and constraints of RPP members (e.g., funding 
limitations, teaching commitments, and personal health and well-
being). Outside the occasional in-person meetings, the RPP members 
should meet periodically during remote meetings (below, I propose a 
monthly schedule of meetings).

The RPP work could start with presenting the instructors with the 
“representational dilemma.” The representational dilemma refers to 
the idea that learners are expected to understand abstract concepts 
and reaction mechanisms using various representations before they 
have fully learned how to interpret and use these representations. This 
is analogous to using a complex map to navigate a new city without 
the necessary practice in map reading. Just as learning to read a map 
requires practice, learners also need support in using representations 
to understand new concepts and mechanisms. This dilemma could 
be used to outline a very general and broad goal for the RPP—to 
collectively brainstorm and generate practical solutions for this 
challenge, which could include designing and testing interventions in 
authentic classroom settings. At this first meeting, it is also critical to 
jointly discuss and negotiate roles, routines, and protocols for 
engagement as an RPP (Stage 1).

At the subsequent monthly remote meetings, RPP members 
should discuss literature related to theory and research around 
supporting learner RC (Stage 1). This literature could include (1) 
primers on RC and meta-RC (diSessa, 2004; Kozma and Russell, 
2005), (2) relevant theories of learning including constructivism 
(Novak, 1993), dual-coding theory (Paivio, 1986), and the information 
processing model (Baddeley, 2003), (3) Johnstone’s chemistry triplet 
(Johnstone, 2006; Taber, 2013), (4) multimedia and visualization 
principles (Mayer, 2002; Tasker, 2015), (5) the key factors affecting 
learners’ ability to reason with representation (Schönborn and 
Anderson, 2006, 2010), (6) assessment including the use of 
representations to promote equitable assessment design (Towns, 2014; 
Ralph and Lewis, 2020); and (7) design frameworks for developing 
educational interventions (Branch, 2010; Rau, 2017). At each remote 
monthly meeting, the discussion should focus on deriving insights for 
interventions aimed at improving RC.

Next, the RPP should leverage their knowledge of the (1) needs of 
their learners, (2) relevant research and theory, and (3) design 
frameworks to develop interventions to support learner RC (Stage 2). 
RPP can work collaboratively to review and refine the developed 
interventions (including student and instructor implementation 
guides). At this stage, the RPP should also make concrete plans for 
gathering and analyzing any necessary student data, including, when 
applicable, completing the Collaborative Institutional Training 
Initiative (CITI) and submitting Institutional Review Board (IRB) 

applications to ensure the ethical administration, testing, and 
evaluation of developed interventions.

The next stage would involve administering interventions in 
Organic Chemistry I and collecting student outcomes data (Stage 3). 
Each RPP member administering interventions in their classroom 
should be able to select a set of newly developed interventions that are 
best aligned with their learning objectives and the needs of their 
students. During this stage, RPP members should collect, analyze, and 
reflect on student data to evaluate the success of the administered 
interventions. In Stages 4 and 5, RPP members refine, develop (if 
needed), and readminister interventions in organic chemistry 
classrooms, emulating Stages 2 and 3. Finally, the RPP members 
should work on disseminating their work at conferences and via 
publications (Stage 6). Time should be set aside for planning, writing, 
and revising publications at the end of the project.

To mitigate the potential burden on instructors, the RPP should 
be  structured to foster a collaborative environment where 
responsibilities are shared among all partners. This should include 
substantial support from education researchers in managing the 
collection and analysis of data, and the administrative tasks associated 
with IRB approval and funding applications. Leveraging the diverse 
expertise within the RPP could help enhance the sustainability and 
effectiveness of the interventions without overburdening any of 
the members.

5 Discussion, implications, and 
concluding remarks

While the section above outlines the timeline and main stages for 
a hypothetical RPP, it is important to tailor this plan to the unique 
context and needs of each specific project or collective of RPP 
participants. For example, while Table  1 proposes that in-person 
meetings occur in March and July, to coincide with the National 
Meeting and Exposition of the American Chemical Society (ACS) and 
the Biennial Conference on Chemical Education (BCCE), RPPs based 
outside of the United  States should consider holding in-person 
meetings in accordance with the timelines of local chemistry 
education conferences.

Additionally, while this perspective article presents a hypothetical 
RPP for supporting learner RC, RPPs could be leveraged to address 
other important problems of organic chemistry education, such as 
developing student mechanistic reasoning in lecture courses or 
scientific practices in laboratory courses—other areas identified as 
particularly difficult for both teaching and learning (National Research 
Council, 2012; Graulich, 2015).

Finally, research on RPPs in education is very sparse, especially at 
the postsecondary level. More research is needed to understand the 
influences of RPPs on instructors and researchers (Coburn and 
Penuel, 2016). For example, there are several studies that provide 
evidence that RPP participation is associated with increased access to 
research (Bickel and Cooley, 1985; Kerr et al., 2006), but little is known 
about whether it is also associated with greater use of research for 
making instructional decisions (Coburn and Penuel, 2016). 
Comprehensive evaluations are necessary to assess RPP contributions 
to educational improvement. For example, studies are needed to 
characterize and evaluate (a) the dynamics of RPPs and the 
mechanisms by which they may foster educational improvement, (b) 
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challenges associated with RPPs at the postsecondary level, (c) how 
RPP participation might influence instructors’ PCK and practices and 
researchers’ insights, (d) whether RPPs foster greater capacity and 
uptake of research in classroom decision-making, and (e) the extent 
to which RPPs help improve student learning and RC. By diving 
deeper into these aspects, we can pave the way for RPPs to not just be a 
theoretical ideal but a practical vehicle for driving improvements in 
the quality of chemistry education.
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Metacognition is a fundamental skill that allows advanced learners to adapt 
to diverse learning environments. Metacognition, however, can be  domain 
specific and students may fail to generalize metacognitive skills across domains. 
Thus, students in higher education may require specific training to acquire 
relevant metacognitive skills in differing domains or may need cueing to 
engage their metacognitive skills and knowledge in new domains. The present 
report describes the development of a co-curricular metacognitive program 
for chemistry students and suggests how this program could be  adopted by 
other chemistry courses or adapted for other domains in higher education. 
Several supports were introduced in this program including self-assessment of 
competence with learning task inventories (LTIs; i.e., detailed lists of learning 
tasks), self-assessments of confidence regarding in-class content questions, 
and performance predictions and postdictions on tests. In general, exposure to 
these supports resulted in overall performance and confidence gains. However, 
individual differences were evident with some students demonstrating greater 
learning gains than others. Initial Dunning-Kruger effects associated with pre-
and postdictions, with low-performing students overestimating grades and 
high-performing students underestimating grades, decreased over exposure. 
A summary of the evolution of this metacognitive co-curricular program, the 
educational literature that steered it, and the differential impact on students is 
explained.

KEYWORDS

metacognition, organic chemistry, discipline-based education research, higher 
education, prediction and postdiction, scaffolded learning

Introduction

Metacognition

Metacognition is a multifaceted, fundamental skill that allows advanced learners to adapt 
to diverse learning environments effectively and efficiently. Metacognition is the mechanism 
through which adult learners control their cognitive processes through planning, monitoring, 
evaluating, and regulating their own learning (Flavell, 1979; Dimmit and McCormick, 2012; 
Rivas et al., 2022). In addition to cognitive control, three key components of metacognitive 
knowledge include declarative knowledge (i.e., awareness of what you do and do not know in 
a particular domain); procedural knowledge (i.e., a repertoire of strategies to utilize for 
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different learning demands), and conditional knowledge (i.e., the 
ability to use available knowledge, strategies, and other tools when 
needed; Schraw et al., 2006). Successful learning is evidenced when 
metacognitive skills are used to identify, map approaches to tackle, 
and monitor the process and outcomes of a learning task, and, at steps 
throughout the process, engage in self-reflection and self-assessment 
regarding decisions made, progress occurring, and outcomes achieved. 
Typically, more successful students are better able to calibrate their 
learning and performance (Dimmit and McCormick, 2012; Saks 
et al., 2021).

In today’s higher education classrooms, instructional approaches 
nested in student-centered learning, constructivist pedagogies, and 
flexed/hybrid formats draw heavily on students’ metacognitive skills 
to drive their own learning. Students must regularly assess what is 
new, unknown, or poorly understood to regulate their reading, 
studying, and preparation within these contexts. Although advanced 
learners in higher education contexts typically have acquired 
generalized metacognitive skills that prepare them to approach a 
broad range of new learning tasks (Geurten et al., 2018), learners may 
fail to draw upon these skills. More precisely, in some circumstances, 
application of metacognitive skills differs across domains. This domain 
specificity means that students are less able or likely to apply their 
metacognitive skills across domains of study, especially when the 
domain or tasks are perceived to be more difficult (Scott and Berman, 
2013). In addition, some advanced learners may not have the scope of 
strategic repertoires to engage as independently as expected in today’s 
classrooms (García-Pérez et al., 2021). As a result, students may need 
explicit instruction or prompts to scaffold and encourage use of 
metacognitive skills in new or challenging domains.

Effective instructional design acknowledges this student need and 
necessitates the development of supports to teach or scaffold activation 
of metacognitive skills. This paper describes the translation of research 
on metacognition and its role in the learning process through the 
development of a co-curricular metacognitive program to facilitate 
learning in a second-year organic chemistry course. We outline both 
the translation process and the effects of components of this 
metacognitive program on students’ metacognitive skills and 
performance in the course.

Key to this program were course elements designed to enhance 
planning, monitoring, and reflection skills as well as explicit 
instruction regarding metacognition. When students are presented 
with tasks, they first need to assess whether the task is familiar. They 
must ask themselves, “Can I recall doing this type of task or a similar 
task before?” Memory can then serve as a guide for planning (i.e., 
what, when, and how to read, engage in study strategies, and organize 
learning priorities) depending on the learners’ assessment of what 
they do or do not know about the topic or task. Many types of 
monitoring activities then follow this initial memory task, for example, 
checking and assessing performance as a task unfolds. This may 
require a single simple check for easier tasks but may be an iterative 
process for challenging tasks. To draw on an organic chemistry 
example, consider the assignment of R vs. S stereochemistry to a 
chirality center in an organic molecule. The student must first assess 
their readiness for this task, e.g., “Have I done this previously?” “Can 
I recall the steps involved?,” and “Are there particular steps I have 
struggled with in the past?.” After recalling or reviewing steps required, 
the student must then execute each step and monitor progress. Have 
they properly assigned priorities to substituents at the chirality center 

using the Cahn-Ingold-Prelog rules? Is the molecule being viewed 
from the proper angle? If not, the student must decide on a mental or 
physical manipulation to reorient the molecule and judge the 
effectiveness of that manipulation. Finally, the student must assess the 
direction in which the remaining substituents decrease in priority and, 
subsequently, assign R or S stereochemistry. In addition to monitoring 
the process, the learner must monitor the outcomes. Did the student 
assign stereochemistry correctly? More precisely, effective monitoring 
requires that corrections are made after errors are detected. If a 
mistake in assigning stereochemistry was made, what was the 
problem? Were substituent priorities assigned correctly? Was the 
mental/physical manipulation done properly? Was the correct label 
– R vs. S – assigned based on the direction of decreasing priorities?

Successful planning and monitoring presume that learners are 
motivated to learn and have sufficient time to learn. Both motivation 
and executive processing can enhance use of metacognitive skills 
(Rivas et al., 2022). For example, a highly motivated, self-regulated 
learner is more likely to schedule study time in advance, arrange an 
environment conducive to studying, complete assignments, explore 
additional examples, read, review and summarize, and engage in 
diligent assessment of what has or has not been learned (Heikkilä and 
Lonka, 2006). Less motivated and more challenged students require 
cues or prompts to scaffold these steps and keep them on task. 
Metacognitive reflection is an effective learning tool (e.g., Bangert-
Downs et al., 2004; Dignath and Büttner, 2008) that involves thinking 
about what, how, and why one does what one does. Through engaging 
in critical evaluation learners gain new insights and perspectives (e.g., 
Grimmett and MacKinnon, 1992). To encourage reflection the 
learning environment must provide opportunities for learners to ‘take 
stock’ of their own approach to learning.

Why metacognition in organic chemistry?

Given the diversity in metacognitive skills among university 
students and the potential for domain specificity in application of 
these skills, students in higher education may require specific training, 
scaffolding, or cueing to acquire or transfer relevant metacognitive 
skills across differing domains (Zohar and Dori, 2012). Introductory 
organic chemistry is typically a prerequisite course for subsequent 
chemistry and other science studies. As such it is both desirable and 
feared. Consequently, significant research has been directed toward 
learning and instruction in organic chemistry (e.g., Kranz et al., 2023; 
Pilcher et  al., 2023). The present paper summarizes steps toward 
establishing course-specific metacognitive training.

What prompted the development of a 
metacognition co-curriculum for 
introductory organic chemistry?

Inspired by the potential inherent in blended learning designs 
(Garrison and Vaughan, 2008), and tenets of adult metacognition, the 
traditional lecture-based course in introductory organic chemistry 
was transformed to a blended learning format. As part of the re-design 
process comprehensive lists of chapter-by-chapter learning tasks were 
created with specific low-level tasks, e.g., “define chirality centre” 
(Blooms revised taxonomy level 1; Krathwohl, 2002), identified as 
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those to be completed independently by learners before class, and 
other higher-level tasks, e.g., “given the structure of an organic 
compound, identify all chirality centers” (Blooms revised taxonomy 
level 4), demarcated as those to be completed, with assistance from 
other students and the instructor as needed, in class. These task lists 
served as an organizational scaffold that clearly identified the 
knowledge and skills required for success. When the blended learning 
course was launched, these learning task lists were posted as PDFs via 
the online course management system. Consistent with self-directed 
models of adult learning (Merriam, 2001), and metacognitive 
monitoring it was expected that students would access and use this 
resource to plan and evaluate their progression through the term. 
However, on average, only 39% of students accessed the PDFs across 
the term. Given the novelty of these learning task lists, we decided to 
encourage students to access and review the lists and recognize them 
as a support for learning and not just extra supplementary materials. 
In the next course offering, the PDFs were converted to surveys 
delivered through the course management system and students were 
instructed to engage in self-assessment of knowledge by indicating on 
a 5-point scale how well they could do each learning task before they 
could access online resources for the next chapter. Restricting access 
to the next week’s content improved participation (> 90% across the 
term), but students’ thoughtful engagement with the learning tasks 
remained problematic. For example, when the following item was 
added to a learning tasks survey, “Select 1 if you are reading this,” only 
~50% of students selected 1! This clearly indicated that many students 
were not engaging with the surveys as anticipated and many were 
arbitrarily responding just to gain access to the next week’s content. It 
was at this point that a partnership formed between the instructor (an 
organic chemist) and an educational/developmental psychologist who 
introduced the concept of metacognition and speculated that the 
failures of students to access and engage with the provided resources 
may stem from metacognitive failure. This led to a discipline-based 
educational research (DBER) project aimed at improving students’ 
metacognitive skills starting with an examination of engagement with 
the learning task lists. The following narrative is a retroactive summary 
of the DBER project as it unfolded across four consecutive Fall term 
iterations of a single section, in-person, introductory organic 
chemistry course (Organic Chemistry I) taught by the same instructor.

Motivations, methods, and results to 
date

Phase I

The first step in the DBER project was to determine optimal 
conditions for having students engage with the LTIs. In total, 293 
students of the 311 students registered in the Organic Chemistry 
I course agreed to participate and were randomly assigned to five 
treatment groups, each of which was provided nine weekly LTIs across 
the term and, at the end of the week, asked to rate their ability to 
complete each task using the same 5-point mastery scale noted above. 
Students in Condition 1 self-assessed domain knowledge by 
completing the LTI ratings. To gage the fidelity of the LTI rating 
measure, students in Condition 2 completed the LTI ratings including 
a question imbedded in the LTI that assessed how carefully students 
were completing the ratings (e.g., “Are you reading each task carefully 

or clicking away without doing so?”). We then added three additional 
conditions to assess students’ performance when tested on their 
knowledge and provided with varying levels of feedback. To evaluate 
the effect of testing (Roediger and Karpicke, 2006) and feedback 
(Pashler et al., 2005; Fazio et al., 2010), participants in Conditions 3–5 
completed the LTI ratings and fidelity measure, followed by a 
5-question multiple choice quiz. This permitted us to compare 
perceived mastery to actual performance for five learning tasks per 
LTI. Participants in Condition 3 received no feedback on their quiz 
performance; those in Condition 4 were provided the correct answers 
with no explanations after each quiz; and those in Condition 5 were 
provided the correct answers with full explanations after each quiz. 
These students also responded to a 10-item post-quiz survey assessing 
students’ perceptions of quiz difficulty, comparison of LTI ratings to 
quiz performance, and changes in quiz difficulty, content covered, and 
student engagement and interest from week to week (see 
Supplementary material). All students also completed an end-of-term 
survey to ascertain reactions to the LTIs and provide general chemistry 
grades and GPAs as measures of prior learning.

The major findings were that (i) treatment condition did not affect 
final exam grades but (ii) the number of LTIs completed did, with 
completion of more LTIs leading to higher final exam grades (See 
Table  2  in MacNeil et  al. (2013)). The effect of number of LTIs 
completed was over and above that which could be  explained by 
differences in prior learning. In addition, 72% of students indicated 
they would recommend using LTIs in future offerings of the course 
and most participants felt that LTIs improved awareness of learning 
tasks they could not do. However, when asked about the impact of 
using the LTIs on changing study habits or improving grades, most 
students attributed only a small (56.6%) or no (28.1%) impact on final 
grades and very few students reported any impact on study habits, 
with 80.4% indicating no impact. Overall, these results confirmed the 
value of the LTIs as a tool for supporting learning but clearly students 
did not perceive differences in metacognitive skills associated with 
planning, monitoring or evaluation.

Phase II

Given the documented effects of testing (Roediger and Karpicke, 
2006) and type of feedback (Pashler et al., 2005; Fazio et al., 2010) on 
learning, it was surprising to see in Phase I that treatment condition 
had no effect on final exam grades, but the overall positive effect of 
number of LTIs completed on final exam grades was encouraging. 
This result prompted us to assess whether completion of LTIs also 
improved metacognitive skills more explicitly. Consequently, 211 
students of the 310 students registered in the next offering of Organic 
Chemistry I participated in Phase II of the DBER project. To measure 
metacognitive skills directly, students completed a metacognitive 
awareness assessment scale (Schraw and Dennison, 1994) at the 
beginning and a condensed version at the end of the term. Given the 
documented benefits of priming (Ratcliff et al., 1997) and distributed 
practice (Benjamin and Tullis, 2010) on learning and performance, 
we also wanted to test the effects of ‘priming’ and timing of LTIs on 
participants’ metacognitive skills. Thus, four treatment conditions 
were employed. Participants in Conditions 1 and 2 completed weekly 
LTIs (distributed practice) as in Phase I, but those in Condition 2 were 
primed with a list of LTI items at the beginning of each week posted 
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as a PDF on the course management system. These listed items served 
as cues to prime students for the full LTIs that would be required later 
in the week. Participants in Conditions 3 and 4 completed only two 
aggregated LTIs (massed practice), one during the week of the 
midterm test and one during the week of the final exam, with those in 
Condition 4, like Condition 2, primed to these aggregated LTIs via the 
corresponding aggregated inventory cue posted to the course 
management system at the beginning of the week. The “Group 5” LTI 
conditions from Phase I were employed, i.e., completion of the basic 
LTI with metacognitive prompts, e.g., “As you read each learning task, 
do you think of it as a possible question that you might be tested on?,” 
to test the reliability of students’ mastery ratings, followed by a quiz 
with full feedback and post-quiz survey, with one exception – instead 
of rating their mastery for individual learning tasks, participants rated 
their abilities for groups of 6 learning tasks so as to reduce the 
likelihood of survey fatigue. Surprisingly, there were no differences 
across condition (primed versus not primed, or massed versus 
distributed) with respect to number of LTIs completed or exam 
performance, nor were there differences across the term for the three 
measures of metacognitive awareness: knowledge of cognition, 
regulation of cognition, and overall metacognitive awareness.

Phase III

Given the lack of observed differences from priming and 
distributed vs. massed practice with respect to students’ self-reported 
metacognitive skills across the term in Phase II, we decided to make 
metacognition a more explicit part of the course. Specifically, we made 
five changes for Phase III including (i) introduction of a lecture on 
metacognition (ii) reversion to weekly LTIs based on the previously 
observed finding that completion of more LTIs lead to higher final 
exam grades, (iii) addition of a weekly in-class question at the 
beginning of each week to assess how students interacted with the 
priming inventory cues, (iv) expansion of the end-of-term 
metacognitive awareness assessment to include all items used in the 
beginning-of-term metacognitive awareness assessment (note that 
only about half of the items were used at the end-of-term in Phase II), 
and (v) addition of more metacognitive practice activities in the form 
of midterm test and final exam grade predictions and postdictions.

Consistent with literature regarding effective metacognitive 
training (Cook et  al., 2013), the addition of the lecture on 
metacognition explicitly cued students to use metacognitive skills 
(planning, monitoring, self-assessment, etc.) when engaged in their 
chemistry course. The addition of a weekly in-class question at the 
beginning of each week to assess how students interacted with the 
inventory cues served to prime and encourage self-reflection and 
assessment. Thus, each week at the beginning of the first class, 
participants were asked via the iClicker® personal response system 
“What did you do with the Chapter ‘X’ inventory cue posted to the 
‘Content’ section of the CH202/204 MyLS page?” Possible answers 
were: A. I did not know, or I forgot it was available. B. I know it was 
available, but I did not access it. C. I skimmed it briefly. D. I read it 
carefully, and E. I read it carefully and prepared a physical/mental 
check list of what I could/could not do. This priming was expected to 
lead to improved engagement with the inventory cues at the beginning 
of the week and, consequently, with the LTIs at the end of each week. 
It was anticipated that this priming and improved engagement should, 

in turn, lead to improved use of metacognitive skills and performance. 
In total, 238 students of the 296 registered in the next offering of 
Organic Chemistry I  participated in Phase III. Across the term, 
students accessed the inventory cues 37.4% of the time, indicating that 
the inventory cues prompted students to preview the material only 
some of the time. Analyses indicated that “skimmed” (response C) was 
the most frequently endorsed choice among “middle” (final course 
grade: 60–79.99%; 39.1% endorsing) and “bottom” (final course grade: 
9.99–59.99%; 39.1% endorsing) performers, and ‘no access’ (response 
B) was the most frequently endorsed choice among “top” (final course 
grade: 80–100%; 38.9% endorsing) performers (See 
Supplementary Information for a more complete summary of select 
analyses for Phase III). Although effective use of the inventory cues 
decreased across the term (See Supplementary Information Phase III 
summary), regression analysis revealed that the number of inventory 
cues accessed predicted the number of LTIs completed (t228 = 3.292, 
p = 0.001) which, in turn, had a significant effect on final course 
grades, with participants completing more LTIs earning higher course 
grades (t228 = 2.72, p = 0.007). Noteworthy is that the effect size for LTIs 
was larger than for all three prior learning variables (Chemistry 1 and 
2 grades and overall GPA) (See Supplementary Information Phase III 
summary). Unfortunately, access to inventory cues had no effect on 
participants’ self-reported metacognitive skills.

Given the importance of self-evaluation as a metacognitive skill 
(Hacker et al., 2000), one group of participants (Group A) was asked 
to make midterm test and final exam grade predictions immediately 
after each test/exam, i.e., postdictions. A second group of participants 
(Group B) was asked to make midterm test and final exam grade 
predictions immediately before (same day as) and immediately after 
completing each test/exam. Finally, a third group of participants 
(Group C) was asked to make midterm test and final exam grade 
predictions 2 weeks before, immediately before (same day as), and 
immediately after completing each test/exam. These test/exam grade 
predictions and postdictions proved important to students’ 
metacognitive skills in that a Dunning Kruger effect (Kruger and 
Dunning, 1999) was observed for all pre-and postdictions, with the 
lower achieving students grossly overestimating their grades and 
higher achieving students slightly underestimating their grades, but 
this effect decreased over time. For example, statistical significance 
was achieved for Group 3’s “day of ” predictions between midterm test 
1 and 2 (F(2,46) = 10.21, p < 0.001) and all Groups’ postdictions between 
midterm test 1 and 2 (F(1,159) = 18.03, p < 0.001), with predictions being 
more accurate at the later time points. A reduction in the Dunning 
Kruger effect suggests improvements in metacognition. Interestingly, 
participants reported an overall decrease in metacognition from 
beginning to end of term, and treatment group did not affect test, 
exam, or final course grades.

Phase IV

With several positive results realized through Phases I-III of the 
DBER project, a formal metacognition co-curriculum was 
implemented during Phase IV. For the first time, all 289 students 
registered in the course were expected to complete metacognitive 
practice activities as a required component of the course. Of these 289 
students, 259 agreed to have their data analyzed. The metacognition 
co-curriculum accounted for 10% of the final course grade and was 
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composed of the following activities: (i) an introductory survey 
including a metacognitive awareness assessment (1%); (ii) an 
instructor-developed prior learning assessment (2.5%); (iii) 8 weekly 
inventory cues (1% if at least 6 of 8 were completed); (iv) 8 weekly LTIs 
(1% if at least 6 of 8 were completed), (v) weekly in-class confidence 
questions (2.5%); (vi) 9 test grade prediction and postdiction surveys, 
including 3 one-week predictions, 3 day of predictions, and 3 
postdictions immediately following each test (1% if at least 7 of 9 were 
completed); and (vii) an end-of-term survey including a metacognitive 
awareness assessment (1%).

The instructor-developed prior learning assessment consisted of 
22 multiple-choice questions based on relevant material from the 
prerequisite general chemistry courses. Students first completed the 
assessment with no preparation and for no points and could 
immediately review their results. Students were then granted access to 
relevant course resources and provided the opportunity to review 
material before completing the assessment again 1 week later, this time 
for 2.5% of their final course grade. This assessment served as an 
introduction to the metacognition co-curriculum, prompting students 
to reflect on prior learning while completing the first iteration of the 
assessment, then self-assess and review only the content for which 
they struggled in preparation for the second iteration.

The addition of weekly in-class confidence questions was inspired 
by a report on the use of formative assessment and self-regulated 
learning in mathematics (Hudesman et  al., 2014). In each class, 
whenever a content-based question was posed (typically 3–4 per 
class), students would first be asked to rate their level of confidence in 
responding to the question on a 5-point scale. For example, if the 
content question was to indicate the number of chirality centers in an 
organic molecule, students would be told what the question is but 
would be  asked to rate their confidence before being shown the 
structure. Immediately following the collection of responses to the 
content question, students would be  asked to rate their level of 
confidence in having responded correctly to the question before being 
shown the correct answer. These confidence questions are similar but 
distinct in that the first prompts students to summon and assess prior 
learning, whereas the second asks them to judge performance.

Major findings from Phase IV include (i) a clear Dunning-Kruger 
effect across the term for test grade pre-and postdictions, with (a) 
low-performing students overestimating grades and high-performing 
students underestimating, (b) the overall effect decreasing over time, 
both within test and between test, (c) low-achieving students 
becoming more accurate over time but high-achievers becoming less 
accurate, and (d) day of predictions and postdictions being significant 
predictors of actual test scores (e.g., for the final exam, F(3,140) = 45.18, 
p < 0.001; See Supplementary Information Phase IV findings); and (ii) 
an increase in confidence for both pre-and post-question confidence 
questions when average confidence ratings before midterm test 1 
were compared to average confidence ratings after midterm test 2 
(e.g., the significant main effect for pre-question confidence was 
F(2,244) = 105.06, p < 0.001). Interestingly, and consistent with previous 
research (Hacker et al., 2000), low performing students on the final 
exam were those who tended to be overly confident on pre-question 
ratings – even after controlling for GPA (e.g., for average pre-question 
confidence prior to midterm test 1, β = −4.46, t = −2.84, p = 0.005). 
Overestimations in confidence for post-questions, however, were no 
longer evident and post-question responses did not predict actual test 
grades for any of the tests. Finally, and once again, metacognitive 

awareness assessment scores were observed to decrease from 
beginning-to end-of-term.

Discussion

The key aim of the present report was to describe the development 
of a metacognition co-curriculum that was implemented to scaffold 
and enhance students’ use of metacognitive skills in an Organic 
Chemistry course. An important part of the translation from the 
literature to practice involved quasi-experimental analyses to better 
assess change, challenges, and successes. Borrowing from literatures 
spanning education, cognition and instructional psychology, a series 
of supports were integrated into ongoing classroom instruction over 
four offerings of the same course. The translation process was iterative 
and progressive culminating in a true co-curriculum of metacognition 
for students in the course. A salient outcome of the process was that 
supporting students’ application of metacognitive skills enhanced 
their course performance. Perhaps more important is that the 
metacognitive co-curriculum supports an array of skills tied to 
metacognition that students may or may not have and that engaging 
in these skills affirms the importance of these advanced learning 
behaviors which may also be transferred to other domains they study.

Several supports were introduced in this program including 
priming for content accompanied by self-assessment of competence 
with learning task inventories (LTIs), self-assessments of confidence 
regarding in-class content questions, and performance predictions 
and postdictions on tests. In general, exposure to these supports 
resulted in overall performance and confidence gains.

Scaffolding metacognitive skills by providing students with the 
full inventories of learning tasks by the end of the week and 
subsequently with LTI cues at the beginning of a week was associated 
with learning gains as evidenced by improvements in final exam or 
final course grades. These interventions support students’ ability to 
assess their declarative knowledge which allows them to control and 
direct subsequent cognitive processes involving planning, monitoring, 
and evaluating their acquisition of these concepts (Dimmit and 
McCormick, 2012; Rivas et al., 2022). However, availability of these 
supports is not sufficient. When they were simply available, students 
did not access them. When students were required to access them, 
their grades improved. Interestingly, many students indicated 
skimming the initial “cuing” lists. At a glance, this may seem to signify 
minimal engagement. However, advanced learners should 
be  skimming such content to quickly assess familiarity with the 
concepts as a first step in processing what they do or do not know. To 
engage students more deeply, they need to be encouraged to try to 
solve the tasks, evaluate their attempts, and make corrections as 
needed. This was facilitated through two mechanisms, introducing 
mastery questions to have students solve problems and subsequently 
pairing these content questions with confidence questions asked 
before and after answering the content questions during class. These 
components encouraged students to engage their procedural and 
conditional knowledge skills to access strategies and problem solving 
specific to the question. The confidence questions also encouraged 
further assessment in these knowledge areas through self-reflection 
regarding their ability to respond to the questions and their 
performance once they answered questions (Bangert-Downs et al., 
2004; Dignath and Büttner, 2008). These adaptations supported 
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students in the learning process. The test and exam grade predictions 
and postdictions assisted students in their application of metacognitive 
skills in the assessment process. Given that calibrations became more 
accurate over practice is evidence that students were better able to 
assess their learning. Instating these estimations before, during, and 
after testing extended use of metacognitive skills throughout 
the process.

An important consideration when shifting from testing different 
iterations to translating the metacognitive scaffolds into a full 
co-curriculum was the intentional assignment of grades for completion 
of the co-curriculum elements. Although learners may be expected to 
adopt supports when they are made available, it is clear from our 
studies that students may not engage in best practice especially in 
courses where attention to anything but content may be perceived to 
be costly. Given demands inherent in learning the course content, 
students may perceive that the co-curriculum presents additional, 
unsurmountable demands that could cost performance. Evidence of 
this reluctance was clear through the limited uptake of the LTIs when 
review was made optional and through the dismissal of the LTI content 
by students performing most poorly in the course. Thus, to signal to 
students that the co-curriculum is valuable and worthy of their efforts, 
aspects were assigned course weight. This allowed students to engage 
and embrace the co-curriculum. Developing these skills in the context 
of a required introductory organic chemistry course provides a 
foundation for generalizing the skills learned through this course to 
more senior courses in this domain but also for transfer across domains.

As part of the process of creating the metacognitive co-curriculum 
we  identified challenges translating some evidence-based and 
evidence proven interventions identified as supports in the extant 
literature. For example, there were no differences across condition for 
those engaged in massed versus distributed practice with the LTIs, 
priming worked sometimes but not consistently, and ratings for 
aspects of metacognitive awareness tended to decrease over time. 
Despite the lack of support for distributed practice in the one instance 
where we tested it, we adopted it as part of the co-curriculum given 
substantial work showing its value (e.g., Donovan and Radosevich, 
1999). Our failure to detect differences in these two study approaches 
may have been an artifact of the many manipulations being tested at 
the same time which may have masked effects. Similarly, the initial 
lack of priming effects (when tested in Phase II) was evident in later 
iterations when cueing and self-evaluation were the greater focus of 
study. Regardless, priming with the list cues at the beginning of the 
week was retained in the co-curriculum. Initially, we were concerned 
to see a drop in students’ self-reported metacognitive awareness scores 
from the beginning to the end of term. However, the reduction in the 
Dunning-Kruger effect and enhanced calibration in prediction and 
postdiction measures suggests that the decrease in students’ evaluation 
of their metacognitive skills may reflect a shift from an overly 
optimistic view of their abilities to a more realistic evaluation as a 
function of engaging in so many relevant activities.

Conclusion, constraints, and future 
work

Overall, at the class level, the addition of the metacognition 
co-curriculum improved students’ performance as indicated by final 
exam and final course scores, and improved metacognitive skills, as 

indicated by the reduction in the Dunning-Kruger effect. The 
optimistically high ratings of the in-class confidence question results, 
particularly when coupled with the negative correlation to final exam 
scores, suggest a possible self-preservation mechanism that hints at 
the importance of considering the affective domain of learning. 
Results also indicate that not all students interacted with the elements 
of the metacognition co-curriculum to the same extent. This may 
be expected given individual differences in metacognitive skills and 
especially with these skills applied to different domains. It may be the 
case that the co-curriculum benefits some students more than others. 
For example, more advanced students may experience less benefit, 
likely because they have already developed and automatically use the 
skills that the metacognition co-curriculum aims to foster. Examining 
individual differences as a function of the co-curricular program in 
general and as a function of different components of the co-curriculum 
would be ideal to establish what works best for which learners under 
which circumstances. Being able to assess performance beyond a 
single term also permits evidence of changing needs over time which 
would be another important avenue of exploration. Finally, one aspect 
that the present model of metacognitive co-curriculum has not 
assessed is social metacognition, the sharing of metacognitive 
responsibilities when students engage interactively with one another 
when working in partnership or groups (e.g., Chiu and Kuo, 2009). 
Given the shift to active and student-centered learning, this additional 
aspect of metacognition would be interesting to explore and would 
contribute to a broader understanding of metacognitive skill 
development in the active classroom.

The present study describes the development of a co-curricular 
metacognitive program for chemistry students that can be adapted 
and extended to other chemistry courses or other domains in higher 
education. Instructors wanting to implement this metacognitive 
co-curriculum can follow the elements outlined above. Instructors will 
need to prepare an introduction to metacognition for their students 
which can be  achieved using available resources (see Cook et  al., 
2013). Instructors will need to create a prior learning assessment 
based on the prerequisite course(s) which can be  drawn from 
examination of course outlines of these courses. Finally, instructors 
need to develop detailed lists of learning tasks associated with their 
course. All other components of the metacognition co-curriculum 
identified above (having students predict their grades at planned times 
during the course and assess confidence in answering content-based 
in-class questions), can be implemented with minimal preparation. In 
general, over our series of studies, exposure to these supports resulted 
in overall performance and confidence gains, and these results should 
transfer to other chemistry courses and domains.
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The second-year undergraduate Organic Chemistry course sequence is 
often cited as one of the most, if not the most, challenging for students 
in the US. Thus, a persistent question remains: What is it about Organic 
Chemistry that makes the course so difficult for students? Herein, we put 
forward the hypothesis that a new mode of thinking and problem solving is 
expected of the students; these skills have not yet been developed in their 
prior scientific coursework and are often not deliberately taught in Organic 
Chemistry. This form of reasoning and problem solving, known as abductive 
reasoning, is highlighted for its connection to medical diagnosis and 
scientific thinking. We provide examples to showcase how instructors could 
explicitly foreground the reasoning process in their classroom. Ultimately, 
we argue that teaching how to reason using abduction may benefit students 
in both the short term (in the course) and the long term (in their careers as 
scientists and medical practitioners).
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“What changes must be made in the kind of science that we teach and the way that we teach 
it so that the fundamental ideas of our discipline can be used outside the classroom?” – 
Herron & Greenbowe

1 Introduction

1.1 Background

Organic Chemistry, as traditionally taught in the US as a primarily second-year 
undergraduate course sequence, is often considered a course for “weeding out pre-meds” 
(Moran, 2013) that “strik[es] fear in the hearts of students” (Garg, 2019). This socially 
constructed barrier adds an additional level of pedagogical challenge for instructors. We, the 
authors, are instructors of Organic Chemistry and also write and review questions for 
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standardized exams that are required for entrance into specialized 
medical programs;1 thus, we are at a position in both the content 
delivery and assessment where we find ourselves continually asking 
the question: What do we  want students to learn in the Organic 
Chemistry course sequence?

While some students may think the answer to this question is “to 
know, understand, and recite back the course material,” this is an 
unsatisfying response for a number of reasons. First, such a response 
would imply that only memorization and algorithmic problem-solving 
skills are necessary for success in Organic Chemistry (Stowe and 
Cooper, 2017).2 However, expert organic chemists recognize that the 
interconnected complexities within chemical systems means that 
simply following basic rules (i.e., deductive inference) will not 
necessarily lead to a set outcome (e.g., bulky bases do not always react 
via E2) (Achet et  al., 1986). Second, while the students enter our 
classrooms as novices, some of them will go on to become practicing, 
expert organic chemists. We owe it to them, and the future of scientific 
discovery, to build a sound foundation of both fundamental (e.g., 
understanding the aldol condensation) and higher order (e.g., 
performing retrosynthetic analysis) skills within the discipline. Third, 
most US health professions (e.g., MD, DO, PA, DDS, DMD, OD, 
PharmD) require this course to be  taken as a prerequisite for 
admission into their graduate programs (Kovac, 2002). These students 
should be  presented, within their undergraduate education, the 
chance to improve their scientific reasoning and critical thinking 
skills. We think that these three features, which might not be clear to 
all students entering the course, illustrate that students are expected 
to learn and problem solve in new ways—essentially to begin to “think 
like a chemist” (e.g., Platt, 1964).

While certain ideas within this article were presented in a 
preceding paper (Wackerly, 2021), we intend to flesh out and expand 
upon some of those initial assertions in this manuscript and craft a 
more detailed hypothesis that the use of abductive reasoning is critical 
in the learning of organic chemistry concepts. Herein we provide 
support for this hypothesis by viewing it from a few different 
conceptual angles. First, we provide a science education overview on 
why learning certain organic chemistry concepts is considered 
challenging for students. Then, we briefly summarize the medical 
education viewpoint on the teaching of diagnosis and why this is 
important to many students in Organic Chemistry. Finally, using the 
lens of the Organic Chemistry curriculum we  provide problem-
solving examples of how abductive reasoning can assist in the teaching 
and learning of organic chemistry.

1 We wish to keep the focus of this manuscript on the relevant student 

population of the Organic Chemistry course sequence. Students intending to 

pursue medically relevant careers which require advanced degrees (e.g., 

medical, dental, optometry, pharmacy, etc.) are a large portion of this 

population. However, if the reader is curious, we specifically write for the dental 

and optometric admissions exams.

2 In this manuscript we attempt to provide the reader a broad overview of 

important chemical education and philosophy of chemistry publications. Since 

this is not a review article and the scope is quite a bit smaller, all possible 

relevant literature has not been cited.

1.2 Why is science difficult to learn?

Johnstone asked this titular question in his seminal 1991 paper 
(Johnstone, 1991). One conclusion that he drew, which has since 
been supported by a variety of other work (e.g., Graulich, 2015; 
Tiettmeyer et al., 2017; Reid, 2020; Dood and Watts, 2022), is that 
the nature and complexity of scientific concepts strain the working 
memory of students. To assist instructors in conceptualizing the 
strain of a given concept, he created the “triangle model” which 
illustrated three levels of thought (Figure 1). He argued that the 
more levels a concept included the more cognitive load was placed 
on students.

One feature that might make learning science difficult is that the 
instructor, or expert, may not be aware of the extent of cognitive load 
they are placing on students, or novices. When “multicomponent 
phenomena that are invisible, dynamic, and interdependent” are 
presented to students, a large demand is placed on the working 
memory of novices (Hmelo-Silver et al., 2007). However, experts are 
able to easily connect two or more cognitive components by “chunking 
several pieces of information together” (Overton and Potter, 2008) and 
through years of practice (Randles and Overton, 2015). Specialization 
within a discipline that requires connecting multiple levels will lower 
cognitive load for such repetitive tasks over time (Tiettmeyer et al., 
2017; Price et al., 2021). However, students have typically not been 
exposed to such tasks, let alone have the opportunity to consistently 
repeat them, and thus instructors need to disentangle new concepts 
that might cause cognitive overload for students so they can process 
and incorporate new material starting from their present knowledge 
base and scientific models.3

“[R]easoning [is the] knowledge of some facts [which] leads to a 
belief in others not directly observed.” – C. S. Peirce

1.3 Why is organic chemistry so difficult to 
learn?

Here we argue that it should come as no surprise when former and 
current students of organic chemistry cite that organic chemistry is 
difficult to learn, because they are asked to problem solve and reason 
in new ways utilizing new content without prior exposure to, or 
repetition of, these scientific tasks.4 Naturally, when a student enters a 
course they are expected to be ignorant of the course content since 
they enroll to learn it. However, students might feel that a bait-and-
switch has occurred in Organic Chemistry because not only is the 
content new, but the logical processes required to be successful are 
also typically new to the students as well.

In prior scientific courses, which for most pre-health (vide infra) 
US students are two courses in general biology and two in general 

3 Cognitive overload could also stem from misconceptions and oversimplified 

concepts, such as the oft-stated “breaking bonds in ATP releases energy” from 

introductory biology courses.

4 This can be contrasted with General Chemistry which repeats some of the 

content of the high school chemistry.
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chemistry, students are typically required to perform recall 
(memorization) or reason algorithmically on summative assessment 
items (Raker and Towns, 2010). While these skills hold value in 
organic chemistry, current organic chemistry education research 
shows that skills such as multivariate (Kraft et al., 2010; Christian and 
Talanquer, 2012) and mechanistic reasoning (Bhattacharyya, 2013) are 
more important.5 Thus, inspired by the work in chemistry education 
research, the philosophy of science, and Johnstone’s seminal triangle, 
here we propose a tetrahedron model of layered reasoning strategies 
that are important for consideration by instructors when teaching 
novice organic chemistry students.

The bottom-most point of the tetrahedron (Figure 2) was chosen 
to be memorization because it is not a reasoning skill. However, terms 
and chemical facts still need to be learned by students, which is often 
not a problem because they have developed this skill during their 
general biology and chemistry coursework. Algorithmic reasoning is 
a skill many students leaving General Chemistry assume they will 
utilize in Organic Chemistry because it was employed so frequently 
in that course. For example, if a student knows the pressure, 
temperature, and number of moles of an ideal gas, these students will 
likely be able to provide the volume of the gas’s container. While these 
mathematical and deductive reasoning skills remain relevant in the 
laboratory portion of Organic Chemistry and even for the IUPAC 
naming of organic molecules (i.e., there is a definitive rule set), they 
start to break down when chemical systems become more complex 
and chemical formulas evolve to contain more meaning in the form 
of chemical structures.

The right corner of the tetrahedron is for the set of 
competencies required to interpret diagrams in organic chemistry, 
such as visualization (Gilbert, 2005), visuo-spatial reasoning 
(Pribyl and Bodner, 1987; Habraken, 1996), and representational 
competence (Kozma and Russell, 1997). In lieu of individually 
listing these skills, we designate this corner as perceptual learning, 
which integrates conceptual knowledge with a broad set of skills, 
including those related to visualization and representational 
competence (Van Dantzig et al., 2008; Kellman and Massey, 2013). 
Perceptual learning “refers, roughly, to the long-lasting changes in 
perception that result from practice or experience” (Connolly, 

5 Multivariate and mechanistic reasoning are highlighted as examples because 

they often require combining features from all four points of the tetrahedron.

2017), and is beginning to be more deeply explored in organic 
chemistry pedagogy (e.g., Kim et al., 2019).

We briefly illustrate how changes associated with perceptual 
learning might take place with students. Consider, for example, that 
in General Chemistry students might be asked to calculate the heat 
of combustion of hexane (denoted at C6H14). For most students at that 
stage, the sole association they would have with the compound’s 
name is its molecular formula, whereas its “zig-zag” structure might 
represent nothing more than a crooked line. As these students 
progress into Organic Chemistry and learn about different 
representational systems and constitutional isomers, the verbal 
representation “hexane” changes, this is because the term is now 
associated with five unique isomers each with unique connectivity, 
properties, and reactivity (e.g., radical reaction with Br2). Through 
this process, the students’ perception for the term “hexane” changes 
from representing a single molecular formula to representing a family 
of five constitutional isomers each with a unique bond-line structure. 
This process continues as students advance to more complex 
structures (e.g., stereochemistry) and learn additional concepts like 
three-dimensionality, IMFs, physical properties, etc. We propose that 
the three corners of the tetrahedron discussed thus far are often 
directly connected to abductive reasoning which focuses on solving 
problems by generating the most likely most likely outcome of a 
chemical situation.

Our hypothesis includes the postulation that abductive reasoning 
is a complex reasoning skill for students in Organic Chemistry and 
should explicitly be taught in the classroom. While this idea has been 
presented by us previously (Wackerly, 2021), here we will just provide 
a brief overview so we can move on to discuss the relevance of this 
reasoning skill within the Organic Chemistry classroom and to 
highlight some examples. Firstly, the term “abduction” (Douven, 2021) 
is often used interchangeably with the terms “inference to the best 
explanation” (Lipton, 2017) and “scientific hypothesis”—and below 
we will argue “diagnosis.” All of these terms hold common ground in 
that they use reasoning that connects various (similar or dissimilar) 
pieces of evidence/observations together in a way where a plausible 
conclusion can causally describe the collection of phenomena.6 For 
example, say you are inside of grain windmill by the grindstone, and 
then you begin to see the stone rotating and producing flour. You will 
abduce that the weather outside has become windy. While this is a 
simple example only requiring you to understand that outside wind 
turns the sails and the sails, via a series of machinery, turn the 
grindstone, it is similar to the reasoning employed by expert organic 
chemists. Leaving the windmill and heading into your synthetic 
laboratory, let us say you wish to publish a new compound in the 
Journal of Organic Chemistry. According to the journal, to conclude 
that you have made this new compound you must “establish both 
identity and degree of purity.” Minimally, this means you will need to 
obtain a 1H NMR spectrum, 13C NMR spectrum, and HRMS spectrum 
then interpret the data present in the spectra to abduce the molecular 

6 The conclusion need not explain the entire collection of evidence as some 

may be irrelevant, and they are unrelated to the conclusion. However, the 

entire collection may not contain a piece of evidence that refutes the 

conclusion. Thus, abductive reasoning can be useful in differentiating science 

from non-science and pseudoscience.

FIGURE 1

Reproduction of Johnstone’s model: “Triangle of Levels of Thought”.
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structure of your new compound. This exact same skill that is required 
of expert organic chemists, is typically required of students in Organic 
Chemistry (Stowe and Cooper, 2019a). Thus, these students should 
be taught how to reason like expert scientists in order for them to 
develop into scientists (Cartrette and Bodner, 2010). Just as the 
spectroscopic analysis example highlights, instructors of Organic 
Chemistry often profess a goal is for students to develop critical 
thinking and scientific problem-solving skills: Our hypothesis 
presented here is that instructors must explicitly utilize the abductive 
reasoning process within their teaching and assessment.

Solving problems that require abductive reasoning will also 
require skills from the three other points of the tetrahedron, which 
will render them cognitively complex. Teaching abductive reasoning 
in the classroom should not require additional formal training for 
instructors/experts since abductive reasoning skills have already been 
developed over the course of their careers. Further, philosophers have 
long held (Harman, 1965) that humans utilize abductive reasoning as 
a matter of course in their day-to-day lives. Paralleling human logic, 
abductive reasoning has likely been utilized (Pareschi, 2023) and will 
continue to be (Dai and Muggleton, 2021) an integral part of artificial 
intelligence. This reasoning skill is particularly important for students 
required to take Organic Chemistry. It might be obvious that future 
scientists will need the skills to create new hypotheses and design 
experiments that could potentially refute current hypotheses, but in 
our experience, it seems less obvious to pre-health students that using 
abductive reasoning for problem solving in Organic Chemistry will 
play a critical role in their desired careers.

2 Framing for pre-health students 
(diagnosis)

2.1 Why is organic chemistry relevant for 
pre-health students?

In a post-COVID world where test-optional admissions are on the 
rise and the future of post-graduate education feels increasingly 
uncertain, convincing students of the importance of Organic 
Chemistry goes beyond just passing the course. This is especially true 

for the majority of students taking Organic Chemistry who are 
pre-health majors. Instructors need to show students the connection 
between organic chemistry and the health field.

Thus, problem solving in Organic Chemistry can be framed as a 
diagnostic problem-solving tool–similar to what medical practitioners 
do when making a diagnosis (Stowe and Cooper, 2019b). By overtly 
showing students the parallels between medical diagnosis and organic 
chemistry problem solving, instructors demonstrate that students are 
not just being taught a bunch of facts–they are developing critical 
thinking skills they can use in the real world. Bridging the gap between 
theory and practice helps students see the bigger picture and gives them 
the tools they need to succeed in both their studies and future careers.

The parallels between medical diagnosis and organic chemistry 
problem solving should be readily apparent (Table 1). Both involve 
analyzing complex systems (human body/chemical reactions) to 
identify patterns and relationships, emphasizing the importance of 
critical thinking and logic-based problem-solving skills, as well as 
using evidence. Both fields rely on the use of abductive reasoning 
(Wackerly, 2021; Martini, 2023), although typically neither field 
explicitly states it to students. Table  1 uses simplified language 
accessible to students that describes the abductive theory of method 
(ATOM) in clinical diagnosis (Vertue and Haig, 2008), and its parallel 
to expert thinking in organic chemistry.

For example, to “diagnose” the product of an organic chemistry 
reaction, first the background information, including structure, 
reactivity, and stability of the starting materials and reagents must 
be analyzed, which is similar to how medical professionals take patient 
history. Abductive reasoning is then used to generate the most likely 
answer. Finally, the hypothesis is tested through gathering evidence 
such as utilizing spectroscopic analysis which is similar to a physician 
ordering lab work or imaging. This is an iterative process, wherein 
multiple pieces of spectroscopic evidence are needed to point to the 
same answer. Similarly, a physician may order additional studies or 
perform physical exams to support or refute their medical diagnosis. 
Although the goals appear different, the same skills are developed such 
as drawing hypothesis based on empirical evidence. By explicitly 
demonstrating how these thought processes are parallel, instructors 
of Organic Chemistry may help students to appreciate the mental 
training they are receiving in the course.

FIGURE 2

Tetrahedron model of problem-solving in Organic Chemistry.
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Organic Chemistry has been deemed essential as a prerequisite for 
medical school by a panel of medical school professors of biochemistry 
(Buick, 1995). While many current medical students do not think that 
the material covered in Organic Chemistry was a valuable part of their 
undergraduate curriculum, the majority agree that the critical thinking 
skills learned in the course were valuable (Dixson et al., 2022). While 
there are those in the field of medicine who think that Organic Chemistry 
should be de-emphasized in the pre-med curriculum, those that defend 
Organic Chemistry do so for some of the same reasons we discuss herein, 
namely that the critical thinking and problem-solving skills in the course 
directly align with patient diagnosis (Higgins and Reed, 2007).

This process of abductive reasoning coupled with framing for the 
medical field may serve the students better in both the short term and 
long term. Students who employ more metacognitive strategies such as 
the type we are advocating for here are better able to solve problems in 
Organic Chemistry (Blackford et al., 2023). Connecting course material 
to students’ future career aspirations also leads to better engagement 
and course performance (Hulleman et al., 2010). Additional benefits of 
this diagnostic reasoning process include students’ ability to apply this 
metacognitive strategy in other courses in their majors, such as biology 
(Morris Dye and Dangremond Stanton, 2017), and their future medical 
careers (Friel and Chandar, 2021). Therefore, diagnostic reasoning 
should be explicitly modeled and assessed in Organic Chemistry courses.

2.2 Using “diagnosis” in examples for 
students

While there are a variety of ways to teach students how to approach 
organic chemistry problems like an expert, we would like to present how 
to do this through the lens of “diagnosis.” Other ways of describing 
argumentation and the process of problem solving have been discussed 
in the chemical education literature (e.g., Cruz-Ramírez De Arellano and 
Towns, 2014; Stowe and Cooper, 2019a; Walker et al., 2019) as well as the 
philosophy of chemistry literature (e.g., Kovac, 2002; Goodwin, 2003). 
While they differ in the number of steps and what those steps are called, 
the processes have a similar logical flow. First, gather evidence and make 
observations (What you see), link this to previous knowledge (What 
you know), and finally make a reasoned conclusion (Hypothesis) which is 
a logical consequence—often via abductive inference.

The following examples (Figures 3–6) are designed to highlight 
the use of these three steps to explicitly diagnose problems from across 

the two semester Organic Chemistry sequence. This process can 
be used in the classroom as a model to guide students through the 
abduction process and could be used to explicitly scaffold problems. 
Moreover, instructors can use this model to ascertain the complexity 
of their assessments including the required prerequisite factual 
knowledge and the multiple steps required. The complexity of organic 
chemistry questions is determined by the number of “subtasks” the 
student must complete (Raker et  al., 2013), factual knowledge 
required, and facets of perceptual learning (vide supra). A number of 
explicit decisions were made in formulating the below questions. The 
discussion points are certainly not exhaustive, and practitioners 
should adapt questions to their own students and situations. The 
amount of information provided or not provided, such as the 
exclusion of lone-pairs and inorganic by-products, was chosen to 
be consistent with the information provided by practicing organic 
chemists and one goal of teaching organic chemistry is to facilitate the 
development toward expert-level practice. We intentionally included 
one example of additional information, Figure 4 entry marked with a 
*, to highlight that there are many more subtasks that could be utilized 
to assist with arriving at a probable conclusion, but we tried to exclude 
all other non-essential explanations. We  do not suggest that all 
students should solve each problem from top to bottom as outlined 
here; in reality expert chemists often take different routes, based on 
the same evidence and premises, to reach similar conclusions. 
Although these problems are multiple-choice, we have modeled how 
to solve them as either multiple-choice or open format. The complexity 
of these questions can also be adjusted, for example in Figure 4 the 
mechanistic arrows could be included in the distractors and answer 
instead of in the stem. This type of alteration can allow for the 
assessment of mechanistic thinking (e.g., Bodé et  al., 2019; 
Finkenstaedt-Quinn et al., 2020; Watts et al., 2020; Dood and Watts, 
2022). The following examples demonstrate that when the diagnosis/
abduction process is utilized, students can develop and enhance their 
problem-solving skills.

The first example shown in Figure 3 is a case of aromaticity (Jin 
et al., 2022). Students will typically memorize the requirements and 
check the structure for being cyclic, planar, containing Huckel’s 
number (4n + 2) electrons, and a p orbital at every vertex (i.e., 
conjugated). However, this problem does not ask for a simple 
definition of aromaticity, but an application of the ruleset to a 
structure students would not have typically encountered. The 
diagnosis requires observations about the structure including 

TABLE 1 Comparison of medical diagnosis to skills developed in Organic Chemistry.

Medical diagnosis Parallel to organic chemistry

Background information Involves gathering patient history, physical exams, and tests Requires analysis of structure and reactivity of molecules

Initial hypothesis Utilizes abductive reasoning to form a preliminary diagnosis Involves abductive reasoning to propose plausible mechanisms or 

structures

Iterative nature Hypotheses are continuously revised based on feedback from other 

clinicians and tests

Hypotheses are tested and revised through experimentation

Goal To identify the underlying cause of symptoms and provide treatment To generate plausible mechanisms and/or structures from observed 

data

Skills developed Critical thinking, pattern recognition, hypothesis refinement Critical thinking, analytical skills, hypothesis refinement

Importance of evidence Relies on empirical data and patient feedback Relies on experimental data and spectroscopic analysis

Real-world application Used by physicians to generate positive health outcomes for patients Used by chemists to create new medicines, materials, etc.
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recognition of the implicit lone pairs on the nitrogen atoms and the 
carbon–carbon π bonds, recall of the requirements of aromaticity, 
and then application of abductive reasoning to the concepts learned 
(e.g., in class) and perceived by the structural representation. It is 
easy to see that the 1,4-dihydropyrazine is cyclic, has 8 π electrons, 
and a p orbital at each vertex. However, this simple analysis would 
result in the structure being anti-aromatic, so the student must 
recognize that in order for it to be non-aromatic as the problem 
states, planarity must be disrupted.

The second example shown in Figure  4 is a curved arrow 
mechanism problem for a reaction not typically covered in the 
Organic Chemistry course sequence (Sarode et  al., 2016). 
Students must apply the rules of curved arrows and properly 
atom map to diagnose the correct product.7 The pre-existing 
conditions for a mechanism question with arrows shown include 

7 While one could argue that the diagnosis/answer to the problem presented 

in Figure 4 does not require abductive reasoning, we have included it because 

the skills required here can be applied to more complex problems that, for 

example, include mechanistic reasoning (vide infra).

the nature of curved arrows and the examination of the scheme 
will require atom mapping and keeping track of which bonds are 
broken and formed.

The third example shown in Figure  5 is a substitution/
elimination problem (Brown et al., 1956). Students frequently 
find these reactions challenging and may employ a variety of 
heuristic models to approach them. Just as medical diagnosis 
begins with gathering information (taking patient information), 
solving this problem begins with direct observation and 
application of what is known about the structure and reactivity 
of these molecules. The alkyl halide has a good leaving group and 
has tertiary electrophilic carbon classification while the 
t-butoxide reagent is electron-rich, bulky, and reactive. Students 
must reason abductively how these characteristics interact with 
each other. This iterative process first eliminates SN2 due to the 
nature of the alkyl halide, then identifies E2 as the mechanism 
with the bulky alkoxide. Next, an understanding of 
thermodynamics vs. kinetics to differentiate the two possible E2 
pathways. Finally, a re-examination of the problem indicates the 
less stable product is formed preferentially; this is best explained 
by steric crowding in the transition state of the reaction between 
the alkyl halide and alkoxide.

FIGURE 3

Diagnosis of an aromaticity problem.
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The final, and most complex, example shown in Figure 6 is a 
predict the product, addition reaction problem (Inoue and 
Murata, 1997) that is analogous to halohydrin formation. The 

problem requires separate diagnoses as it is layered where 
advancement to the second part is necessitated by the successful 
completion of the first addition step. Students would need to 

FIGURE 4

Diagnosis of a mechanism problem.
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differentiate between the nucleophilicity of the alcohol and π 
bond after recognizing them as potential nucleophiles. After 
using abduction to recognize the higher reactivity of the π bond, 
students should then reason that selenium is electrophilic, akin 
to bromine in Br2 due to being polarizable and bonded to a 
leaving group. This diagnosis is supported when taking into 

account the stereospecificity of the transformation, which 
precludes carbocation intermediates. The second diagnosis 
requires that students recall the regioselectivity of reactions with 
3-membered cationic rings at the more substituted carbon. The 
remaining nucleophilic oxygen atom can now react with a higher 
energy seleniranium ion. However, conformational analysis of 

FIGURE 5

Diagnosis of a substitution/elimination question.
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the transition state is needed to discern the pseudo axial/
equatorial approach of the oxygen atom on the seleniranium ion 
(Figure  6, bottom). Students would then need to apply their 

knowledge of chair conformations and the lower energy state 
when having ring substituents equatorial. Thus, the trans-
oxacyclohexane is formed.

FIGURE 6

Diagnosis of a predict the product reaction.
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3 Conclusion and future work

While Organic Chemistry is often regarded as the most 
challenging undergraduate course in the US, we argue it has gotten 
a “bad rap” because students are not always prepared for the 
challenges that lie ahead when they enter the course. Students 
generally perform better on assessments when they employ 
metacognitive strategies (i.e., “thinking about thinking”). This has 
been demonstrated in a variety of courses (Arslantas et al., 2018), 
including Organic Chemistry (e.g., Graulich et al., 2021; Blackford 
et  al., 2023). The consensus is that students who employ more 
metacognitive strategies in Organic Chemistry are more successful 
in problem-solving tasks and are better able to use those strategies 
when they are explicitly modeled and scaffolded. We have argued 
that instructors of Organic Chemistry should teach and demonstrate 
how to think and problem solve via “diagnosis” (i.e., abductive 
reasoning) in their classrooms. We hypothesize that students may 
score higher on metrics that assess scientific learning when these 
types of diagnostic models are utilized.

As constructors of nationally standardized exams, we  fully 
acknowledge that a lot of growth on organic chemistry knowledge 
assessment still remains to be achieved. For Organic Chemistry course 
instructors, we hope the above insight into abductive reasoning can also 
be used on the assessment side of teaching requirements. Namely, that the 
cognitive load placed on students when solving each problem be carefully 
considered when constructing summative assessment items. Though this 
point has been frequently made previously (e.g., see Raker et al., 2013), 
we  believe it is worthwhile for all writers of questions in Organic 
Chemistry to map out, step-by-step, the logic required to solve each 
question to determine the cognitive load. This can, in turn, help these 
instructors teach from a novice-focused perspective—as opposed to the 
“sage on the stage.” The prior section provided examples with varying 
levels of complexity and demonstrated that cognitive load can 
be approximated by the number of reasoning steps (subtasks) required 
when the assessment piece is broken down. Further, this process could 
potentially also help the exam writer identify if items require little to no 
scientific reasoning (e.g., pure memorization questions).

The above manuscript merely outlines a hypothesis that we have 
generated over the course of our time teaching Organic Chemistry 
with this “diagnosis” method of abduction. To fully explore its validity, 
educational research is needed. This will be a precarious endeavor, 
because measuring the efficacy of teaching abductive reasoning will 
require assessment of scientific thinking skills in Organic Chemistry, 
and, as we just pointed out, there are already strong arguments that 
we are still quite far away from such valid assessments. However, 
we can be sure that if you are teaching Organic Chemistry from the 
perspective of your experience and expertise as an organic chemist, 
then opening a window for your students into how you think and 
problem solve will benefit your students. Our position is that 

instructors of Organic Chemistry should not only be  explicitly 
teaching students the abductive reasoning skills to tackle complex 
problems, but they should also frame it as “diagnosing” the 
chemical situation.
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chemistry
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When working with domain-specific representations such as structural 
molecular representations and reaction mechanisms, learners need to 
be engaged in multiple cognitive operations, from attending to relevant areas of 
representations, linking implicit information to structural features, and making 
meaningful connections between information and reaction processes. For 
these processes, appropriate instruction, such as a clever task design, becomes 
a crucial factor for successful learning. Chemistry learning, and especially 
organic chemistry, merely addressed meaningful task design in classes, often 
using more reproduction-oriented predict-the-product tasks. In recent years, 
rethinking task design has become a major focus for instructional design 
in chemistry education research. Thus, this perspective aims to illustrate the 
theoretical underpinning of comparing cases from different perspectives, such 
as the structure-mapping theory, the cognitive load theory, and the variation 
theory, and outlines, based on the cognitive theory of multimedia learning, 
how instructors can support their students. Variations of this task design in the 
chemistry classroom and recommendations for teaching with case comparisons 
based on current state-of-the-art evidence from research studies in chemistry 
education research are provided.

KEYWORDS

case comparisons, chemistry education, support, guidance, instruction

1 Introduction

As educators in chemistry, we  would unanimously agree that understanding the 
relationship between the Lewis structure representations of organic molecules and their 
chemical properties, the molecular architecture, as named by Laszlo (2002), is essential for 
explaining or predicting chemical behavior. When learning chemistry, students, thus, 
encounter various ways of representing structures and processes (i.e., electron-pushing 
formalism) and must connect this to chemical and physical characteristics and energetic 
considerations (Goodwin, 2010). As a chemical entity has both a visible structural 
representation and an underlying conceptual aspect, difficulties in linking these two aspects 
can lead to a superficial understanding. Studies consistently show that students often focus on 
surface features or patterns when estimating the reactivity of molecules, overlooking functional 
or more abstract relational similarities (cf. Cooper et al., 2013; Anzovino and Bretz, 2016; 
Talanquer, 2017). They tend to equate visual similarity with chemical similarity, potentially 
missing out on understanding how different structural environments can lead to property 
changes, i.e., changes in chemical reactivity (Bhattacharyya, 2014; Graulich et al., 2019).

One may now ask, why comparing and contrasting should be an important part of learning 
in chemistry. The act of comparing is inherent to the discipline because it allows us to 
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understand the properties of substances by comparing their behavior 
in different conditions (Goodwin, 2008). Chemists often compare 
different substances to identify similarities and differences of chemical 
and physical properties. In chemical synthesis, making small changes 
in functional groups at a target catalyst, for example, allows us to 
determine which ones are most effective at promoting specific 
chemical reactions (Afagh and Yudin, 2010). By comparing the 
behavior of chemical systems, chemists can gain a deeper 
understanding of the underlying principles of chemical processes to 
monitor and control chemical reactions or refine computational 
models. Comparing either experimental, machine learning or 
computational data allows us to estimate the magnitude of effects 
(Keith et al., 2021). Comparing, for instance, kinetic data of reactions 
helps determine the magnitude of reaction speed, for instance, 
influenced by changes of electronic substituent effects (Trabert and 
Schween, 2018). In some cases, we have this data at hand in terms of 
empirical properties, such as electronegativity or pKa values, but in 
other cases, in which we do not have access to these data, chemists 
often express qualitatively the properties of a functional group or 
molecule, e.g., this leaving group or nucleophile is good, or this 
structure is stable (Popova and Bretz, 2018). However, to estimate 
what “good” means requires answering the question “Good, compared 
to what” and essentially answering the question “why is it better?.” This 
is an inherently comparative process that requires knowledge about 
implicit properties, electron distribution, strength of effects, and 
energetic considerations. Purposeful case comparisons may engage 
learners in meaningful sense-making about organic reactions. This 
assumption is further supported by studies in psychology that have 
highlighted the educational value of using case comparisons to assist 
students in grasping new concepts (Schwartz and Bransford, 1998; 
Gentner et al., 2003). In particular, Gentner et al. (2003) found that 
comparing two cases simultaneously was more effective for learning 
than studying five single cases in sequence. By comparing and 
contrasting different cases, students learn to discern both common 
and distinctive characteristics that help differentiate and understand 
key concepts or phenomena. As the instruction continues, such 
comparisons offer a chance for learners to develop inferences and 
justifications for the specific features. A meta-analysis by Alfieri et al. 
(2013) has shown that this method significantly enhances learning. 
This perspective outlines the theoretical underpinning of case 
comparisons and highlights how instruction in chemistry can profit 
from well-designed and orchestrated cases.

2 Why should we learn with case 
comparisons? Theoretical 
underpinning

2.1 What does structure mapping theory 
tell us about comparing?

Learning by comparing cases can be rationalized from a cognitive 
psychology perspective because it taps into several important 
cognitive processes, essential for learning and problem-solving. When 
comparing cases, a learner is engaged in a process called analogical 
reasoning, which involves finding similarities and differences between 
cases and using those similarities and differences to make inferences 
and draw conclusions. This analogical reasoning is a fundamental 

cognitive process that allows transfer knowledge and skills from one 
domain to another, or from one context to another (Gick and Holyoak, 
1983). The structure mapping theory by Gentner (1989) and Gentner 
and Markman (1997) explains how this analogical reasoning works. 
When we compare two situations, objects, or reactions, we look for 
shared relationships. These relationships could either be similarities 
in surface features or relational features, such as causal or functional 
ones. Surface features are always visible features and details of a 
situation or object and, thus, are easy to discern. While relational 
structures refer to the abstract relationships between features and 
implicit information conveyed, they can, but do not necessarily share 
surface similarities. Comparing a set of correspondences between the 
surface or relational features of two cases leads to a structural 
alignment, i.e., discerning the information that two cases share. 
According to the structure mapping theory, the more shared relational 
features there are between two situations, the stronger the analogy, the 
easier to transfer our knowledge about one situation to reason about 
the other. For example, knowing that an electronegativity difference is 
needed to make a carbon-heteroatom bond polar, we can use that 
knowledge to infer that other carbon-heteroatom bonds might 
be polar as well, when there is a difference in electronegativity, even if 
the functional group looks different. However, attending to the 
relational similarity between cases is modulated by expertise. With 
increasing expertise, we can make use of abstract schemas and use 
them to categorize tasks based on implicit, conceptual aspects, 
whereas novice chemistry learners tend to focus on more explicit 
concrete features (Graulich et al., 2019; Lapierre and Flynn, 2020).

2.2 Cognitive load – the gatekeeper for 
accessibility

The Cognitive Load Theory (CLT) (Sweller and Chandler, 1994; 
Kalyuga et al., 1998) offers substantial insights into the use of case 
comparisons in learning chemistry, emphasizing how instructional 
design can manage cognitive resources to enhance learning (Paas 
et al., 2003). The CLT acknowledges the structure or extraneous load 
of a task (extraneous cognitive load), as well as the cognitive 
affordances that come with the content (intrinsic cognitive load) and 
the cognitive effort that a learner needs to activate for learning 
(germane cognitive load). When we compare cases, we activate our 
working memory system. However, the use of working memory and 
the associated capacity is limited, which is why sufficient available 
capacity must be accessible for effective learning or application of 
knowledge (Baddeley, 2010). CLT describes that learning is associated 
with cognitive load and that learning can be simplified or be more 
challenging depending on the circumstances. Intrinsic cognitive load 
is related to the difficulty or complexity of the learning material. 
Sweller (2003) focuses here on element interactivity. In concrete terms, 
this means that different elements must be processed simultaneously 
in the working memory during learning. This can happen sequentially, 
which causes a lower intrinsic cognitive load, or simultaneously, which 
results in an increased intrinsic cognitive load. If the elements are 
processed one after the other, e.g., in learning with single cases, this 
usually leads to memorization; if they are processed simultaneously, 
e.g., by comparing cases, links are created, which generates 
understanding but is also more demanding for the working memory 
(Sweller, 2010). The more prior knowledge learners have, the more 
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links already exist and the lower the intrinsic cognitive load, even 
when processing elements simultaneously (Paas and Sweller, 2014). 
Two assumptions support the use of case comparison in light of the 
intrinsic cognitive load. On the one hand, as our working memory is 
limited in capacity, comparing cases instead of single cases helps us to 
be able to attend easily to differences and similarities and neglect other 
possibly irrelevant features of a situation or object (Schwartz and 
Bransford, 1998). Simultaneous processing of multiple and maybe 
irrelevant aspects can be challenging for learners; thus, the extraneous 
and intrinsic load can be reduced if cases help learners to focus on a 
reduced number of relevant aspects, as the one variable that needs to 
be compared can be focused on. This allows us to save capacity in our 
working memory. Furthermore, studying multiple cases allows 
learners to see how the same underlying principles apply to different 
contexts. This can help learners develop a deeper understanding of 
those principles and how they relate, which makes it easier to build 
conceptual chunks instead of memorizing single features (Schwartz 
and Bransford, 1998; Alfieri et al., 2013; Roelle and Berthold, 2015). 
Studying a single case in isolation may not give learners enough 
context or variation to understand the underlying principles involved 
fully (Alfieri et al., 2013). However, using case comparisons does not, 
per se, remediate mediocre ways of teaching. If the cases are not fully 
understood and the learner struggles to determine the relevant 
aspects, comparing cases might increase the intrinsic cognitive load 
compared to a single case, especially when multiple variables are 
involved (Schwartz and Bransford, 1998).

In contrast to the intrinsic cognitive load, the extraneous cognitive 
load is about how learning materials are designed (Sweller, 2010). The 
more superfluous or irrelevant information learners are presented 
with, the greater the possibility that they will not be able to distinguish 
between relevant and irrelevant information and will be distracted, 
which increases extraneous cognitive load. To minimize extraneous 
cognitive load for learners, it is therefore advisable to use design 
principles such as Mayer’s, which are evidence-based and conducive 
to learning (Mayer, 2021). In relation to case comparisons, this means, 
for example, that in addition to reducing irrelevant information, the 
relevant information can be  emphasized, e.g., by highlighting 
techniques (Rodemer et al., 2022).

The germane cognitive load describes the load that relates directly 
to learning as an activity and is considered productive (Paas and 
Sweller, 2014). The more a learner can focus on the learning itself, the 
more effectively links can be created. The germane cognitive load thus 
relates to the intrinsic cognitive load. Currently, there is an assumption 
“that germane cognitive load has a redistributive function from 
extraneous to intrinsic aspects of the task rather than imposing a load 
in its own right” (Sweller et al., 2019, p. 264). The lower the extraneous 
cognitive load is kept, the more space is given to the intrinsic cognitive 
load, which in turn results in an increased germane cognitive load 
(which is positive). However, this only becomes important with 
complex learning material, as the intrinsic cognitive load only 
becomes noticeable here. The simpler a task is, the lower the intrinsic 
cognitive load and the lower the germane cognitive load (Paas and 
Sweller, 2014). In relation to case comparisons, this means that the 
way in which the learning material is designed should be  well 
considered so that there is more space for the germane cognitive load. 
Complex tasks can be chosen, whereby the complexity must match the 
prior knowledge and the capacity of the working memory to be able 
to generate effective learning and links (Sweller, 1994).

Overall, comparing cases as a task design can offload the working 
memory and engage multiple cognitive processes that are essential for 
learning and problem-solving when they match the capability of the 
learners (Roelle and Berthold, 2015).

2.3 Variation theory – instructional design 
principles

While Cognitive Load Theory (CLT) focuses on the capacity of 
working memory and how instructional design can be optimized to 
avoid cognitive overload, Variation theory is a learning theory that 
emphasizes the importance of variation in the design of instructional 
materials and activities and places emphasis on the importance of 
experiencing variations in the learning material to understand and 
discern the critical aspects of the content. While CLT is more about 
managing the quantity and complexity of information, Variation 
Theory is about the quality and structure of learning experiences. 
According to this theory, learners need to experience variations in the 
material they are studying in order to fully understand the underlying 
concepts, i.e., to abstract the relational connections beside surface 
similarities. Variation theory is based on the work of Swedish 
researcher Ference Marton and his colleagues, who developed the 
theory in the 1970s and 1980s (Marton, 1981). Marton (1981) was 
interested in understanding how students develop their understanding 
of complex concepts, and he observed that learners often struggle to 
transfer knowledge from one context to another.

Lo and Marton (2011) proposed that the key to understanding 
complex concepts is to focus on the variations in the material. They 
argued that learners need to experience different examples of a 
concept in order to fully understand it and develop a flexible 
understanding that can be applied to new contexts, advocating for a 
deep understanding of the subject matter instead of surface-
level memorization.

Variation Theory of Learning helps further to support the use of 
case comparisons in chemistry education, as it emphasizes the 
importance of discerning critical features of a concept being taught. 
Using case comparisons (like different chemical reactions) helps 
students notice and understand the essential characteristics of each 
case; for example, contrasting an acid–base reaction with a redox 
reaction can help students understand the unique features of each type 
of reaction. Second, Variation Theory suggests that exposure to a 
range of examples, prototypical and non-prototypical examples, can 
help students see beyond single examples and support the ability to 
discriminate between different entities and recognize the significance 
of these differences. Certain elements become more salient to the 
viewer through variation, while other elements are kept invariant (Lo 
and Marton, 2011; Bussey et al., 2013), which allows learners to notice 
critical features more quickly (Bussey et  al., 2013). Using case 
comparisons helps in achieving this by requiring students to apply 
principles to different scenarios, thereby promoting a deeper 
understanding of the underlying concepts (Roelle and Berthold, 2015; 
Bego et al., 2023). By focusing on these variations, variation theory 
aims to help learners develop a more nuanced and flexible 
understanding of the concept they are studying, which can be applied 
to new situations and contexts. The theory highlights the importance 
of experiencing variations in the material being studied in order to 
develop a flexible understanding that can be applied to new situations.
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3 How good are students in 
comparing chemical reactions?

Multiple studies in chemistry education in the last decades 
documented that students when either not taught or not prompted 
appropriately to compare meaningfully, show a more surface-level-
oriented comparison behavior when categorizing molecules or 
reactions. Moreover, by comparing two or more structures just 
because of their similar surface features, learners may overlook their 
properties (Talanquer, 2008; DeFever et  al., 2015). Considering 
implicit properties and underlying processes of a reaction mechanism 
is crucial for higher modes of reasoning (Weinrich and Sevian, 2017) 
and leads to greater success when solving novel mechanistic problems 
(Grove et al., 2012). Stains and Talanquer (2007, 2008) compared the 
behaviors of undergraduate and graduate students while engaged in 
classifying different chemical representations and analyzed how often 
surface and deep-level attributes were used in the classification tasks. 
They determined that graduate students used more implicit 
information from the representations given than explicit ones for their 
classification. The most common approach used by undergraduates 
was a single attribute decision-making process. In the domain of 
organic chemistry, Domin et al. (2008) investigated the behavior of 
undergraduate students and experts while engaged in categorizing 
different cyclic or acyclic a-chloro derivatives of aldehydes and 
ketones. Consistent with Stains and Talanquer’s findings, they found 
that students primarily categorized these compounds dichotomously 
by choosing a single surface-level attribute, such as aldehyde/ketone, 
cyclic/acyclic, or halogenated/non-halogenated. In Stains and 
Talanquer’s study, experts tended to build similar categories as novices, 
also focusing on functional groups, but made the decision based on 
more implicit considerations, such as reactivity of the functional 
group toward the addition of nucleophiles. This increased focus on 
functional similarity, i.e., focusing on nucleophilicity/electrophilicity 
as well as reactivity of reactants, has been as well observed in various 
studies using card sorting activities (Graulich and Bhattacharyya, 
2017; Galloway et al., 2018). It seems as if experts or advanced students 
in organic chemistry are able to generate more abstract schemas and 
store implicit information about molecules and reactions in bigger 
chunks, mirroring chemical reactivity patterns. Regarding 
investigating the development of expertise, a study revealed that 
successfully categorizing organic chemistry reaction cards is, with a 
large effect, correlated with the students’ academic performance 
(r = 0.62). Moreover, the findings that academic performance is 
correlated with the successful online categorization were confirmed 
over the years (Lapierre et al., 2022). In a study from Graulich et al. 
(2019), learners were prompted to identify, for example, which two out 
of three nucleophiles would react similarly in a given substitution 
reaction. Thereby, the explicit properties of the given reactants 
matched or did match with the correct solutions. The findings revealed 
that students experienced greater challenges with items in which the 
structural representations of the correct answer did not share explicit 
similarity. Therefore, it might be helpful from time to time to use 
molecules or reactions with similar explicit surface features that are 
not undergoing similar reaction pathways or reactions that seem to 
be similar on the surface but undergo different pathways (Graulich 
and Schween, 2018). This could ideally induce cognitive dissonance 
in learners and challenge their strong focus on surface similarity. As a 
result, learners are required to use implicit properties to get to a proper 

solution and might be open to new explanatory concepts. Moreover, 
studies revealed that learners experience difficulties in activating the 
same concept knowledge in different contexts; thus, using a variety of 
molecules to introduce nucleophilicity might help students not to look 
only for negative charges and may help learners broaden their concept 
knowledge (Anzovino and Bretz, 2015; Popova and Bretz, 2018).

4 Designing and orchestrating cases

Case comparisons have been widely used as a task design across 
natural sciences and mathematics to foster students’ ability to derive 
implicit features and weigh multiple arguments when reasoning. In 
their meta-analysis, Alfieri et al. (2013) found that case comparisons 
led to a higher number of identified variables than single cases 
(d = 0.60, 95% CI[0.47, 0.72]). Appropriately designed case 
comparisons offer the possibility to support learners to see how the 
same underlying principles apply to different chemical systems or to 
what extent reactions might occur differently (Graulich and Schween, 
2018). This offers a chance to foster a deeper understanding of those 
principles and help students abstract from the explicit and sometimes 
misleading features of structural representations. Case comparisons 
seem to be more effective at the beginning rather than the end of an 
instructional topic, as it can prepare students to be  sensitive to 
important features that need to be  properly considered or to key 
features that must be  transferred to new cases (Schwartz and 
Bransford, 1998; Schwartz et al., 2011).

When learners compare different chemical reactions that involve 
similar reactants and products but occur under different conditions, 
learners can experience how changes in conditions can affect the 
reaction rate and yield and relate this observation to the principles 
of thermodynamics and kinetics (Pölloth et al., 2022). Moreover, by 
comparing different cases, learners are forced to consider multiple 
influential factors and have to evaluate the similarities and 
differences. This can help them develop their ability to recognize 
patterns, make connections, and draw conclusions, which are 
essential skills in scientific inquiry and research (Alfieri et al., 2013). 
Figure 1 illustrates the differences between tasks based on single 
cases, contrasting cases with one variable and contrasting cases with 
two (or more) variables. When comparing a simple single case 
(Figure  1, upper part), the prompt is often only answered 
superficially, for example in stating as to whether reactions take 
place from a thermodynamic point of view. But when another case 
is added, such as changing the leaving group, this could be 
considered the simplest format of a case comparison, as only one 
variable of two displayed reactions is changed (Figure 1, middle 
part). This requires univariate reasoning and a strong focus on how 
the leaving group, in this case, the bromide or the chloride ion, is 
influencing the kinetic outcome of the reaction. Case comparisons 
can be adapted to more complex ones by changing a second variable, 
for example, several substituents or positions. The lower part of 
Figure  1 illustrates a case comparison that requires multivariate 
reasoning, as not only the leaving group (bromide or chloride-ion) 
but also the nature of the substrate (e.g., carbonyl vs. double bond) 
influences the reaction kinetic. Thus, learners have to weigh multiple 
arguments and justify their decisions based on the strength of 
implicit properties, in this case, mesomeric and inductive effects 
(Lieber and Graulich, 2022; Watts et al., 2023).
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Case comparisons have been widely used in chemistry education 
studies, but the way in which these case comparisons were used 
differed (e.g., Bodé et al., 2019; Lieber and Graulich, 2022; Kranz et al., 
2023). Figure  2 illustrates three different possibilities for using 
contrasting cases in argumentation processes. In the simplest case, an 
argument is divided into three parts: a claim, evidence and reasoning 
(evidence and reasoning can be combined as justification) (McNeill 
and Krajcik, 2012). One possibility for a task design involving case 
comparisons is that students compare two reactions at the beginning 
of the task to reason deeply about which reaction will proceed more 
likely. Thereby, the justification process can take place first and is 
guided by scaffolding which leads to a claim (Kranz et al., 2023) (see 
Figure  2, first example). Moreover, after comparing two reaction 
mechanisms at the beginning, it is also possible that learners first 
make a claim and justify their claim afterwards (Bodé et al., 2019; 
Deng and Flynn, 2021) (see Figure  2, second example). Besides 
comparing reactions at the beginning, it is also possible to build 
arguments on single reaction products of a reaction but contrast the 
reaction products at the end of the task. Thereby, students first claim 
if the respective reaction product is plausible or implausible, which is 
each justified with evidence and reasoning and compare the 
plausibilities of the reaction products in the end (see Figure 2, third 
example). This can lead to a revision of students’ claims of most 
plausible reaction products toward a correct claim by weighing key 

concepts when contrasting them (Lieber et  al., 2022; Lieber and 
Graulich, 2022). These studies indicate that the use of case comparison, 
at the beginning or at the end, has a beneficial effect for 
building arguments.

4.1 CPOE cycle – embedding case 
comparisons in inquiry processes

One way to combine the use of case comparisons with lab work is 
to embed these case comparisons in the CPOE cycle (Graulich and 
Schween, 2018), an adapted form of the Predict-Observe-Explain 
cycle (White and Gunstone, 2014) with an added “Compare” step. The 
cycle is based on learners first receiving a case comparison where they 
need to compare two given reactions (C), to predict (P) by generating 
a hypothesis which of the two reactions, for example, is faster than the 
other. This hypothesis can then be  tested experimentally. By 
experimentally testing the hypotheses that have arisen from the case 
comparison, the outcome of the reactions is observed (O). Once the 
data has been analyzed, the final step takes place, in which conclusions 
are drawn about the previously formulated hypothesis based on the 
experimental results (E). Figure 3 illustrates the theoretical CPOE 
cycle by giving concrete examples how each step can look like, which 
is described in more detail in the following section.

FIGURE 1

Example for a single case and case comparisons.
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As the name suggests, however, this may not be a linear process 
with a defined end but a cycle that can be repeated based on new case 
comparisons. In this way, learners not only become familiar with 
scientific principles through independent experience, but the targeted 
choice of contrasting cases and experiments also enables a specific 
promotion of chemical concepts.

Schween’s group has developed numerous experiments that 
make intermediate stages “visible,” for example, based on 
conductivity measurements (cf. Trabert et  al., 2023 for an 
overview). In each case, two or more reactions are compared with 
each other and learners are prompted to estimate the reaction with 
the higher reaction rate. Their work resulted in experimental case 

comparisons on electrophilic substitution on aromatic compounds, 
in which the sigma complexes were determined by conductivity 
measurements (Vorwerk et al., 2015), on the stability of carbenium 
ions, which makes intermediates directly and indirectly visible 
through color gradients as well as conductivity measurements 
(Schmitt et al., 2013), on the competition of primary and secondary 
haloalkanes in SN2 reactions (Schmitt et al., 2018), as well as on 
electronic substituent effects in alkaline ester hydrolysis (Trabert 
and Schween, 2018). All these experiments can be used in a CPOE 
cycle. Figure  3 illustrates the linkage of Trabert and Schween’s 
(2020) case comparisons of an alkaline ester hydrolysis, which is 
focused on inductive effects and their experimental design to the 

FIGURE 2

Illustration of different possibilities for the use of case comparisons in argumentation and reasoning processes. The red background highlights when 
the case comparison is used during the process.

FIGURE 3

Embedding case comparisons in the CPOE cycle as illustrated with an example from Trabert and Schween (2020).
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CPOE cycle. Thereby, students first receive contrasting cases of 
ester hydrolysis, which differ in their substituents on the phenyl 
group (Figure 3, compare) Based on these two reactions, students 
have to predict which of the reactions proceed faster including a 
justification (Figure  3, predict). Students test their hypothesis 
afterwards in the laboratory with conductivity measurements 
(Figure  3, observe). Based on their observations, students are 
encouraged to explain the phenomenon and refer to their 
hypothesis (Figure 3, explain). When the shown cycle is used in 
teaching and learning, learners can transfer their knowledge of 
inductive effects into a second cycle. Therefore, learners can apply 
their knowledge of inductive effect on new reactions, which focus 
on the position of substituents. Thereby, learners complete the 
CPOE cycle a second time by comparing the position of 
substituents on aromatic compounds, predicting the reaction rate, 
observing the hypothesis by conducting experiments, and 
explaining the position dependency of inductive effects. The key 
aim of these experimental case comparisons is to engage learners 
in reflection about reaction rate, slowly increasing the 
sophistication of chemical concepts such as electronic effects that 
is not only supported by the experimental investigations but can 
also be advanced to other reactions and contexts. Those cases used 
in the lab and discussed in lecture might serve as a bridge between 
these two traditional course formats in organic chemistry.

5 Supporting students to learn 
meaningfully with case comparisons

When engaged in comparing, meaningful problem-solving 
requires attending to the relevant features of a representation, as well 
as linking the necessary implicit information to it (Mason et al., 2019). 
This may not be an intuitive process for students, as the connection 
between the feature of a carbonyl group (e.g., C=O) and its electron 
distribution has to be learned. The first visual selection process when 
looking at a structure is guided by learners’ perception of saliency, 
their individual framing of what a given task entails, as well as their 
prior knowledge and the cognitive resources that a learner is able to 
activate (Bodé et al., 2019). Just comparing is not a one-size-fits-all 
solution, especially when implicit or functional information is more 
important than superficial features and might not result in the 
intended deeper reasoning about critical features (Bhattacharyya, 
2023). For beginners, it might thus be necessary to be supported in 
attending to the relevant aspects, in order to decrease the extraneous 
and intrinsic load. The Cognitive Theory of Multimedia Learning 
(CTML) by Mayer (2021) allows informed instructional design to 
support students in these aspects. The key assumption of the CTML 
is that human cognition proceeds by two channels, a visual and a 
verbal channel, that need to be optimally synchronized in learning. It 
is thus beneficial to present information both visually, which 
we  typically do with structural representations and verbally (e.g., 
written or spoken explanations), to engage both channels. Both 
channels have limited capacity, meaning that learners can only process 
a limited amount of information at a time. In the context of case 
comparisons, it is important not to overwhelm students with too 
much information at once and to guide their attention to the relevant 
aspect in the visual and verbal channel (Rodemer et al., 2020; Eckhard 
et  al., 2022). Thus, both theories, the CLT as well as the CTML, 
support the same instructional design principles: guiding students 

visually and conceptually through a task, to make a task accessible for 
actual learning.

5.1 Visual attention guidance

Guiding learners to attend to the relevant features, i.e., important 
functional groups involved in a reaction, can be achieved by multiple 
means, such as simply signaling or highlighting the relevant areas of 
the representation [i.e., signaling principle as described by Mayer 
(2021)], e.g., by zooming in or out, spotlights, coloring, added 
on-screen text or symbols. Others used experts’ eye gaze as a model 
for the learner, as used in the context of medicine (Jarodzka et al., 
2012; Gegenfurtner et al., 2017), whereas transferring this idea to 
learning organic reaction mechanisms has not yet been convincing 
(Graulich et al., 2022). By “signaling” (highlighting key structural 
features in a static or dynamic fashion) students can focus on these 
key features of the representation and reduce their attentional focus 
to the rest of the structure, thus, reducing their extraneous cognitive 
load, if they are not attending to everything all at once (Richter et al., 
2016; Schneider et al., 2018). It can also allow us to model a certain 
sequence of comparing by highlighting, for example, a starting point 
of comparison and then the sequential decoding process. Although 
attending to the relevant features is a key step. Implicit chemical 
properties cannot be read out of the functional group but need to 
be linked to it. When the attention of the learner is on the relevant 
features of a representation, the respective implicit information 
needs to be added, either in terms of verbal or written information. 
This is in line with the dual channel assumption of the CTML, 
providing highlighting for the visual features and chemical 
information for the verbal channel, as well as presenting it at the 
same time, i.e., the contiguity principle (Mayer and Fiorella, 2014). 
Some instructors might intuitively use highlighting techniques by 
pointing toward the representational features on the blackboard and 
explaining simultaneously or by adding conceptual information, 
such as pKa or partial charges on the board. Redirecting a learner’s 
attention to the relevant aspects, thus, can be complex, as decisions 
have to be made that cannot just be guided by the salience of a 
functional group, and conceptual information needs to be linked to 
make a purposeful selection.

In a quantitative study, we  tested if a highlighting technique 
actually supports students to attend to relevant areas of organic 
chemistry case comparisons and solve them more successfully. Thus, 
we created tutorial videos with case comparisons and used a dynamic 
moving dot highlighting representational features, which was 
synchronized with the information given as a verbal explanation in 
parallel (Rodemer et al., 2020; Eckhard et al., 2022). The study could 
document that all students in the study were profiting from the given 
verbal explanation, but especially low performing students profited 
from the highlighting. Following students while watching the videos 
with highlighting with the help of eye-tracking could show that the 
attention to relevant areas is focused over the entire time of the video, 
and the perceived extraneous cognitive load is decreased (Rodemer 
et al., 2022). These overall results illustrated that beginners need more 
support in decoding the molecular structures that we use in organic 
chemistry, and guiding their attention is key for a decreased 
extraneous cognitive load. Besides using eye-tracking as an analytical 
lens to track students’ attention, using it in instruction might help 
students understand their own viewing behavior. In an eye-tracking 
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study conducted by Hansen et  al. (2019), they investigated how 
students view and critique different animations of redox reactions and 
precipitation reactions. After their reasoning process, students 
received visual feedback on their own viewing behavior. Hansen et al. 
(2019) revealed that viewing this feedback helped the students to 
be  critical about their own viewing behavior and to deepen the 
critique regarding the animations shown.

5.2 Conceptual guidance

Further breaking down the reasoning process with case 
comparisons into manageable parts can help students process the 
information more effectively (Belland, 2017). A simple nucleophilic 
substitution, taught in an introductory organic chemistry course, for 
instance, requires the consideration of three main influential factors, 
i.e., leaving group ability, nucleophilicity, substrate effects, and the 
cause-effect relationships that determine the reactivity in this type of 
mechanism. Thus, a lot needs to be considered by the learners. Using 
case comparison can have positive effects on students’ engagement 
with the conceptual knowledge, as it shifts the focus onto implicit and 
influential factors of the organic reaction mechanism (Watts et al., 
2021). However, if we expect students to reason in a particular way, 
i.e., building cause-effect relationships, and connect different concepts 
and properties, we need to be explicit how students should integrate 
these multiple pieces of knowledge. Developing mastery requires 
explicit learning of how to create those mechanistic explanations 
(Cooper, 2015). Thus, supporting students in solving case comparisons 
should acknowledge the complexity and reasoning steps required and 
ideally make these steps transparent through a scaffold (Caspari et al., 
2018; Kranz et al., 2023). Scaffolding is a known technique widely used 
as an instruction in science education (cf. Lin et al., 2012; Wilson and 
Devereux, 2014) and helps students to slow down the decision-making 
process and gives students the opportunity to activate necessary 
conceptual and procedural knowledge (Rittle-Johnson and Star, 2007; 
Rittle-Johnson and Star, 2009; Shemwell et al., 2015; Chin et al., 2016). 
A scaffold for the case comparisons illustrated therein thus can guide 
the learner through the different considerations necessary to make a 
claim about the outcome of a case: (1) describing the chemical changes 
in the given cases; (2) explicitly stating the overall goal of comparison 
(task prompt); (3) naming the similarities and differences; (4) stating 
the role of the influential factors (i.e., implicit properties); (5) 
explaining and contrasting the influences of the implicit properties; 
(6) stating how the transition state is affected to refer to the energetic 
account and (7) making a final claim about the reactivity of both 
reactions (Bernholt et al., 2023).

Various studies already documented the positive effect of using 
scaffolding with case comparisons on students’ reasoning. In prior 
studies, we  used a scaffold grid, represented by a worksheet with 
empty boxes, which visually connects the structural differences, 
changes, and cause-effect relations (Caspari et al., 2018). By utilizing 
this grid, students can systematically relate each structural difference 
to each ongoing change, verbalizing the influence of the structural 
difference on the change. We compared how students are reasoning 
through contrasting cases with and without a scaffold and could 
observe that students’ reasoning is more guided and includes the 
consideration of more implicit properties and influential effects when 
solving a contrasting case with a scaffold (Caspari et al., 2018). This 
structured approach helps students avoid jumping to the final answer 

without considering the underlying reasons. A mixed-methods study 
could confirm that especially students with a low prior knowledge 
profited from working with a scaffold and had a higher learning gain, 
whereas it does also not harm those with higher prior knowledge 
(Kranz et al., 2023). Lieber et al. (2022) advanced a scaffold further by 
acknowledging students’ individual needs when arguing about 
alternative reaction pathways. Those adaptive scaffolds could show 
that more individualized instruction when using different cases in 
organic chemistry might be a new avenue to improve teaching.

6 Conclusion

Comparing the outcome of organic reactions, the strength of 
nucleophiles, or the reaction rate is at the core of organic chemistry. 
Through asking comparative questions, we gain insight into reaction 
processes and reactivity patterns, which allow us to predict and 
explain novel ones. Learning a collection of seemingly unrelated 
reactions, or even name reactions in organic chemistry, as often the 
practice in organic chemistry classes, does not allow learners or make 
it more difficult to understand and derive the underlying principles 
that govern reactions. Structure mapping theory tells us, that our 
cognitive structure is barely made to extract with ease a conceptual 
similarity just by looking at reactions. An explicit surface similarity 
will always be more salient for an inexperienced learner. The limited 
capacity of our working memory additionally affects how much effort 
we can put into learning and understanding. Purposefully comparing 
and reasoning through case comparisons can help regain the focus 
on conceptual understanding in organic chemistry but has not yet 
been fully explored in instructional design as well as assessments. 
Multiple studies have documented the potential of using case 
comparisons compared to more traditional task formats, 
characterized the type of reasoning that can be elicited from learners, 
and integrated case comparisons into laboratory experiments. 
We illustrated therein how, based on various theories of cognition 
and instruction, comparing can serve as a valuable process for 
selecting attention, limiting the extraneous cognitive load as well as 
focusing on implicit and explicit properties and cause-effect 
relationships. This process of comparing can further be supported, 
following the principles of the Cognitive Theory of Multimedia 
Learning, by highlighting relevant features of representations through 
cueing techniques or providing scaffolding by sequentially guiding 
students through solving a case comparison. This perspective was 
meant to consolidate the current state of the art around the use of 
case comparison to provide instructors with a theory-informed basis 
for changing their practice and exploring comparing.
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A convincing e-learning system for higher education should offer adequate usability 
and not add unnecessary (extraneous) cognitive load. It should allow teachers to 
switch easily from traditional teaching to flipped classrooms to provide students 
with more opportunities to learn and receive immediate feedback. However, 
an efficient e-learning and technology-enhanced assessment tool that allows 
generating digital organic chemistry tasks is yet to be created. The Universities of 
Bonn and Duisburg-Essen are currently developing and evaluating an e-learning 
and technology-enhanced assessment tool for organic chemistry. This study 
compares the effectiveness of traditional paper-pencil-based and digital molecule-
drawing tasks in terms of student performance, cognitive load, and usability—factors 
that all contribute to learning outcomes. Rasch analysis, t-tests, and correlation 
analyses were used for evaluation, revealing that the developed system can 
generate digital organic chemistry tasks. Students performed equally well on 
simple digital and paper-pencil molecule-drawing tasks when they received an 
appropriate introduction to the digital tool. However, using the digital tool in two 
of three studies imposes a higher extraneous cognitive load than using paper 
and pencil. Nevertheless, the students rated the tool as sufficiently usable. A 
significant negative correlation between extraneous load and tool usability was 
found, suggesting room for improvement. We are currently concentrating on 
augmenting the functionality of the new e-learning tool to increase its potential 
for automatic feedback, even for complex tasks such as reaction mechanisms.

KEYWORDS

e-learning system, technology-enhanced assessment, higher education, cognitive 
load, organic chemistry, feedback

1 Introduction

In recent decades, the success and dropout rates in higher education have attracted 
particular interest (Aulck et al., 2016; Fischer et al., 2021; Fleischer et al., 2019; Heublein et al., 
2020). For chemistry students, prior knowledge (in addition to satisfaction with the study 
content) is especially important for success (Fischer et al., 2021; Fleischer et al., 2019). It is 
therefore particularly important to promote the knowledge of students with little prior 
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knowledge. This can be  achieved by providing principle-based 
(feedback that provides learners with an explanation of why an answer 
is right or wrong, rather than just informing them whether an answer 
is right or wrong), just-in-time feedback (Eitemüller et al., 2023). In 
addition to knowledge of content, mastery of representations (e.g., 
routine use of skeletal formula) is essential for understanding organic 
chemistry. Representational competence mediates the relationship 
between prior knowledge and content knowledge in organic chemistry 
(Dickmann et  al., 2019). Research indicates that students face 
challenges in producing representations at a very basic level such as 
drawing the correct molecule when given an IUPAC (International 
Union of Pure and Applied Chemistry) name (Bodé et  al., 2016; 
Farhat et  al., 2019) and connecting representations with relevant 
concepts (e.g., Anzovino and Lowery Bretz, 2016; Asmussen et al., 
2023; Graulich and Bhattacharyya, 2017). Instructional support that 
promotes the integration of explanations and representations can 
enhance learning outcomes (Rodemer et al., 2021). Furthermore, the 
duration and level of previous chemistry education has been found to 
be a significant predictor for representational competence at university 
(Taskin et al., 2017).

Organic chemistry can be very complex, and hence, demands a 
high degree of the learners’ working memory capacity to cope with it. 
To prevent cognitive overload, additional extraneous load, e.g., due to 
the processing of unfavorable instructions should be avoided to not 
impair learning (Paas and Sweller, 2014). Therefore, an e-learning 
system with sufficient usability that does not initiate extraneous 
processing through confusing operation is needed to enhance 
learning, by enabling learners to work independently on tasks at their 
own pace and receive personalized and timely error-related feedback. 
This type of learning system would present learners who have lower 
prior knowledge with an opportunity to keep up with those who have 
higher prior knowledge while providing all learners with more 
opportunities to practice the skills they have acquired. Additionally, 
implementing such an e-learning system could facilitate a shift from 
traditional courses that promote a one-size-fits-all approach to a 
flipped classroom, where students have more opportunities to engage 
in dialogue, receive feedback, and interact with educators (van Alten 
et al., 2019). However, an effective non-commercial and adequate 
e-learning and e-assessment tool that can be integrated into learning 
platforms such as Moodle or Ilias, allows teachers to create digitally 
those typical organic chemistry tasks they need for their courses, can 
evaluate student responses automatically and provide explanatory 
feedback; and whose handling does not induce extraneous cognitive 
load, that is, offers good usability, is still missing. This paper offers 
insights into the primary stages of the development and evaluation of 
an e-learning and e-assessment tool for organic chemistry. First, 
we summarize the findings of related studies. Next, we present an 
overview of the functionality of the developed learning tool. Then, 
we describe the design of the evaluation studies before presenting 
their results, and finally, discuss our findings.

1.1 Challenges in learning organic 
chemistry

Students’ prior knowledge significantly predicts their success in 
chemistry studies (Fischer et al., 2021; Fleischer et al., 2019). Although 
students’ knowledge of organic chemistry generally increases over the 

course of a semester, regardless of their prior knowledge (Averbeck, 
2021), learners with low prior knowledge do not learn enough to catch 
up, so prior knowledge remains a significant predictor of course grade 
in basic organic chemistry courses. Thus, it is possible to identify 
students at a high risk of not passing the course through prior 
knowledge assessment (Hailikari and Nevgi, 2010). Research suggests 
that novices in organic chemistry tend to focus on surface structures 
of representations (such as geometric shapes) and therefore have 
difficulty establishing the relationships between structural features 
and concepts (Anzovino and Lowery Bretz, 2016). Furthermore, 
dependence on rote learning instead of meaningful learning (Grove 
and Lowery Bretz, 2012) and focus on the surface level of 
representations (Graulich and Bhattacharyya, 2017) appear to 
be problematic.

An analysis of students’ difficulties in predicting products or 
comparing mechanisms using a modified version of Bloom’s taxonomy 
provides an overview of the various types of difficulties that students 
encounter (Asmussen et  al., 2023). While difficulties with factual 
knowledge are limited to the cognitive process of remembering, 
difficulties with conceptual knowledge arise in the cognitive processes 
of remembering, understanding, applying, analyzing, and evaluating. 
If students encounter difficulties in analyzing concepts, they may not 
be able to identify the relevant parts of a molecule or deduce relevant 
concepts from the representation. Consequently, even if information 
is depicted, students may not be able to use it because of their inability 
to comprehend it. Contrary to the other difficulty categories, this 
category leads to no or incorrect solutions for the task. Thus, it is 
essential to encourage students to use representations as useful tools, 
instead of viewing them as a burden. An analysis of student quizzes at 
the beginning of an advanced organic chemistry course revealed that 
approximately one-third of the students encountered challenges in 
drawing Lewis structures based on the name of the molecule. Of the 
errors detected, the prominent ones included (1) failure to draw a 
Lewis structure, instead of opting for some structural formula that 
often violated the octet rule, and (2) drawing molecules with incorrect 
carbon chains of varying lengths (Farhat et al., 2019). Further evidence 
suggests that students struggle with fundamental skills in organic 
chemistry, such as identifying functional groups, drawing molecules 
from their IUPAC names, and drawing meaningful structures that 
adhere to the octet rule (Bodé et  al., 2016). Evidence shows that 
representational competence mediates the relationship between prior 
and content knowledge in organic chemistry (Dickmann et al., 2019). 
Research also suggests that instructional support, which facilitates the 
integration of explanations and representations, mediates learning 
outcomes (Rodemer et al., 2021). Furthermore, the duration and level 
of previous chemistry education has been found to be a significant 
predictor for representational competence at university (Taskin 
et al., 2017).

In summary, although representations are crucial in organic 
chemistry, evidence suggests that students face difficulties in using and 
comprehending basic representations. Consequently, students 
experience problems when attempting more advanced tasks such as 
reaction mechanisms, as these rely on the ability to use and 
comprehend representations. Previous studies have demonstrated the 
importance of prior knowledge for achieving success in the field of 
organic chemistry. It is thus crucial for students lacking prior 
knowledge to receive adequate instructional support to bridge their 
knowledge gaps and prevent them from dropping out.
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This paper uses tasks that ask students to draw molecules based 
on their IUPAC names to explore the differences between paper-based 
and digital tasks as part of an initial evaluation of an e-learning and 
e-assessment tool that is currently being developed

1.2 Cognitive load and schema 
construction

Cognitive Load Theory concerns learning domains with high 
intrinsic cognitive load (Paas et al., 2005) and considers the limitation 
of working memory as a critical factor in creating learning materials 
(Sweller et al., 1998). Learners acquire cultural knowledge that has to 
be  acquired with conscious effort, such as organic chemistry by 
actively constructing mental models incorporating previously attained 
knowledge and presented information (Paas and Sweller, 2014). 
Acquired knowledge can be stored in long-term memory without time 
or quantity limitations in the form of cognitive schemata. Schemata 
serve to organize not only pieces of information, but also the relations 
between them. Basic schemata can be  combined to form more 
complex schemata (Paas et al., 2003a). Unlike long-term memory, 
working memory has a strictly limited capacity, meaning that only a 
few pieces of new information can be processed simultaneously in 
working memory (Paas and Sweller, 2014). Despite its complexity, a 
schema that transfers from long-term memory into working memory 
is considered a single element; therefore, it is not limited by working-
memory constraints (Sweller et al., 1998). Hence, schemata not only 
organize and store knowledge, but also serve to relieve working 
memory. Within a given domain, experts and novices diverge in the 
progression and automation of domain-related schemata (Sweller, 
1988). Experts use highly developed and automated schemata that 
enable them to perform complex tasks. Consequently, to acquire 
cultural knowledge such as organic chemistry, one should aim to 
develop coherent and highly automated cognitive schemata.

For the successful acquisition of cultural knowledge, a sufficient 
cognitive load during learning is crucial (Paas et  al., 2005). The 
processing of new information in the working memory induces a 
cognitive load (Paas and Sweller, 2014). Cognitive load theory 
distinguishes between the intrinsic cognitive load that arises from 
learning content and the extraneous load that results from 
unfavorable processing with regard to learning (Paas and Sweller, 
2014; Sweller, 2010; Sweller et al., 1998; Sweller et al., 2019). Intrinsic 
cognitive load is determined by the number of elements that must 
be  processed simultaneously and their interrelatedness. In the 
domain of organic chemistry, remembering the structural formula of 
ethanol may overload the working memory capacity of someone who 
is completely unfamiliar with chemistry, chemical representations, 
and structural formulas. Without a cognitive schema that assigns 
chemistry-specific meaning to the representation, one would need to 
process every letter and line and their spatial arrangement in the 
working memory to draw the structural formula for ethanol when 
requested. An organic chemistry expert can rely on a number of fully 
automated chemistry-specific cognitive schemata that include 
knowledge about the alkyl group and hydroxy group, element 
symbols, the octet rule that informs about plausible and implausible 
bonding, limitations of the structural formula as a form of 
representation, and other unrepresented information such as the 
three-dimensional arrangement of molecular components, 

hybridization, and possibilities for rotation around sigma bonds. 
Therefore, learners’ prior knowledge plays a crucial role in their 
individual intrinsic cognitive load. Higher prior knowledge allows 
learners to process more information simultaneously because they 
have already constructed fundamental schemata on which they can 
rely and expand, whereas learners with lower prior knowledge have 
fewer rudimentary or non-automated chemistry-specific schemata 
on which to rely (Paas et  al., 2003b). For effective learning, it is 
essential that the learning material is not overly complex and aligns 
with the learner’s prior knowledge to prevent an overwhelming 
intrinsic cognitive load. In the field of organic chemistry, learners 
need a good grasp of specific concepts such as the representation of 
atoms by element symbols, the octet rule, basic functional groups, 
hybridization, and molecular orbitals, which enable them to draw, for 
example, the Lewis structures of organic molecules without risking 
intrinsic cognitive overload by trying to remember meaningless 
letters and strings. These schemata are necessary to advance further 
skills such as understanding and predicting reaction mechanisms.

Extraneous cognitive load arises from the inappropriate 
processing of learning material, such as providing unnecessary and 
distracting information or misdirecting learners’ attention. An 
example of distracting information is information on the effects of 
alcohol intake on humans when asked to recall the name and draw the 
Lewis structure of the corresponding molecules of the first 10 primary 
n-alcohols. An example of distracting attention at this stage and in the 
context of the task might be  informing learners about alternative 
representations or about the inaccurate representations of the bond 
angle by the structural formula. As the extraneous cognitive load 
competes with the intrinsic cognitive load, reducing the extraneous 
cognitive load is crucial for successful learning in complex fields such 
as organic chemistry. Minimizing these distractions optimizes the 
load imposed on the working memory and releases the working 
memory capacity for schema construction and automation, which is 
essential for effective learning.

In summary, learning in complex domains, such as organic 
chemistry, induces a high intrinsic cognitive load. Learners require 
working memory, which is limited, to proceed with the intrinsic load. 
After the initial construction of the cognitive schemata, learners also 
need time to practice and automate their schemata. Additional 
extraneous load can impair learning (Paas and Sweller, 2014). The 
present study therefore investigates the cognitive load of students 
when working on tasks in which molecules are to be drawn on the 
basis of their IUPAC names.

1.3 Requirements for an effective 
e-learning system

As previously explained, learning environments must strive to 
minimize learners extraneous load. This is also true for e-learning tools, 
where such a load can result from non-intuitive handling, splitting 
attention as a consequence of multiple or overlapping windows, or other 
technical hindrances to the solution of the primary task. Therefore, an 
adequate learning environment must provide sufficient usability. 
Additionally, e-learning systems should present further opportunities for 
learners to practice newly acquired skills and thus promote schema 
automation. An e-learning system that automatically evaluates students’ 
responses and provides feedback beyond that on knowledge of results can 
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enhance learning by offering explanatory feedback that provides 
principle-based explanations (Johnson and Priest, 2014). Explanatory 
feedback supports learning by (1) informing learners about the 
correctness of their answers, (2) identifying gaps in their existing 
knowledge, and (3) creating opportunities to adjust mental models. One 
advantage of e-learning systems over traditional written homework is the 
opportunity to offer immediate feedback to learners rather than delayed 
feedback after the teacher has corrected the homework. Empirical studies 
suggest that students value immediate feedback (Malik et al., 2014). 
Another benefit of an e-learning system over presenting a sample 
solution in class is its ability to provide principle-based feedback for 
errors that students have actually made instead of discussing common 
errors or misunderstandings. Eitemüller et al. (2023) demonstrated this 
advantage in a general chemistry course, in which students who received 
individual error-specific feedback outperformed those who received only 
corrective feedback, after adjusting for prior knowledge. Moreover, an 
e-learning system enables students to study independently and take 
advantage of individually paced learning sessions and the option to pause 
if necessary. Several studies on the segmenting principle have revealed 
that in addition to presenting meaningful segments that aid in organizing 
information, pausing and providing extra time to process information 
enhances learning (Mayer and Pilegard, 2014; Spanjers et al., 2012).

In summary, an e-learning system with adequate usability and a low 
extraneous cognitive load can facilitate learning by enabling learners to 
work individually on tasks at their own pace and receive personalized 
real-time feedback on errors. This will provide learners who have low 
prior knowledge with a chance to catch up with those who have higher 
prior knowledge, and thereby promote schema automation by presenting 
opportunities to practice. Additionally, an e-learning platform can 
support the transformation of conventional courses that rely on 
uniformity into flipped classrooms, which encourages increased 
opportunities for questioning, feedback, and interaction between 
students and teachers (van Alten et al., 2019). This article presents the 
results of initial evaluation studies carried out as part of the development 
of an e-learning tool for organic chemistry.

1.4 Digital learning tools for organic 
chemistry

A digital learning environment for organic chemistry should offer 
opportunities to create typical tasks for the subject and allow an automatic 
evaluation of student responses. Presently, transferring manually drawn 
molecular structures to computerized systems remains impossible (Rajan 
et  al., 2020). Hence, digital learning tools for organic chemistry are 
restricted to using images for multiple-choice items (Da Silva Júnior et al., 
2018) or must offer the possibility of digitally drawing molecules. Efforts 
have been made to develop such a platform (Malik et al., 2014; Penn and 
Al-Shammari, 2008). For example, the University of Massachusetts and 
University of Kentucky, which collaborated with Pearson, developed such 
a tool (Chamala et  al., 2006; Grossman and Finkel, 2023). Another 
example is orgchem101, an e-learning tool offered by the University of 
Ottawa, which consists of modules that can stand alone or be combined 
with courses (Flynn, 2023; Flynn et al., 2014). Meanwhile, the University 
of California has developed the Reaction Explorer, which is currently 
distributed by Wiley PLUS (Chen and Baldi, 2008, 2009; Chen et al., 
2010; WileyPLUS and University of California, 2023). However, no 
adequate, non-commercial e-learning and e-assessment tools currently 

exists that can be integrated into learning platforms such as Moodle or 
Ilias. This tool should allow teachers to create digitally their own organic 
chemistry tasks necessary for their courses, automatically assess students’ 
responses, provide explanatory feedback, and not induce an extraneous 
cognitive load through its use, thus providing good usability.

1.5 Development goals and research 
questions

The Universities of Bonn and Duisburg-Essen are currently 
developing and evaluating an e-learning and e-assessment tool for 
organic chemistry.

Hence, our goal (G) is to develop and evaluate an e-learning and 
e-assessment tool with the following characteristics:

G1: Is non-commercial,

G2: Can be integrated into learning platforms like Moodle or Ilias,
G3: Allows teachers to create digitally organic chemistry tasks that 
are typical and needed for their courses,

G4: Can evaluate student responses automatically, provide 
explanatory feedback, and offer students additional opportunities 
to study at their own pace, and

G5: Does not induce an extraneous cognitive load due to its 
handling, thus providing good usability.

The development of the tool followed the instructional path that 
students take when learning organic chemistry. Therefore, we developed 
a digital tool that can perform simple drawing tasks for organic 
molecules. This study’s objective was to evaluate the tool and establish 
guidelines for the implementation of complex tasks involving chemical 
reaction equations, mechanisms, and the transformation of molecule A 
to molecule B. It evaluated the (1) performance of students on simple 
molecule-drawing tasks using paper and pencil versus the digital tool, (2) 
perceived cognitive load of the students, and (3) usability of the tool. 
Goals 3 and 4 were therefore not the subject of this first evaluation study.

We examined the following research questions (RQ):

RQ1: To what extent are students’ abilities to solve digital 
molecule-drawing tasks comparable with their abilities to solve 
paper-pencil-based molecule-drawing tasks?

RQ2: To what extent do cognitive load ratings for digital molecule-
drawing and paper-pencil-based molecule-drawing tasks differ?

RQ3: How do students rate the usability of the developed tool?

We assume that the digital format has several characteristics 
that can be  decisive for learning. We  therefore assume that a 
comparative media approach (Buchner and Kerres, 2023) can 
be  helpful in gaining valuable insights into changing processes. 
We therefore explicitly do not use the comparative media approach 
based on a purely technology-centered understanding of teaching 
and learning. The first implication is that digital tasks necessitate 
the use of skeletal formulae rather than allow students to choose the 
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formula they wish to use. The ability to use the skeletal formula 
without difficulty is a learning objective for a basic course in organic 
chemistry. The skeletal formula is a rather abstract representation 
in which a lot of essential information is not explicitly represented 
(e.g., carbon and hydrogen atoms or free electron pairs), compared 
to the valence structure formula or the Lewis structure, for example. 
This level of abstraction can pose a challenge to novice learners who 
struggle to read this representation. In addition, learners challenged 
by the task may be overwhelmed by the additional requirement of 
using the tool rather than drawing their ideas directly. Moreover, 
the use of a digital tool could lead to a tool-driven solution (e.g., 
avoiding repeated switching between required functions such as the 
option to draw single bonds or the option to insert heteroatoms). It 
is not necessary to mentally plan the drawing in paper format. 
Learners can solve tasks here in a content-driven way by developing 
their drawing step by step along the name of the molecule. 
Furthermore, the digital tool evaluated in this study lacks a notepad 
function for drawing or elaborating components before assembling 
them. Additionally, there is no option to cross off already-named 
components. Finally, the digital tool automatically adds or removes 
hydrogen atoms if the octet rule is violated, which can confuse 
students who are not aware of the violation and distract them from 
drawing. Hence, we  considered that several aspects relevant to 
learning and performance differ between media and therefore 
assumed that the media comparison approach would be helpful in 
investigating whether learning or performance differs between 
media. Moreover, because we assumed that any differences in media 
could potentially affect cognitive load, we decided to collect data on 
cognitive load. Notably, any potential differences in performance or 
cognitive load are not a direct result of the medium used but rather 
of the changes in task processing presented above. Should this study 
yield evidence of disparities in students’ abilities or cognitive load 
across different media, further investigation is necessary to establish 
which of the aforementioned factors is responsible for these 
differences (as the media itself is not regarded as a causal factor).

2 The e-learning and e-assessment 
tool called JACK

JACK (Striewe, 2016) is an e-learning and e-assessment tool 
developed at the University of Duisburg-Essen. Unlike general 
learning management systems (LMS) that are designed to perform 
general tasks related to running courses (e. g. group formation, 
dissemination of learning materials, provision of simple quizzes), 
JACK is specialized for conducting formative and summative 
assessments with complex assessment items and individual, instant 
feedback. Nevertheless, JACK can be integrated into any LMS that 
supports the Learning Tools Interoperability (LTI) Standard. To do so, 
teachers define learning activities within the LMS that actually serve 
as links to the JACK server. Students clicking on these links 
automatically get logged in to JACK and forwarded to the set of 
exercises or assignments defined by the teacher. Elaborate feedback is 
displayed directly in JACK, while result points can also be reported 
back to the LMS for further processing.

To develop an e-learning and e-assessment environment for organic 
chemistry, JACK was complemented with Kekule.js (Jiang et al., 2016), 
an open-access web-based molecular editor available under the MIT 

license. The editor is based on current web-technologies (i. e. HTML5) 
and compatible with all major browsers on desktop and mobile clients. 
This enhancement enables us to work on a new type of task (called: 
molecule) within JACK, which allows the drawing of organic molecules 
in skeletal formulas and automatic checking of whether a student’s 
response is correct. Teachers can create molecule-based tasks using 
JACK. For instance, these tasks can require learners to draw a single 
molecule (e.g., “Draw the molecule described by the following IUPAC-
name: (S,S)-pentane-2,4-diol,” Figure  1, upper left) or multiple 
molecules (e.g., “Draw all isomers of 1,2-dibromocyclohexane, 
including stereoisomers”). To evaluate student responses automatically, 
teachers can provide a sample solution by drawing the expected 
molecules in a Kekule.js window in the feedback section of 
JACK. Feedback for correct (e.g., “Your answer is correct.”; Figure 1, 
bottom right) and incorrect (“Unfortunately, your answer is incorrect. 
Please try again.”) answers as students respond may be  included. 
E-learning teachers can also record further optional feedback rules; for 
example, to check student responses for typical mistakes (e.g., whether 
a student has drawn (R,S)-pentane-2,4-diol, Figure 1, upper right, or 
just pentan-2,4-diol without providing further information regarding 
stereochemistry) and provide principle-based feedback to their students 
to correct typical mistakes (Johnson and Priest, 2014).

The recorded sample solution and student responses are 
transformed from graphical information (drawn molecules) into 
InChI codes (Heller et al., 2015; IUPAC, 2023), which are standardized 
strings. The InChI code (international chemical identifier) derived 
from the student response is compared with the recorded sample 
solution and with additional feedback rules; in the case of 
correspondence, the respective feedback is provided to the student. If 
there is no correspondence, feedback for an incorrect solution is 
provided to the student. The transformation from graphical 
information to InChI allows comparing the essential features of 
molecules such as stereochemistry, and is independent of extraneous 
features such as writing direction. The original drawing is also stored 
in JACK in a machine-readable format. Hence, students and teachers 
can always inspect the original drawings when reviewing and 
discussing responses. In addition, JACK can further analyze the 
drawing to search for features that cannot be expressed in InChI codes, 
such as the arrangement of molecules around the reaction arrows.

Hence, integrating Kekule.js into JACK enables the design of tasks 
that require students to draw organic molecules, thus automatically 
comparing their responses to correct sample solutions or well-known 
mistakes, and providing feedback. JACK offers additional types of tasks 
such as fill-in-the-blanks and multiple-choice tasks, as well as various 
course settings to create appropriate learning or assessment courses.

3 Methods

This section discusses the development of the aforementioned 
e-learning and e-assessment tool and presents the framework for the 
evaluation studies.

3.1 Framework for the evaluation studies

The initial version of the tool was available in the summer of 2022 
and underwent an initial evaluation. Throughout the subsequent year, 
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the system became more sophisticated, following user feedback and 
feature requests from teachers. The e-learning mode of the tool 
(multiple attempts to solve the task, principle-based feedback, and 
knowledge of the results being available) was subsequently used for 
exercises in the beginner course on organic chemistry, and additional 
evaluations were conducted using the e-assessment mode 
(characterized by one attempt to solve the task, no principle-based 
feedback, and no knowledge of the results being available). All 
evaluation studies had the shared objective of examining (RQ1) to 
what extent students’ abilities to solve digital molecule-drawing tasks 
compare to their abilities to solve paper-pencil-based molecule-
drawing tasks (RQ2) to what extent cognitive load ratings for digital 
molecule-drawing and paper-pencil-based molecule-drawing tasks 

differ, and (RQ3) if their usability ratings were satisfactory. Our 
assumption for the study was that students who have the ability to 
draw molecules based on their IUPAC names should perform equally 
well in both formats. Cognitive load ratings were interpreted as 
indicators of perceived demand. In other words, comparable cognitive 
load ratings were interpreted in such a way that digital molecule-
drawing tasks are perceived as being as demanding as paper-pencil 
molecule-drawing tasks and do not induce any further (extraneous) 
load (which might not change performance but might have a negative 
impact, for example, on motivation). Satisfactory usability ratings are 
those that are at least above the midpoint of the scale and are 
interpreted to mean that students do not dislike the digital molecule-
drawing tasks.

FIGURE 1

Screenshots from JACK. The figure shows a task (top left), two incorrect student answers with principle-based feedback (top right and bottom left), 
and a correct answer with a sample solution (bottom right). English translation of the originally German text is presented in blue.
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For all studies, students were asked to participate in class. Students 
were informed that their participation was voluntary and did not 
affect their course grades. They were also informed about data 
protection and the use of their data for scientific research, and any 
questions were answered prior to data collection. At the end of each 
study, students were given the opportunity to ask questions again. 
Although IRB approval was not necessary at German universities, the 
guidelines concerning the ethical scientific practice of the Federal 
German Research Foundation (DFG) were applied.

To compare students’ abilities to solve paper-pencil-based 
molecule-drawing tasks to digital molecule-drawing tasks, the 
following tasks in tandem with two very similar tasks were 
constructed. The digital task asks students to “Draw a 1,3-Dichloro-2-
methylbutane molecule.” The corresponding paper-pencil-based task 
asks students to “Draw a 1,2-Dichloro-2-methylpropane molecule.” 
All tasks were originally constructed in German language. An 
overview of all IUPAC names used in study 4 is provided in Table 1. 
The students’ answers were coded as correct (1) or incorrect (0). In the 
case of the paper-pencil format, this coding was performed by the first 
author of this study. The coding for the digital format was 
automatically done by the developed system.

Cognitive load ratings were collected using nine-point, labeled 
rating scales. For the first, second, and fourth studies, a German 
adaptation of the intrinsic and extraneous load items provided by 
Leppink et  al. (2013) was used (Table  2) to measure delayed 
two-dimensional cognitive load (Schmeck et  al., 2015; van Gog 
et al., 2012; Xie and Salvendy, 2000) after completing all molecule-
drawing tasks in one format (paper-pencil-based or digital). Owing 
to the unsatisfactory reliability of the two-dimensional cognitive 

load rating scales in the third study, immediate cognitive load 
measures were subsequently collected after each molecule-drawing 
task using a unidimensional cognitive load instrument (Kalyuga 
et al., 2001).

The usability ratings for the first and second studies were collected 
using nine-point, labeled rating scales and a German adaptation 
(Hauck et al., 2021) of the nine items originally provided by Brooke 
(1996). For the fourth study, a German version of the user experience 
questionnaire (UEQ, Laugwitz et  al., 2008), which measures 
attractiveness (six items), perspicuity, efficiency, dependability, 
stimulation, and novelty (four items for each scale) using semantic 
differentials and seven-point rating scales, was administered.

The initial data analysis was performed using Winsteps (1-pl 
Rasch model, version 5.2.4.0; Boone et al., 2014). Data analysis was 
done separately for data from paper-pencil-based and digital material. 
Analyses in Winsteps were conducted in item-centered fashion. 
Rating scales were analyzed using a partial credit model. According to 
the Rasch model, there is a probabilistic relationship between the 
observed response behavior (item solution probability) and a latent 
characteristic (ability of the person) (Bond and Fox, 2007; Boone, 
2016; Boone and Scantlebury, 2006). Within the Rasch model, the 
solution probabilities, ranging from 0 to 1, are transformed into logit 
values, having a value range from minus infinity to plus infinity 
(Boone and Staver, 2020; Boone et al., 2014). Typical measures range 
from +3 to −3. Easy items and people with lower personal abilities are 
indicated with negative values. Difficult items and individuals with 
higher person abilities are indicated with positive values (Boone et al., 
2014; Linacre, 2023). In comparison to a raw sum score of correctly 
solved items, the person ability also considers whether the correctly 
solved items were easy or difficult items. An identical logit value for a 
person ability and an item difficulty corresponds to a 50% probability 
of solving an item by this person. A student who solves only very few 
and very easy items correctly will gain a low person ability. A student 
who solves the majority of items correctly and is even able to solve the 
difficult items will gain a high person ability. Hence, the person ability 
is a measure of how well a student performed. Person abilities were 
imported into IBM SPSS (26th version), and further analyses were 
performed (paired t-tests and correlation analyses). The Rasch analysis 
provides two reliability measures: person and item reliabilities. Person 
reliability is used to classify the sample. A person reliability below 
0.8 in an adequate sample means that the instrument is not sensitive 
enough to distinguish between high and low person ability. The 
person reliability depends on the sample ability variance, the length of 
the test, the number of categories per item and the sample-item 
targeting. A high person reliability is obtained with a wide ability 
range, many items, more categories per item and optimal targeting. If 
the item reliability is below 0.8 and the test length is adequate, this 
indicates that the sample size or composition is unsuitable for a stable 
ordering of items by difficulty (Linacre, 2023). Item reliability depends 
on item difficulty variance and person sample size. A wide difficulty 
range and a large sample result in higher item reliability. The item 
reliability is widely independent of test length.

Please note that Rasch values for person abilities for drawing 
molecules and cognitive load ratings are contrary to each other. 
Students who have drawn a large number of molecules correctly have 
high positive person abilities with regard to drawing molecules. 
Students who reported low cognitive load in the cognitive load ratings 
have high negative person abilities for the cognitive load ratings.

TABLE 1 English translation of the originally German IUPAC names used 
for the item set of study 4.

Item number Paper-pencil-
based format

Digital format

1 Heptane Octane

2
5-ethyl-4,4-

dipropylnonane

5,5-dibutyl-4-

propylnonane

3 Propanol Ethanol

4 3-methylpentane-2,3-diol 2-methylpropane-1,3-diol

5 3-ethylhexanal 3-methylbutanal

6
2-hydroxy-3-

methylbutanal

3-hydroxy-4-

methylpentanal

7 Heptane-3,4,5-trione Butane-2,3-dione

8
1,2-dichloro-2-

methylpropane

1,3-dichloro-2-

methylbutane

9 Butane-2-amine Propane-2-amine

10 1-aminomethan-1-ol 2-aminoethan-1-ol

11 Hexanoic acid Pentanoic acid

12
3-bromo-3,5-dichloro-1-

nitro-4-propylheptane

3,5-dibromo-2-chloro-5-

ethyl-1-nitrooctane

13 Ethanoic acid methyl ester Methanoic acid ethyl ester

14 But-1-ene But-2-yne

All items were constructed by adding the molecules’ IUPAC-name to the following prompt: 
Draw a [fill in IUPAC-name]-molecule.

48

https://doi.org/10.3389/feduc.2024.1355078
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Schuessler et al. 10.3389/feduc.2024.1355078

Frontiers in Education 08 frontiersin.org

For all analyses, we report bias-corrected and accelerated 95% 
bootstrap confidence intervals (BCa 95% CI) from 1,000 bootstrapped 
samples in square brackets (Field, 2018). The effect size d for repeated 
measures of one group (dRM, pooled) was calculated using the website 
statistica (Lenhard and Lenhard, 2023).

4 Results

4.1 Study 1

The first evaluation study was conducted at the end of the summer 
of 2022. University students (22 chemistry B.Sc. and water science 
B.Sc. majors taking the obligatory basic organic chemistry course, 
which only used paper-pencil-based exercises) were first asked to 
complete eight paper-pencil-based molecule-drawing tasks. 
Afterwards, they reported their perceived cognitive load using a 
multidimensional instrument adapted from Leppink et al. (2013). In 
the second part of the study, students were given an iPad and a brief 
introduction (10 min) to drawing molecules using JACK and Kekule.
js, including a follow-along sample task. Once all the technical 
questions were answered, the students were asked to complete eight 
digital molecule-drawing tasks. Cognitive load and usability ratings 
were then collected.

The average mean for person ability regarding drawing molecules 
person ability (Nstudents = 22, npp items = 8 Person Reliability: 0.35, Item 
Reliability: 0.90, ndigital items = 8, Person Reliability: 0.63, Item Reliability: 
0.85) in paper-pencil (M = 0.69, SE = 0.34) and digital (M = −0.63, 
SE = 0.46) tasks were compared using a t-test, which revealed a 
significant difference, t(21) = 2.59, p = 0.017, dRM, pooled = 0.438, favoring 
the paper-pencil molecule-drawing tasks with higher person abilities, 
ΔM = 1.33, BCa 95% CI [−2.268, −0.328]. Figure  2 provides two 

boxplot diagrams. Person abilities are plotted on the y-axis using the 
logit scale of the Rasch model. High person abilities are represented 
by high positive values. A mid-level person ability is represented by a 
value around zero. Low person abilities in drawing molecules are 
represented by negative values. The two formats (paper-pencil, digital) 
are plotted on the x-axis. The two boxplot diagrams show the 
distribution of person abilities for drawing molecules for both formats. 
The bold black lines represent the median for person abilities for each 
format (Field, 2018). The blues boxes represent the area into which the 
person abilities of half of the observed students fall (interquartile 
range). The whiskers represent the top and bottom 25% of person 
abilities. Differences regarding the position of the bold black line, the 
shape of the blue boxes and the positions of whiskers indicate 
differences between the formats. A lower position of the bold black 
line for the digital format in the diagram at the upper left (study 1, 
summer 2022) indicates that the students’ person ability to solve 
digital tasks was lower than their ability to solve paper-pencil-
based tasks.

Intrinsic cognitive load ratings were used to inspect the cognitive 
load which arises from the content, namely drawing molecules based 
on their IUPAC name. The more interacting elements a student has to 
process at the same time, such as the number of carbon atoms related 
to the name of the carbon chain, the functional group related to the 
name of a substituent, the number of alkyl groups and their positions, 
the higher the intrinsic cognitive load will be. Comparing the average 
mean for person ability regarding intrinsic load ratings (Nstudents = 22, 
nil items pp = 3, Person Reliability: 0.71, Item Reliability: 0.87, nil items digital = 3 
Person Reliability: 0.70, Item Reliability: 0.96) for paper-pencil 
(M = −0.78, SE = 0.32) and digital (M = −0.43, SE = 0.25) tasks using a 
t-test revealed no significant differences, t(21) = 1.06, p = 0.300, 
ΔM = 0.36, BCa 95% CI [−1.032, −0.238], which means students 
perceived equal intrinsic load while working on the paper-pencil and 

TABLE 2 German and English items of the adapted cognitive load questionnaire.

Subscale Adapted version Leppink et al. (2013)

Item label English translation German version

Intrinsic Load

[IL1p] The topic covered in the tasks was 

very complex.

Der Fachinhalt, der den Aufgaben 

zugrunde liegt, war sehr komplex.

The topic/topics covered in 

the activity was/were very 

complex.

[IL2p] The tasks covered technical rules, 

that I perceived as very difficult.

Den Aufgaben liegen fachliche Regeln 

zugrunde, die ich als sehr schwierig 

empfunden habe.

The activity covered formulas 

that I perceived as very 

complex.

[IL3p] Working on the tasks requires a 

professional approach that I find 

challenging.

Die Bearbeitung der Aufgaben 

erfordert ein fachliches Vorgehen, das 

ich als herausfordernd empfinde.

The activity covered concepts 

and definitions that I perceived 

as very complex.

Extraneous Load

[EL1p] The task was unclear to me. Die Aufgabenstellung war mir unklar. The instructions and/or 

explanations during the 

activity were very unclear.

[EL2p] The depiction of the tasks was not 

helpful for processing.

Die Darstellung der Aufgaben war für 

die Bearbeitung nicht hilfreich.

The instructions and/or 

explanations were, in terms of 

learning, very ineffective.

[EL3p] The tools (paper, pen) for 

working on the tasks were 

challenging.

Die Hilfsmittel (Papier, Stift) für die 

Aufgabenbearbeitung haben mich 

herausgefordert.

The instructions and/or 

explanations were full of 

unclear language.

These items refer to the paper-pencil version of the questionnaire. For the digital version of the questionnaire the examples in parenthesis [EL3] were replaced by: iPad, pen, drawing tool.
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digital molecule-drawing tasks. Figure  3 (upper left) shows the 
comparison between formats regarding intrinsic cognitive load using 
boxplot diagrams. The comparable position of the median (bold black 
line) and the shape of the boxes and whiskers indicate no differences 
between formats. The single dot labeled with an 8 underneath one 
whisker represents an outlier (a student whose ratings are not fitting 
to the other students’ ratings).

Extraneous cognitive load ratings were used to inspect the 
cognitive load which arises from processing not content related 
information. For example, a student maybe knows which functional 
group she has to draw to depict a molecule but she cannot remember 
where to find the option to add a heteroatom within the user 
interface of Kekule.js. Therefore, she has to try different options. In 
case she chooses a wrong user interface element on her first try, she 
has to remove the changes she made to her molecule, before she can 
come back to searching for an option to add the heteroatom. This 
testing by trial-and-error will require cognitive resources which are 
not available to solving the original task. The average mean for 
person ability regarding extraneous load ratings (Nstudents = 22, nel items 

pp = 3, Person Reliability: 0.47, Item Reliability: 0.56, nel items digital = 3, 
Person Reliability: 0.54, Item Reliability: 0.97) for paper-pencil 
(M = −1.77, SE = 0.42) and digital (M = −0.38, SE = 0.17) tasks were 
also compared using a t-test. The results revealed significantly lower 
mean person abilities for paper-pencil tasks, t(21) = 3.21, p = 0.004, 
dRM, pooled = 0.430, ΔM = 1.49, BCa 95% CI [−2.268, −0.648], meaning 
that students perceived lower extraneous load while working on such 

tasks. Again, boxplot diagrams were used to show differences 
between formats regarding extraneous cognitive load (Figure  4, 
upper left). Like in Figure 2 the differences regarding the position of 
the median and the distribution of person abilities regarding 
agreement with extraneous cognitive load ratings indicate differences 
between the two formats.

Person abilities for usability ratings for the digital tasks 
(Nstudents = 22, NItems = 9, Person Reliability: 0.88, Item Reliability: 0.89) 
amounted to M = −0.37, SE = 0.25, slightly below the middle of the 
scale. Hence, the students’ usability experience was slightly less 
than medium.

Person ability for cognitive load ratings and the usability of digital 
tasks were correlated. The intrinsic cognitive load was significantly 
correlated with usability, r = −0.477, p = 0.025, BCa 95% CI [−0.758, 
−0.082]. Hence, students who reported higher intrinsic load 
experienced lower usability. The correlation between extraneous load 
and usability was in line with this finding, r = −0.455, p = 0.033, BCa 
95% CI [−0.762, −0.041]. Hence, students who reported higher 
extraneous load experienced lower usability.

Overall, the first study showed that students’ ability to solve 
paper-pencil molecule-drawing tasks was higher than their ability to 
solve comparable digital tasks, and that students reported higher 
extraneous cognitive load for digital molecule-drawing tasks and 
unsatisfactory usability. Hence, students who received very little 
instruction regarding the tool and previously learned to draw 
molecules in a paper-pencil format were hindered in their ability to 

FIGURE 2

Person abilities in drawing molecules for paper-pencil-based and digital molecule-drawing tasks.
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solve molecule-drawing tasks and perceived an extraneous load when 
trying to solve digital molecule-drawing tasks.

4.2 Study 2

To investigate whether the results of the first study would 
change if students were used to drawing molecules digitally, 
we extended the introduction to the digital tool. The first session of 
the organic chemistry course in the winter term was used to provide 
a longer introduction to the tool, with a training phase of eight tasks 
and personal support for problems and questions (approximately 
30 min in total). Additionally, we asked students to bring their own 
devices and offered faculty iPads to students who did not bring their 
own devices. During the following weeks, the students were 
continuously asked to complete digital molecule-drawing tasks at 
home as part of the course exercises. After 1 month, data were 
collected from 21 bachelor’s degree students preparing to become 
chemistry teachers. In Germany, these students study two subjects 
(in our case chemistry and another subject, e.g., mathematics) and 
educational science. Students first worked on paper-pencil 
molecule-drawing tasks and rated their perceived cognitive load 
before working on the digital tasks and reporting their perceived 
cognitive load and usability. In this study, we used 17 molecule-
drawing tasks in tandem. Again, we collected cognitive load and 
usability ratings.

The average mean for person ability regarding performance 
(Nstudents = 21, npp items = 17, Person Reliability: 0.74, Item Reliability: 0.83, 
ndigital items = 17, Person Reliability: 0.78, Item Reliability: 0.86) in paper-
pencil (M = −1.03, SE = 0.39) and digital (M = −1.39, SE = 0.48) tasks 
were compared using a t-test; this revealed no significant difference, 
t(20) = 1.10, p = 0.285. Boxplot diagrams (Figure  2, upper right) 
support this finding.

Item Reliability for intrinsic cognitive load ratings for the digital 
format is not acceptable. Low item reliability implies that the person 
sample is not large enough to confirm the item difficulty hierarchy 
(=construct validity) of the instrument; hence, our work excluded 
item analysis. A comparison of the average mean for person ability 
regarding intrinsic load ratings (Nstudents = 21, nil items pp = 3, Person 
Reliability: 0.87, Item Reliability: 0.66, nil items digital = 3 Person Reliability: 
0.94, Item Reliability: 0.00) for paper-pencil (M = −1.04, SE = 0.55) and 
digital (M = −1.05, SE = 1.25) tasks using a t-test revealed no significant 
differences, t(20) = 0.01, p = 0.990, ΔM = 0.01, BCa 95% CI [−1.851, 
−1.863], which means that students perceived equal content-related 
(intrinsic) load while working on the paper-pencil and digital 
molecule-drawing tasks. Boxplot diagrams (Figure 3, upper right) 
support this finding. Again, the single dot labeled with 16 above the 
left whisker represents an outlier.

The average mean for person ability regarding not content-related 
(extraneous) load ratings (Nstudents = 21, nel items pp = 3, Person Reliability: 
0.32, Item Reliability: 0.71, nel items digital = 3, Person Reliability: 0.53, Item 
Reliability: 0.88) for paper-pencil (M = −2.68, SE = 0.37) and digital 

FIGURE 3

Person abilities for cognitive load ratings for paper-pencil-based and digital molecule-drawing tasks.
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(M = −0.77, SE = 0.19) tasks were also compared using a t-test. This 
revealed significantly lower mean ratings for person ability regarding 
extraneous load in paper-pencil tasks, t(20) = 4.90, p ≤ 0.001, dRM, 

pooled = 1.421, ΔM = −1.91, BCa 95% CI [−2.686, −1.106], meaning that 
students perceived lower extraneous load while working on the paper-
pencil molecule-drawing tasks. Boxplot diagrams (Figure 4, upper 
right) support this finding.

Person abilities for usability ratings for the digital tasks 
(Nstudents = 21, Nitems = 9, Person Reliability: 0.85, Item Reliability: 0.88) 
amounted to M = 0.19, SE = 0.27, slightly above the middle of the scale. 
Hence, the students’ usability experience was slightly above 
medium level.

Person ability for cognitive load ratings and usability of the digital 
tasks were correlated. The correlation between extraneous load and 
usability is significant, r = −0.738, p ≤ 0.001, BCa 95% CI [−0.883, 
−0.479]. Hence, students who reported higher extraneous load 
experienced lower usability. The correlation between person ability for 
intrinsic cognitive load and usability was not significant. Hence, no 
significant relationship was found between intrinsic cognitive load 
and usability.

In conclusion, the results showed that the extended introduction, 
continuous use of digital molecule-drawing exercises during the 
course, and opportunity to work with a personal device helped reduce 
differences between the ability to draw molecules either paper-pencil-
based or digitally. Equally perceived intrinsic cognitive load pointed 
to the same direction. However, students still perceived a higher 

extraneous load when working on the digital molecule-drawing tasks. 
Students’ usability experience was a bit above medium level.

4.3 Study 3

Due to the further development of the tool, we have made various 
changes to the design of the organic chemistry exercise for the cohort 
that took part in the third study. However, these changes did not alter 
the tasks we used for the study.

In the summer of 2023, students were again introduced to the tool 
during the first session of the term; this included a training phase on 
their own devices and an opportunity to ask questions and receive 
personal support. Students were continuously asked to work on digital 
exercises as homework for the course during the following weeks. 
Three weeks later, data were collected from 26 undergraduate students 
(majoring in chemistry or water science). We  used 14 molecule-
drawing tasks in tandem this time. Students first worked on the digital 
drawing tasks before switching to the paper-pencil format. 
Considering the unsatisfactory reliability of the cognitive load rating 
scales, we used an immediate unidimensional single-item measure 
(Kalyuga et al., 2001). This item measures an overall cognitive load. 
Thus, it is not able to differentiate between extraneous or intrinsic 
load. In the third study, no usability ratings were collected (usability 
was investigated at a later point in the course; therefore, no usability 
ratings were reported for the third study).

FIGURE 4

Person abilities for extraneous cognitive load ratings after working on paper-pencil-based and digital molecule-drawing tasks.
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The average mean for person ability regarding drawing molecules 
(Nstudents = 26, npp items = 14, Person Reliability: 0.86, Item Reliability: 0.85, 
ndigital items = 14, Person Reliability: 0.81, Item Reliability: 0.88) in paper-
pencil (M = 0.73, SE = 0.62) and digital (M = 0.23, SE = 0.50) tasks were 
compared using a t-test; this revealed no significant difference: 
t(25) = 1.21, p = 0.238. The boxplot diagrams in Figure 2 (upper left) 
represent this finding.

The average mean for person ability regarding perceived task 
difficulty ratings (Nstudents = 26, npp item = 1 answered 14 times, Person 
Reliability: 0.94, Item Reliability: 0.95, nitem digital = 1 answered 14 times, 
Person Reliability: 0.72, Item Reliability: 0.94) of paper-pencil 
(M = −0.28, SE = 0.23) and digital (M = −0.18, SE = 0.15) tasks were 
also compared using a t-test. This revealed no significant difference, 
t(25) = 1.05, p = 0.306, ΔM = 0.10, BCa 95% CI [−0.292, 0.101], which 
means that perceived task difficulty did not differ between digital and 
paper-pencil molecule-drawing tasks. The boxplot diagrams in 
Figure 3 (upper left) represent this finding. As these boxplots are 
based on perceived task difficulty ratings they are not directly 
comparable to the other boxplot diagrams in Figure 2 which are based 
on intrinsic cognitive load ratings. The dot labeled with 14 again 
represents an outlier.

In summary, the results of the third study support the findings of 
the second study and provide further evidence that students’ 
performance in simple molecule-drawing tasks is independent of the 
format (paper-pencil or digital). Regarding extraneous cognitive load, 
it remains unclear whether the item used failed to detect differences 
or whether students did not perceive a higher level of extraneous 
cognitive load while working on digital molecule-drawing tasks. The 
findings require further investigation.

4.4 Study 4

Before the start of the winter term (2023/24), we attempted to 
improve the usability of the digital tool for an elementary organic 
chemistry course by deleting user interface elements that were 
irrelevant for working on the tasks (e.g., templates for heterocycles). 
At the beginning of the course, students were introduced to the tool 
during the first session of the term; this included a training phase on 
their own devices and the opportunity to ask questions and receive 
personal support. Afterwards, they had the opportunity to work on 
the first organic chemistry tasks in class, ask questions, or receive 
support. Students were continuously asked to work on digital exercises 
as homework for the course during the following weeks. Two weeks 
later, data were collected from 25 bachelor’s degree students preparing 
to become chemistry teachers. Again, we used 14 molecule-drawing 
tasks in tandem, and the students first worked on the digital drawing 
tasks before switching to the paper-pencil format. We switched back 
to the multidimensional cognitive load measure we already used for 
the first and the second study and used the UEQ (Laugwitz et al., 
2008) to measure usability.

The average mean for person ability regarding drawing molecules 
(Nstudents = 25, npp items = 14, Person Reliability: 0.78, Item Reliability: 0.86, 
ndigital items = 14, Person Reliability: 0.73, Item Reliability: 0.85) in paper-
pencil (M = 0.37, SE = 0.42) and digital (M = −0.86, SE = 0.39) tasks 
were compared using a t-test, revealing no significant difference, 
t(24) = 1.67, p = 0.107. Again, boxplot diagrams were used to represent 
this finding (Figure 2, bottom right).

A comparison of the average mean for person ability regarding 
content-related (intrinsic) load ratings (Nstudents = 25, nil items pp = 3, Person 
Reliability: 0.87, Item Reliability: 0.71, nil items digital = 3 Person Reliability: 
0.75, Item Reliability: 0.71) for paper-pencil (M = −0.64, SE = 0.51) and 
digital (M = 0.07, SE = 0.32) tasks using a t-test revealed no significant 
differences, t(24) = 1.80, p = 0.085, meaning that students perceived 
equal intrinsic load while working on the paper-pencil and digital 
molecule-drawing tasks (Figure  3, bottom right). Again, boxplot 
diagrams were used to represent this finding (Figure 3, bottom right). 
An outlier is shown by the dot labeled with 2.

We also compared the average mean for person ability regarding 
not content-related (extraneous) load ratings (Nstudents = 25, nel items 

pp = 3, Person Reliability: 0.05, Item Reliability: 0.47, nel items digital = 3, 
Person Reliability: 0.35, Item Reliability: 0.90) for paper-pencil 
(M = −1.25, SE = 0.21) and digital (M = −1.50, SE = 0.25) tasks using 
a t-test. This revealed no significant differences, t(24) = 0.76, p = 0.458. 
Hence, the students perceived equal extraneous load while working 
on the paper-pencil and digital molecule-drawing tasks. Again, 
boxplot diagrams were used to represent this finding (Figure  4, 
bottom right).

The mean person abilities for all subscales of the UEQ were above 
zero. Hence, students perceived usability as acceptable. The 
attractiveness of the tool was merely sufficient, but students’ 
perceptions of efficiency and stimulation were very good as shown in 
Table 3.

Extraneous cognitive load was significantly negatively correlated 
with attractiveness: r = −0.475, p =  0.016, BCa 95% CI [−0.739, 
−0.114]; perspicuity: r = −0.399, p =  0.048, BCa 95% CI [−0.696, 
0.169]; efficiency: r = −0.552, p = 0.004, BCa 95% CI [−0.796, −0.151]; 
and stimulation: r = −0.585, p = 0.002, BCa 95% CI [−0.802, −0.266], 
indicating that students who perceived high extraneous load rated the 
tool’s attractiveness, perspicuity, efficiency, and stimulation to be lower 
and vice versa. We found no significant correlation between intrinsic 
load and tool usability.

In summary, the results of the fourth study support the findings 
of the second and third studies and provide further evidence that 
students’ performance in simple molecule-drawing tasks is 
independent of the format (paper-pencil or digital). Regarding 
extraneous cognitive load, the fourth study provided evidence that 
after reducing the user interface, students perceived equal levels of 
extraneous cognitive load in both the paper-pencil and digital 
molecule-drawing tasks. Students considered the tool’s usability 
sufficient, with values above zero for all usability subscales.

TABLE 3 Parameters for all subscales of the user experience 
questionnaire.

NItems Person 
reliability

Item 
reliability

M SE

Attractiveness 6 0.56 0.86 0.13 0.34

Perspicuity 4 0.68 0.88 0.82 0.55

Efficiency 4 0.71 0.84 1.15 0.60

Novelty 4 0.67 0.33 0.60 0.52

Dependability 4 0.67 0.78 0.67 0.56

Stimulation 4 0.87 0.90 2.18 0.84

NPersons = 25.
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5 Discussion

5.1 Discussion of the evaluation studies and 
their limitations

Figure  5 summarizes the results of the evaluation studies. The 
comparison between paper-pencil-based format and digital format 
regarding drawing molecules and cognitive load is represented 
individually. Undesirable differences between formats are marked with an 
X, missing statistical differences between formats are marked with a check 
mark. Additionally, results regarding usability are included. Figure  5 
shows that we were able to improve the tool to reach satisfying results 
regarding drawing molecules, cognitive load, and usability over time.

The first study showed significant differences in person ability to 
solve paper-pencil-based and digital molecule-drawing tasks. This 
finding is consistent with the significantly higher extraneous cognitive 
load and equal intrinsic load observed for both formats. Please 
remember that intrinsic load arises from the content-related 
complexity of a task (e.g., drawing an ethane molecule is less complex 
than drawing a 3-ethylhexanal molecule because more structural 
elements have to be  considered for drawing) whereas extraneous 
cognitive load arises from processing information which are not 
content-related (e.g., searching for an option to add a heteroatom 
required for depicting a functional group by trial-and-error). Thus, 
although the participants perceived the chemical content of the 
molecule-drawing task to be equally difficult (no significant difference 
regarding intrinsic cognitive load), their ability to solve such tasks was 
higher for the paper-pencil format. We  used the Rasch model to 
calculate students’ person ability to solve tasks asking them to draw 
molecules based on their IUPAC name. The person ability is based on 
students’ performance. In comparison to a raw sum score of correctly 
solved items, the person ability also considers whether the correctly 
solved items were easy or difficult items. The lower ability to solve 
digital molecule-drawing tasks can be  explained by the higher 
extraneous cognitive load of this format. Accordingly, the usability 
ratings were unsatisfactory, as they were below the scale center. That 
usability was significantly negatively correlated with intrinsic cognitive 
load meant that a higher intrinsic cognitive load was associated with 
reduced experienced usability and vice versa. Additionally, the 

extraneous cognitive load was significantly negatively correlated with 
usability. Specifically, students who perceived high extraneous load 
reported lower usability. These findings align with the cognitive load 
theory, suggesting that students who already perceive a high load from 
processing the relevant information to solve a task are at risk of 
perceiving cognitive overload due to unintuitive and unfamiliar 
handling of the tool, resulting in poorer usability. By contrast, 
participants who perceive a lower intrinsic load may have more 
working memory capacity to process the necessary information 
regarding tool handling, leading to better usability. Overall, the first 
study showed that students who had only minimal instruction in 
using the tool, previously learned to draw molecules in a traditional 
paper-pencil format, and used foreign devices experienced difficulty 
in solving molecule-drawing tasks and faced additional extraneous 
cognitive load when attempting to solve digital molecule-drawing 
tasks. The high extraneous load implies that the difficulty did not lie 
in the task itself but was induced by the unfamiliar medium or format.

Based on this assumption, we  extended the participants’ 
introduction to the digital tool in the next term and transitioned from 
using faculty devices to using students’ personal devices, which were 
more familiar to them. Additionally, during the course of the term, 
we used the digital tool for knowledge acquisition. As there were no 
significant differences in person ability to complete the digital or 
paper-pencil-based molecule-drawing tasks, students were able to 
perform at similar levels when given their own devices, extended 
instructions, and regular training with the digital tool. Nevertheless, 
there was still a significantly higher extraneous cognitive load reported 
by the students when performing the digital drawing tasks. Again, no 
significant differences were found in intrinsic cognitive load. The 
usability rating slightly improved from the first to the second study 
and was found to be  moderate. A significant correlation between 
intrinsic load and usability was no longer observed. Hence, when 
students were accustomed to using the tool, the perceived usability 
appeared unrelated to the perceived difficulty of the task. Similar to 
the first study, we found a negative correlation between the extraneous 
cognitive load and tool usability. This suggests that the tool’s 
unintuitive handling places a load on the students’ working memory. 
In summary, the results showed that the extended introduction, 
regular use of digital molecule-drawing exercises during the course, 

FIGURE 5

Overview of the evaluation studies’ results.
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and the opportunity to work with personal devices helped decrease 
the gap in students’ ability to draw molecules using either paper and 
pencil or a digital tool. In conclusion, these findings indicate that the 
implemented measures effectively reduced the differences in 
performance. Nevertheless, the students still perceived a higher 
extraneous load when working on digital molecule-drawing tasks.

Students’ feedback revealed that they found a combination of 
digital and paper-pencil homework exercises challenging to organize. 
However, the results from the second study showed no difference in 
person ability between the two formats when given an extended 
introduction, opportunities for regular use, and personal devices for 
students’ use. The tool’s ongoing improvements encouraged us to 
switch to entirely digital homework exercises for the basic organic 
chemistry course. The results of the third study confirmed the findings 
of the second study, which showed no differences in person abilities to 
solve molecule-drawing tasks using digital or paper-pencil-based 
formats. Unidimensional cognitive load measurements (which 
measure an overall load without being able to distinguish between 
intrinsic and extraneous load) did not detect differences in cognitive 
load between formats. However, it remained unclear whether the 
instrument was unable to detect differences or whether students, being 
used to drawing molecules digitally, did not perceive differences in the 
cognitive load. No usability ratings were collected in the third study.

To improve usability and reduce the extraneous load, we have 
customized the user interface by removing elements that are not 
necessary for processing the current tasks (e.g., templates for drawing 
heterocycles). Moreover, instead of working at home, we  gave 
students the chance to work on the first organic chemistry tasks in 
class and provided support when needed. The fourth study showed 
equal abilities to solve molecule-drawing tasks, intrinsic load, and 
extraneous load for both formats, and ratings of sufficient to good for 
tool usability.

Overall, the evaluation studies demonstrated that the developed 
tool is functional. We provided evidence that students can accomplish 
digital drawing tasks using the tool as proficiently as using paper and 
pencil, provided that they are sufficiently familiar with the tool 
(RQ1). Nevertheless, the tool appeared to induce an extraneous 
cognitive load (RQ2) that should be  reduced to relieve students’ 
working memory. Reducing the extraneous cognitive load shows 
promise in improving unsatisfactory tool usability (RQ3), as these 
factors are closely related. An appropriate configuration of the 
Kekule.js widgets to accommodate task requirements involves hiding 
unnecessary controls and options, along with reducing extraneous 
cognitive load and improving usability (fourth study).

One limitation is that the chosen study design did not allow us to 
statistically determine the factors that cause a higher extraneous load 
for the digital drawing tool. Any adjustments we made were therefore 
based solely on assumptions derived from experience and discussions 
with students. One of these assumptions is that students who would 
normally not choose skeletal formula because of its abstract nature 
were forced by the digital tool to do so. Moreover, the use of a digital 
tool could lead to a tool-driven solution (e.g., avoiding repeated 
switching between required functions such as the option to draw single 
bonds or the option to insert heteroatoms). Unlike the paper format 
where students can develop their drawing step by step along the name 
of the molecule, a tool-driven solution requires a mental 
pre-structuring and planning of the drawing. We  also deem the 
absence of a notepad function a deficiency, because this could help 

relieve working memory through note-taking. Although students were 
also allowed to take pen and paper to solve the digital tasks in the 
current format, this was only used spontaneously by a few individuals 
(so it could also be a strategy problem for the students). We can also 
imagine that the automatic correction of violations of the octet rule 
causes confusion among students. Occasionally, questions were asked 
in the tests that point in this direction (If I insert an oxygen atom here, 
suddenly a hydrogen atom also appears. How do I get rid of that?). 
Various designs for evaluation studies are required to understand the 
causes of this extraneous load. A comparison of the representation 
form used between paper-pencil and digital formats appears to be a 
productive method for obtaining information on students’ preferred 
representation format. In situations in which students do not use the 
skeletal formula for the paper-pencil format, differences between 
media may occur because of the obligation to use an unfamiliar 
representation form for the digital format. Additional training for the 
use of skeletal formulas, the commonly used representation format for 
presenting chemical structures among professionals, offers the 
potential for improvement. Further investigation is necessary to better 
understand the causes of the extraneous cognitive load. Reliable 
instruments are required to measure both extraneous and intrinsic 
cognitive load. Aside from those used in the evaluation studies 
presented, other multidimensional cognitive load measurement 
instruments are available for learning scenarios with unknown 
potential (Klepsch et  al., 2017; Krieglstein et  al., 2023); however, 
comparable instruments for performance are still missing.

Our findings are limited by the unsatisfactory reliability of the 
multidimensional measurements of cognitive load used here as well as 
the potential inability of the unidimensional instrument to identify 
variances in extraneous cognitive load. Furthermore, the results are 
limited in that they rely on a small number of molecule-drawing tasks 
and the inclusion of students from only one university. In addition, our 
results are limited by the fact that the students study different subjects 
in the summer and winter semesters (Chemistry B. Sc. and Water 
Science B. Sc. in the summer semester, students preparing to become 
chemistry teachers in the winter semester). We recommend that future 
studies include students from other universities, which would require 
synchronization of basic organic chemistry courses and the use of the 
same exercises. Another limitation is the use of a single task format, 
specifically molecule-drawing tasks. Future research should investigate 
whether these results can be replicated for other tasks such as those 
dealing with chirality or reaction mechanisms. The results of our work 
are limited to assessments and do not consider learning, bearing in 
mind that the main objective of developing the digital tool was to 
enhance learning.

In summary, based on initial evaluations, it was feasible to 
implement a digital tool for organic chemistry courses. We developed 
a noncommercial (G1) e-learning and e-assessment tool that (G2) can 
be integrated into learning platforms such as Moodle or Ilias. Further 
efforts are needed to reduce the system-induced extraneous cognitive 
load and thereby enhance usability (G5). The next step is to assess 
whether integrating the tool’s features—such as receiving 
individualized, explanatory feedback in real time, working at a self-
paced rate, and having extra opportunities to practice—enhance 
students’ learning outcomes and overall performance in organic 
chemistry (G4). A further step could be to look for different teachers 
who create their own typical organic chemistry tasks that they need 
for their courses (G3).
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In addition to evaluating the use of a digital tool for an organic 
chemistry course, various other findings have emerged from 
discussions with students. For example, students expressed a dislike for 
the combination of digital and paper-pencil homework exercises, as 
they made the tasks challenging to manage. Students told us that 
working on digital and paper-pencil-based tasks makes it hard to 
remember whether they have solved all tasks as they had to check two 
sources. Additionally, they had problems with integrating paper-
pencil-based and digital notes when preparing for exams. The 
participants also expressed their desire to export tasks, their responses, 
and the feedback they received to document their course progress and 
prepare for exams. Because offline copies of exams are required for 
exam documentation, the export-as-PDF feature was added to JACK, 
allowing students to save their results. Experiences from the summer 
of 2023 demonstrated that the implementation of a digital learning 
environment failed to improve student motivation to complete course 
exercises. Only a minority of the students completed the weekly 
exercises at home, while the majority appeared unprepared for the 
in-person sessions, expecting the teacher to provide them with a 
sample solution for review before the end-of-semester examination. As 
we decided to provide a worked-out example after three unsuccessful 
solution attempts, the format of the course’s in-person sessions will 
change when the weekly homework exercises are done digitally. It is no 

longer necessary to use in-person sessions to provide sample solutions 
for all tasks. Hence, the use of digital homework exercises has the 
potential to enhance in-person sessions towards a more advanced 
involvement with organic chemistry, provided that students are willing 
and adequately prepared to attend classes. In short, the digital tool does 
facilitate the implementation of flipped classroom approaches (van 
Alten et al., 2019), with student motivation being the main challenge.

5.2 Technical development and next steps

Overall, the integration of Kekule.js into JACK has resulted in a 
powerful tool that enables the digital implementation of a sufficient 
number of standard organic chemistry tasks and has potential for 
further enhancement, such as automating the evaluation of complete 
reaction mechanisms. Although further challenges must be addressed 
(e.g., automatic evaluation of mesomerism, transition states, arrows 
for electron transition, or the option to create and evaluate tasks that 
ask to mark parts of a molecule), the existing tool already offers 
additional learning opportunities and explanatory feedback that 
cannot be offered in the same amount during an in-person course. 
System development activities thus far have focused on the proper 
technical integration of Kekule.js into JACK, including the possibility 

FIGURE 6

Tool development.
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of configuring the editor interface and providing essential features for 
teachers to define rule-based feedback. Thus, the current state of 
development has not yet explored the potential additional benefits 
that digital drawing may provide with respect to automated analysis. 
The next development steps will extend the capabilities for automated 
answer analysis and rule-based feedback in two ways. First, JACK will 
not only analyze the InChI code generated from drawings, but also 
inspect the machine-readable representation of the drawing itself. 
This will not only allow the analysis of reactions with respect to the 
positions of molecules in relation to the reaction arrow, as already 
mentioned above, but also solve some other problems such as the 
representation; for example, it will also allow detecting additional 
annotations and color markings. Second, JACK will be linked to a 
Chemistry Development Kit (Steinbeck et al., 2006), allowing for the 
automatic detection of certain differences between molecules. This 
will save teachers the burden of listing all well-known errors in their 
feedback rules and instead allow them to write these rules on a 
conceptual level, defining feedback on types of errors instead of 
individual errors.

Automatic analysis of molecule-drawing tasks is based of 
comparing InChI-codes. During the 2 years in which evaluation 
studies were set, an additional function to automatically analyze 
reaction equations was implemented. This function is based on 
searching for reaction arrow and checking which molecules are 
placed in front (educts) and behind (products) or above (minor 
educts) or underneath (minor products) this reaction arrow. An 
extension of this function, which is currently under technical 
evaluation, allows to automatically evaluate reactions based on 
multiple reaction equations. The next step will be  to inspect the 
machine-readable representation of the drawing itself, which will 
allow to inspect for lone electron pairs and electron pushing arrows. 
Hence, this function will enable us to automatically analyze reaction 
mechanisms. Figure  6 provides an overview over the tool’s 
development with example tasks.
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Leveraging undergraduate 
learning assistants when 
implementing new laboratory 
curricula
James H. Griffin , Jordan C. Thompson , Pía A. López  and 
Renée D. Link *

Department of Chemistry, University of California, Irvine, Irvine, CA, United States

At University of California, Irvine, a large-enrollment research university, 
undergraduate chemistry courses for non-chemistry majors were delivered 
remotely during the 2020–2021 academic year, with a return to in-person 
instruction planned for January 2022. Because this return to in-person instruction 
coincided with the transition of second-year students from general chemistry to 
organic chemistry laboratory courses, the instructional staff recognized a need 
for remedial laboratory curricula for students with no prior in-person laboratory 
experience. Simultaneously, we desired to implement undergraduate Learning 
Assistants (LAs) in non-chemistry major organic chemistry laboratories for the 
first time at our university. In this paper, we describe our approach for leveraging 
undergraduate LAs to (1) test new laboratory curricula and (2) address feelings of 
comfort and safety for students with no prior in-person laboratory experience. 
Benefits of our LA program perceived by students include increased laboratory 
efficiency and improved student learning from near-peer instructors; benefits 
perceived by LAs include the development of professional skills and teamwork 
with graduate student teaching assistants. We provide an outline of resources 
and strategies to enable instructors to simultaneously implement undergraduate 
LAs and new laboratory curricula.

KEYWORDS

learning assistants, organic chemistry laboratory, near-peer assisted learning, affective 
domain in science education, student-centered learning, collaborative learning

1 Introduction

Learning Assistants (LAs) — undergraduate students who serve as assistant instructors 
for courses they have previously taken — are increasingly being leveraged in STEM courses 
(Emenike et  al., 2020; Barrasso and Spilios, 2021). Peer learning, in which experienced 
students guide current students’ learning through a zone of proximal development, underpins 
LA programs (Thompson et al., 2020). In traditional learning communities, students learn 
solely from a senior instructor, who can be perceived as unapproachable or intimidating. 
Vertical learning communities seek to address this student-instructor gap by introducing a 
near-peer instructor (Bourne et al., 2021). LAs are approachable due to closeness in age and 
experience and can provide mentorship to students. Additionally, LAs improve students’ 
comfort and confidence in the classroom (Ten Cate and Durning, 2007). Student comfort and 
confidence fall under the affective domain, which — along with the cognitive and psychomotor 
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domains — is an essential part of meaningful learning in the 
laboratory (Bretz, 2001; Galloway et  al., 2016). Therefore, peer 
instructors have the potential to foster an improved overall 
learning environment.

The COVID-19 pandemic and subsequent statewide shutdown in 
2020 resulted in evacuation of our campus and remote learning that 
lasted until December 2021 (Lawhon, 2020). During the Spring 2021 
term, the organic chemistry laboratory (OCL) course sequence for 
non-chemistry majors piloted an LA program to facilitate student 
guidance during a time of isolation and uncertainty.

Returning to in-person learning presented unique challenges for 
the OCL instructional team. Under usual circumstances, students 
would have completed two prior in-person general chemistry 
laboratory courses. Due to remote learning, both students entering the 
OCL series and pilot program LAs who completed OCL courses 
online would have little to no hands-on chemistry laboratory 
experience. Fall 2021 was an opportunity for the simultaneous testing 
of new experiments and training of LAs with little prior in-person 
experience before a complete return to in-person teaching in Winter 
2022. Herein, we outline a strategy by which we simultaneously tested 
remedial laboratory curricula designed for this unique cohort of 
students and trained an initial group of LAs to assist with teaching 
these modified courses. This strategy was informed by the existing 
literature on LAs, vertical learning communities, and addressing the 
affective domain in laboratory instruction. Our overarching research 
question was: “Does the implementation of LAs in response to 
instructional discontinuity lead to beneficial outcomes for a cohort of 
students lacking prior in-person laboratory experience?” Specifically, 
these beneficial outcomes would include student-and LA-perceived 
improvements to the laboratory learning community and 
affective domain.

2 Pedagogical frameworks

2.1 Vertical learning communities with 
near-peer instructors

Traditional undergraduate learning communities consist of 
students instructed by a graduate student teaching assistant (GTA) 
and/or professor with several years of experience and training in the 
subject matter. In this hierarchical organization, students may feel 
disconnected or even intimidated, creating a relational gap between 
the student and instructor (Hall et al., 2014; Bourne et al., 2021). The 
effects of this structure can be exacerbated in challenging courses, 
such as OCL (Micari and Pazos, 2012). Implementation of LAs in 
courses results in a vertical community of scholars; LAs are inserted 
into the traditional relationship of students and instructors, reducing 
the gap between their experience and labels (Bourne et  al., 2021; 
Frosch and Goldstein, 2021). An LA or near-peer instructor is an 
individual who is close in age and education level but is one or more 
years senior in their educational progress to a student and seeks to 
provide mentorship and guidance (Bulte et al., 2007; Akinla et al., 
2018). Price et al. suggest that the social element of vertical learning 
communities encourages students to develop collaborative problem-
solving skills (Price et al., 2019). Our LA program was inspired by 
previously-established peer-learning programs, such as the Learning 
Assistant Program at the University of Colorado Boulder and the 

Undergraduate Teacher-Scholar Program at UC Berkeley (Otero et al., 
2010; Bourne et al., 2021).

2.2 Affective domain in laboratory 
instruction

The affective domain is defined as encompassing students’ 
attitudes, motivations, values, expectations, and emotions in the 
context of the learning process. Galloway has emphasized the 
relevance of the affective domain in Novak’s framework of meaningful 
learning (Bretz, 2001; Galloway et al., 2016), which requires complete 
integration of the cognitive and affective domains with the 
psychomotor domain. For meaningful learning to occur in an OCL 
setting, the instructor should aim for holistic treatment of motivational 
and attitudinal aspects in addition to conceptual and procedural 
aspects when designing laboratory curricula. Seery argues for 
preparing and supporting students by managing their expectations for 
challenges and difficulties in the complex learning environment of 
chemistry laboratory courses, which LAs could facilitate (Seery 
et al., 2019).

Despite a relative lack of research on the affective domain in the 
chemistry laboratory compared to the cognitive or psychomotor 
domains, considerable effort has been made in assessing the effects of 
various learning interventions on affect (Penn and Ramnarain, 2019; 
Flaherty, 2020). Implementation of a process-oriented guided inquiry 
learning introductory chemistry course resulted in improved self-
efficacy and confidence in students with little prior chemistry 
knowledge and experience (Vishnumolakala et  al., 2017). The 
introduction of LAs during the return to in-person classes had the 
potential to positively impact students’ comfort and safety in the 
laboratory, with the additional benefit of improving learning assistants’ 
confidence and attitudes towards chemistry (Smith, 2008; Kornreich-
Leshem et al., 2022).

3 Learning environment

The courses described herein took place at University of 
California, Irvine, a large public research university in the western 
United States, designated as a Minority Serving Institution, with the 
federal designations of Asian American and Native American Pacific 
Islander-Serving Institution and Hispanic-Serving Institution. The 
overall student population included in the study is 66% female and 
34% male, based on self-reported responses to a binary-choice 
question about biological sex at time of admission. Students self-
reported as 55% Asian, 17% Hispanic/Latinx, 13% white, 3% Black or 
African American, 8% Native Hawaiian and/or Pacific Islander, less 
than 1% American Indian and/or Alaskan Native; 3% declined to 
state. Overall, 44% of students self-identified as first-generation 
college students and 33% were identified as low-income. First-
generation status was defined as neither parent completing a 4-year 
degree. Students who did not self-report income were assumed to 
be nonlow-income.

These courses are part of an OCL series consisting of a three-
course sequence for non-chemistry majors (Figure 1). Each term is 
10 weeks. Laboratory sections meet once per week for 4 h. Additionally, 
students are expected to attend a one-hour laboratory lecture section 
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once per week. Although the laboratory course, including laboratory 
sections and laboratory lecture sections, is separate from the organic 
chemistry lecture course, students enroll in both courses concurrently. 
Depending on the term and the specific course, an OCL course may 
have between 150–1,200 students enrolled. Up to 34 GTAs are 
required during a large-enrollment quarter, with each GTA assigned 
as the sole instructional staff member present for two 20-student 
laboratory sections per week.

The OCL course sequence described here is coordinated and 
taught by a single faculty member (RDL). Because of the scale of these 
courses, the instructional team includes multiple Head GTAs (JHG, 
JCT, PAL) who provide logistical, administrative, and pedagogical 
support to the instructor, including GTA scheduling, addressing 
grading discrepancies, writing exam questions, and hosting weekly 
office hours.

4 Results

4.1 Methods

4.1.1 LA implementation
This work represents the first implementation of LAs during the 

laboratory component of an OCL course at UC Irvine. Students 
serving as an LA for the first time in any course are required to enroll 
in the university-wide Certified Learning Assistants Program (CLAP), 
in which a certified instructor trains new LAs in pedagogical theory 
and strategies for facilitating classroom teaching. In Summer 2021, the 
remedial laboratory curricula were developed, and initial recruitment 
applications were sent to students who had performed well in the 
relevant course series (B+ or better) within the two prior academic 
years (Figure 1). In Fall 2021, the first cohort of LAs was accepted, and 
simultaneous laboratory safety/technique training and experiment 
testing took place. Implementation of LAs in lab sections occurred in 
Winter 2022, but continuing disruptions to instruction caused by the 
COVID-19 pandemic precluded survey data collection for this term. 
Spring 2022 represents the first term in which student and LA survey 
data were collected for a full in-person implementation of 
laboratory LAs.

Applications were sent to prospective LAs using Google Forms 
(Supplementary material). The application comprises three sections: 

(1) potential for effective peer instruction, (2) reflection on 
transferable professional skills, and (3) an example of answering 
student questions. Applications scoring highly on a rubric were 
accepted without a limit on the possible number of acceptances 
(Supplementary material). Application forms were distributed 4 weeks 
before the start of instruction; the application remained open for 
2 weeks. Accepted LAs were notified 2 weeks before the start of 
instruction. One week before the start of instruction, LAs were 
assigned to laboratory time slots and were assigned based only on 
their individual availability such that each laboratory section was led 
by either one GTA or one GTA and one LA. In an average term of 60 
individual laboratory sections, roughly 50% of sections had exactly 
one LA present, and the remainder did not have any LAs present.

During Fall 2021, LAs who had no prior experience handling 
chemicals and equipment in an instructional laboratory setting 
participated in training; these LAs earned the same course credit that 
they would have as lecture LAs. Training was carried out over five 
weekly two-hour periods. The first period was dedicated to safety 
training and familiarity with laboratory equipment. The latter four 
periods involved testing of both existing and new laboratory 
experiments. Students were provided with access to a draft version of 
an experiment handout where they could provide feedback. LA 
cohorts after Fall 2021 did not participate in training or experiment 
testing, as they had prior in-person experience and no new curricula 
were being tested.

4.1.2 LA responsibilities
All LAs attended a weekly 30-min meeting in which the Head 

GTA reviewed LA feedback from the previous week’s experiment and 
summarized the upcoming experiment. Specific time was set aside for 
LAs to develop a plan to address anticipated student challenges or 
common misconceptions and mistakes. For example: At the beginning 
of our laboratory sections, students complete a collaborative set of 
questions concerning safety, equipment, and chemical principles; 
accordingly, LAs were provided with follow-up questions to guide 
student learning.

The primary responsibilities of LAs during laboratory time were 
to supplement GTA instruction by facilitating student completion of 
experimental work and achievement of related learning outcomes 
(GTA duties did not change). This was accomplished by addressing 
challenges and answering questions related to content, equipment, and 

FIGURE 1

Timeline of curricula development, curricula testing, LA training, LA implementation, and survey collection.
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procedure. During the laboratory section, LAs were free to develop an 
instructional plan with their GTAs based on information discussed 
during the weekly meeting. We were comfortable with LAs having the 
freedom to develop an independent instructional plan because of their 
CLAP training, but instructors at institutions without a CLAP 
analogue may want to be  more prescribed in what in-laboratory 
activities are expected of their LAs.

The primary responsibility of LAs between weekly laboratory 
sections was to provide guided feedback on the completed experiment, 
addressing both the experiment itself and how students were or were 
not able to achieve learning goals efficiently. Our framework for 
collecting LA feedback was inspired by the implementation of “10-min 
journals” in peer-led team learning (Wilson and Varma-Nelson, 
2021). Specifically, LAs provided answers to the following five 
questions about the laboratory experiment: (1) What went well? (2) 
What were “traps” or challenges for students? (3) Do you  have 
suggestions for things that can be changed? (4) Do you have feedback 
on the writing of the experiment handout itself? (5) What information 
do students need clarification or additional instruction on before 
attending lab? This feedback was then aggregated by Head GTAs to 
be  discussed in the following week’s LA meeting. We  used this 
feedback on a regular basis to make incremental improvements to the 
phrasing or organization of course materials.

4.1.3 Student and LA surveys
Our surveys were adapted from work by Bourne et al. on the 

implementation of a large-scale laboratory LA program at UC 
Berkeley (Bourne et al., 2021). Specifically, their study analyzed the 
types of questions students approach GTAs, LAs, and/or peers with 
during recitation/discussion and laboratory sections. We  were 
interested in whether these findings were consistent for our student 
population, who were returning from pandemic-related educational 
disruptions. Additionally, we investigated student and LA perceptions 
of (1) which LA duties were appropriate and (2) student affect in the 
laboratory with or without an LA present. The student survey 
addressed four major themes — LA duties, student learning from LAs 
and GTAs, student affect, and laboratory time management — using 
a combination of Likert-scale and open-ended questions. The LA 
survey included open-ended questions designed to reference the LA 
application, specifically the professional and academic goals and skills 
sections (Supplementary material).

This study was approved by the Institutional Review Board as an 
exempt study (IRB #741). Surveys were available to students, LAs, and 
GTAs for 1 week during the final week of instruction through 
Qualtrics. Students were offered one credit toward a “token” for 
completing this and other research surveys in each quarter; tokens can 
be exchanged in the course grading system for options such as late 
passes or the opportunity to revise and resubmit unsatisfactory 
assignments (McKnelly et al., 2023).

Student survey responses (n = 1,194, 35%) were de-identified 
before analysis. Student survey response rates varied by term (S22 
n = 564, 58%; F22 n = 131, 48%; W23 n = 140, 12%; S23 n = 359, 36%), 
but results remained consistent across terms regardless of response 
rate. Summary statistics of demographics for survey respondents 
matched those of the overall courses. LA survey responses (overall 
n = 55, 63%; S22 n = 19, 83%; F22 n = 9, 75%, W23 n = 10, 37%; S23 
n = 17, 65%) were collected anonymously. GTA responses were not 
analyzed due to low response rates of two or fewer GTAs per term. 

Analysis of Likert-type questions and multiple-select questions was 
conducted using the statistical programming language R (Garnier, 
2018; R Core Team, 2019; Wickham et al., 2019). Responses from 
students to open-ended questions were analyzed using the Taguette 
free, open-source qualitative research tool (Taguette, n.d.). Students’ 
own wording was used to identify themes based on identified 
relations, similarities, and differences that were grouped conceptually.

4.2 Survey results

4.2.1 LA duties
We adapted survey questions used by Bourne et al. to confirm 

whether LAs were performing expected duties during laboratory 
sections and gauge the perceived appropriateness of those duties by 
students and LAs. The actual duties of LAs within the program were 
to (1) provide information, (2) monitor laboratory safety, (3) 
supervise instrument use, (4) act as a role model, and (5) facilitate 
discussion (Figure 2). When students were asked how appropriate 
these five LA duties were, the majority of respondents (57–60%) 
indicated that duties 1–4 were “very appropriate,” while the majority 
deemed duty 5 “usually appropriate” (41%) (Figure 2A). LAs were 
asked to self-assess these same duties and responded that 1–5 were 
“very appropriate” at higher rates than the students, particularly for 
duty 5, with 70% of LAs compared to 37% of students (Figure 2C). A 
similar trend emerged with student observations of their LAs during 
laboratory sections. The majority of students reported observing 
duties 1–4, but only 38% of respondents reported observing duty 5 
(Figure 2B). Duty 1 was the most commonly observed by students at 
91%, while duties 2 and 3 were also frequently observed at 79 and 
75%, respectively. The most common duty performed by LAs was 
duty 2, in which 100% of LAs reported monitoring laboratory safety, 
and 95% of LAs reported performing duty 1 (Figure 2D). The largest 
differences between student and LA responses were that LAs reported 
performing duty 5 and duty 4 at higher rates than students reporting 
observing these activities, with discrepancies of 34 and 23%, 
respectively.

In addition to the actual LA duties, responsibilities that are instead 
assigned to other instructional staff were also included in this 
question. These non-LA duties included (6) planning laboratory 
activities, (7) creating course resources, and (8) grading student work. 
While students tended to underrate the appropriateness of duties 1–5 
lower compared to LAs, the opposite trend was observed for duties 
6–8. Student responses to the appropriateness of duty 6 were not as 
straightforward as for duties 1–5, with a broad range spanning 
“sometimes appropriate” (33%), “usually appropriate” (26%), and 
“very appropriate” (19%). LA responses skewed towards “sometimes 
appropriate” (50%), with 18% indicating “usually appropriate” and 8% 
indicating “very appropriate.” Similarly, a small majority of students 
stated that duty 7 is “sometimes appropriate” at 32%; however, the 
majority of LA responses (48%) indicated it was “sometimes 
appropriate.” Lastly, the majority of both students and LAs indicated 
that it would be “sometimes appropriate” for LAs to perform duty 8 
(33 and 52%, respectively) with “not at all appropriate” being the 
second most common response (27% of students and 35% of LAs). 
Despite the fact that these duties were not assigned to LAs, a minority 
of both students and LAs (≤10%) observed or self-reported LAs 
performing duties 6–8.
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4.2.2 Student learning from LAs and GTAs
Following the work of Bourne et al., we investigated the order in 

which students preferred to ask GTAs, LAs, and peers certain types of 
questions (Figure  3). For content, equipment, and procedure 
questions, the majority of students indicated that they would approach 
a GTA first (51–64%). A smaller proportion of students indicated that 
they would approach a peer first (24–29%), and a small minority of 
students indicated that they would approach an LA first (6–20%). LAs 
were consistently the most popular second choice for asking these 
types of questions (52–56%), while students indicated that they would 
approach GTAs second 20–26% of the time and peers second 14–16% 
of the time. Grading did not follow the trend observed for content/
equipment/procedure questions, as a larger majority of respondents 
(87%) indicated that they would approach GTAs first for questions 
about grading. Life questions were the only category in which students 
did not indicate GTAs as their first priority, as 48% reported that they 

would first approach a peer. Across all question categories, LAs were 
consistently considered students’ second priority (grading: 57%; 
life: 48%).

4.2.3 Affective domain
A primary research question in this study was “Do students with 

no prior in-person laboratory experience self-report increased feelings 
of comfort, confidence, and safety when a laboratory LA is present?” 
In Figure 4A, we have separated results from the Spring 2022 term 
compared to Fall 2022–Spring 2023 (Figures 4B,C). Spring 2022 was 
the first term at our university since 2020 in which OCL courses were 
offered fully in person. For Spring 2022, a dramatic difference in 
students’ self-assessment of their comfort, confidence, and safety was 
noted compared to later terms. Confidence appeared to be split fairly 
evenly between “agree” (no LA 48%, LA 54%) and “disagree” (no LA 
52%, LA 46%) responses, while comfort and safety lean slightly 

FIGURE 2

Student and LA responses to survey questions about the appropriateness and observation of LA duties. (A) Appropriateness of potential LA duties as 
determined by students. (B) Observation of LAs performing these duties as reported by students. (C) Appropriateness of potential LA duties as 
determined by LAs themselves. (D) Self-reporting of LAs performing these duties.
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towards “agree” responses (comfort: no LA 63%, LA 66%; safety: no 
LA 63%, LA 66%). For students with no LAs, comfort, confidence, and 
safety were strongly disagreed with 35, 47, and 34% of the time, 
respectively. With an LA, these results were 31, 40, and 31%, 
respectively.

Expectedly, students reported feeling more comfortable, 
confident, and safe when they had prior laboratory experience 
compared to when they did not: For Fall 2022–Spring 2023, responses 
overwhelmingly skew towards “agree” for comfort (no LA 96%, LA 
96%), confidence (no LA 93%, LA 93%), and safety (no LA 97%, LA 
98%). Anxiety, a negative affect trait compared to the positive traits of 
comfort, confidence, and safety, was consistently more varied in 
student responses: Furthermore, students appeared to self-report 
higher anxiety in terms other than Spring 2022, as “agree” responses 
increased (no LA: 32 to 49%; LA: 39 to 47%).

4.2.4 Open-ended survey question responses
Responses from students and LAs to open-ended questions were 

used to identify major conceptual themes describing the benefits of 
the laboratory LA program (Table 1). As a result of LAs answering 
student questions, students identified improvements to experimental 
efficiency and LAs identified improvements to communication skills. 
Students described LAs as being effective near-peer instructors, 
highlighting previous experience in the course, approachability, and 

their similar institutional knowledge. Students described LAs as 
beneficial to the learning experience because LAs were able to support 
both GTAs and students with their experienced perspective. 
Additionally, students felt that LAs promoted a safer 
laboratory environment.

5 Discussion

5.1 Comparison to previous results

Despite differences in our implementation of laboratory LAs (the 
COVID-19 pandemic, our LA training process, 10-week course 
length, etc.), our results are consistent with Bourne et al. Students 
approached TAs first for all question categories other than life, where 
peers are instead ranked first (Figure 3). LAs were ranked as second 
for each question category. For grading specifically, TAs were 
overwhelmingly ranked first. Furthermore, we  observed similar 
student observation and LA self-assessment of the various LA duties; 
for each of the actual LA duties, a majority of both student and LA 
respondents reported these duties (with the exception of “facilitating 
discussion;” see Limitations) (Figure 2). For each of the duties LAs 
were not intended to perform, the majority of students and LAs did 
not observe or report these duties, respectively.

FIGURE 3

Student responses to the question “Please indicate the order in which you would approach the following people (GTA, LA, peer) to ask the following 
types of questions.” Survey respondents were not required to give a 1st, 2nd, and 3rd priority for each category of question, so percentages may not 
add up to 100%.
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5.2 Tandem LA training/experiment testing

We find that LAs are useful for testing new or revised curricula. 
Because of their previous experience in the course, LAs are motivated 
to improve the clarity and organization of course materials. Following 
a session of LA experiment testing, we  propose organizing LA 
feedback into (1) identified problems and (2) proposed solutions. 
While students and LAs are effective at identifying problems, their 
proposed solutions are not always actionable; this necessitates the 
review of LA comments and suggestions by an experienced instructor 
before changes are made to course materials. We find that LAs feel 
prepared by their training (Supplementary Table S2). Their familiarity 
with the tested experiments further equipped them to address 
student questions.

5.3 Student and LA perspectives of 
laboratory LA benefits

5.3.1 LAs answer student questions
Students report that LAs improve laboratory efficiency. Many 

students recalled a long line to ask the GTA a question; the presence 
of an additional instructor in the form of an LA increased the rate at 
which questions were answered. This is consistent with Figure 3, in 
which most students would approach the LA second for content, 
equipment, and procedure questions. Many students reported 
directing “minor” questions to LAs, while TAs addressed more 
in-depth questions about chemical principles or specific experimental 
troubleshooting. However, students indicated that, during periods of 
an experiment where they had few questions, LAs passively waited 
until there were questions to answer rather than approaching students 
to initiate discussion.

LAs consistently indicated the importance of observing, learning, 
and practicing teaching and communication skills in both their 
motivations for participating in the program and their primary 
outcomes from participating. To assess achievement of personal goals, 
LAs were asked to recall and reflect on their motivations for joining 
the program and the transferable skills identified as part of their 
application to the program. Responses overwhelmingly reflected the 
desire to practice teaching and communication skills, both for career 
development and to help fellow undergraduate students. Some LAs 
expressed a desire for more direction and did not feel comfortable 
approaching students to initiate discussions when students were not 
asking questions, but overall, LAs felt more confident in their abilities 
to solve problems, clearly communicate information, and guide 
students in their learning process. These skills were specifically 
identified as being transferable to education, healthcare, and GTA 
positions in graduate programs.

5.3.2 Near-peer instructors facilitate student 
learning

Students report experiencing emotional stress during laboratory 
experiments — which may be caused by time management issues, the 
desire to obtain perfect results, or concerns about their grade — that 
could inhibit learning in the course. Although student responses to 
Likert-scale questions about their comfort in the laboratory did not 
differ based on whether or not an LA was present (Figure 4), open-
ended responses indicated an increased sense of comfort from LAs 

FIGURE 4

Student responses, separated by presence or absence of an LA in 
their laboratory section, to the question “Please rate the degree to 
which you agree with the following statement: ‘I felt [adjective] 
performing in-person laboratory experiments this quarter.’” 
(A) Student responses for Spring 2022 only, the first instructional 
period since the beginning of the COVID-19 pandemic in which the 
full 10-week laboratory course was offered in person with no 
interruption. (B) Student responses for each term during the study 
period other than Spring 2022. (C) Student responses for all terms 
included in the study period.
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that made the laboratory sections more enjoyable. Students perceive 
LAs to be more relatable than GTAs or professors because they are 
closer in age and experience to the students and have recently been in 
their position. Students identified mentorship and role-modeling as 

additional benefits of the LA’s presence in the laboratory, which is 
consistent with the majority of students identifying “acting as a role 
model” as being an appropriate LA duty (Figure  2). LAs can 
“empathize” and “understand the struggle” students are encountering 

TABLE 1 Representative examples of common responses to open-ended survey questions.

Student Perspective LA Perspective

LAs answer 

student questions. 

Answering 

questions, 

laboratory 

efficiency, 

communication

“Yes I think having multiple upper division role models will help 

when students have a lot of questions. It also makes labs go by 

much faster when there are more sets of hands to aid in 

conducting the lab. My LA was also very helpful when my TA 

was busy helping someone else. I could ask her for anything 

about the experiment or conceptually questions and she mostly 

has the answers to help.”

“Labs are usually very hectic and many students are constantly 

asking questions, so having a second option to refer to for 

questions greatly helped keep everyone moving efficiently.”

“Having the sense of mentorship is a nice touch. Having an extra 

set of eyes and supervisor helps cut down the time spent on 

waiting for the TA answer your questions after something goes 

wrong.”

“I wanted to improve on my active learning skills during my time as an LA. I feel 

as though the lab course I chose to assist helped immensely with this because it 

challenged me to come up with certain tactics to use in assisting students rather 

than just giving them the answer. This helps both me and the student because it 

strengthens problem solving skills while also allowing the students to use their 

own knowledge to get to the answer themselves.”

“As far as I can recall, the most important professional skill I wanted to to refine 

was my communication/teaching skills because in the field of medicine it is 

required of people to be able to elaborate certain medical knowledge that can 

be difficult to explain without a particular level of education. I believe that so far 

this position has been great at helping me rethink how I explain things and I have 

been able to compartmentalize what knowledge is important to knowing the 

concept vs. what knowledge is going overboard better than I have been able to do 

before.”

“It is a great experience if someone is trying to get exposed to more teaching 

positions. It also strengthens communication and problem-solving skills which is 

an important skill to have for the future and life in general.”

Near-peer 

instructors 

facilitate student 

learning. Near-

peer instructors, 

approachability, 

community

“I see LAs as the middle ground between TA and peer. They are 

super helpful because sometimes students do not want to go 

straight [to] the TA for what they may think is a stupid question. 

If a peer does not know, LA is the next best. I find this to 

be pretty common in lab settings. Maybe someone messed up the 

experiment, but they are too embarrassed to ask for help. A kind 

and understanding LA would be awesome!”

“LAs are more relatable for undergraduates, and just having them 

present is reassuring because they were in our shoes somewhat 

recently and they passed the class.”

“It’s nice seeing someone relatively our age be passionate about 

chemistry. It encourages learning [in] the lab environment.”

“I think having another student in the lab really helps both the TA and students. It 

makes it easier for students to approach other fellow students and can facilitate a 

more comfortable environment where discussion and questions are encouraged. 

I think that the main thing [is] that I am only a year older than most of the 

students, it provides another person of ‘authority’ that the students can depend on 

while also being more comfortable with as there is a very tiny age gap…”

“I think the lab in general can be pretty long and tiring which can exhaust students 

sometimes, but seeing someone who has taken the lab and come back to LA can 

make them feel like they are capable of getting through it. It also gives them the 

opportunity to ask questions about their current course content and future courses 

in a bit of a peer-to-peer way rather than [professionally].”

“I feel like I succeeded since many students ended up enjoying ochem lab. It wasn’t 

a stressful experience and it made people open their eyes to how great chemistry 

is.”

GTAs and LAs 

form a cooperative 

teaching team. 

GTA-LA 

teamwork, LAs 

supplement and 

support TAs, 

experienced 

student perspective

“Yes Having the LA program is beneficial for both the student 

and the LA. In the case of the students, it allows a different 

perspective of the experiment and being an undergraduate 

student compared to the graduate student TAing.”

“If in-lab Learning Assistants are present in the lab, the TA will 

not be too busy tending to students’ questions and will have time 

to go over crucial concepts more thoroughly with the lab section. 

The chances of safety and waste violations such as breaking 

equipment and items being placed into the wrong waste 

containers might be lowered. Overall, having more eyes and 

hands to monitor the multiple reactions happening in lab will 

make things more efficient and safe”

“I had an LA during Winter 2022. They were really helpful with 

answering questions about experiment procedure and safety 

when the TA was busy with other students. I was also able to 

clarify concepts with the LA during down time if the TA was 

busy.”

“Quick rundown of what the experiment run should look like, potential issues, 

common questions we’ll get, demonstrations and theory we need to go over before 

the lab, what can I do as the LA to help her and the lab run smoother.”

“Before each lab, we would talk about how ‘tricky’ students may find the 

experiment, or if I got a lot of the same question I would let them know so they 

could make an announcement or address it in some way”

“With both TAs I worked with, I was able to converse with them freely. They both 

made me feel like we ran lab as a unit, a team. Both completing the same duty of 

answering the students questions. There were often times where I did not know 

how to answer a students question, so I asked my TA and got back to them. When 

there was down time, my TA and I would sometimes stand towards the front and 

talk about random stuff.”

Responses are categorized by common themes and highlight the unique perspectives of students and LAs.
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and provide an experienced perspective on how to succeed in the 
course. A number of students shared that LAs gave them advice about 
navigating their undergraduate degree. LAs additionally brought 
camaraderie to the laboratory sections, making them more “fun” and 
“interactive” while still ensuring that experiments were 
conducted safely.

Many students addressed the teaching hierarchy that vertical 
learning communities with near-peer instructors seek to mitigate. 
Students reported feeling intimidated to approach their GTA with 
certain questions if a mistake was made or for fear of being judged. 
LAs serve to assist both parties by answering student questions and 
reducing the burden on the GTA. Accordingly, students reported that 
LAs are generally more approachable than GTAs, citing that LAs had 
no power over grades and that LAs tended to explain concepts in a 
way more digestible to undergraduate students.

Many LAs were motivated by personal experience, joining the LA 
program out of a desire to reduce stress and increase confidence for 
students by being an approachable source of support and familiarity. 
LAs commented on their personal struggles when enrolled in the 
course and wanted to share their expertise. Throughout an 
instructional term, LAs described developing a rapport with students 
by discussing subjects outside of chemistry to help ease chemistry-
related discussions. LAs emphasized the near-peer aspect of the 
program, in which students who were intimidated by their GTA could 
instead ask someone closer in age and experience. In “bridging the 
gap” between the GTA and students, LAs reported connecting 
professionally and personally with both the students and the GTA, 
fostering a sense of community in the laboratory.

5.3.3 GTAs and LAs form a cooperative teaching 
team

Students overwhelmingly recommended that the LA program 
be continued, with the most common reason being that LAs help to 
supplement GTAs in the laboratory. Students recognize that GTAs are 
often busy running the laboratory section and cannot help every 
student simultaneously. A common example was an experiment in 
which the GTA operated an instrument in an adjacent room while 
most students remained in the main laboratory space; LAs assisted 
GTAs by being where the GTA could not. Students recognized that the 
ability for LAs to supervise students while the GTA was busy improved 
overall laboratory safety (Figure 2). Finally, students recognized that 
LAs provide a useful and complementary perspective to the GTA, as 
LAs are current undergraduate students and have already performed 
well in the OCL series. This perspective reaches beyond course 
content, as 85% of students indicate that “My LA helped me improve 
my understanding of how to navigate UCI as an undergraduate” 
(Supplementary Figure S1).

LAs and GTAs were expected to work as a team, conferring at the 
beginning of a laboratory period to discuss how to optimize time 
management and students’ general experience with the experiment at 
hand. Correspondingly, LAs were surveyed regarding interactions 
with their laboratory section’s GTA. A small number of LAs mentioned 
consulting with the GTA before the laboratory period began to get a 
general sense of how the laboratory period should proceed. This type 
of response was less common than expected, which may indicate that 
our implementation of LAs would benefit from increased structure 
and clearer expectations of LAs. Based on survey responses, LAs 
understand their role as being supplemental to and supportive of 

GTAs; in other words, LAs recognize that their participation can 
benefit both the students and the GTA.

6 Limitations

The primary limitation of this study is the use of surveys that are 
not validated instruments. Specifically, we observe that certain words 
or phrases, such as “facilitate discussion,” may be  interpreted 
differently by students and LAs and that those interpretations may 
differ from our intent. In the case of “facilitate discussion,” students 
may interpret this to refer to a recitation section of the course as 
opposed to the laboratory component (Figure 2). LAs may instead 
interpret “facilitate discussion” to mean “facilitated discussions/
conversations about concepts with students,” which is closer to our 
intent. Additionally, the results presented are in aggregate and may not 
represent the experiences of students who hold specific marginalized 
identities. Due to the scale of our OCL series and the complexity of 
undergraduate student scheduling, it is unlikely that we  will ever 
be able to provide an LA for each laboratory section in a single term. 
This is a limitation of our implementation, as LAs are not assigned 
evenly throughout different section types (i.e., day of week and time 
of day).

7 Conclusion

We have described the process by which we  implemented a 
laboratory LA program in non-chemistry major OCL for the first time 
at our institution. This was done in response to instructional 
discontinuity caused by the COVID-19 pandemic, which necessitated 
the development of remedial laboratory curricula. In order to (1) test 
these new curricula and (2) train LAs in hands-on laboratory 
techniques, LAs participated in the development of the new curricula. 
Following implementation of both LAs and the new experiments in 
the OCL series, survey results from students and LAs were compared 
to the previous study by Bourne et  al., which took place prior to 
shutdowns caused by COVID-19. We  find that students correctly 
identify LAs duties and prioritize LAs over peers when asking 
questions about experimental content, equipment, or procedure, 
which is consistent with the previous study. We identify three major 
categories of student and LA open-ended survey responses which 
describe the benefits that LAs bring to the teaching laboratory.

We plan to repeat this strategy of curricular development/LA 
training in the near future as we  transition our OCL format to 
Argument-Driven Inquiry (Walker and Sampson, 2013; Howitz et al., 
2023; Saluga et al., 2023). LA feedback indicated that the program 
could benefit from increased structure, such as additional prescribed 
leading and exit questions to engage student groups during 
experiments. Qualitative GTA feedback (excluded from this work) 
indicated that LA-GTA teamwork could be improved if GTAs were 
provided with a specific list of LA responsibilities. We have created 
and compiled resources with which other instructors in a broad range 
of learning environments can recruit, train, and implement LAs while 
developing new laboratory curricula. The LA application form, 
associated rubric, and surveys for both students and LAs are included 
in the Supplementary material. Tandem LA training/curricular design 
proved useful in responding to the instructional interruption caused 
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by the COVID-19 pandemic, but we  believe that this strategy is 
generalizable to any kind of curricular innovation/reform in a 
chemistry laboratory course series. Although the large-scale 
disruptions to in-person courses necessitated by the onset of the 
COVID-19 pandemic have passed, other events such as labor actions, 
natural disasters, or civil unrest could result in a cohort of students 
entering laboratory courses without in-person laboratory experience; 
these students may benefit from the presence of LAs in their 
laboratory courses.
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Immersive technologies such as augmented reality (AR) have the potential to 
enable students to remediate invalid assumptions about molecular structure 
through visualizing site-specific, non-observable chemical processes. In this 
study, we  explore how this technology-embedded instruction impacted student 
perceptions and experiences in a collaborative face-to-face and independent 
remote organic chemistry laboratory, the latter of which occurred during the 
COVID-19 pandemic. While we acknowledge the emotional toll of the pandemic, 
it afforded a unique opportunity to compare the differences in implementation 
when covering the same material. We used a novel AR mobile application, H NMR 
MoleculAR, and a complementary worksheet to support students’ understanding of 
proton nuclear magnetic resonance (1H NMR) spectroscopy. We gathered data using 
a mixed-methods pre-post survey about students’ perceptions and experiences in 
the remote and in-person environments. There were differences in student user 
experience and perceptions of NMR knowledge, with face-to-face students showing 
more positive rankings. Although lower than those in face-to-face environments, 
perceptions of the remote environment remained neutral or positive for all 
measures. There were no differences in the reported number of challenges faced, 
but there were unique challenges in the remote learning environment. Our findings 
illuminate the complexity of factors that must be considered when implementing 
novel technologies into instruction in face-to-face and remote environments. 
We  conclude by describing concrete lessons learned and considerations for 
researchers and instructors leveraging augmented reality.

KEYWORDS

organic chemistry, augmented reality, laboratory learning, remote learning, proton 
nuclear magnetic resonance, chemistry education research

1 Introduction: background and rationale

In recent years, there has been an increase in the use of augmented reality (AR) to support 
student understanding of representations and visualizing molecules and chemical phenomena 
across a variety of topics (Behmke et al., 2018; Tee et al., 2018; Sung et al., 2020; Abdinejad et al., 
2021; Mazzuco et al., 2022), though it still is not widely adopted (De Lima et al., 2022). AR affords 
the ability to overlay 3D virtual images in a real physical space, allowing for more comprehensive 
interactions with molecular structures, incorporating depth and stereoscopic perception into the 
understanding of chemical phenomena (Behmke et al., 2018; Goddard et al., 2018), and enabling 
the visualization of site-specific, non-observable chemical processes (Huwer et  al., 2018). 
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AR-embedded instruction has been known to advance the affective 
domain by increasing motivation, interest, and confidence in learning; 
the cognitive domain by supporting learning, improving performance, 
and increasing knowledge retention; and the psychomotor domain by 
developing spatial skills and allowing the visualization of abstract 
concepts (Cheng and Tsai, 2013; Mazzuco et al., 2022). Furthermore, the 
ability to use AR on a mobile device means that students can learn in 
multiple locations. Combined, these AR affordances can support 
students and develop their understanding of chemistry.

Leveraging the affordances of AR would be  especially 
advantageous with chemistry content, such as 1H NMR spectroscopy, 
that demands the visualization of molecular spectra but is known to 
be  challenging for students (Anderson et  al., 2020). Studies have 
shown that textbooks (Anderson et al., 2020) and instructors (Connor 
and Shultz, 2018) struggle to scaffold 1H NMR instruction adequately, 
suggesting additional resources are needed to supplement these 
barriers. Resultingly, we  leveraged an AR application to provide 
technology-embedded instruction about 1H NMR. Herein, we discuss 
how we implemented an activity that consists of H NMR MoleculAR, 
a novel AR application, and an accompanying worksheet to support 
students in understanding the concepts and problem-solving 
processes underlying 1H NMR spectroscopy. We describe the lessons 
from incorporating this activity in face-to-face and remote learning 
environments. Specifically, we answer the following questions:

 1 How do students experience the activity in each 
environment (RQ1)?

 2 How do students perceive the activity in each environment (RQ2)?
 3 To what extent does the activity adjust students’ perceptions of 

the importance of visualizations for learning chemistry and 
their knowledge of 1H NMR (RQ3)?

2 Pedagogical frameworks underlying 
the educational activity innovation

The H NMR MoleculAR application (the App) uses static and 
dynamic visualizations to render virtual 3D representations of 
molecular structure, molecular orbitals, and electrostatic potential 
maps over unique targets that are 2D images of molecules or spectra. 
The content in the App and its associated worksheet is structured 
using the Compare-Predict-Observe-Explain (CPOE) cycle and the 
contrasting cases framework (Alfieri et  al., 2013; Graulich and 
Schween, 2018). Students are given structures that differ in one 
important feature (a contrasting case). They are expected to compare 
these structures, make a prediction about how the difference in 
features will be reflected on the spectrum, observe the spectra, and 
then explain the underlying concepts or principles that connect the 
structural features to the spectral features (see an example in the 
Supplementary Figure S1). These frameworks increase the interactivity 
associated with the App while requiring students to orient to key 
concepts relevant to each task to problem solve. For more details on 
the App’s design and development, see Wright and Oliver-Hoyo (2021).

3 The learning environments

Sharples and colleagues have a two-part definition of mobile 
learning. Mobile learning can be education (a) supported by mobile 

devices or (b) that occurs in unique spaces outside the formal classroom 
(Sharples et al., 2007). A holistic characterization of mobile learning 
must consider the design of technological tools and the context in which 
the learning occurs (Sharples et  al., 2007; Imtinan et  al., 2013). 
Therefore, we adopt the Task Model of Mobile Learning to characterize 
the remote and face-to-face learning environments in which students 
engaged with the activity (Taylor et al., 2006; Sharples et al., 2007).

The Task Model of Mobile Learning is grounded in activity theory 
and comprises six factors, each with a technological and semiotic layer. 
The factors are the learning goals or outcomes (Objective), the learner and 
their prior knowledge (Subject), the function of the medium or artifact 
used to facilitate learning processes (Tool), the social and pedagogical 
parameters that moderate learning (Control), the device’s portability and 
the environment’s relevance to the learning goals (Context), and the 
potential for interactions (Communication). Each factor coalesces with the 
others so that the individual completes the activity as a Changed Object 
with revised knowledge and skills (Taylor et al., 2006; Frohberg et al., 
2009). Frohberg and colleagues used the semiotic layer of the Task Model 
of Mobile Learning, with technology as the enabler, to create a five-point 
rating scale for each factor (Table  1) and describe mobile learning 
environments (Frohberg et  al., 2009). By comparing multiple 
instantiations using this framework, one can characterize activities and 
explore how differences influence the Subject’s revised knowledge or skills 
(Sharples et al., 2007). We use these factors in Table 1 to characterize how 
students completed the same activity in different learning environments.

In both environments, students were expected to analyze and 
interpret spectra and molecular structures (Objective – analyze). On 
average, the students reported good prior knowledge (Subject – good 
previous knowledge). The App was designed for interactivity using the 
CPOE framework in that it is guided with a playful approach to increase 
motivation (Tool – interaction for motivation and control) through 
engagement with structured content that has space for students to make 
decisions during the learning process (Control - mainly teacher control). 
However, there were a few differences between the learning environments.

3.1 Face-to-face environment

During the Spring 2020 semester, the activity was administered on 
instructor–provided tablets within a single three–hour laboratory 
(Context – formalized) and with a teaching assistant in person. The 
students completed the activity with a partner (Communication – tightly 
coupled pairs). The partners shared an iPad and had to advance through 
the AR experience together; however, they were each responsible for 
submitting individual work. During the spring semester, students would 
document their predictions and provide explanations on the worksheet 
while comparing and observing the AR components in the App.

3.2 Remote environment

The Fall 2020 semester was the first full semester of remote 
learning due to the COVID-19 pandemic. The students completed the 
activity in their own space (Context – independent), using personal 
devices. Students had an entire week to complete the activity. While 
students could reach out to their teaching assistant via Zoom 
throughout the week, students did not work with partners 
(Communication - isolated learners). During the fall semester, students 
only wrote their explanations on the worksheet. Each AR experience 
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was modified to require students to compare, make a prediction, and 
make an observation within the App.

4 Participants and data collection and 
analysis measures

4.1 Participants

The face-to-face data were collected from 114 students across six 
laboratory sections in the spring. The remote data were collected from 
154 students across eight laboratory sections in the fall. All participants 
were concurrently self-enrolled in the Organic Chemistry II laboratory 
course lecture. Students participated in the study by taking a pre-and 
post-survey to gather information about their perception and user 
experience. Participants were not given incentives to complete the 
activity or survey as it was part of their coursework; however, they had 
to consent for their feedback to be used for research per our Institutional 
Review Board guidelines. In the face-to-face and remote environments, 
most students were sophomores or juniors (80.7, 67.5%) and self-
identified as female (57.9, 54.6%). They reported learning about 1H NMR 
in their lecture course before the laboratory (64.9, 61.7%). Less than 
one-third of students reported previously using AR (32.9, 29.2%).

4.2 Data collection and analysis

Using Qualtrics software, participants completed a pre-survey 
before the activity and a post-survey immediately after. We analyzed 
the data related to each research question within each environment 
and compared environments.

To investigate student user experience (research question one, 
RQ1), we used the user experience questionnaire (UEQ) in the post-
survey (Laugwitz et al., 2008; Schrepp et al., 2014). The questionnaire 
contains 26 items across six scales:

 1 Attractiveness - individual’s overall impression of the product.
 2 Perspicuity - how easy the app is to understand/learn.
 3 Efficiency - how easy the app is to use to solve tasks.
 4 Dependability - how dependable the app is to use.
 5 Stimulation - how exciting the app is to use.
 6 Novelty - how creative or innovative the app is perceived.

The UEQ is a semantic differential survey in which students are given 
two opposing words and asked to indicate their preference using a seven-
point scale (−3 to +3). Responses can be positive (greater than +0.8), 
neutral (between +0.8 and-0.8), or negative (less than −0.8) (Santoso 
et al., 2016). All six scales showed relatively acceptable levels of reliability 
across both semesters (Supplementary Table S1), indicating that every 
item in the scale was measuring something similar to other items within 
the scale (Taber, 2018). A MANCOVA was utilized to analyze data from 
the UEQ across semesters. The outcome variables for the analysis were 
the six UEQ scales, with the independent variable being the learning 
environment. Research has shown that prior knowledge influences 
experience and performance (Kohl and Finkelstein, 2006; Rittle-Johnson 
et al., 2009; Braithwaite and Goldstone, 2015). The analysis also controlled 
for students’ prior experience with AR technology and NMR content. All 
assumptions of the statistical test were met (Field, 2009).T
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The post-survey contained more items to understand students’ 
overall perception of the activity (RQ2). Students rated each item on 
a scale from 1 (Strongly disagree) to 5 (Strongly agree). The 
prompts were:

 1 Given the chance, I would use the AR app again.
 2 I found the lab structure more engaging than that of other labs 

I have taken in the past.
 3 The App was effective in increasing my engagement with 

the content.
 4 The worksheet was effective in increasing my engagement with 

the content.

Students were asked to indicate if they experienced challenges 
with the worksheet and the App via a yes/no item. In both cases, 
students could provide an open-ended response to describe their 
experiences with the activity:

 1 Please describe those challenges or difficulties with using the 
worksheet (App).

 2 Please provide 1–2 things you found most helpful about the 
worksheet (App).

 3 Please provide 1–2 things you  would improve about the 
worksheet (App).

Data from items relating to student perceptions of the App and 
worksheet violated the assumption of normality, and therefore, 
non-parametric tests were utilized. Mann–Whitney U tests were run 
for each item, with perception as the outcome variable and learning 
environment as the independent variable. A separate chi-square 
analysis was used to explore the frequency of students who stated they 
experienced challenges using the worksheet and application in each 
environment. The open-ended responses underwent a content analysis 
to identify common patterns across the participants within each 
environment (Patton, 2002). One coder analyzed 20 % of the data and 
developed a codebook. The codebook was shared with a second coder 
who coded the same 20 % of the data. The coders met and refined the 
codebook using constant comparative analysis (Glaser, 1965). Both 
coders separately analyzed the remainder of the data. After 
independent coding, the two researchers discussed their codes until a 
100% negotiated agreement was reached (Campbell et  al., 2013; 
Saldaña, 2013). Peer debriefing and negative case analysis were used 
to ensure the credibility of the findings (Lincoln and Guba, 1985).

Lastly, we  used pre-post survey questions to investigate if the 
activity adjusted students’ perception of the importance of chemistry 
visualizations or student knowledge of 1H NMR (RQ3). The first four 
items were adapted from a survey to evaluate BiochemAR, another 
augmented reality educational tool (Sung et al., 2020). The last two 
items were author-generated and specific to 1H NMR. Students rated 
the following items on a 1 (Strongly disagree) to 5 (Strongly agree) scale:

 1 Seeing a visual helps me connect my knowledge and new 
information about molecules.

 2 Manipulating something physically helps me connect what 
I know and new information about molecules.

 3 Analyzing 2D images or molecules is helpful for learning 
organic chemistry.

 4 Analyzing 3D images of molecules is helpful for learning 
organic chemistry.

 5 I understand the concepts related to 1H NMR.
 6 I know how to solve 1H NMR problems.

Data from these items violated the assumption of normality, and 
reverse score and log transformations were used to correct the data. A 
mixed (2×2) MANCOVA was run to understand differences between 
environments over time. The outcome variables for the analysis were 
item responses at the pre-and post-survey, with the independent 
variable being the learning environment. Interaction effects (differences 
between environments over time) and main effects (differences 
between environments or differences over time) were investigated.

5 Results

5.1 RQ1 – How do students experience the 
activity in each environment?

5.1.1 Face-to-face
Overall, a majority (> 50%) of students in face-to-face settings 

indicated that they had positive overall impressions of the App 
(attractiveness = 56.68% positive). When using the App, a majority 
indicated it was easy to learn (perspicuity = 61.70%), use 
(efficiency = 59.57%), and dependable (dependability = 54.26%). A 
slight majority also found the App exciting (stimulation = 52.13%) and 
perceived it as creative/innovative (novelty = 55.32%).

5.1.2 Remote learning
Student responses during remote learning were less positive, with 

less than half indicating they had positive overall impressions of the App 
(attractiveness = 43.51% positive). Less than half reported finding the 
App easy to use (efficiency = 46.10%) and viewing it as exciting 
(stimulation = 37.66%). However, most students did indicate the App was 
easy to learn (perspicuity = 57.14%), dependable (dependability = 51.30%), 
and perceived it as creative/innovative (novelty = 59.09%).

5.1.3 Environment comparison
Students in face-to-face had significantly higher ratings than students 

in remote learning for the efficiency (F (1,211) = 6.50, p = 0.012, eta = 0.03), 
dependability (F (1,211) = 4.40, p = 0.037, eta = 0.02), stimulation (F 
(1,211) = 12.32, p < 0.001, eta = 0.06), and attractiveness (F (1,211) = 10.38, 
p = 0.001, eta = 0.05) factors. There was no difference between the 
perspicuity (F (1,211) = 1.79, p = 0.18) and novelty (F (1,211) = 0.91, 
p = 0.34) factors (see Table 2 for mean and standard deviations).

5.2 RQ2 – How do students perceive the 
activity in each setting?

5.2.1 Face-to-face
Student responses were largely positive (Table 3), with ~70% of 

students agreeing that they found the lab structure more engaging 
than previous labs (69.15%) or would use the App again (73.40%). 
Students also agreed that the App increased their engagement 
(80.85%) and helped them understand the content (78.72%). Further, 
students said the worksheet increased their engagement (76.60%) and 
helped them understand the content (73.40%). Students reported 
encountering challenges or difficulties with the worksheet (54%) and 
App (44%).
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5.2.2 Remote learning
Student responses during remote learning were less positive 

(Table 3), with a slight majority agreeing that they found the lab 
structure more engaging than previous labs (50.65%) or would use 
the App again (53.90%). Students also agreed that the App increased 

their engagement (58.44%) and helped them understand the content 
(59.09%). A slight majority said the worksheet increased their 
engagement (52.60%) and helped them understand the content 
(57.14%). Students reported encountering challenges or difficulties 
with the worksheet (51%) and App (36%).

TABLE 2 Distributions of student responses for UEQ scales.

Negative (%) Neutral (%) Positive (%) M (SD)

Efficiency

Face-to-face* 7.45 32.98 59.57 1.05 (1.17)

Remote learning 12.99 40.91 46.10 0.66 (1.27)

Perspicuity

Face-to-face 5.32 32.98 61.70 1.10 (1.20)

Remote learning 9.74 33.12 57.14 0.90 (1.34)

Dependability

Face-to-face* 2.13 43.62 54.26 1.04 (0.90)

Remote learning 5.84 42.86 51.30 0.80 (0.99)

Stimulation

Face-to-face* 4.26 43.62 52.13 1.01 (1.02)

Remote learning 13.64 48.70 37.66 0.50 (1.20)

Novelty

Face-to-face 5.32 39.36 55.32 1.19 (1.16)

Remote learning 3.90 37.01 59.09 1.08 (1.06)

Attractiveness

Face-to-face* 6.38 37.23 56.38 0.99 (1.23)

Remote learning 18.18 38.31 43.51 0.45 (1.33)

*Indicates significantly higher rating on that factor within that environment. Mean scores can be positive (> + 0.8), neutral (between + 0.8 and-0.8), or negative (< −0.8).

TABLE 3 Distributions of student responses for the UEQ scales.

Disagree (%) Neutral (%) Agree (%) Mean rank Mann–Whitney U

I found the lab structure to be more engaging than other labs i have taken in the past

Face-to-face* 22.34 8.51 69.15 141.10
Z = −2.95, p = 0.003, η2 = 0.04

Remote learning 39.61 9.74 50.65 114.37

Given the chance, I would use the AR app again:

Face-to-face* 14.89 11.70 73.40 139.57
Z = −2.68, p = 0.007, η2 = 0.03

Remote learning 29.87 16.23 53.90 115.30

The app was effective in helping me understand course content:

Face-to-face* 9.57 11.70 78.72 138.80
Z = −2.56, p = 0.01, η2 = 0.03

Remote Learning 16.88 24.03 59.09 115.77

The app was effective in engaging me in course content:

Face-to-face* 6.38 12.77 80.85 143.72
Z = −3.45, p < 0.001, η2 = 0.05

Remote Learning 18.83 22.73 58.44 112.77

The worksheet was effective in engaging me in the course content:

Face-to-face* 10.64 11.70 76.60 150.33
Z = −4.67, p < 0.001, η2 = 0.09

Remote Learning 34.42 12.99 52.60 108.10

The worksheet was effective in helping me understand course content:

Face-to-face* 18.09 8.51 73.40 141.29
Z = −2.99, p = 0.003, η2 = 0.04

Remote Learning 24.68 18.18 57.14 114.25

*Indicates significantly higher rating within that environment.
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5.2.3 Environment comparison
Students in the face-to-face were significantly more positive than 

those in remote learning about using the App and worksheet, as well 
as their impact on their engagement/learning (Table 3). There were 
neither significant differences in students who reported challenges or 
difficulties with the worksheet (χ2 (1) =3.72, p = 0.054) nor the App 
within either environment (test was significant, χ2 (1) =8.20, p = 0.005, 
however, standardized residuals did not meet significance). The open-
ended responses about the worksheet were split among students as 
what some considered the most challenging others considered the 
most helpful (see example quotes in Table 4). The main worksheet 
challenges and desires for improvement concerned the length and the 
lack of clear content explanations. Coincidentally, students also 
reported that the detailed content explanations and step-by-step 
content progression within the worksheet were most useful for 
learning. The main App challenges were scanning the target for the 
AR image to appear and moving/rotating the augmented molecules. 
Those challenges were described as the suggested improvements for 
the App. Students stated the most helpful things about the App were 
the 3D visualizations that explained the content and the ability to 
manipulate the molecules.

A few responses were unique to the remote environment (Table 4). 
Remote students had the option to print their worksheet or complete 
it online. Many students chose to complete it online; however, students 
said it was difficult to draw on the document via Word or Google Docs 
and that switching between multiple screens (i.e., their mobile device 
and the computer) was overwhelming. Students in remote learning 
were also challenged by the size and power limitations of their mobile 
devices. None of these challenges were evidenced in the Spring.

5.3 RQ3 – to what extent does the activity 
adjust students’ perceptions of the 
importance of visualizations for learning 
chemistry and their knowledge of 1H NMR?

5.3.1 Face-to-face
Students overwhelmingly agreed at pre-and post-survey with the 

perceptions about the importance of seeing a visual (97.3, 93.6%), 
physically manipulating objects (92.9, 92.5%), and analyzing 2D (77.5, 
84%) and 3D (93.7 and 93.6%) images. A slight majority of students 
felt they understood the underlying concepts (59.5%) and were able 

TABLE 4 Activity challenges supported by exemplary responses from students.

Primarily Application Primarily Worksheet

Challenges encountered within both environments

Loading the AR image: 

“Nothing too crazy, it was just frustrating 

sometimes when the images wouldn’t scan or 

pick up.” – F042

Manipulating molecules: 

“Rotating the molecule was difficult… It 

was also too small of a screen for me to 

be able to see some of the words and 

images.” – R031

Length: 

“…learning a new topic such as this with 

just a worksheet is very hard to do. Also, 

it was very long…” –R111

Unclear explanations: 

“Some of the directions were unclear and 

the explanations about the topic were not 

as ‘easy’ as I would have liked if that was 

the first time, I looked at the topic.” – 

F091

Improvements suggested across both semesters

Loading the AR image: 

“The only problem I had was having the 3D 

molecules actually pop up so if there is a way 

to fix that, then I would be able to learn 

better.” – F064

Manipulating molecules: 

“Provide a lock picture option for some 

examples to be able to move the 

molecule easier but not have to hold the 

phone up the whole time.” – R103

Shorten the worksheet: 

“I really liked the structure of this 

worksheet, and I don’t think many 

changes need to be made. I do think that 

there may be a few too many examples 

(it took a very long time to complete the 

lab), but I think everything was well 

written and helpful for learning.” – R047

Clearer explanations: 

“Explaining what each peak is in the 

NMR earlier would make more sense for 

those who have never seen NMR before.” 

– F109

Helpful components across both semesters

3D visualizations: 

“The visuals were useful in explaining the 

electronegativity and H shielding. I did not 

fully remember how the shifting worked and 

feel much more confident after this 

worksheet.” – R005

Manipulating molecules: 

“It provides easy-to-understand visuals 

that were also capable of being 

manipulated to provide different 

perspectives.” – F029

Detailed explanations: 

“The worksheet was very informative 

and explained the difficult topics well. It 

was also clear and concise on what it was 

asking or going over.” – R153

Content progression: 

“The problems built on one another and 

got more in-depth as we progressed.” 

– F023

Challenges unique to the remote environment

Screen size: 

“This is a bit difficult on a small screen - 

especially when trying to drag elements 

around.” – R135

Battery drained: 

“The App drained my phone battery, 

and it was difficult having to hold the 

phone up while moving the molecules 

around at the same time” – R103

Documenting responses: 

“Drawing is hard to do with the 

computer” – R130

Multiple screens: 

“It was challenging constantly switching 

between my phone and the worksheet on 

my laptop. It was straining on the eyes 

and tiring.” – R127

The F and R student pseudonyms correspond to the face-to-face and remote environments.
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to solve 1H NMR problems (53.2%) during the pre-survey, but this 
increased during the post-survey (88.3 and 87.2%, respectively).

5.3.2 Remote learning
Similarly, students overwhelmingly agreed at pre-and post-survey 

with the perceptions about the importance of seeing a visual (91.3, 
91%), physically manipulating objects (86.5, 81.5%), and analyzing 2D 
(78.6, 85.7%) and 3D (87.3 and 92.2%) images. A slight majority of 
students felt they understood the underlying concepts (57.9%) and 
were able to solve 1H NMR problems (53.2%) during the pre-survey, 
but this increased during the post-survey (79.3 and 77.3%, 
respectively).

5.3.3 Environment comparison
All significant effects are described below; for an overview of 

non-significant effects, see the Supplementary Table S2. There were 
significant interaction effects for items about student ability to 
understand (F (1, 215) = 8.14, p = 0.005, eta = 0.04) and solve 1H NMR 
problems (F (1, 215) = 6.57, p = 0.011, eta = 0.03). Students in face-to-
face and remote environments showed significant increases in items 
from pre-to post-survey (p < 0.001). No differences were found 
between environments at the pre-survey; however, at post-survey, 
those in the remote environment showed significantly lower ratings 
(p < 0.05) (Table 5).

A main effect of environment was found for the importance of 
manipulating physical objects (F(1, 215) = 4.24, p = 0.04, eta = 0.02). 
Collapsed across time points, students in the remote environment 
indicated lower perceptions compared to those in face-to-face 
(p = 0.041). A main effect of time was also found for the importance 
of analyzing 2D images (F(1, 215) = 10.08, p = 0.002, eta = 0.05), with 

students in both environments showing a significant increase 
over time.

6 Discussion and implications

This paper describes using an AR application (H NMR 
MoleculAR) and accompanying worksheet to support undergraduate 
organic chemistry students in understanding 1H NMR spectroscopy 
in two different environments. Students in the spring semester 
completed the activity in a face-to-face laboratory (Context - 
formalized), working in pairs (Communication  - tightly coupled). 
Students in the fall semester completed the activity independently 
(Communication - isolated learners) and remotely (Context  - 
independent). Our findings indicated that students had a neutral to 
positive user experience and relatively positive perceptions of the 
chemistry activity. However, students who completed the activity 
remotely had significantly lower perceptions and a less positive user 
experience than students who completed the activity face-to-face. 
Delivering this activity in two different settings led to multiple 
lessons learned.

6.1 Lesson 1: augmented reality 
experiences support students in 
connecting content to visualizations

Across both settings, students overwhelmingly valued the 3D 
visualizations and how they helped them to understand the content 
(see R005, Table 4) and “make connections between the theory and 

TABLE 5 Distributions of student rankings for each perception.

Frequencies at pre-survey (%) Frequencies at post-survey (%)

Disagree Neutral Agree Disagree Neutral Agree

Seeing a visual helps me make connections between what I know and new information about molecules.

Face-to-face 1.80 0.90 97.30 0.00 6.40 93.60

Remote 4.80 4.00 91.30 1.90 7.10 91.00

Manipulating something physically helps me make connections between what I know and new information about molecules.

Face-to-face 2.7 5.4 92.9 1.10 6.40 92.50

Remote 4.80 8.70 86.50 2.60 16.90 81.50

Analyzing 2D images or molecules is helpful for learning organic chemistry.

Face-to-face 6.30 16.20 77.50 3.20 12.80 84.00

Remote 7.10 14.30 78.60 3.90 10.40 85.70

Analyzing 3D images or molecules is helpful for learning organic chemistry.

Face-to-face 0.90 5.40 93.70 0.00 6.40 93.60

Remote 7.90 4.80 87.30 1.90 5.80 92.20

I understand concepts related to 1H NMR

Face-to-face 26.10 14.40 59.50 6.40 5.30 88.30

Remote 23.80 18.30 57.90 5.80 14.90 79.30

I know how to solve 1H NMR problems.

Face-to-face 32.40 14.40 53.20 9.60 3.20 87.20

Remote 31.70 15.10 53.20 7.80 14.90 77.30

Student disagreement was classified as a negative perception, and student agreement as a positive perception.
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the practice” – R084. Students discussed how the color coding helped 
them link the hydrogen atoms to specific chemical shifts, and the 
animations helped them visualize how electrons interact with 
magnetic fields. However, some students struggled with the fact it was 
augmented. Like R103 in Table 4, participant R078 stated, “I did not 
like how I could not “freeze” the screen and look at it while I was 
looking at the questions. It made it hard to hold my phone up and 
also read on my laptop.” Freezing the screen would make the image 
appear more like a 3D object on a screen than an augmented reality 
image. These sentiments lead to questions about the content and 
contexts in which AR affords more than non-augmented virtual 
representations on a desktop or website application when 
learning chemistry.

6.2 Lesson 2: augmented reality 
experiences may be more useful when 
reinforcing material than introducing new 
material

While the statistical analyses controlled for student exposure to 
AR and NMR, the open-ended survey responses revealed that 
students who had not covered 1H NMR in their lecture struggled with 
the activity. This sentiment was present regardless of environment and 
can be evidenced by participants R111, F091, and F109 in Table 4. As 
participant R082 stated, completing this activity without prior content 
exposure requires learning “new material and devices I  was not 
familiar with.” This could potentially increase student cognitive load, 
a significant challenge in using AR in teaching chemistry (Cheng and 
Tsai, 2013). Students may perceive AR activities more positively if they 
have some experience with the content. Other studies have been 
designed in which the AR component was incorporated towards the 
end of the instructional unit (Behmke et al., 2018) or after foundational 
knowledge of the topic had been covered in the course (Cai et al., 
2014; Sung et al., 2020). Educators could benefit from research that 
provides insight into how user prior knowledge, the amount of 
material, and task complexity impact chemistry learning with 
AR tools.

6.3 Lesson 3: collaborative environments 
may positively impact student perceptions 
of using AR for learning

Students’ perceptions scored higher in the face-to-face 
environment where students could communicate with a partner. 
However, most perceptions were still rated positively in the remote 
and independent environment. Students in the face-to-face 
environment gave significantly higher ratings for their willingness 
to reuse the App, the effectiveness of the App in helping them study 
the content, the worksheet’s effectiveness in assisting students with 
course content, and overall lab engagement. In both environments, 
students reported an increased understanding of 1H NMR concepts 
and problem-solving ability, but this increase was significantly 
lower in the remote learning environment. While we  cannot 
disentangle the remote from the independent work or the in-person 
from the collaborative, studies show that interpersonal interactions 
influence students’ attitudes toward science (Wei et al., 2019), and 

when students collaborate with mobile learning activities, they 
perceive greater improvements in learning than without 
collaboration (Burke et al., 2021). Students who work collaboratively 
are more likely to discuss their reflections and ask one another 
questions than students who work independently (Chi and Wylie, 
2014). Students in the remote environment echoed this point, as 
one stated they were challenged “without the feedback and 
engagement of a lab partner/table to do it with” (R060). Although 
mobile applications have the affordance of portability, there are 
other nuances to consider that can impact student learning and 
experience (Frohberg et  al., 2009; Sung et  al., 2020). Research 
around AR use in collaborative vs. independent chemistry learning 
environments, especially if some students are inexperienced with 
AR, would be beneficial to support educators in adapting these 
technologies in the classroom.

6.4 Lesson 4: overusing technology can 
reveal fewer positive perceptions and a 
lower user experience

Although the results show significantly lower ratings in user 
experience in the remote environment, student ratings still fell within 
the neutral zone of the scale. When face-to-face, students had paper 
copies of the worksheet and used the tablet and App to examine the 
worksheet. When remote, most students did not choose to print 
the worksheet. They reported using a mobile device to examine the 
worksheet projected on a laptop or desktop. This overuse of screens is 
not an efficient way to use AR and likely decreased student user 
experience and perceptions of the activity (R127, Table  4). 
Furthermore, though mobile devices are widely adopted, providing 
students with a device may be most beneficial, especially if using an 
app for the first time. Our data demonstrate that using personal 
devices made some students frustrated by the screen size or the 
battery’s strength (see R135 and R103 Table 4).

7 Limitations

Several methodological constraints in evaluating student 
perceptions and experiences must be acknowledged. First, all data 
collected were self-reported. Thus, we are not discussing whether the 
activity helped students learn 1H NMR but the extent to which they 
perceive the App impacted their learning. This distinction must 
be considered when interpreting the results and the lessons learned. 
Additionally, while we have qualitative evidence that the collaborative 
environment may positively impact students perceptions of AR, 
we cannot fully separate the collaborative from the in-person or the 
independent from the remote to quantify which had a more 
meaningful impact on students perceptions. Lastly, since the Fall 
semester occurred during the COVID-19 global pandemic, the 
context was not the standard online learning scenario where students 
opt into a remote learning environment. Students’ overall 
dissatisfaction with remote learning may have impacted their 
perceptions. Even within these confines, this manuscript provides 
insight into lessons learned and suggestions for research that will help 
educators implement novel technologies into the chemistry classroom 
in face-to-face and online settings.
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Equal access to instructor’s time and attention in chemistry classes and laboratories 
can be a barrier experienced by students from historically excluded groups. An 
instructor’s own biases will determine the nature of their interaction with students, 
and even well-meaning instructors can interact with students in slightly different 
ways, which might prevent certain students from having access to all the available 
instructional resources for the class. This is an additive problem, which may or may 
not be recognized in peer and student evaluations, and an issue that might escape 
self-reflection even in educators that are committed to diversity, inclusion, and 
justice. This issue conflates both actual and perceived biases, introducing a complex 
dynamic between instructor and student. Extended reality (XR) provides an avenue 
to generate materials that can be used to enhance or replace classroom instruction 
with a great degree of realism. In this paper we will discuss the implementation of 
a set of virtual reality (VR) organic chemistry labs. We will show that XR learning 
tools are by their very nature accessible and inclusive of a wide variety of students 
and will provide evidence from student reflections that shows that students from 
historically excluded groups find the XR content offered in our virtual reality labs 
more personal than in-person activities covering the same material.

KEYWORDS

virtual reality, augmented reality, extended reality, access, inclusion, organic 
chemistry

1 Introduction

Historically, chemistry has been a field dominated by white males. This situation was 
perpetuated for years due to disparities in access to quality education (Woolston, 2020; Van 
Dusen et  al., 2022). This is evident in the underrepresentation of women in chemistry 
authorship (Cotton and Seiple, 2021) and gender differences in chemistry achievement and 
participation (National Science Foundation, National Center for Science and Engineering 
Statistics, 2017). Even with well-intentioned educators, inherent biases may shape interactions 
in ways that inadvertently limit access to course material. This subtle yet pervasive issue poses 
a complex dynamic between instructors and students, often manifesting through both actual 
and perceived differences in student-instructor interactions, including differential time and 
attention from instructors. Research consistently shows that students from historically 
marginalized groups face significant challenges in accessing equal opportunities in chemistry 
classes and laboratories (Kimble-Hill et al., 2020; Leopold and Smith, 2020; Neill et al., 2018). 
These challenges are often exacerbated by instructors’ biases, which can limit students’ access 
to instructional resources (Kimble-Hill et al., 2020). To address this, it is crucial for instructors 
to recognize their responsibility in supporting interactions and to implement activities such 
as reflective group work activities that benefit all students, especially from marginalized 
groups. (Leopold and Smith, 2020). Additionally, creating structured, inclusive classroom 
environments can help promote equitable participation (Neill et al., 2018).
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Some interventions, such as growth mindset programs (Fink et al., 
2018), and other supplemental programs to enhance at-risk students’ 
academic skills and performance (Botch et al., 2007; Rath et al., 2012; 
Shields et al., 2012), have been shown to improve the performance of 
historically excluded minorities in chemistry. Small group activities, 
such as Peer-Lead Team Learning (PLTL) (Lewis and Lewis, 2005; 
Frey et  al., 2018) and Process Oriented Guided Inquiry Learning 
(POGIL) are also known to support achievement in students from 
marginalized groups, particularly in large classes such as General 
Chemistry (Ruder and Hunnicutt, 2008; Vincent-Ruz et al., 2020).

These studies underscore the need for continued efforts to address 
the gender and racial disparities in the field of chemistry. However, a 
common feature of most supplemental chemistry achievement 
programs is their intensive nature (Lockie and Lanen, 1994). Providing 
one-on-one instruction, tutoring, or extended contact beyond what is 
offered in the classroom or laboratory setting imposes an extra burden 
on existing instructors or requires the hiring of additional instructional 
team members (Coletti et al., 2013). It also requires that students are 
motivated and available to engage with the intervention being offered 
at specific times/venues, and that instructors engage with all students 
in equitable ways. Although the intention is to be commended, many 
such programs do not persist due to staffing issues or limited 
participation, and it is our own personal experience that remedial 
interventions, even those with demonstrated benefits, are the first to 
go in lean budgetary conditions.

It is crucial to reconsider how we frame supplemental assistance 
in education. Labeling it as “remedial” or targeting specific groups, 
such as students with disabilities, can be detrimental. Adopting a 
positive framing approach and adhering to Universal Design for 
Learning (UDL) principles can enhance the accessibility and success 
of teaching and learning materials for all students (Brand et al., 2012; 
Tobin, 2021). UDL, a framework that emphasizes the design of 
instructional materials and activities to meet the needs of diverse 
learners, is particularly effective in this regard. It encourages the use 
of multiple means of representation, engagement, and expression, 
ensuring that all students can access and engage with the content. This 
approach is especially beneficial in online education, where it can 
increase student retention and engagement (Tobin, 2021). By 
incorporating UDL principles, educators can create a more inclusive 
and effective learning environment for all students. Extended reality 
applications can be informed by UDL principles (Parrish et al., 2021), 
and by their very nature make learning accessible in ways that were 
not previously available.

Recognizing the need for a transformative approach, many 
educators around the world have spent time and effort in the 
generation of materials that can be used to remedy such gaps. An 
alternative to the more traditional instructor-intensive inclusive 
resources is the use of pre-recorded video resources, which became 
prominent in many programs in the last 20 years, as the cost of 
creating and publishing videos decreased worldwide (Blonder et al., 
2013; Box et al., 2017; Gillette et al., 2017). A logical next step was 
the creation of virtual and augmented reality materials to be used 
in chemistry courses (Dunnagan and Gallardo-Williams, 2020; 
Wright and Oliver-Hoyo, 2021). Such resources were widely 
repurposed as remote instructional materials, mostly to cover 
chemistry laboratory instruction during the recent COVID-19 
pandemic disruption of instruction (Kelley, 2021), and have been 
relegated to a secondary plane in its aftermath (Link and 

Gallardo-Williams, 2022). This article delves into the realm of 
Extended Reality as a groundbreaking, and in some ways 
unexpected, solution to issues of unequal access. Extended reality 
(XR) is an umbrella term to refer to augmented reality, virtual 
reality, and mixed reality. XR emerges as a powerful tool to 
overcome the limitations of traditional classroom instruction, 
offering on-demand, universal immersive experiences that can 
enhance or even replace conventional teaching methods in certain 
settings. The degree of immersion in digital teaching tools within 
the XR realm can be  highly individualized depending on the 
instructor and students’ choices (Aguayo, 2021).

The integration of Extended Reality into education represents a 
paradigm shift in how we approach and deliver learning experiences. 
XR, encompassing both augmented and virtual reality, enables 
educators to create dynamic and interactive content that transcends 
the confines of traditional pedagogy. XR technologies have the 
potential to improve learning outcomes by enhancing interactivity and 
immersion (Logeswaran et al., 2021; Herur-Raman et al., 2021; Paye 
et al., 2021). In this context, we present a VR intervention: a suite of 
virtual reality organic chemistry labs (Dunnagan and Gallardo-
Williams, 2020) to show that XR activities are by their very nature 
accessible and inclusive of a wide variety of students. We bring up this 
example and its student outcomes as part of a rapidly developing field. 
By addressing the crucial intersection of technology, diversity, and 
education, this work seeks to extend access and create a sense of 
belonging and community for chemistry students through the 
innovative use of XR tools.

2 Virtual reality: creating immersive 
learning environments

In 2019 we introduced a series of organic chemistry labs designed 
to be experienced in a fully immersive virtual environment (Dunnagan 
et al., 2019). These labs transcend the limitations of physical spaces, 
providing students with the opportunity to explore intricate reactions 
and phenomena in a risk-free, yet realistic setting. The immersive 
nature of VR not only enhances comprehension but also caters to 
diverse learning styles, ensuring that students from all backgrounds 
can actively participate and thrive in their educational journey.

When we designed the VR lab experiences, we were intentional in 
recruiting a diverse pool of teaching assistants, using inclusive 
language, and offering examples that were unbiased and appealing to 
all our students. Our strategy involved crafting VR laboratories that 
prioritized inclusivity and diversity. This encompassed curating 
content and leveraging the talents of several teaching assistants. 
Conscious efforts were made to reflect diversity in the virtual TA pool, 
aligning with the races, ethnicities, and gender orientations present in 
the Department of Chemistry at North Carolina State University. This 
intentional inclusivity received positive feedback from students, with 
30% expressing favorable comments on the diverse virtual TA pool in 
course evaluations. This might appear at first sight to be a nod to 
diversity and inclusion initiatives; however, it goes beyond that, as it 
allows students to find a TA that looks like them among the pool of 
available instructors. While white students might have a variety of role 
models to choose from, the same is not true for students from 
marginalized backgrounds. The simple act of including diverse TAs 
can go a long way in creating community for these students.

82

https://doi.org/10.3389/feduc.2024.1376087
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Gallardo-Williams and Dunnagan 10.3389/feduc.2024.1376087

Frontiers in Education 03 frontiersin.org

To ensure a bias-free learning environment, the content of VR 
laboratories underwent a rigorous review process. Sourced from 
experienced TAs and reviewed by faculty, the scripts were scrutinized 
to eliminate any racially charged or gendered terms. The goal was to 
create a supportive and inclusive learning experience, reducing terms 
that may be perceived as biased. This multilayered review process 
contributed to the success of these realistic VR simulations in 
minimizing instructor bias and offering struggling students an 
opportunity to experience the best that the instructor has to offer.

However, when we  tested the VR labs with the first group of 
students, we were surprised to discover in the data from historically 
marginalized groups in our sample population that their comments 
were not solely focused on the aspects of diversity and inclusion that 
we had included as part of the VR lab design. Instead, most of the 
students from historically marginalized groups also mentioned how 
much they appreciated the time and attention given to them by the 
virtual teaching assistant. These lifelike simulations appeared to 
mitigate instructor bias, as the material was generated independently 
of student presence, providing an opportunity for any student who 
may face challenges in a traditional setting to access the instructor’s 
expertise under the best possible conditions.

The challenge of ensuring equitable access to support in higher 
education poses a significant hurdle, particularly for students from 
historically marginalized groups. Instructor-student interactions are 
greatly shaped by individual biases, creating varying levels of 
engagement and potentially limiting some students’ ability to fully 
benefit from course content. This nuanced issue, frequently unnoticed 
in evaluations by peers and students, can persist even within faculty 
committed to fostering diversity and inclusion. It underscores the 
intricate relationship between instructor bias, student perception, and 
actual access to educational resources. In addressing this challenge, 
virtual reality (VR) emerges as a promising tool to create immersive 
materials that can either complement or substitute traditional 
classroom instruction with a high degree of realism and engagement.

The analysis of data collected from the user study evaluating our 
VR materials for organic chemistry laboratories also sheds light on 
how students interact with VR instructors. Feedback provided by 
students from historically excluded groups highlights the perceived 
impartiality of the virtual instructor, the ability to engage with course 
material independently, and the advantage of remote access as key 
desirable aspects of the VR learning experience (Dunnagan et al., 
2019). During the evaluation, 23% of students from historically 
excluded groups expressed satisfaction with the direct attention 
received from the virtual Teaching Assistant (TA). The prerecorded 
TA interactions, designed to appear accessible and supportive, proved 
to be a significant factor for students, highlighting the unanticipated 
impact on their learning experience. One of the student reflections 
included the following statement:

“I have never had a TA look me in the eye for so long and take 
such care to explain a concept to me. This felt very personal.”

The traditional classroom setting, prone to implicit biases, can 
hinder the educational experience for students, especially in close-
quarters interactions such as laboratory settings. Virtual reality 
(VR) laboratories address this challenge by providing constant, 
supportive availability of TAs, minimizing the likelihood of biased 
interactions. Moreover, the virtual TA dynamic eliminates the 

potential for intimidation, a common concern in in-person labs 
(Dunn et al., 2023), leading to positive feedback from students who 
have not perceived the virtual instructor as intimidating 
or impatient.

Conscious efforts were made to reflect diversity in the virtual TA 
pool, aligning with the races, ethnicities, and gender orientations 
present in the Department of Chemistry at North Carolina State 
University. This intentional inclusivity received positive feedback from 
students, with 30% expressing favorable comments on the diverse 
virtual TA pool in course evaluations. This might appear at first sight 
to be  a nod to diversity and inclusion initiatives, however it goes 
beyond that, allowing students to find a TA that looks like them 
among the pool of available instructors. While white students might 
have a variety of role models to choose from, the same is not true for 
students from marginalized backgrounds. The simple act of including 
diverse TAs can go a long way in creating community for 
these students.

In addition to the perceived impartiality of the instructor and 
the diversity of available instructors, students appreciated the ability 
to engage independently with the material and the convenience of 
remote access. Student comments, often shared during open 
microphone portions of interviews, were candid and personal, 
providing valuable insights into the overall positive impact of the 
VR learning experience. We  had ample opportunity to test the 
usefulness of the VR lab experiences during the COVID-19 
pandemic disruption, and found the online labs to be a suitable 
substitute for the in-person experience (Dunnagan and Gallardo-
Williams, 2020).

In the summer of 2020, we used the Meaningful Learning in the 
Laboratory Instrument (MLLI) (Galloway and Bretz, 2015) to gauge 
students’ cognitive and affective expectations before the virtual lab 
course and their experiences with virtual reality upon course 
completion. Students who participated in virtual reality laboratories 
reported more positive affective experiences than anticipated, 
expressing minimal frustration or confusion during the laboratory 
sessions (Williams et al., 2022).

Our exploration not only showcases the technical aspects of the 
VR organic chemistry lab experiences but also emphasizes their 
inherent accessibility and inclusivity. The crux of our discussion 
revolves around best practices for engaging students in introductory 
organic chemistry lab courses, with a particular emphasis on reaching 
those from historically marginalized groups. Through compelling 
evidence drawn from student reflections, we make the point that XR 
content fosters a more personalized and inclusive learning 
environment compared to traditional in-person activities covering the 
same material for some students.

In addressing the diverse needs of students, a hybrid approach 
combining both in-person and virtual experiences emerges as a 
favorable compromise, a trend that is currently seen in the health 
science education field (Pottle, 2019). This strategy accommodates the 
preference for in-person laboratory sessions while embracing the 
inclusive advantages not only for students from historically excluded 
minorities, but for any student experiencing attendance constraints 
like pregnancy or military deployment, or even students with unique 
safety considerations. Since chemistry is a laboratory-based discipline, 
and laboratory instruction is central to its mission (Seery, 2020), 
enhancing laboratory offerings with XR options might open the field 
to students that traditionally would not be able to participate.
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3 Conclusion

In conclusion, this article highlights the current advances and 
future directions of an XR project in chemistry education. The 
presented VR intervention demonstrates the potential to overcome 
barriers related to unequal access and biased interactions. By fostering 
inclusivity and accessibility, XR can contribute to creating a more 
equitable and engaging learning environment for all chemistry 
students. The most impactful part of this work relates to an unintended 
outcome: Providing all students with equal access to the instructor’s 
attention and all the resources available in an online environment. As 
we continue to explore and refine XR applications, the goal is to pave 
the way for a transformative shift in how chemistry education is 
delivered and experienced.

Looking forward, the integration of XR in chemistry education 
holds significant promise. The success of our VR intervention 
suggests that these technologies can address longstanding issues of 
unequal access and biased interactions in traditional classroom 
settings. Future research should explore the scalability of XR 
interventions and their long-term impact on student success, 
particularly for historically excluded minorities. Additionally, 
efforts should be made to integrate XR seamlessly into curricula, 
ensuring sustained benefits beyond temporary disruptions like the 
COVID-19 pandemic.
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Alternative grading strategies in 
organic chemistry: a journey
Matthew J. Mio *

Department of Chemistry and Biochemistry, University of Detroit Mercy, Detroit, MI, United States

The global pandemic forced educators at all levels to re-evaluate how they 
would engage content, generate relevance, and assess the development of 
their students. While alternative grading strategies were not necessarily new 
to the world of chemical education research (CER) in 2020, the pandemic 
accelerated the examination of such principles for instructors who wished to 
prioritize learning over compliance with course policies and eschew points for 
grading. This article describes the transformation of a traditional lecture organic 
chemistry course under new, standards-based principles. Working from a 
discrete set of grouped learning outcomes, these courses aim to clearly define 
standards, give helpful feedback, indicate semester-long student progress, and 
allow for reattempts without penalty using a token system. Students explore 
both core (all of which must be passed in order to show progress) and non-core 
(students can choose a majority of these to pass) learning outcomes in a variety 
of formative and summative assessment approaches. Unique to the reformatting 
of these courses is the use of collaborative, take-home assessments, integration 
of multiple-choice questions, ungrading of student-submitted summary notes, 
live solving of select problems with peer feedback, and a learning check system 
that reinforces the flipped nature of content delivery. Another distinctive feature 
of the courses is the requirement for students who reach a certain threshold 
of repeating learning outcomes to perform in-person problem solving for the 
instructor. Overall, students report that the structure of the courses reduces 
their general and specific anxiety, lowers the temptations to challenge their 
academic integrity, and increases their own learning self-monitoring, reflecting 
known pedagogies of metacognition. The instructor reports that alternative 
grading strategies take far less time, generates more meaningful feedback, and 
shifts student attitudes away from final grading and toward genuine learning.

KEYWORDS

alternative grading, ungrading, organic chemistry, chemistry education research, 
metacognition, specifications grading

1 Introduction

“The most difficult academic year in the history of American higher education.” This was 
the social media post that stared back at me in early May 2022. I thought for a moment: how 
could any academic year be more difficult than 2019–2020, when we all had to pivot our 
teaching so severely that we were unsure what the nature of learning was anymore? And what 
about 2020–2021? That was the year of extreme social upheaval and a continuance of 
uncertainty. Semester after semester, the highly trained professors of the Academy found 
themselves completely unprepared. Student pushback against tried-and-true methods made 
the most experienced educator question their abilities, wherewithal, and dedication to the art 
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of teaching and learning. Amid this, after 20 years of teaching organic 
chemistry, I had my worst semester ever.

Largely, I had the same students during Winter 2022 (Detroit 
Mercy refers to the January to April semester as “Winter”) that I’d had 
during Fall 2021. What had gone wrong? Student behavior had 
devolved into raised voices in public, and direct confrontation of my 
teaching methods. Problems which would have barely challenged 
students only a few years back were labeled “impossible,” and students 
outright refused to do the work of the class. Students ignored official 
course announcements, even those posted online and through texting 
apps, while verbal assurances mattered less and less as daily attendance 
plummeted to less than 50% of enrollment. In lieu of course content, 
the majority of my job became explaining, over and over, how grades 
were calculated in the course. All of this occurred despite a fill-in-the-
blank grade calculation worksheet from my syllabus that other 
colleagues had termed “babying” my students. I survived to the end of 
the term, but at the expense of my emotional and intellectual 
wellbeing. Over two decades of teaching, a personal metric for the 
success of a course was the number of students that “followed-up” 
after grades were posted (emailed, called, or texted to complain about 
their final grade). By this measure, the course was a nearcomplete 
failure – 27 of my 115 students demanded 30 min meetings and a 
recount of every point gained and lost over the 16 week period.

A regular semester would have had only two or three such 
contacts. As the warm weather of spring took over, I was exhausted, 
and the prospect of licking my wounds and doing it all over again in 
fall seemed more than daunting.

“The most difficult academic year in the history of American 
higher education.” It was happening to other professors, as well. 
Maybe it wasn’t me? Certainly, the pandemic had affected students 
and their learning. They seemed ill-prepared, discourteous, and 
refusing to adapt to the rigors of higher education. I retreated into the 
world of reading and reflecting, hoping that I could research my way 
out of the most serious existential crisis of my career as an organic 
chemical educator. As previous confidence in my ability to do this job 
well faded, my beliefs that a better way must exist grew.

Contemplation brought me quickly to a number of conclusions: 
(1) of course the Covid-19 pandemic was affecting students, and it was 
my job, as the more experienced professional in the room, to help 
them navigate the rough waters; (2) many in higher education knew 
that the pandemic had not brought these issues anew, but had 
exacerbated issues that were already fomenting long before 2020 
(McMurtrie, 2023); (3) any lost zeal I was projecting to students was 
being projected back to me, a dark cycle where good learning was 
breaking down. In the end, my reflections always brought me back to 
that fundamental, but unwritten rule of the classroom: that the 
professor is in charge of the content, methods, and environment of 
learning. Pandemic or not, I  had let my students down by not 
responding appropriately to the trials of the period.

During the pandemic, it seemed certain that every semester had 
its own unique challenges so that each was different than the last. 
While responding nimbly to these ever-changing issues was easier said 
than done, I sensed that the time for change had arrived. It was time 
to fully overhaul my courses, and to do so in such a way that I stayed 
true to my core values of engaging content, generation of relevance, 
and assessment of student development over the length of the course. 
I discovered the Grading for Growth blog of Talbert and Clark (n.d.) 
and was immediately entranced by their no-nonsense take on 

cutting-edge pedagogical research surrounding alternative grading 
methods. At the heart of my reflection after a tough semester was 
finding a way to prioritize learning over compliance with course 
policies and eschew points for grading in my courses. I knew I had 
found what I was looking for when I read the story of the first-year 
calculus student.

In short, Talbert and Clark talked about an eager, first-year college 
calculus student who started the semester strong, but slowly ebbed in 
their work until, after failing a number of assessments and the final 
exam, earned an F grade for the course. Upon examination of the 
student’s work over time, the professors noted that the student had a 
perfect mastery of the concepts of calculus that happened to always 
lag a few days or weeks behind the current topic coverage. Suddenly, 
the F grade was a metric of how well the student performed at the 
current topics, not a measure of 16 weeks of progress. In asking other 
faculty about this student as a hypothetical, Talbert and Clark found 
that many thought she deserved an A for her efforts – the grade 
farthest from that which she earned! After all, she was performing 
admirably, just a few lessons behind the rest of the class. This story 
spoke directly to me as I thought about how my own students earned 
their letter grades and how the assumption of learning connected to 
these grades has historically been viewed.

This article describes the transformation of a traditional lecture 
organic chemistry course under new, standards-based principles. 
First, a brief background on ABCDF grading will be  described, 
followed by foundational principles for alternative grading strategies 
(AGS). Specific incorporation of these principles into an organic 
chemistry lecture and lab course will be explained, in conjunction 
with a number of preliminary outcomes from AGS for both student 
and instructor.

1.1 Background – a brief history of letter 
grades

According to Feldman (2018), the history of ABCDF grades in the 
United States is best viewed through the lens of the 20th century, even 
though the earliest recorded use of grading goes back to 1785 at Yale 
University. It was not until approximately 100 years later that ABCDF-
style grades would become more widespread in the United States, and 
not until the 1940s that institutions of higher education began ABCDF 
grade usage extensively. Since 67% of US primary and secondary 
schools used letter grades by 1970, overall the concept is not a 
particularly old one; and for members of Generation X (like the 
author), grades fit comfortably into our lifetimes.

Arguably then, letter grading and students being motivated in 
academic studies by such grading (and its close cousin percentages) is 
a construct of the last 50 years of American educational history. Since 
the unwritten rule of education is that most teachers will teach the way 
they were taught (Oleson and Hora, 2014), it is not unexpected that 
these ideas have been passed down to following generations. 
Furthermore, when letter grading is married to concepts as powerful 
as admission, school ratings, faculty salaries, and district funding, 
instances of decoupling learning from grades are bound to increase. 
This brings us to Goodhart’s Law, first written about in 1975 
(Goodhart, 1975): “Any observed statistical regularity will tend to 
collapse once pressure is placed upon it for control purposes.” In other 
words, “When a measure becomes a target, it ceases to be a good 
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measure.” While written for modern-age British economics, the 
application of Goodhart’s Law to the 20th century US phenomenon of 
standardized testing has been written about extensively. As funding 
for public schools, in particular, became more and more tied to 
student performance on mandated tests, a corollary of Goodhart’s Law 
came into view – Campbell’s Law (Campbell, 1979). Again, tied to the 
area of economics, this law states: “The more any quantitative social 
indicator is used for social decision-making, the more subject it will 
be to corruption pressures and the more apt it will be to distort and 
corrupt the social processes it is intended to monitor.” Taken together, 
Goodhart and Campbell paint a dark, but inevitable start to the 21st 
century in education. When important metrics like student test scores 
and grades count for decisions, especially funding and admissions, the 
more those processes will be  susceptible to fraud for the sake 
of success.

Moreover, pondering these economic philosophies toward 
education cannot be complete without considering arguments about 
the meaning of academic rigor, a “sign of the times” in teaching for the 
first 20 years of the 21st century. A hard concept to define, many 
educators and students alike know it exists, but do not know how to 
apply it or what it is actually good for. Student and faculty attitudes 
toward academic rigor have been studied since the early 2010s with 
both parties agreeing that rigor is multifaceted, but with students 
caring most about grades and faculty caring more for learning 
(Draeger et al., 2013, 2015). Nelson (2010) refers to the muddle of 
these conflicting viewpoints as “dysfunctional illusions of rigor” and 
chooses to recast the negativity of the fixed and deficit mindsets with 
challenges to the Academy. For example, someone might claim that 
hard courses “weeding out” students helps society rid itself of students 
with poor preparatory skills or lack of motivation as in the widely-
publicized and debated organic chemistry classes of Prof. M. Jones 
(Supiano, 2022). A more realistic view is that poor or ineffective 
pedagogy is more likely to blame for student failure. At its core, argues 
Nelson, are two additional, dysfunctional illusions: (1) that traditional 
methods of instruction offer effective ways to teach undergrads, and 
(2) that massive grade inflation is a corruption of standards. 
He  counter-argues that it is more realistic to view lecturing as 
considerably less effective than other methods and distinguishing 
between unjustifiably high grades and more effective pedagogy giving 
better student achievement. A turn toward the positive could lead any 
educator toward the central illusion of academic rigor: that faculty 
know enough in the modern era to revise their courses and curricula 
for the betterment of student learning. Nelson posits that teaching and 
curricular revision should be driven by pedagogical research and best 
practices, or DBER (discipline-based education research). In short, the 
burden has shifted – using what amounts to ancient methods now 
requires more rationalization than the existing data on best practices 
in education, including all that we know about ABCDF grading.

Adding issues of diversity, equity, and inclusion (DEI) to this 
conversation only bolsters the argument for a new philosophy of 
grading. Article after article finds traditional grading methods to 
be ineffective, harmful, and unjust (Ko, 2019). We must be purposeful 
about our instructional methods to reach as many students as possible, 
but could not possibly tailor individual instruction plans for each 
student. At my home institution, University of Detroit Mercy, we learn 
to place contemplatives into action as part of our dual charism Mission 
(University of Detroit Mercy Mission and Vision, n.d.). This translates 
into taking care of the whole person (“cura personalis”) and all the 

people (“cura apostolica”). In a recapitulation of the literature findings 
about rigor, we know that it exists, and faculty wish for our students 
to learn, so we must search for the most inclusive and equitable ways 
to do so.

As a final item of focus, many educators exploring alternate 
grading modes find “the question of the C student” to be the definitive 
threshold: when thinking about students who earn a C grade in your 
courses, would you rather they be able to do a small number things 
very well, or do everything in the course average? There is no correct 
response to this question – it is meant to be a frame from which 
educators can plan for what tasks or standards their students should 
be able to complete with mastery at the end of a lesson, unit, or course. 
As I considered this fundamental question, I realized I had taken the 
first steps on a journey of alternative grading, but I needed more input 
from experts to define my own, organic chemistry version of these 
varied principles.

1.2 Background – core philosophies for 
alternative grading

In preparation for the redesign of my course from an alternative 
grading perspective, I delved into the pedagogical philosophies of 
purposeful instruction in metacognition, specifications grading, 
ungrading, matters of grading equity, and evaluating overall 
student progress.

The work of McGuire (2015), a researcher in the discipline of 
chemistry, centers around her enthusiasm for metacognition and 
instructing students in the ways of their own learning. Such an 
element would be  vital to convincing students of the value of a 
nontraditional evaluation scheme. I  have used the “Study Cycle” 
graphic from her work to help my students plan for their daily and 
weekly work for over 10 years, and was eager to learn more about the 
learning habits of my students (Louisiana State University Center for 
Academic Success, n.d.). McGuire’s theories on how to aid students in 
thinking about their thinking was pivotal in my building an 
introductory module for my future students, especially in light of the 
graphical and conceptual nature of organic chemistry. McGuire’s 
discourse on treating separate subjects/disciplines as different when 
studying became the foundation for my own opening remarks to 
students at the beginning of the semester.

Nilson’s (2014) work on specifications grading was also an 
inspiration. Even before 2020, I had investigated the use of “all-or-
nothing” style problems on my unit-ending assessments to emphasize 
the difference between full and partial skill mastery. Again, there are 
as many takes on “specs grading” as there are disciplines of study, but 
Nilson’s theories on connections among learning outcomes, grading 
criteria, and agreed-upon standards helped me converge on what was 
right for my students. Additionally, Prof. Susan D. Blum’s work in the 
area of “ungrading” and the disconnect between learning and 
schooling also brought insight to my ongoing course redesign (Blum, 
2020). Her interpretation of the changing educational landscape and 
how to prepare students for the working world through timely, 
constructive feedback with no grade attached appealed to my affective 
side of teaching – why did I always feel guilty when grades were poor 
for a student? Making the correlation between these emotions and the 
role that I play in the classroom reinforced my confidence in being 
able to provide students meaningful feedback and set them on a 
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trajectory of growth. Joe Feldman’s writing in the area of grading for 
equity also helped me understand my students’ previous experiences 
and how they shape their attitudes toward learning in higher education 
(Feldman, 2018). With knowledge stemming from K-12 experiences, 
Feldman differentiates compliance with teacher demands and learning 
to tear down systemic achievement and opportunity gaps for students.

The main motivation for my journey was Talbert and Clark’s 
Grading for Growth blog and monograph (Feldman, 2018; Clark and 
Talbert, 2023). The sensible prose of their writing, in light of the 
theory and practice of alternative grading, drove home the need for an 
overhaul in my lecture and lab courses. Talbert and Clark’s work made 
the seemingly insurmountable task of course redesign feel more 
feasible and, in post-pandemic times, necessary for matters of 
inclusion and equity. My research was complete, and I was ready to 
decide the core values that would drive the overarching change in my 
organic chemistry courses.

1.3 Foundational principles of course 
redesign with AGS

Even in its nascent form, the amount of research literature 
surrounding the concepts of alternative grading can be overwhelming 
(Clark, n.d.; Townsley, n.d.). There have been a number of discipline-
based articles, as well as writings on central concepts in the field. In 
addition, nearly every corner of modern education has been examined, 
from pre-school to graduate-level instruction. After my personal 
survey of the alternative grading landscape, I attempted to synthesize 
a smaller number of essential concepts for my courses, some more 
fundamental to my pedagogy, some more specific to the content of 
organic chemistry. This section will detail the “non-negotiables” which 
served as the guideposts for my course redesign.

Paramount amongst the ideas I was to explore was a commitment 
to experimentation in the classroom. A common criticism in the 
world of chemical education research (CER) is that scientific educators 
are only too eager, mostly from their training, to research in the 
laboratory, but loathe to do so in the lecture hall. Such inertia is 
understandable; however, I have found that an enthusiasm for new 
methods, when explained to students at the start of the experiment, 
can re-invigorate the post-pandemic classroom environment. While 
some worry that altering content delivery and assessment methods 
negatively affects student learning, numerous studies [some in 
chemistry (Houchlei et al., 2023)] have shown the ability for student 
metacognition and resilience in the face of shifting pedagogies, even 
in the same subject area.

In addition, I aimed to hold fast to the following principles in my 
course redesign: eliminating points for assessment, grading major and 
minor assessments using specifications grading, monitoring 
placeholders in the gradebook for work that has not yet met 
specifications, and enacting all changes with an eye on inclusivity and 
equity for all students.

For over two (2) decades, I have awarded my students numerical 
points for correct responses on major and minor assessments. At the 
end of the course, one would simply need to divide the points earned 
by the points possible to determine a percentage, and therefore, letter 
grade. On paper, this is a simple calculation, especially in light of the 
worksheet I would attach to the last page of my syllabus: complete all 
assignments, record points earned, divide by maximum possible 

points. In the years leading up to and after the pandemic, I noticed a 
trend that I was spending more of the last month of the semester 
walking my students through this calculation than discussing content 
or exercises. In addition, I had long wondered what awarding 12/15 
versus 13/15 meant for my students, even with a detailed rubric. What 
good was this rubric if students did not read it and I could not quickly 
summarize it? During the first two (2) years of the pandemic, 
I experimented with specifications grading on one (1) problem per 
major assessment. Students were intrigued by the “all-or-nothing” 
nature of the grading associated with this problem, but in the end 
disliked it because there was no way to demonstrate partial knowledge. 
I liked it because it was quick to grade and allowed me to give more 
rich feedback. Not allowing students to earn traditional “zeroes” for 
missed assignments came to me after reading Feldman’s treatise on the 
message it sends students: earning a zero for work not done gets them 
off the hook and gives license to not learn the skill at hand 
(Feldman, 2018).

This concept fits into a cornerstone of alternative grading: 
recognition of the difference between qualitative and quantitative 
numeration. In other words, a zero can mean something else besides 
a fraction like 0/100 – it can mean “not done yet.” Lastly, I wanted to 
make all the changes in my courses reflect a deep interlace of 
inclusivity and equity for all my students. I was particularly concerned 
for neurodivergent students whose learning preferences so drastically 
vary from the accepted norm and are often excluded from the areas 
where neurotypical students are given access.

In summary, I appreciated the practical nature of Talbert and Clark’s 
“Four Pillars of Grading for Growth” (Clark and Talbert, 2023) and 
modified them to include the important points mentioned in this section:

 1. Clearly defined standards (by way of pinpointed 
learning outcomes).

 2. Give helpful feedback (verbal/written, not numeric).
 3. Allow for reattempts without penalty (use a token system).
 4. Indicate semester-long student progress (growth from unit to 

unit defines final grade).

Using these four values to guide my course re-design, I began to 
re-evaluate every course policy, exercise, assignment and major/minor 
assessment. The only thing that did not change in my courses was 
the content.

2 Planning the lecture course – 
organic chemistry I

Organic chemistry affects every person at every moment of their 
lives in ways that have only been scientifically examined for the last 
150 years – in other words, it is a fascinating subject to learn. The 
recursive relationship between structure and reactivity drives the 
very engine of life and is the basis for much of modern materials – 
clothes, building resources, electronics, and vehicles. There is merit 
in the study of this subject based on its graphical nature, its logical 
and creative approach to problem solving, and its vastness. Some 
have wondered about organic chemistry’s longstanding inclusion in 
the undergraduate pre-health curriculum, but few argue with its 
unique place in the world of higher education (Dixson et al., 2022). 
In many ways, I have found that organic chemistry’s distinctive place 
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in the undergraduate science curriculum makes it ideally suited to 
experimentation with alternative grading strategies. The Fall 2022 
semester would offer a chance to experiment with my Organic 
Chemistry I lecture course. This three (3)-credit class would have 75 
total enrollees, mostly 2nd- and 3rd year students, and would meet 
for 75 min twice a week, plus a 50 min recitation at the end of the 
week. Topic coverage would be  traditional, including structure, 
spectroscopy, and introductory reactivity (acids/bases, substitution, 
elimination, rearrangement, electrophilic addition). But where 
to begin?

2.1 Clearly defined standards

First and foremost, there can be no “clearly defined standards” 
without a discrete set of learning outcomes. There are numerous 
models for how to map student learning onto a set of outcomes for the 
purposes of evaluation or grading. Upon first being introduced to 
Bloom’s taxonomy in my early years on the faculty, I was attracted to 
the order with which epistemological exercises could be categorized 
as learning (Bloom and Krathwohl, 1956). Moving from lower levels 
(knowledge, comprehension) to higher levels (synthesis, evaluation) 
gave students a sense of learning progress and educators a pathway to 
follow for instructional activities. This learning framework emphasizes 
what a student possesses at the end of an action and is basically the 
model for the modern learning outcome – i.e., any statement that 
begins with, “At the end of this lesson, a student should be able to XYZ 
if they have mastered the outcome.” Anderson and Krathwohl’s 
revision of Bloom’s Taxonomy preserves the order of the original, but 
it reframes the student’s role as demonstrator of a skill and rewrites the 
differing levels as active verbs (Anderson et al., 2001). Perry’s (1970) 
casting of a four-step model aimed to frame undergraduate student 
learning as growth and Wolcott and Lynch go one step further to 
specifically map grades to outcomes by way of students’ ability to 
re-envision information (Dixson et al., 2022).

With these “maps” in hand, I  began the culling of learning 
outcomes from a comprehensive list down to the particular learning 
units of both my Organic I and Organic II lecture courses. Before the 
pandemic, I had distilled my lecture notes into lists of micro-outcomes 
that better resembled a litany of individual facts than learning 
outcomes. In fact, there were over 300 of these, and this made the 
work untenable for a 16-week course (or two). I decided to group, 
rewrite, and reduce the total number of outcomes to fit into six (6) 
two-week parts. In addition, for Organic Chemistry I, I followed the 
advice of Talbert and Clark to consider “Core” learning outcomes for 
fundamental concepts in an introductory course. What resulted from 
this work became the superstructure of my Organic I Lecture course 
in Fall 2022:

Part 1 – Convention, Composition, and Constitution Core 
Learning Outcome – drawing and ranking resonance structures

Part 2 – Constitution, Conformation, and Configuration Core 
Learning Outcome – identifying isomeric relationships

Part 3 – Spectroscopy, Spectrometry, and Spectrophotometry 
Core Learning Outcome – interpreting (McMurtrie, 2023) H 
NMR data (symmetry)

Part 4 – Integrated Spectroscopy and Organic Reaction Basics 
Core Learning Outcome – solving a structure from NMR, 
MS, IR data

Part 5 – Substitution and Elimination Pathways Core Learning 
Outcome – using reaction criteria to determine SN and/or 
E pathways

Part 6 – Electrophilic Addition Pathways Core Learning 
Outcome – solving retrosynthesis problems

The core learning outcomes were borne out of a thought 
experiment many of us have considered – all details aside, what would 
we be horrified to find out our students did not learn at minimum in 
our courses? (Figure 1). I had already decided to make some of the 
non-Core learning outcomes in these Parts optional by way of what 
constituted a “Pass” for the main summative assessment at the end of 
the unit. In my first iteration of Organic II Lecture, I  decided to 
abstain from having Core learning outcomes in lieu of review 
outcomes that recapitulated the concepts of the first term.

2.2 Give helpful feedback

2.2.1 Take-home problem sets
Fast-forwarding to the end of a course unit (I call them “Parts”) 

from the student perspective, I  planned to assign multi-day, 
collaborative take-home problem sets (THPS) as the main summative 
assessments of the course. For over two (2) decades, I experimented 
with recent, literature-based, multi-day, peer-collaborative, free-
response problem sets to evaluate student learning. Primarily based 
on the CER (claim, evidence, reasoning) structure (Brunsell, 2024), 
students were asked to extend their skills past the elementary level and 
combine learned principles in new applications of problem solving. 
I retained this method of evaluation, but now linking each specific 
learning outcome to a single problem. With six (6) learning outcomes 
per THPS and one (1) of them being a Core learning outcome, 
students were challenged to complete the set in 4 days or less. If a 
student’s response did not pass on the Core learning outcome (vide 
supra 2.1) or on more than one (1) of the five (5) non-Core learning 
outcomes, the entire THPS would be termed “Try Again” and sent 
back to the student for editing or overhaul, depending on the number 
and magnitude of the misconception. Using tokens (vide infra 2.3), 
students could revise any problem not passed on the first try in an 
attempt to pass the THPS and earn a “badge” for that Part of the 
course. The number of badges accrued over the length of the course 
reflects their final grade. Badges were used to differentiate the 
successful completion of a THPS versus an unsuccessful attempt.

This style of assessment is time-consuming to write and evaluate. 
The second principle of “give helpful feedback” is based on a verbal, 
non-numeric model for constructive criticism. Therefore, I  left 
numeric grading behind and went to an all-or-nothing evaluation 
style. Heavily involving the ideology of specifications grading, though, 
it is relatively easy to write “Pass” or “Try Again” with a sentence or 
two of review. For example – if no less than three (3) resonance 
contributors were asked for by the problem, but only two (2) were 
given by a student, this would immediately merit a “Try Again.” More 
fundamental misunderstandings (an incorrect charge on an atom or 
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missing multiple bonds) would also merit “Try Again,” but with more 
direct feedback on what to change to make the response completely 
correct. In general, students understand these methods, but they do 

not like them when first introduced. Until they see the style of 
feedback offered a few times, they view “all-or-nothing” evaluation as 
punitive. To aid in students’ quick adjustment to the alternative 

FIGURE 1

The part 0 and 1 learning outcomes for the organic chemistry I lecture course.
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grading model, I discuss with students what small errors (i.e., those 
that did not directly affect a student’s achievement of the learning 
outcome) were present and how to identify them. They quickly learn 
the best way to plan their responses to earn “Pass” on the first try.

Even if students do not earn a “Pass” on the first try for the THPS, 
tokens can be earned and used (vide infra 2.3) to review and revise 
their responses to full accuracy. In the spirit of the third and fourth 
‘pillars’ (allow for reattempts without penalty and indicate semester-
long student progress) students are allowed one (1) chance to correct 
on their own, followed by any further chances after the second being 
performed in person as an oral exam. Speaking to pandemic positives, 
many of us in higher education have returned to the medieval roots of 
university education with oral exams, being possibly the last bastion 
of extemporaneous evaluation in a world of Chegg and 
domyclasscholarly.com.

2.2.2 Skeleton notes, learning checks, and 
exercises

If learning outcomes are the first steps of a Part and take-home 
problem sets are the summative assessments, what occurs in the 
middle — the domain of formative assessment? First, as a result of the 
older learning outcome catalog, I transformed my personal lecture 
notes into “skeleton notes” videos for students to watch for content 
introduction. In the wake of traditional lecture courses fading away, 
the clear, concise, engaging, and scrollable content introduction video 
reigns supreme. To ensure students engage with the videos, they are 
required to prepare enough to pass the next day’s learning check (LC) 
– a three-question quiz (multiple choice, short response) where the 
only purpose is for students to take the LC, not give correct responses. 
The sum result is a flipped classroom (Bergmann and Sams, 2012), 
wherein the vast majority of class time is spent formatively evaluating 
progress and running problems, with the vast majority of outside 
classwork introducing new concepts. The LCs also allow for an easy 
attendance policy to be enacted.

While in class, students engage in think-pair-share, small-group, 
and discussion-based active learning exercises to extend their content 
knowledge beyond the introductory video. Students are always 
encouraged to attend office hours with more specific questions, but 
they are trained to bring broader concerns to the whole class during 
regular meetings. Homework, both online and written, is used to 
follow-up on new topics after class meetings. In addition, submission 
of summarized notes at the end of the course Part is also used for 
content follow-up. Students are asked to fit the main concepts of the 
last topic set into a certain page space, then their submissions are 
ungraded (Bergmann and Sams, 2012; Bergmann and Sams, 2014). As 
per many items in the course, the number of summarized notes 
turned in on time and meeting a minimum set of criteria affect a 
student’s final grade in the course.

2.2.3 Part summary quizzes and problem days
For the last class meeting of a course Part, problem day and a Part 

summary quiz are administered. Problem Day is a chance for students 
to think on their feet and solve smaller problems on the whiteboard. 
At the start of the term, students are pre-assigned multiple problem 
dates to reduce anxiety about this very out-in-the-open work. On the 
day of, students are randomly assigned a partner and are set to a 
problem, either as a “writer” or a “reviewer.” Writer pairs respond 
directly to the question after consultation with peers and the professor. 

They must draw out a detailed response next to the original problem 
on the board. Reviewer pairs work together to evaluate the response 
on the board and make edits as needed. They will make a 20- to 30-s 
presentation at the end to talk about the original problem, the writer 
response, and any changes they could make to the response. Again, 
the only tracked quantity for problem day is whether students 
participate based on their randomly assigned role. The activity gives a 
sense of finality to the set of learning outcomes in the past unit and 
prepares students for the collaborative nature of the Take-Home 
Problem Sets.

Part Summary Quizzes (PSQs) were generated as a response to the 
number of pre-health students at Detroit Mercy (essentially the 
majority of all science majors) who will take multiple choice, organic 
chemistry-based admissions exams. An online course response system 
(CRS) is used to administer a multiple-choice quiz with one question 
per learning outcome at the very end of problem day. Students who 
participate in the PSQ earn credit toward their final grade, and those 
that “pass” with the same rubric as the Take-Home Problem Set 
(students must pass the Core learning outcome and 4/5 of the 
non-Core learning outcomes) can earn a token as a reward for keeping 
up with the material. Detroit Mercy also has a well-established 
tradition of recitation sessions for science lecture courses. These 
non-required sessions are independent problem-solving class 
meetings where new material cannot be  covered, but skills can 
be practiced. The CRS is used to practice new material with multiple 
choice mini quizzes that can earn students tokens for simply being 
present and taking them, as well as additional tokens for passing with 
a number of questions responded to correctly.

2.3 Allow for reattempts without penalty

The next pillar of the alternative grading scheme requires what 
is commonly known as a token system. While the administration of 
the token system may seem like busywork for the educator, I assure 
you  it’s no more complicated than the multiple weighted-point 
calculations that we are all used to with percentage grades! As a 
baseline, tokens are introduced to students as a system that will 
encourage students to become proficient in as many course learning 
outcomes as they choose. Students can redeem tokens: to extend a 
deadline for submission, to replace a “Try Again” mark to “Pass” for 
a lower-level item (non-summative assessment, THPS), to replace 
an online homework submission, to allow for a revision of a Take-
Home Problem Set where a badge was not earned, or on some other 
bending of the course rules agreed upon by the student and 
the professor.

Every student in the course starts with one (1) token. Students can 
earn more tokens throughout the semester by: (1) attending and 
participating in recitation, (2) getting a minimum of 2 out of 3 RQuiz 
questions correct at the end of recitation, (3) attending and writing a 
one-page reflection for a Detroit Mercy event approved of ahead of 
time, (4) uploading complete THPS responses early, (5) attending 
in-person office hours once in the first two (2) weeks of the term, (6) 
enrolling in the course messaging app by Friday of the first week of 
classes, (7) passing the Part Summary Quiz, and (8) responding in a 
timely manner with regard to grade check-in. Some token-earning 
events are one-time-only, others can be completed multiple times 
during the semester. Some events earn partial tokens, while others 
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FIGURE 2

The final grade bundling table for the organic chemistry I lecture course.

earn full ones. In my courses, there was no maximum set on token 
earning and the average earned was approximately twelve (12).

Redeeming tokens is done through an online form, the link to 
which is displayed prominently on the course Learning Management 
System page. Once students submit this form, the student and the 
instructor receive an email receipt. This receipt serves as official 
approval, allowing students to immediately do the thing they 
redeemed the token for. Some items in the class require one (1) token 
to redeem (lower-level item replacement or deadline extension), while 
others need more than one (1) token (homework replacement, 
revision of a Take-Home Problem Set). The token total is updated in 
the professor’s gradebook.

As a matter of record, tokens cannot be shared, and unused tokens 
will be  discarded at the end of the semester. The earning and 
redeeming of tokens have been shown to reduce student and instructor 
anxiety, as they allow for a universal correction coefficient for many 
of life’s unexpected twists and turns (Clark and Talbert, 2023). Tokens 
make the many iterations needed to master a learning outcome 
possible and can be used to make due dates flexible. In short, there are 
various ways to earn tokens and various items students can redeem 
tokens to effect.

Students are instructed in the first week that this type of pedagogy 
nearly always generates a “token economy.” This term refers to the fact 
that students are advised to earn as many tokens as they think they 
will need to use. Some students may be late to class often (missing 
low-level Learning Checks) or need multiple revisions of their Take-
Home Problem Sets. Statistics are supplied to current students based 
on the last term of token usage; for example, in Fall 2022, students 
used 77% of their tokens to revise THPS responses and earned 42% of 
their tokens by choosing to attend optional recitation.

Having used alternative grading in my courses for the past three 
semesters, I have noticed that tokens afford two (2) major benefits for 
the instructor. First, students tend to recognize the positive reward of 
a token early in the term, even though they may not have ever used 
the system before. In the Fall 2023 iteration of my course, over 89% of 
my 60 students responded during a week 1 assessment that they did 
not understand how the token system worked but had a favorable view 
of the concept. Bringing students on board with a token system may 
be  the easiest part of making a transition to alternative grading. 

Secondly, tokens allow for a number of “normal” course operations to 
be incentivized. I have given students a colored notecard to hand to 
me during the first two (2) weeks of the term at office hours to earn a 
token reward. I  have also asked students to self-determine their 
midterm and final grades with evidence to earn a token. This practice, 
in particular, opens up the lines of communication with students who 
over- or under-estimate their performance. Need students to sign up 
for your class messaging app? Offer them a token. The possibilities are 
endless and can apply to multiple modes of instruction.

2.4 Indicate semester-long student 
progress

From the very start of the course, students are familiarized with 
the concept of the final grade bundling table (Figure 2). As previously 
mentioned for the multiple dimensions of the course, a minimum 
number of “passes” needs to be earned to reach a certain final letter 
grade level. Several key concepts of alternative grading are reflected 
directly or indirectly by this key component of the syllabus. First off, 
students are presented with the fact that the course will not be based 
on accrued points being divided by possible points and then charted 
against the percentage grade scale. Practically speaking, this was the 
largest departure from traditional course operation for my students 
and needs special emphasis during the first weeks of class. Second, in 
most cases the final grade bundling table makes clear that students do 
not need to “do everything” in the course to earn an A final grade or 
pass with a D final grade. Theoretically, students can chart out a 
minimum number of passes on specific course dimensions to “dial in” 
their desired final grade. Of course, thanks to the token system there 
can always be another chance to pass critical items and bulk up weaker 
areas. In a world where even before the pandemic, I was struggling to 
get my students to calculate a simple fraction to know their grade in 
the course, daily tracking of progress is very uncomplicated with a 
tracking sheet attached to the last page of the syllabus (Figure 3). 
Lastly, the final grade bundling table establishes an absolute metric for 
final grades and performance in the course. No more haggling over 
decimal places, rounding, or looking for extra credit. If a student earns 
only five (5) take-home problem set badges in the course, the best 
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grade they can earn is a B+. In fact, there is still a little nuance in a final 
grade bundling table, as different criteria can give different final grades 
that can be minimized, maximized, or averaged for reported final 
grades. The specific number chosen for each assessment type is meant 
to align with a specific fundamental academic skill: learning checks 
(attendance for engagement), notes/ODB (organic data bank, record-
keeping), Achieve and Problem Day (exercises for practice), and 
THPS badges (summative assessment through collaboration).

2.5 Communicating expectations

During the first iteration of the alternatively graded lecture course, 
a student information survey on the first day of class showed that zero 
students out of 75 identified with being a part of an alternatively-
graded course in the past. In each consequent iteration, the total 
number of students who claimed to understand alternative grading 
never crested higher than 5% of total enrollment. Following a lead 

from the literature (McGuire, 2015), a large amount of time during the 
first week of classes was spent training the students in three (3) major 
areas: (1) the pedagogical principles upon which the course was based, 
(2) logistics of how to navigate the course, and (3) the general 
approach of metacognitive learning. In all iterations of the alternatively 
graded lecture course since the first, these simple investments did a 
great deal to quell student uneasiness and quickly prove the heart of 
the course was learning, not grades. Since there is no one recipe for 
how to change one’s teaching (Supiano, 2023) (and even perfectly 
executed best practices can easily backfire), I decided to vulnerably 
convey my own anxiety about these relatively untested methods by 
designing a graphic to guide students through the cycles of the course 
(Figure 4). On it, I lay bare the “right” and “wrong” ways to proceed 
through the course, harshly detailing ways to circumvent course 
policies and therefore, deep learning. In short, my pledge to students 
was to meet them where they are (on screens, via video content 
introductions) and to gamify (owing to their love of social media and 
video games) the course. Anecdotally, students mentioned that this 

FIGURE 3

The final grade tracker for the organic chemistry I lecture course.

94

https://doi.org/10.3389/feduc.2024.1400058
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Mio 10.3389/feduc.2024.1400058

Frontiers in Education 10 frontiersin.org

may have been the first course they took that cared enough to walk 
them through the process and expectations that undergirded their 
learning. I learned that it can be a common mistake to assume your 
students know even the basics of how to learn – showing up, taking 
notes, reviewing content, practicing with exercises, taking breaks, 
appropriate collaboration. Each of these skills is individually 
incentivized in the alternatively graded system, emphasizing skills 
beyond those of basic organic chemistry.

The key here is to encourage both a growth mindset and student 
agency in discovering that mindset for themselves (Torres, 2023). 
Students need to be placed into environments where they feel safe 
enough to take calculated risks, especially where livelihoods and lives 
are not yet on the line. When environmental conditions are changed, 
students’ struggles with new material can be normalized or overcome. 
We  can also ask ourselves if we  assign failure as a natural part of 
revision and, ultimately, learning? Students all too often equate 
performance with identity and assume that most skills are innate. Since 
potential can be cultivated through different means, various methods 
of demonstrating mastery of learning outcomes should be designed for 
students. Additionally, student work should be responded to with the 
twin goals of affirmation and challenge. Most educators agree that work 
falls to the student to do the labor of learning. Instructors, however, can 
see from the 30,000-foot view and can parse out content and avoid 

feedback overload. Finally, we need to ask ourselves if students have the 
chance to digest, interpret, and apply the feedback we provide in our 
courses. Appropriate time for reflection and discernment is needed 
when moving from smaller, lower-stakes work to larger, higher-stakes 
assessment. Alternative grading removes many of the barriers to 
fulfilling these ideologies and casts the instructor-student relationship 
in positive, outcome-centered, and self-determining light.

At the very end of the first iteration of the course, I was very 
pleased to find that my original goal had been achieved: ZERO 
students contacted me after final grades to discuss, barter, or complain 
about what they had earned. After all, they were directly interacting 
with the principles of alternative grading from the first day of class to 
the conclusion of the cumulative final exam. I observed that students 
were in touch with their final grades on a nearly day-to-day basis for 
the entirety of the 16-week course.

2.6 Planning the lab course – organic 
chemistry I

In the same semester I experimented with alternative grading 
strategies in my Organic Chemistry I lecture course, I did the same 
with my Organic Chemistry I laboratory course. This one (1)-credit 

FIGURE 4

Graphic guide to the organic chemistry I lecture course.
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class would have 24 total enrollees, mostly 2nd- and 3rd year students, 
and would meet for 180 min once a week, plus a 50 min recitation that 
preceded the lab session. Because of previous tweaks to the AGS 
format, and perhaps also due to the more adaptable nature of practical 
laboratory courses, less overhaul was required. I had already designed 
a successful CURE (course-based undergraduate research experience) 
surrounding legal cannabinoids in over-the-counter products (Mio, 
2022). Most scientific educators know that laboratory instruction 
takes a very different tack than theory courses, and in many cases, a 
much larger amount of prework. The alternative grading methods 
used for the lab course would have to follow the Four Pillars 
mentioned previously, in conjunction with a few corollaries: 
maximization of time in the lab and out-of-lab reflection, as well as 
ample time for engagement when lab is not center of mind (at Detroit 
Mercy, a one-hour lab recitation session occurs right before a three-
hour lab session). All specific learning outcomes were arranged 
around the safe handling and bench chemistry of volatile 
organic compounds.

For the lab course, the focus became (a) what students will do 
to prepare for the lab session, (b) what students will accomplish 
during the lab session, and (c) what students will do to follow-up 
from the lab session. Weekly prep work involved a lab notebook 
setup, along with CURE-based research into both materials and 
techniques. Elements of safety were always part of prep, in addition 
to short videos showing students performing the technique to 
be practiced. Upon arriving in lab, student pre-work was checked 
in and partners were assigned. Questioning all aspects of the bench 
work was encouraged by both instructor and teaching assistant 
(TA) throughout the session, and a quick partner evaluation was 
filled out at the end upon exit. After lab, a certain number of days 
were given for post-lab questions to be responded to, where this 
task “unlocked” a follow-up assessment on both the theory and the 
practice of the week’s experiment, including simple distillation, 
thin-layer chromatography (TLC), solubility, extraction, and 
instrumental (GC–MS, FT-IR, NMR) analysis methods. Any 
missed or less-than-satisfactory aspect of the course resulted in a 
call for discussion with the instructor within 48 h. A literature 
research project with weekly objectives brought about a group 
presentation at the end of the semester describing both data and 
social implications of the work. In short, as long as students 
showed up and completed their assigned work in good faith and a 
timely manner, they were rewarded with positive feedback. Missed 
items and unsatisfactory work, as measured against a “minimum 
expectations” rubric, caused short-term discussion and chances to 
redo the work. While preliminary outcomes will be discussed in 
the section of this work, students from two (2) iterations of this 
alternatively-graded lab course anecdotally reported they 
experienced reduced pressure from not taking quizzes/exams, they 
found lab sessions more enjoyable because they felt more prepared, 
and also thought their learning went deeper with more focused 
reflection outside of lab.

3 Discussion – preliminary outcomes

Considering the timetable for innovation in alternative grading 
has been relatively short, many educational researchers have published 
their findings for over 30 years (Clark, n.d.). Qualification and 

quantification of data in this area will serve to legitimize the field and 
attract more educators as the benefits of alternative grading are 
explored from pre-elementary all the way up to the graduate level.

Active scholars in the field have clustered four (4) student-
centered and positive results of courses run with alternatively-graded 
activities or completely formatting under the principles of alternative 
grading: (Clark, n.d.) (1) task-related feedback encourages students’ 
intrinsic motivation and can improve performance; (2) students feel 
and exhibit less anxiety and more risk-taking; (3) instances of student 
academic misconduct are less likely; and (4) student who transition 
from AGS can do well in later AGS or traditional courses. In short, 
alternatively graded courses in higher education are not harmful; and 
in fact, students report that the structure of such courses is beneficial 
to many aspects of their learning in the course.

In my few iterations of alternatively graded courses, I have found 
all of these initial findings to be  true and have discovered many 
instructor-specific benefits along the way. While it is true that course 
redesign and preparation are always time-consuming on the order of 
weeks, the investment pays off greatly in day-to-day activities taking 
far less effort and nimbleness raised to its highest boundary. Since all 
activities of the course are fenced by the learning outcomes phrased 
as direct tasks, the writing of daily/unit assessments can morph 
around the specific strengths and weaknesses of the current cohort of 
students. In addition, more meaningful feedback can be generated 
more quickly because the assumed rubric of grading is “Did the 
student accomplish the task?”

In general, I have found that shifting student attitudes away from 
final grade and toward genuine learning is a benefit that nearly all 
educators would embrace. Again, I can report that this has occurred 
in my AGS courses in both day-to-day and overarching conversations. 
There is a sense in my students, especially after the course structure is 
unveiled on the first few days of classes that having options for what 
to complete in a course does not equate to setting lower learning goals. 
As anecdotal evidence, in the Fall 2022 and 2023 versions of the 
Organic Chemistry I course, nearly all students revised all of their 
incorrect responses on Take-Home Problem Sets, even the ones not 
required to earn the “pass.” I have witnessed that student self-agency 
has overall increased in my AGS courses, and anecdotally, students 
report on end-of-term evaluations that they appreciate being put “in 
the driver seat” of their learning, not just being told what to do.

Finally, I  have discovered that in writing letters of 
recommendation for former students who have shared AGS courses 
with me, it is a far more straightforward endeavor. Each task in the 
lecture course, for example, is paired with a chief, non-organic 
chemistry learning goal: daily learning checks (keeping up with 
content), submission of summarized notes (ability to condense 
major topics), online homework (exercises to extend skills), 
extemporaneous problem-solving presentations (spontaneous 
exercise work), and biweekly, skills-based assessments (summative 
evaluation). Alignment of student work to these metrics allowed for 
a very simple structure to letters of recommendation that includes 
many of the non-content skills employers and graduate schools are 
looking for in undergraduate students. Speaking of final grades, 
detractors of AGS state that too many high grades will be assigned 
using these principles. In short, I have found that the number of A 
and B grades increases with the application of AGS. However, there 
may be a fallacy conflated in statements like, “massive grade inflation 
is a corruption of standards.” I have found that it is a more realistic 
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view to distinguish between negative grade inflation, or unjustifiably 
high grades, and positive grade inflation, or more effective 
pedagogies resulting in higher achievement for more students. I find 
that I can now effortlessly focus on what my students can and cannot 
do, down to the number of times it takes them to “pass” an individual 
learning outcome. In fact, I am beginning to sense that there may 
be no difference between a student able to pass a learning outcome 
on the first versus more numerous tries. Accommodating more than 
one (1) learning preference to a course is always a supreme challenge 
for the educator and AGS provides one very beneficial way to 
accomplish that.

3.1 Advice for those starting an alternative 
grading journey

The early returns on alternative grading delivering on promises 
of enhanced student learning and equity are strong. However, 
decades of traditional pedagogical methods will not submit 
overnight. In addition, the best laid plans often do not work out the 
way we educators wish they would or intend them to. Herein lies 
some advice for those looking to take the first steps in their 
AGS journey.

3.1.1 Matters of scale matter, both in the size of 
course enrollment and content

It is theoretically possible to incorporate AGS into an entire 
course, one unit of a course, one lesson of a course, or simply one class 
period. I have done this for smaller (24 students) and larger (116 
students) courses. Moreso than traditional methods, I  find AGS 
balances out in these enrollment realms with little cause for overhaul. 
I have also been fascinated by experienced faculty’s response to which 
of these is the better place to start. Some think that the only way to 
begin anew is to cast off all course logistics. Others state that starting 
small is always the lowest risk. I agree with both statements. As long 
as you are learning outcome-focused, an entire course or one class 
period can accommodate change. I  would rephrase this as: Do 
something – anything – and tie its assessment to a discrete learning 
outcome. The two-point rubric is quite freeing – can student do it or 
not? What do they need to do it? How can you, as an educator, support 
that need?

3.1.2 Building the plane while flying it is OK
Welcoming students to your experiment can have a calming effect 

on all involved—we do not know what will happen next, but we are 
excited about it! Interestingly, this was the advice given to me as 
I started my academic career with regard to laboratory research. As an 
organic chemist, I reflect often on the comment “Why are we so eager 
to experiment in the lab, but not in the classroom?” Any amount of 
effort could reap benefits in ways difficult to visualize at the outset. 
Critics may bring up the tyranny of content and the fact that too much 
gear-shifting can disorient students. A more positive take on these 
common critiques might be that exposing students to many different 
methods of instruction and assessment can bolster their learning 
toolbox. Ungrading and metacognitive instruction are the 
low-hanging fruit that can instantly transform instruction. Because all 
disciplines are distinct in what pedagogy works best for learning, and 

taking into account the diversity of learners swells the possibilities to 
incalculable numbers, we educators must simplify, simplify, simplify. 
Students learn lessons, then can practice to earn feedback unfettered 
by grading (ungrading). In the same vein, walking students through a 
“cycle” of the course and how to think about their own thinking 
(metacognition) in the discipline proves our dedication to reflection 
on learning, a skill we wish to incorporate in them.

3.1.3 As a cornerstone principle, pledge to 
decouple learning from fear of evaluation

Post-Covid students in American higher education have endured 
global pandemic, massive social and political upheaval, the advent of 
social media and AI, all in an era of near-instant information sharing 
over less than 10 years. Our best students will recognize that in 
considering alternative grading, their educators are concerned for 
both their learning and mental health. When educators attempt to use 
anxiety as motivation with the current generation of college students, 
academic performance diminishes. Alternative grading strategies 
demonstrate, from first principles, that we  care about a student’s 
learning and academic success. Paraphrased by the writer and civil 
rights activist Maya Angelou, “I’ve learned that people will forget what 
you have said, people will forget what you did, but they will never 
forget how you made them feel.”

4 Conclusion

I hope that my writing has served to inspire you to pursue a path 
of alternative grading for your courses, organic chemistry or 
otherwise. The benefits of the pedagogy far outweigh the uncertainty 
and time involved in converting aspects of your course, or complete 
courses. With traditional lecturing hundreds of years old and 
ABCDF grading still relatively young, time will afford us little chance 
to await an educational sea change as substantial as the Covid-19 
pandemic. I, like many members of the Academy, think that the 
global pandemic only accelerated and exacerbated issues that were 
already fomenting. We know our chosen disciplines so very well. The 
question has always been: How can we help students embrace the 
confusion of learning a brand-new set of concepts? Alternative 
grading, with its student-centered goal-setting, timely and applicable 
feedback, intent of clear learning outcome achievement, and 
reassessment of revised work both meets and exceeds the needs of a 
new generation for academic evaluation. The winds have already 
changed, and the time has come to walk down a different road on 
the journey of teaching and learning.
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Research into conventional summative assessment methods, such as written

exams, has been extensively documented in the literature. However, as

academia evolves in response to changing dynamics, there is a growing

demand for more robust summative assessment approaches. Oral exams have

emerged as a noteworthy form of summative assessment with intrinsic formative

qualities, enabling instructors to delve deeply into students’ comprehension

within a meaningful learning framework. Considering the constraints imposed

by the traditional written examination format during the COVID pandemic,

two educators implemented oral assessments in their chemistry courses,

one in general chemistry and the other in organic chemistry. This article

presents a comprehensive account of their approach, course structure, rubrics,

documentation procedures, and the challenges associated with implementing

oral exams. Furthermore, the authors offer insights derived from perceived

course outcomes, experiences, collaborative efforts, and reflections from this

transformative process. Through candid exploration, this article delves into both

the potential advantages and the hurdles associated with the adoption of oral

exams in chemistry education. It serves as a valuable resource for educators

seeking innovative assessment strategies.

KEYWORDS

oral exam, alternative assessments, organic chemistry, general chemistry, instructor
experience

1 Introduction

The use of oral exams as an alternative assessment method in chemistry education has
gained some attention in recent years (Ramella, 2019). Traditionally, chemistry courses
rely on written examinations to evaluate students’ understanding of concepts, problem-
solving abilities, and growing expertise with course material; however, it has become
increasingly evident that written exams alone may not fully capture the breadth and depth
of students’ knowledge and skills in chemistry (Tienson-Tseng, 2019). Oral exams have been
used as a means to provide a more comprehensive evaluation of students’ learning for a
century (Muldoon, 1926), and have the potential to offer unique advantages, such as the
opportunity for direct interaction between the examiner and student, the ability to assess
critical thinking and communication skills, and the potential to create a more engaging
and inclusive assessment environment. Herein, we delve into the use of oral exams in
chemistry education, their benefits, challenges, and potential impacts on student learning
outcomes. By exploring the practical aspects, pedagogical implications, and empirical
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evidence surrounding the use of oral exams, we aim to shed light on
the significance of this alternative assessment method as a means to
leverage research to inform practice.

1.1 Background and rationale

While oral examinations are not a novel method of assessing
students (Muldoon, 1926), their integration into larger courses
(twenty or more students) is not commonly practiced (Lubarda
et al., 2021); most learners encounter formal oral evaluations
in graduate school, professional school or in a job interview
for the first time (Dicks et al., 2012). Recent discussions
in the American Chemical Society (ACS) symposium series
have highlighted the benefits of oral examinations, emphasizing
their ability to thoroughly examine understanding and facilitate
meaningful student-faculty discussions through leading questions
(Ramella, 2019). Literature suggests these assessments have the
potential to offer valuable insights into students’ problem-solving
skills and information processing abilities (Bowen, 1994; Orgill
and Sutherland, 2008; Walker and Sampson, 2013). Students are
often more prepared for oral discussions due to the face-to-face
nature of the examination, which motivates them to engage with
the material at a deeper level—the assessment requires students
do more than just memorize and regurgitate—resulting in better
responses (Hambrecht, 2003; Boedigheimer et al., 2015; Iannone
and Simpson, 2015). Similarly, instructors are able to engage with
students and guide them in their critical thinking on a deep level in
a way that written exams cannot facilitate (Gent et al., 1999).

Although there are only a few documented examples of oral
assessments in the chemical education literature (e.g., Muldoon,
1926; Roecker, 2007; Dicks et al., 2012; Crawford and Kloepper,
2019), existing reports indicate positive student experiences with
this evaluation method in both inorganic and organic chemistry
classes (Roecker, 2007; Crawford and Kloepper, 2019). Burrows
et al. (2021) found that students had a positive overall experience
with oral assessments in laboratories, which is consistent with
previous research on oral assessments in lecture courses (Roecker,
2007). Students specifically felt a sense of accountability for their
preparation during lab interviews, which motivated them to avoid
exposing gaps in their knowledge. This individual accountability
led to active participation and knowledge construction during the
lab session (Burrows et al., 2021).

When teaching, we encourage students to think in different
ways with different tools. We think with our bodies and physical
models (Gilbert and Treagust, 2009; Flood et al., 2015; Kiste et al.,
2016); we think with the physical spaces we occupy and the digital
spaces we can manipulate (Kozma and Russell, 2005). We also
think by utilizing the people around us as tools. As educators, we
encourage students to think with their peers collaboratively, and
as they continue to grow into chemists, teach them to think in
conjunction with the broader community to tackle big problems
by writing, sharing, and discussing our work to build our collective
knowledge—shared attention, in collaboration broadly (Gregory
and Jackson, 2017), or in the same physical space (Shteynberg and
Apfelbaum, 2013) increases our capacity to learn.

When thinking by utilizing the people around us, students learn
to think by leveraging experts around them as tools (Paul, 2021).

Novices can build expertise by gaining insights into the internal
thought processes of experts (Collins et al., 1991); additionally,
these expert-novice interactions are places where learners and
educators can make the invisible parts of learning visible (Paul,
2021), and figure out next steps to take to support the learner’s
growing expertise—which is in line with constructivist teaching
practices (Ausubel et al., 1978; Bodner, 1986) and not dissimilar
to cognitive apprenticeships (Collins et al., 1991). Oral exams are
a way to intentionally allocate time to facilitate these novice-expert
interactions that use a variety of modes of thinking.

1.2 Concerns about oral exams

Two concerns are frequently cited in education literature
regarding oral exams: (1) student anxiety and (2) fairness (Iannone
and Simpson, 2015). In Huxham et al.’s (2012) study, focus
group testimonies revealed some students felt anxious because
they recognized that they needed a deep understanding to explain
concepts to their examiner in a way that was unique to oral exams.
A similar sentiment was expressed by students who felt exposed
during the oral assessments; this was also expressed by students
in other studies (Iannone and Simpson, 2015). Within social
work education literature, there’s some evidence that increasing a
students’ experiences and familiarity with this type of assessment
can lessen some of the anxiety they experience on subsequent
oral assessments (Henderson et al., 2002; Huxham et al., 2012;
Iannone and Simpson, 2015). This is especially noteworthy for
STEM fields as most students do not encounter oral assessments
in their undergraduate careers (Goodman, 2020). Despite how
anxiety-inducing oral exams might be (Díaz et al., 2001; Huxham
et al., 2012; Iannone and Simpson, 2015), literature suggests that
some anxious learners still prefer oral assessments over traditional,
written exams (Huxham et al., 2012).

Unlike written exams where students gather together in a room
to take it, the one-on-one nature of oral exams gives opportunity for
bias or prejudice to occur in a way that isn’t there for regular exams
(Heyneman et al., 2008). Oral examinations are not anonymous in
the way a written exam can be to reduce bias. There are concerns
that this leaves oral exams especially prone to bias and unfairness
(Davis and Karunathilake, 2005). But as Iannone and Simpson
(2015)express in their publication, bias is not always eliminated in
written assessments, and it will be hard to compare bias remaining
in each assessment type.

Due to the conversational nature of an oral exam, each
conversation an examiner has with a student will be different—even
if they are discussing the same questions. The examiner explores
student knowledge so gaps in knowledge can be noted; however,
gaps in knowledge don’t hinder a student from demonstrating
other knowledge. In an oral session, a student can move through,
or around, stumbling blocks in the discussion to demonstrate
other knowledge and insight in a way that’s not possible on a
written exam. In these scenarios, one student may receive a guiding
question in one session that another student doesn’t in theirs, but
their overall outcomes might be the same. Some students have
reported feeling this is an issue of fairness, but others saw this as
a mode to get targeted feedback and correct course in progress
(Iannone and Simpson, 2015).
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Oral exams might also provide another mode of equitable
assessment as a learning tool. For learners who are studying in
languages that aren’t their native language, an oral assessment may
allow them to use their strongest mode of communication (speech)
to their advantage in a way they might not be able to on a timed,
written exam (Huxham et al., 2012; Ramella, 2019). Oral exams
might offer more equitable modes of communicating and assessing
knowledge for students who experience dyslexia, dyscalculia or
dysgraphia (Waterfield and West, 2005; Huxham et al., 2012);
however, there are other factors that must be considered when
conducting oral exams such as the types of power dynamics and
spaces are being used to facilitate the assessment (Theobold, 2021).

In a study with biology students, students who took the
oral exam scored significantly higher on their assessment when
compared to students who took the written assessment (Huxham
et al., 2012). Students expressed that there was an authenticity
to the format that made them feel like a professional (Joughin,
1998). While students take many written examinations in their
undergraduate careers, once they move onto their professional
lives, they will be expected to communicate in both written and oral
formats to convey their ideas. Oral exams might be an important
key to helping them build an aesthetic (fitting) and authentic
professional identity.

Oral examinations provide an opportunity to rigorously probe
understanding as leading questions can be asked that facilitate
novice-expert or student-faculty discussions and interactions. The
benefits of student–faculty interaction are numerous, including
objective increases in grade point averages and in matriculation
to post-graduate studies (Cotten and Wilson, 2006). Dr. Nikita
Burrows and Dr. Theresa Gaines implemented oral exams in
their chemistry courses, general chemistry, and organic chemistry,
respectively, in the 2020–2021 academic year. In this work we
will discuss our experiences and how we designed our courses to
facilitate oral assessments in chemistry classrooms as evidence-
based practices.

For more advice on implementing oral exams, we recommend
looking at A Short Guide to Oral Assessments (Joughin, 2010)
and Oral Exams: A More Meaningful Assessment of Students’
Understanding (Theobold, 2021).

2 Pedagogical frameworks

The primary theory guiding our educational practice is
the theory of constructivism—a theory that describes how we
gain knowledge. Constructivism purports that we actively piece
together knowledge from our experiences (Bodner, 1986)—
and that learning is meaningful when we integrate the new
knowledge into our previously assembled knowledge structures
(Ausubel et al., 1978).

Ausubel et al. (1978) and Bodner (1986) both highlight the
advantages of probing student knowledge to subsequently guide
learners in the next steps. Knowledge isn’t transferred from
educator to learner as a complete and organized set, the learners
themselves build their knowledge in their minds as they have
new experiences and are introduced to new information; their
meaningful learning is dependent on their ability to put the pieces
together and order them in a way that makes sense with the world
around them (Ausubel et al., 1978; Bodner, 1986).

As educators we strive to orchestrate environments, tasks and
scenarios that assist learners in building their own knowledge
based on their current and prior learning experiences. In addition
to constructing knowledge, we also hope that the classroom
environments and activities we facilitate promote students to
make rich, multi-layered connections between different pieces of
knowledge they’ve constructed. While we can create assessments to
probe if learner knowledge constructs map on to ours satisfactorily
or not—both the assembly process and the whole interconnected
knowledge construct are invisible (Collins et al., 1991). Engaging
with learners regularly and deeply in dialog about their thought
processes and how they reason when problem-solving might afford
space to encourage learners to find places where gaps in knowledge
can be filled, or important connections within their knowledge web
can be made.

In previously published studies where students shared about
their oral exam experiences, the idea of the assessment feeling
authentic emerged as a theme (Joughin, 1998). Kharkhurin (2014)
developed four criteria for a work to be considered creative: (1)
novelty, (2) utility, (3) aesthetic, and (4) authentic. While learners
are (often) not yet using chemistry as tool to iterate and generate
new knowledge—flexing their expertise and creativity—they are
building their expertise in chemistry and identity as a chemist by
exploring these dimensions independently through their courses,
assessments and practice. Kharkhurin (2014) defines authenticity
as honesty to the process and that is perceived in the output.
Students recognized that having a conversation about their results
was similar to how they might convey them as a professional
chemist working somewhere else. It felt authentic.

Aesthetic deals with intentions and how those intentions are
conveyed. When giving a presentation or interview, did you intend
to appear as a chemist, were you perceived that way? As stated
previously, neither written assessments nor scrutiny through timed,
written assessments are not common beyond school; however,
oral dialogs are extremely common—aesthetically chemistry. Oral
exams may give an opportunity for students to explore their
identities in an authentic and aesthetic manner as they continue to
build their expertise and think creatively within their craft.

3 Learning environment

3.1 Course set-up

Due to the COVID-19 pandemic, both courses were online
only. Dr. Burrows’ general chemistry course was modeled after
a flipped classroom, students were provided videos with which
to engage before synchronous class time. The videos were
hosted on Play-Posit, which prompted students with questions to
answer as they progressed through them to probe understanding.
Synchronous meeting time consisted of targeted mini-lectures
and problem-solving sessions. This class had weekly quizzes, and
three oral exams.

Dr. Gaines’ organic chemistry course was asynchronous.
Students were provided a series of video lectures and guided
notes to fill in while watching the videos each week. In place of
synchronous problem-solving sessions, Dr. Gaines hosted daily,
elective, problem-solving sessions that students could attend
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synchronously if they wanted to; these sessions were recorded for
students to access later. Students submitted weekly problem sets
and had three oral exams. Dr. Gaines’ class had thirty students
in the fall semester and twenty in the spring semester where
oral exams were implemented. Dr. Burrows had twenty students
in both semesters.

3.2 Design and structure

Both instructors designed the oral exams collaboratively. Each
exam consisted of five multi-step, scaffolded questions that covered
specific learning outcomes. Questions 1 and 2 covered the same
learning outcomes as each other. Questions 3 and 4 also covered
the same learning outcomes as each other. Question 5 covered
unique learning outcomes from the previous questions—giving
three sets of learning outcomes that can be covered in the exam.
These exams were initially given as an open-resource (textbook,
internet resources, notes), take-home assessment. Students had a
week to work them before they were asked to sit the oral exam.

The take-home portions of the exams were distributed through
each instructor’s learning management system (LMS). Dr. Burrows’
institution used Desire2Learn (D2L) and Dr. Gaines’ institution
used Canvas. Students were required to upload a PDF copy of
their worked exam to the LMS before they sat their exam. This
PDF was not assessed; but was held for record-keeping purposes.
This also afforded an opportunity for the instructor to prepare for
the session by previewing how the student solved the problems.
In Dr. Gaines’ course, students were encouraged to collaborate on
the take-home portion of the assessment. Students in Dr. Burrows’
courses were not.

Students signed up for times they wanted to take their oral exam
either via their LMS or via Calendly based on the thirty-minute
timeslots the instructor created. The exams were hosted on Zoom
during the scheduled time. Either the student could share their
screen with the PDF of their exam, or the professor would share
their screen showing the student’s PDF. This helped to facilitate
conversation and gave a method to draw if needed.

During the oral exam, discussion centered around three of the
five questions, and students selected the first question they wanted
to go over. They were prompted to identify which one they felt most
confident about; the instructor would pick the other two questions
for discussion. Due to the structure of the learning outcomes in
each exam question, all sets of learning outcomes could still be
assessed, no matter which question students elected to go through
first. The instructor would pick two questions to discuss that did
not match their initial choice. On average, students finished their
oral exam within twenty minutes, where prepared students tended
to finish faster than students who were less prepared.

3.3 Rubrics

Rubrics were assessed on eight categories for each question in
the oral portion for the organic chemistry course:

1. Overall understanding of the content
2. Communication

3. Valid structures (in their PDF)
4. Argument
5. Evidence
6. Reasonable answers
7. Calculations (Burrows) or curved arrows (Gaines)
8. Prompting (mistakes)

The students were scored in each category as exemplary (5
points), competent (4 points), developing (3 points) or emerging
(0–2 points). This gave a maximum of 40 points per question, and
120 points for the exam. In Dr. Gaines’ course, this was modified
after students expressed concern that the scale was too punishing.
After discussing with the class, the following was implemented:
exemplary (5 points), competent (4.25 points), developing (3.5
points) or emerging (0–2 points).

Another modification implemented in Dr. Gaines’ course was
a “Redo” system. Where students could choose to retake any single
oral assessment during the semester to replace the initial grade. All
aspects of the assessment were the same as the first attempt.

3.4 Keeping receipts/documentation

McCloud (2023) wrote a great piece on keeping evidence
in an ungraded class; but, this advice can be applied more
broadly when it comes to implementing alternative, non-traditional
assessments. Grades are the currency by which students get
internships, jobs, scholarships, placements in medical schools or
graduate schools. Alternative assessments like oral exams may
scare students; they may be anxious as to whether they can
successfully collect the currency they want to leverage for later
(McCloud, 2023).

For underrepresented or historically excluded faculty, this
student anxiety and uncertainty may reflect negatively upon us
in teaching evaluations; therefore, keeping evidence is necessary
protective documentation when implementing non-traditional
pedagogical practices as we may not always receive the benefit of
the doubt in extenuating circumstances (McCloud, 2023).

Both instructors kept record of evidence by:

1. Using a standardized rubric for every oral exam that
students had access to before the assessment opened
(permanently posted in the LMS)

2. Assigning students to complete the assessment as a take-
home assessment first (PDF uploaded to the LMS)

3. Requiring students to upload their finished take-home
assessment as a PDF into the course LMS before sitting the
oral portion

4. Explicitly permitting and encouraging students to refer
to their PDF to guide the explanation in the oral exam
(instructions in LMS)

5. Using the rubric as the scorecard and giving it to students
as part of their feedback (also through the LMS).

For both instructors, it was imperative to use the LMS as much
as possible as that created a record of what materials were made
available, what emails were sent, and what appointments were
created. It is an independent record that also tracks changes, which
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could be used in case of any dispute. All details regarding the design
of the course and rubrics use can be found in the Supplementary
material.

4 Results to date and assessment

4.1 Course outcomes

The information expressed in this section is anecdotal in the
absence of IRB approval. Overall, in both general chemistry and
organic chemistry, students performed well on the oral exams
compared to traditional teaching methods pre-COVID. However,
some students struggled in ways that could be unique to the oral
exam format. Without further study, it is impossible to parse
if these difficulties were due to the format, or if they were, in
part, due to remote instruction during the pandemic. During
the oral exams, students initially struggled with how to prepare
effectively; students typically required considerable prompting to
articulate mechanistic details of reactions, and this aspect saw
slow improvement over the course of the year. Although many
students were able to arrive at answers through conversation,
some prompting was necessary to elicit the relevant information
from them. Overall, while the oral exams yielded better course
outcomes than the prior teaching methods, we would be willing
to investigate how they boost understanding or how they magnify
areas of struggle.

4.2 Academic integrity

During the oral exam, students are responsible for
demonstrating their own knowledge by walking the instructor
through how they solved the exam problems. In such
instances, it is hard for a student to pretend to know
something they don’t understand when an expert is asking
questions. There were no instances of academic dishonesty in
either set of courses.

4.3 Future work and areas of interest

In the face of remote instruction due to COVID-19, the method
of oral examination was appealing as it provided a structure to
interact one-on-one with learners in our online chemistry courses.
This format was implemented without the intention to study the
impacts of oral exams on learners. Now, post-implementation, and
post-reflection, we would like to discuss our plans to collect data
when implementing these assessments again.

To contrast each cohort between traditional and oral
assessments, we would collect scores on comparable assessments
for both. This would be useful to support our observation that
students performed well. In addition to grades on assessments,
investigating how students prepare for their assessment would be
valuable to understanding what is fueling any differences between
oral and traditional performance. Similarly, probing into student
anxiety pre- and post-assessment could be collected. The latter
two items via survey. Lastly, if time permits, interviewing students

to find out their experiences in a class that uses oral assessments
and about their experiences during the assessment would be
valuable to document.

5 Discussion on the practical
implications, objectives and lessons
learned

5.1 Professor experience—Nikita

Implementing oral exams in my chemistry courses was
a rewarding experience that brought several advantages.
Collaborating with another professor to troubleshoot and
strategize created a supportive community of practice, where
we could bounce ideas off each other and tackle any issues that
arose. This collaborative effort eased the process of incorporating
oral exams into the curriculum and reinforced our commitment
to this assessment method. Moreover, the collaborative student
environment fostered through the Zoom classroom was highly
interactive and responsive. My familiarity with breakout rooms
encouraged active engagement, and my students embraced the
opportunity to work on oral exams independently, seeking my
assistance during office hours when needed. The one-on-one
interactions during the oral exams allowed for deeper insights into
students’ knowledge and comprehension levels. In the context
of general chemistry, the assessment format compelled students
to confront the concepts directly, as they couldn’t rely solely
on mathematical calculations to mask their understanding. It
provided a comprehensive evaluation of their communication
abilities across various domains.

The formative and summative aspects of the oral exams
complemented each other, creating a holistic assessment approach.
Although the exams were summative in nature, the immediate
feedback provided during the oral sessions was invaluable to
students. Unlike traditional written exams where feedback might
go unread, students appreciated understanding why points were
deducted and how they could improve. This enhanced their
learning experience and motivated them to actively engage with
their feedback. While the time investment in conducting oral exams
was significant, the payoff was substantial. Students demonstrated
a deeper grasp of the material, and some even reached out to me
after moving to other schools, seeking my guidance based on their
positive oral exam experience.

As for the continuation of this assessment method, I regrettably
had to discontinue it for my multi-section classes. The consistency
and fairness in assessments across sections demanded uniformity,
making it impractical to implement oral exams in this context.
However, I firmly believe that for smaller classes or online formats,
oral exams can continue to be an effective means of assessing
student comprehension and enhancing their learning journey.
The interactive and personalized nature of oral exams not only
provides valuable insights into student understanding but also
instills a sense of accountability and responsibility for their own
learning. As educators, we should continuously explore and adapt
assessment approaches to best serve our students’ academic and
intellectual growth.
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5.2 Professor experience—Theresa

In my experience, I would be willing to try oral exams again.
I think the struggle of overcoming logistical issues is worth the
growth and conversations that oral exams afford. My organic
classes at the time were online and asynchronous. The oral exam
format provided a synchronous, face-to-face candid experience
with each of my students that my traditional, in-person classrooms
would still benefit from. Increasingly, students in my classrooms
value collaboration. For them and their peers, willingness to help
others who might not understand the material feels integral to
their integrity and their character. Most instances of academic
dishonesty that I’ve experienced in my classrooms stems from
collaboration as a core value. My solution, through oral exams, was
to give space for that collaboration.

In the oral exam setting, students had a chance to show
what they’ve learned, but it was not at the cost of preventing
collaboration with others if that’s what they wanted to do. For
students, this process illuminated if their collaborative efforts
were lacking or counter-productive. In study groups, it is easy
to hide behind someone else’s explanation, but in the oral exam,
each student leads the conversation. Several of my students
realized through this experience that they weren’t leaving their
collaborative sessions with anything but answers; that wasn’t
sufficient for our oral exam which asked them to re-trace the
process of deducing an answer. In written exams, it is difficult
to give someone the benefit of the doubt about how much they
understand if the answer is ambiguous. In oral exams, we can
explore to find if and where a gap in knowledge exists and address
it. It was a convenient place to apply just-in-time teaching—as
there would be future assessments that our conversation would
be applicable to.

As the instructor, it was beneficial to have Dr. Burrows with
me. When I was stuck or if I ran into roadblocks, it was nice
to talk to her and discuss if there was a bigger issue in our
implementation or if there was something specific to my class
and my students. Currently, I am not using oral exams. Initially
when we went back to in-person classes, figuring out when and
how to schedule the oral exams was an issue that I couldn’t
resolve before the semester started. Now I’m at a new institution
and I am teaching a brand-new set of courses. I would prefer to
become more familiar with these courses before changing how the
exams are conducted.

5.3 Perceived student experiences

In the initial stages of the oral assessment implementation,
students exhibited apprehension and nervousness, as many had
never encountered such a form of evaluation before. However, as
they experienced the process firsthand, their perceptions evolved
positively. Students found that the oral assessment was not as
intimidating as they initially thought and realized that it provided
a unique opportunity to showcase their understanding of the
subject matter. This phenomenon was previously described in the
literature (Burrows et al., 2021). The shift in students’ questions
during the assessment was notable, moving from concerns about
whether they had done the task correctly to inquiries about

their conceptual comprehension and problem-solving approach.
Students also felt comforted in their ability to choose the question
they were most confident in as the first question we discussed.
This change in focus indicated a deeper engagement with the
material and a desire to demonstrate their true understanding
rather than regurgitation of facts. To mitigate some of the initial
student apprehension, several strategies were employed, such as
offering the exam as a take-home version initially to acclimatize
students to the format, allowing for redos to encourage learning
from mistakes, and implementing policies such as dropping the
lowest test score to alleviate pressure and foster a growth-oriented
mindset. These measures helped create a supportive environment,
fostering student confidence and active participation during the
oral assessment.

5.4 Overall take-aways

One of the largest benefits that oral exams afforded was the
ability and place to have a candid conversation with a student about
where they’re excelling in their understanding and where they need
extra support. This requires a particular faculty mindset, but with
the option to revise their work and retake a limited number of oral
exams, this can be a powerful iterative process founded in care. This
also tended to be a reality check with students who were working
with their classmates to realize that they didn’t fully understand
the material. They could rethink how they want to study and if
there’s an individual component that works well to supplement the
collaborative portions of preparing for the oral exams.

Both professors found that engaging in a community of practice
related to oral exams while implementing them was invaluable but
agree that in a face-to-face course, as it would be difficult to replicate
for classes larger than fifteen students without extra support. The
biggest limitation to this type of assessment is the time required.
While remote due to COVID-19, we had a lot of flexibility in
our assignment times; reproducing this in a face-to-face class isn’t
impossible but would require greater flexibility and attention to
detail with the time commitments and scheduling.

6 Acknowledgment of constraints

6.1 Institutional regulations

We would like to acknowledge upfront that there are significant
limitations that might preclude others from implementing oral
exams in their courses. Firstly, some institutions or departments
might have regulations that dictate how exams and assessments
must be conducted. This style of assessment might be out of
compliance with those regulations. Class size and structure might
be another limitation to if this type of assessment.

6.2 COVID-19 pandemic

One constraint faced by Dr. Gaines was that their institution
prohibited the use of synchronous formats for courses conducted
remotely. Their institution was in a remote, rural area and while
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remote, most students did not have reliable internet access at home.
Problem-solving sessions were available every day, but students
were not required to attend.

6.3 Logistics and time considerations

Setting up one-on-one meeting times was done either through
the Canvas’ scheduling feature or through Calendly. To find
the time to schedule these meetings, synchronous sessions were
dismissed for the exam period; similarly, lab periods were used to
schedule sessions. If a student wanted to meet outside those times,
that could also be arranged depending on the instructor’s schedule.
These exams were conducted in online courses, so time was more
flexible than in traditionally in-person synchronous classes.
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Use of specifications-based 
grading in an online, 
asynchronous graduate organic 
chemistry course
Caleb A. Moster  and Sarah Kathryn Zingales *

Department of Chemistry, University of Saint Joseph, West Hartford, CT, United States

Specifications-based grading is an alternative grading scheme that emphasizes 
student proficiency of learning objectives. Course grades are determined by the 
number of objectives completed rather than the number of points accumulated. 
At the University of Saint Joseph, CHEM 510 Intermediate Organic Chemistry is the 
foundation course that all incoming graduate students take in their first semester 
of the fully online, asynchronous MS programs in Chemistry and Biochemistry. 
Students in CHEM 510 complete the entire course online and at their own pace 
within the structured due dates, which presents unique challenges compared with 
synchronous learning modalities. With these considerations in mind, CHEM 510 was 
revised to use a specifications-based grading scheme with an a la carte assessment 
menu and token system. Generally, students found the alternative grading scheme 
helpful, but they needed additional instructions and time to adjust to the new 
grading system. By the end of the semester, students expressed their appreciation 
for the ability to choose their assessment method, work at their own pace, and use 
the token system for extensions/retakes. The instructor found that implementation 
of specifications grading took greater time for the initial course setup, but did not 
require more time than points-based grading once the course began. One large 
positive outcome was that student-instructor interactions were more frequently 
about the content of the course rather than grades. Overall, there was a slight 
increase in the course’s pass rate compared to the pass rate prior to the change in 
grading modality. We believe that the implementation of the a la carte assessment 
menu accommodates a more diverse population of learners without sacrificing the 
integrity of student learning. Additionally, we believe that the diverse assessment 
opportunities were critical for the successful implementation of specifications-
based learning in the online classroom environment, though further extension of 
the menu in synchronous, in-person classroom settings may be challenging.

KEYWORDS

organic chemistry, graduate education, specifications-based grading, online 
instruction, alternative grading

1 Introduction: background and rationale for the 
educational activity innovation

Students often identify Organic Chemistry as one of the most challenging subjects in the 
college curriculum (Johnstone, 2010) and with the recent expansion of online education 
initiated by the COVID-19 pandemic (Sunasee, 2020), the academic needs of these students 
have increased (Crucho et al., 2020). One approach to mitigating negative student perceptions 
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of college-level chemistry courses involves changing the way that 
grades are distributed by employing various alternative grading 
methods (Herman, 1992; Brookhart et al., 2016). Instead of using the 
traditional points-based grading system, alternative grading methods 
such as standards-based learning (O’Connor, 2002), contract grading 
(Danielewicz and Elbow, 2009), mastery or competency-based 
learning (Bloom, 1968), and “ungrading” (Blum, 2020) have become 
popular alternatives. Alternative grading methods have seen positive 
results in the classroom setting (Atifnigar et al., 2020; Cain et al., 
2022), but none are without their drawbacks: often, the change from 
traditional grading to alternative grading is associated with increased 
workload for instructors and/or increased stress for students (Peters 
and Buckmiller, 2014).

To mitigate these drawbacks, specifications-based grading (Nilson 
and Stanny, 2023) has emerged as a method for assessing student 
learning that focuses on clearly communicating learning objectives 
and encouraging student engagement with material (Howitz et al., 
2021). Within Chemistry, specifications-based grading has been used 
in small lecture settings (Ring, 2017; Donato and Marsh, 2023) and 
large ones (McKnelly et al., 2023), and even has been implemented in 
lab-based (Bunnell et al., 2023; Howitz et al., 2023) and writing-based 
(McKnelly et  al., 2021) courses. Among these successful 
implementations of specifications-based grading, several were done 
in Organic Chemistry; however, few, if any, publications have explored 
the impact of specifications-based grading in an online, asynchronous 
course or graduate level course. In this article, we explore the impact 
of specifications-based grading in CHEM 510 – an online master’s 
level course in Organic Chemistry – designed for the university’s 
online asynchronous master’s programs in chemistry and 
biochemistry. We  comment on the results and give insight into 
adjustments made to the course over the span of several 
academic semesters.

2 Pedagogical framework(s), 
pedagogical principles, competencies/
standards underlying the educational 
activity

Specifications-based grading (specs grading) is one of several 
different alternative forms of grading developed by educators to 
enhance student learning. The design of specs grading was informed 
by the successes and shortcomings of other, older alternative grading 
methods (Nilson and Stanny, 2023). Below, we highlight the main 
features of some of the most prominent alternative grading methods 
and their strengths and weaknesses identified by previous publications.

2.1 Standards-based grading

Standards-based grading (SBG) courses are designed around 
specific learning objectives and use formative and summative 
assessments to determine whether a student has grasped the material 
of each objective (Marzano, 2010; Boesdorfer et al., 2018). Early and 
frequent informal assessment is used to provide feedback to students 
on their progress toward the ultimate performance goal without 
receiving a grade on their work (Iamarino, 2014). Since students are 
not penalized for misunderstandings exhibited during these early 

assessments, students are more willing to revisit difficult material to 
prepare for the formal scored assessments later in the course. Student 
grades on the formal assessments are determined by rubrics with clear 
guidelines for determining the level of student achievement in each of 
the learning standards (Curley and Downey, 2023). Instead 
of awarding points, a rubric specifies the criteria for distinct levels of 
student proficiency in each standard (Boesdorfer et al., 2018). Since 
student work cannot be scored as falling between proficiency levels in 
the rubric, each rubric is written with clear language to eliminate 
grading bias. Often, students are given multiple attempts to prove 
proficiency in a standard through formal assessment. Most 
publications of standards-based grading indicate a positive response 
from students, who feel as though their perspective on learning was 
changed for the better (Iamarino, 2014); however, other students have 
confessed to difficulties with motivation and a lack of self-initiated 
study habits that may have hindered their learning experience 
(Guskey, 2001).

2.2 Mastery- and competency-based 
learning

Mastery-based learning courses, like SBG courses, are divided 
into concept groupings based on related course material. However, 
in mastery-based grading, students may not advance in the course 
without demonstrating mastery on the current topic (Block and 
Airasian, 1971). Where standards-based grading provides multiple, 
though limited, opportunities for students to demonstrate 
proficiency, mastery-based learning allows students practicably 
limitless attempts, giving constructive feedback on their answers 
after each attempt. This prevents students from advancing to a new 
module without vital knowledge from a previous concept and 
allows them to focus on their weaknesses to master the objective 
(Bloom, 1968).

Competency-based grading builds on mastery-based learning, 
adding additional course-related work students may complete to 
increase their grade (Diegelman-Parente, 2011). This often means that 
students achieving mastery in a module will earn a letter grade of a B, 
while an A can be earned by the completion of additional work.

Students in mastery-based learning courses report drastically 
reduced anxiety over assessments and increased confidence in 
material (Peters and Buckmiller, 2014). The downside to these grading 
styles is the strain it places on instructors, who must find ways to 
generate and grade multiple assessments for each module and provide 
timely feedback to students (Bangert-Drowns et al., 1991). Instructors 
also must coordinate between students who progress through the 
material at different rates, adding to the complexity of maintaining 
student grades.

2.3 Contract grading

In contract grading, students generate a contract that outlines in 
detail what coursework they must complete to get a desired letter 
grade in the course (Taylor, 1980). Students present their contract to 
the instructor at the beginning of the year, then modify it until both 
parties are satisfied (Lindemann and Harbke, 2011). Contracts 
indicate how many assignments from each category (quizzes, 
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discussions, laboratory experiments, etc.) must be passed to earn a 
given letter grade for the course.

This approach emphasizes transparency of expectations, the main 
strength of contract grading and a consistent weakness of points-
based grading (Danielewicz and Elbow, 2009). When students and 
instructors find a compromise during the contract negotiating period, 
student autonomy and buy-in is balanced with the expectations of the 
instructor, leading to positive impressions for both the student and 
instructor (Hiller and Hietapelto, 2001).

2.4 Ungrading

“Ungrading” is slowly becoming a popular method of 
deemphasizing grades, in favor of enriching student engagement 
without the pressure of grades and assessments. Instructors who use 
ungrading reduce the number of graded assessments given to students 
to encourage students to focus on the learning experience instead of 
on the grade they might receive for their work (Blum, 2020). Students 
are often given a chance to grade themselves or their peers, allowing 
them to reflect critically and engage with course material instead of 
receiving a verdict from the instructor (Stommel, 2023). Though 
examples are limited, those who are implementing ungrading in their 
classes report greater student engagement, a class culture focused on 
understanding over completion, and lower levels of student anxiety 
about coursework (Masland, 2023). Potential drawbacks include a lack 
of effort from students due to a lack of accountability, a lack of student 
preparedness for the rigor of challenging work environments, and 
tensions between the student and instructor caused by different 
standards for nongraded work.

2.5 Specifications-based grading

Specifications-based grading combines aspects of several of these 
grading styles, leading to a better learning experience for students and 
instructors. Nilson and Stanny (2023) seminal book provides many 
positive outcomes of specs grading, which can be summarized by 
three major goals:

 • Design a course that focuses on student learning rather than 
completion and achievement

 • Remove ambiguity in assigning grades by providing clear 
expectations to students

 • Balance a manageable workload for instructors while providing 
ample learning opportunities for students

Specs-grading focuses on giving students the opportunity to 
truly grasp difficult content while still holding them accountable for 
their learning by balancing the concessions and expectations given 
to students. Various aspects of specs grading came from the 
inspiration of other alternative grading methods such as those 
listed below:

 • Specs grading divides course content into several small learning 
objectives, assessing student proficiency of each objective 
(Townsley, 2014). Like SBG, assessments are graded using rubrics 
which provide clear criteria that graders use to organize student 

work into various levels of proficiency such as “high pass,” “pass,” 
or “no pass” (Howitz et al., 2023).

 • Students have multiple attempts to show proficiency in each 
objective and, like mastery-based learning, students only cover 
one at a time before assessment and advancement to the next 
objective (Bunnell et al., 2023). In specs grading, students have 
multiple (though not infinite) attempts on each assessment to 
reach passing criteria. However, in specs grading students 
advance to the next objective once the assessment due date passes 
or a student has used the maximum number of attempts, even if 
they do not achieve proficiency for the current outcome.

 • Instead of students writing a contract, the instructor provides the 
contract detailing the assignments that must be completed for a 
student to earn a particular letter grade (Houseknecht and Bates, 
2020). This maintains transparency of instructor expectations 
without requiring an instructor to endure the time-consuming 
meeting process with each student as is customary in contract-
grading courses. Often, the contract will bundle objectives 
instead of assignments, grouping the outcomes into “Essential” 
and “General,” designating how many of each objective must 
be  passed for a student to earn a letter grade in the course 
(Howitz et al., 2021).

Specs grading has several strengths that make it a favorable option 
for instructors and students. The first is the focus on student learning; 
specs-based courses encourage students to build more regular study 
habits by breaking course material into smaller, more manageable 
outcomes that do not exceed the cognitive load of most students 
(Kishbaugh and Cessna, 2018). The emphasis on pairing smaller, more 
frequent assessments with timely instructor feedback helps students 
to focus on their mistakes and resolve learning gaps more quickly in 
comparison to traditional points-based courses that rely on large 
summative assessments to evaluate student learning (Schneider and 
Hutt, 2014).

Specs grading has also decreased grading issues between students 
and instructors by clearly articulating expectations and removing the 
ambiguity of partial credit, which is a commonly observed fault in 
classes with large enrollments and multiple graders (McKnelly et al., 
2023). Instead, rubrics used to assess student performance use clear 
criteria, making it easy for graders to correctly identify whether the 
work submitted by a student has reached the desired level of 
proficiency (Howitz et  al., 2023). Some assessments may require 
students to reach a certain benchmark – 80% is a common passing 
threshold when multiple-choice quizzes are used for assessment.

Other alternative grading methods provide students with multiple 
attempts on a given assessment, but the increased grading expectations 
that comes with multiple attempts can become exhausting for 
instructors (Bangert-Drowns et al., 1991). To mitigate this, a “token 
economy” is frequently implemented in a specs-grading classroom; 
students are provided a set number of “tokens” that can be spent to 
redo a failed assessment or extend a deadline on an assignment 
(Howitz et al., 2021; McKnelly et al., 2021). This allows the instructor 
to limit the number of retakes while still providing the freedom to 
reattempt any assessment that is particularly challenging. Additionally, 
the token economy removes the burden from faculty charged with 
arbitrating what is a valid reason for need of a retake or extension.

Various approaches have been taken toward the administering of 
a cumulative final. Some instructors choose to administer a summative 
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final as a necessary part of achieving a particular grade in the class and 
will include it in the grading contract (Bunnell et al., 2023). Other 
instructors choose to administer a final in an alternative format or as 
a type of competency-based assignment, offering a grade incentive to 
those who score well on it (Ring, 2017; Howitz et al., 2023). There is 
no standard way to approach final exams in specs grading.

While specs grading continues to gain traction in face-to-face 
instruction, the impact in an online setting has not been extensively 
studied. There have been reports of courses using specifications-based 
grading in a hybrid setting or in response to COVID-19 (Houseknecht 
and Bates, 2020; Noell et al., 2023), but few organic chemistry courses 
were initially designed to be  online and utilize specifications-
based grading.

3 Learning environment (setting, 
students, faculty); learning objectives; 
pedagogical format

Since 2010, the University of Saint Joseph (USJ) has offered Master 
of Science (MS) degrees in Chemistry and Biochemistry through fully 
online, asynchronous instruction. This asynchronous online format 
helps working professionals pursue a degree while continuing a 
normal working schedule, and over two thirds of the students enrolled 
in the program work in a full-time job. All courses in these programs 
are capped at 20 students. The first semester for students in both the 
MS Chemistry and Biochemistry programs includes CHEM 510 – 
Intermediate Organic Chemistry, a class designed to ensure that 
students are prepared for the rigor of the program by establishing a 
unified foundation of organic chemistry knowledge among all 
enrolled students. During our study, 97 students enrolled over 7 

semesters in CHEM 510, making the average enrollment 14 students 
per semester, though class sizes varied from 7 students to the 
maximum enrollment of 20 students.

CHEM 510 covers the fundamental concepts of organic chemistry 
from undergraduate level classes, then builds upon them at the 
graduate level, preparing students for advanced coursework. Central 
topics covered in the course include organic structures, 
stereochemistry, mechanisms, acid/base reactions, selectivity, 
retrosynthesis, reactions of various functional groups, literature 
searching, proper citations, and named reactions. Table 1 lists the 
departmentally developed course learning objective associated with 
these topics. Historically, this course has been graded on a traditional 
points-based grading system with various categories of assignments, 
with the bulk of the points coming from discussion board assignments 
and the midterm and final examinations (see Table 2).

In Spring 2021, a new specifications-based grading structure was 
implemented in CHEM 510. The course material was divided into 
weekly modules arranged by content, including 6 Essential Objectives 
(EOs), 7 General Objectives (GOs), and 4 Required Projects (RPs). As 
detailed in Table 1, the course learning objectives were divided into 
foundational topics such as structure, stereochemistry, mechanisms, 
and acid/base chemistry (EOs 1–4); reactions of specific functional 
groups (GOs), tools for organic synthesis (EOs 5–6), chemical 
literature (RP2), and named reactions (RP3). RP1 contained the 
course introduction module and RP4 the final exam for the course.

A grading contract was developed by the instructor (Figure 1) to 
clearly communicate the number of objectives that must be met to 
earn each letter grade in the course. While this grade contract changed 
slightly during our study, the final iteration is described here. A grade 
of a B- is the minimum grade necessary to pass the course, requiring 
students to complete 5 EOs with a minimum assessment score of 80%, 

TABLE 1 Course learning objectives for CHEM 510.

Course objective Specs module

Explain the unifying structure–property and structure-reactivity relationships upon which organic chemistry is based. Across all modules

Describe molecular shape and stereochemistry and apply its effect on reactions. EO1 (shape), EO2 (stereochemistry)

Propose reasonable mechanisms for organic transformations using curved arrow notation and apply these common reactivity 

pathways to unfamiliar reactions.

EO3

Predict structural effects on the acidity/basicity of an organic molecule. EO4

Define and predict products for the major reactions involving nucleophiles and electrophiles, including nucleophilic addition, 

nucleophilic substitution at a carbonyl group and at a saturated carbon atom.

Across all GOs by functional group

Apply the numerous reactions that result in functional group transformations to the synthesis of organic compounds. Across all GOs by functional group

Apply retrosynthetic analysis to the synthesis of organic molecules. EO5, EO6

Evaluate and discuss current research in organic chemistry. RP2, RP3

TABLE 2 Grading summary of intermediate organic chemistry prior to spring semester 2021.

Category and percent Description

Exams (38%) Midterm and final, each composed of five 60-min sections

Discussion Boards (31%) 6 collaborative problem sets

Quizzes (12%) 2 timed multiple choice/multiple answer questions

Project (10%) Named Reaction slides presentation

Modules (9%) 2 60-min timed sections in long answer format
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a minimum of 2 GOs with an 80% score, and completion of all 4 RPs 
with a passing grade. To achieve a higher score, students could 
complete the 6th EO, additional GOs, or increase their score from the 
initial pretest (RP1) to the final post-test (RP4) by greater than one 
standard deviation. For example, to earn an A in the course, a student 
would need to meet the criteria for an A- (6 EO, 4 RP, and 6 GO) plus 
complete an additional GO or increase their score by greater than one 
standard deviation for pre−/post-test increase.

Weekly deadlines for the EOs and RPs were given, though 
students could work ahead if they chose. Students had six weeks to 
complete two to seven GOs with a suggested weekly schedule for 
students to follow culminating in a firm deadline for the GO section.

4 Results to date/assessment 
(processes and tools; data planned or 
already gathered)

To meet the proficiency criteria for EOs/GOs, students were 
offered three different forms of assessment:

 • Timed multiple-choice quiz (two attempts)
 • Timed written response test
 • Open-ended tutorial presentation teaching how to solve a multi-

step problem

Students could attempt one or more assessments before the due 
date. The quizzes were automatically graded, so students could 
complete two quiz attempts; whereas the exams and tutorials were 
manually graded, so they only had to be turned in before the due date.

After an assessment, the instructor would give the student 
feedback to inform them of any mistakes or misunderstandings 
displayed in the assessment. Quizzes generated instant feedback to 
students, while tests and tutorials required instructor feedback, which 
was usually provided within 24 h of completion. If the student did not 
reach the 80% minimum passing score, they were encouraged to read 
the feedback provided and strengthen their understanding of the 
material. Then, students were free to attempt another assessment 
before the due date or use a token for additional attempts (vide infra).

RPs were graded on completion only and were distributed 
throughout the semester. The RP modules included an introductory 
module with a pre-test, a section on finding, citing, and reading 
scientific literature, a named reaction project, and the post-test 
final exam.

After the first semester, a token economy was adopted as an 
opportunity for students to improve their standing in the course and 
remove the need for faculty to approve reasons for extensions or 
retries. Three tokens were provided to each student at the beginning 
of the semester. The instructor planned to modify the number of 
tokens if needed, but this number was adequate for most students and 
still low enough to encourage participation to earn more tokens. To 
spend a token, students would submit a Microsoft Form to request a 
deadline extension, additional quiz attempts beyond the two standard 
attempts, or changing assessment type after the due date (e.g., 
switching to tutorial after not passing the exam). Additional tokens 
could be earned by identifying errors in the course materials and 
completing course surveys (e.g., midterm course survey, office hours 
poll). Students also submitted their token earned requests through a 
Microsoft form. Both the “tokens earned” and “tokens used” were 
tracked in the LMS for easy student reference.

FIGURE 1

Grading matrix for intermediate organic chemistry for the 2023 summer semester.
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5 Discussion on the practical 
implications, objectives, and lessons 
learned

5.1 Results

Four semesters of data from the points-based grading system (two 
instructors) and eight semesters of data from the specifications-based 
grading system (one instructor that had also taught in the points-
based system) were analyzed to see whether any general trends in 
course grades could be seen. When comparing the number of passing 
students between the two modalities, we  see that more students 
earned a passing grade with specifications-based grading, with an 
increase of 10% more passing scores (Figure  2). The increase in 
passing scores in this introductory course also coincided with a 
decrease in students being put on probation or dismissed from the 
program for poor grades and increased retention of students beyond 
the first semester.

When every student passed in that first semester, it raised 
questions about potential grade inflation caused by the grading 
scheme. To compare student knowledge to their final letter grade, two 
50-question pre- and post-tests were added to the course for the 
following seven semesters. Test questions covered all content from the 
13 objectives in the course, and completion was mandatory for 
students to pass the course. Although it is a challenging assessment, 
students are told in advance that their score cannot negatively impact 
their grade, but that a good score may increase their final letter grade 
in the course (Figure 1).

We analyzed the pre-test and post-test scores completed by recent 
students in the course (Figure 3). All students who passed the class 
had an increase in their score from the pre- to post-test, with the A 

students showing larger increases than the B students. None of the 
students who failed the course had an increase in pre/post, and most 
of them did not take the post-test. In addition, 54% of passing students 
had more than a 50% increase in their score from the pre-to the post-
test, a significant growth in knowledge over the course of one semester. 
We can see that a majority of passing students experienced substantial 
growth in their organic chemistry knowledge, with only a few students 
experiencing less than 25% increase. This collective increase in 
performance on the summative post-test makes a compelling case for 
the efficacy of specifications-based grading.

We noticed that students who experienced less growth in their test 
score generally entered the course with significant prior knowledge of 
organic chemistry, as indicated by higher-than-average pre-scores. 
Since this is an entry-level course taken by all newly admitted students, 
a wide range of abilities and experience is represented by the data. 
Students with stronger organic chemistry backgrounds had less room 
to grow and accounted for most of the lower growth scores. Since this 
course’s goal is to bring all students to a similar level of proficiency in 
organic chemistry, varying degrees of growth are expected between 
students with varying degrees of prior knowledge in organic chemistry.

We also noted the general trend that students who completed 
more objectives during the semester - earning a higher letter grade in 
the course - also scored higher on the post-test and experienced more 
growth. This is promising, as it shows the efficacy of specs grading for 
increased student absorption and retention of course material. 
We believe this data confirms that the increase in passing scores from 
the traditional points-based grading scheme to the specifications-
based grading scheme is due to increased student knowledge of the 
course materials.

When looking at the raw grades on the post-test considering the 
growth data, we see a few additional trends that may be noteworthy 

FIGURE 2

Grade comparison between traditional points-based grading system and specifications-based grading system in intermediate organic chemistry at the 
University of Saint Joseph. A and B are passing scores and C and D are not. Grade data included is from Fall 2019-Summer 2023. N  =  183.

112

https://doi.org/10.3389/feduc.2024.1379216
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Moster and Zingales 10.3389/feduc.2024.1379216

Frontiers in Education 07 frontiersin.org

(Figure 4). Since students were required to complete a minimum of 5 
EO modules and 2 of the 7 GO modules, passing students had to 
demonstrate proficiency in 54% of material covered in the course 
before taking the post-test. Since proficiency in an objective of this 

course is 80% accuracy, this means that passing students should have 
been able to answer a minimum of 43% of questions in the course 
correctly to earn the grade they received. As discussed above, 90% of 
passing students achieved this benchmark by answering a minimum 

FIGURE 3

Increase in score from the pre-to the post-test for students with a passing grade in the course since the summer semester of 2021. N  =  69.

FIGURE 4

Post-test scores (out of 50) of students who passed the specifications-based style of the course. N  =  69.
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of 22 questions correctly, with a vast majority scoring higher than that. 
The average score on the final was 29.125/50, 58.25%, which is the 
equivalent of a student achieving 80% proficiency on 9 course 
objectives. By this metric, student scores on the post-test are indicative 
of proficiency in organic chemistry.

It also should be noted that since many of these students did not 
take a long-form exam once during the course, the testing format of 
the post-test was likely unfamiliar to most participants. Additionally, 
since the post-test does not have much weight over the score a student 
earns in the class, it is possible that scores were lower due to a lack of 
motivation for students to adequately prepare for the test. Ultimately, 
the course was not designed with a focus on testing; it was focused on 
designing individual modules to maximize content exposure and 
retention. However, it is worth considering whether the delivery of the 
course or the thresholds for passing grades should be modified to 
improve the scores on the post-test.

5.2 Impressions

While data from the pre-and post-test provide a quantifiable 
indication of student learning, the numbers do not tell the whole 
story; student and instructor feedback reveal a more complete picture 
of the impact of specs grading on CHEM 510. To get feedback from 
students about their general impression of the course, an optional 
survey was offered during the week of midterm and final exams, 
which students could complete to earn an additional token for the 
course. Overall, student impressions were positive. The main strengths 
highlighted in these responses were centered around the multiple 
assessment options, reduced test anxiety, and the ability to improve 
upon previous mistakes in the learning process on the way to 
achieving proficiency.

While many students reported initial confusion about how final 
grades were distributed in the course, an overwhelming majority of 
students indicated that once the grading procedures were 
understood, they felt positively toward the specifications-based 
grading system. The most common comment made by students on 
the survey was the positive impact that multiple attempts and 
multiple assessment options had on the learning experience; 
students reported a greater sense of autonomy, reduced stress levels, 
and an enriched learning experience. When asked about the grading 
scheme, one student summarized a common sentiment: “It helps the 
student re-attempt the material no matter how low of a grade they 
achieved [on their first attempt]. It shows they need to brush up on 
a section they did not understand, [and builds confidence] down the 
road.” (Response 37) Another student felt that they were “given the 
opportunity to actually learn the material without the pressure of 
trying once and failing” (Response 18) and appreciated the chance 
to review mistakes before attempting another assessment. These 
students asserted that the multiple attempts were essential to the 
reduced levels of stress they felt and added that they believed they 
learned more as a result.

In addition, several students had strong preferences for one 
method of assessment over another, with different students preferring 
each of the three assessment methods. One student wrote: “I feel much 
more comfortable with the tutorials because I can fully express in my 
own words what I think the goal of that module is.” (Response 18) 
Another student preferred the instantaneous feedback offered by 
taking quizzes, writing “sometimes I would take the quiz feeling like 

I understood the concepts... but there was always feedback on the 
missed questions that [supported further learning].” (Response 24) Yet 
another student preferred exams because “the exams are structured in 
a way in which I am able to display a top-to-bottom understanding of 
the material.” (Response 42) Each of these three students expressed 
preferences for different forms of assessment and felt positively that 
they had the freedom to choose the method that worked best for them. 
Though this is not a requirement of specifications-based grading, and 
is uncommon in chemistry courses, we believe that this is one of the 
greatest strengths of the specs grading scheme used in CHEM 510 and 
assert that it is an essential part to diversifying the learning experiences 
of the students.

When students’ success and satisfaction are increased, a positive 
impression is left on the instructor as well, and many of the positive 
comments made by the instructor are identical to those made by the 
students. In addition, simplified grading processes in this 
specifications-based course benefited the instructor, who 
commented on the lack of ambiguity when grading quizzes, tutorials, 
and tests. Quizzes were automatically graded and provided instant 
feedback to students, reducing the amount of time the instructor 
spent grading and providing direct feedback to the student. Tests did 
not require additional time to grade, and the rubrics provided clear, 
unambiguous criteria for differentiating the student’s level of 
proficiency. Even tutorials provide student work that – in our 
experience – usually provides a clear picture of a student’s aptitude 
in the material, allowing for easy identification of proficiency. The 
instructor had previously felt frustrated that their feedback in 
traditional points-based courses was not looked at by the students 
but saw an increase in students accessing and applying the feedback 
in the specs-based system. Thus, the instructor could spend more 
time focused on giving feedback that would be used by students who 
would implement it.

The instructor appreciated the ways in which the course was 
designed to accommodate multiple learning styles from an 
instructional standpoint, as a wide variety of educational tools and 
resources were provided to the students. There were several passages 
from the textbook that students were expected to read, but the 
integration of lecture videos, instant chat features, and handwritten 
or electronic handouts allowed the instructor to generate a diverse 
learning experience for students. This diversity of instruction led to 
increased ways for students to engage with the material and 
contributed to the virtual classroom culture of inclusivity in 
assessment and instruction. However, providing a diversity of 
assessment and instructional methods is not without drawbacks: 
the initial design of the course was a considerable time commitment 
for the instructor, and grading multiple types of assignments 
submitted at inconsistent times throughout the week adds to the 
complexity of grading. In the semesters with more students (for 
example, 19 students in Fall 2022), the time spent on grading was 
increased and the instructor would not recommend exceeding the 
20 student cap unless additional graders are used, or grading can 
be automated.

The instructor would also like to note that certain accommodations 
made in this class may not provide students the best chance to succeed 
in future classes taken later in the program, as no other course is 
graded in this way. The freedom offered to the students may come at 
a price: students who grow accustomed to this way of learning may 
not be prepared for the long discussion posts and high-stakes exams 
they will encounter in other courses later in their program. The token 
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system added freedom for students to adjust their grade in a 
straightforward way but places the responsibility of processing token 
requests and adjusting due dates on the instructor and not the student. 
The autonomy experienced by students in this course is unique, as the 
flexibility and freedoms offered to students in future, traditional 
courses is significantly reduced.

6 Conclusion

Efforts to develop and implement sound grading practices continues 
to yield unique and promising alternatives to traditional points-based 
grading schemes. Specifications-based grading shows promise as a 
potential alternative that assigns student grades that reflect the student’s 
understanding of content rather than effort given or points earned. 
We have found that in an online, asynchronous setting, specifications-
based grading serves as a viable option for educators looking to improve 
student learning; our results show that specs grading courses can lead to 
improved assessment scores, targeted learning opportunities, and a more 
positive overall experience for students and instructors. We found that a 
critical piece in the success of specs grading is the opportunity for students 
to attempt assessment multiple times, and in our online asynchronous 
course, students found additional success by accessing multiple different 
assessment types, including short quizzes, long tests, and tutorial 
assessments. The positive impact that specs grading has had in CHEM 
510 comes primarily from offering multiple types of assessment to 
students and providing multiple attempts to complete them. We would 
like to encourage other instructors considering specs grading for their 
online class structure to also consider including multiple assessment 
methods to reduce stress and increase learning opportunities for students, 
without adding excess time commitments to the instructor in the process.

7 Acknowledgment of any conceptual, 
methodological, environmental, or 
material constraints

Limitations to this report include the small sample size and the 
fact that the course design was being evaluated retroactively rather 
than prospectively. In addition, there was only one instructor 
implementing teaching this course and multiple minor changes were 
made each semester to improve the specs grading design.
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The focus on grades has diminished the focus on learning. One strategy that

aims to return students’ attention to what they are actually learning (and not

just earning) is ungrading. Ungrading is thought of as any strategy in which

instructors do not assign a number or letter grade to students’ assignments and

assessments. Instead, faculty may (1) provide thorough feedback and engage

in dialogue with students about their work, and perhaps, (2) allow students to

assign their own grade. Whichever style of ungrading they choose, the scholars

that have been forging the path for ungrading come from a variety of fields

and perspectives, including STEM instructors in more recent years. The focus

on incorporating ungrading practices into the organic chemistry curriculum

provided here is adapted from a variety of practitioners, and especially the

foundational work of chemistry professor Clarissa Sorensen-Unruh. In addition

to discussing the current ungrading practices in various fields, we will use this

perspective article to share our own experience with and lessons learned from

beginning to incorporate ungrading in the undergraduate organic chemistry

curriculum, both as it relates to the implementation of the practice and our

own perceptions of the student experience and learning outcomes. Ultimately,

the goal is to allow students to see the significance of the process of learning

and to engage in some metacognitive work that they can apply to different

assignments, whether in our class or not. If we want students to focus on

learning, perhaps they should do the grading themselves.

KEYWORDS

grading, ungrading, organic chemistry, chemistry education research, metacognition

1 Introduction

Attention toward assessment has been increasing in recent years for multiple reasons
(Digital Science, 2018 and Supplementary Figure 1). As demands on faculty time continue
to grow, there are attempts to decrease instructor time and energy spent grading. It is
also important to help students learn that their grade in a particular class should not be
considered a reflection of how much time they spent reading, studying, or working practice
problems. This common misconception, that time spent is automatically equivalent to
knowledge obtained, and thus grade earned, is one that many instructors report as an issue
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for their students (Kemmerer, 2014; Carver et al., 2017). Students
spend time outside of class on their coursework, but it is the
quality and focus of that study time, like the use of self-testing,
that is typically positively associated with grade outcomes (Hartwig
and Dunlosky, 2012; Fergus, 2022). Students may understand that
higher quality studying leads to better grade outcomes, but they
don’t always know how to implement it (Tomes et al., 2011; Fergus
et al., 2021; Carpenter et al., 2024). To help students better assess
their own learning, we must take a more meaningful approach to
how instructors assess their learning.

Several reviews offer historical highlights of traditional
assignments of alphanumeric grades. Cureton’s article from 1971
indicates that “percentage grading,” established as early as the
mid-1800s, occurs when instructors determine what proportion
of the maximum grade (usually out of 100) a student should
earn on a given essay or examination (Cureton, 1971). By the
beginning of the 20th century, due in part to increased student
populations and a need to communicate student abilities between
institutions, grading on a letter scale gained popularity as a
universal standard (Schinske and Tanner, 2014). Furthermore,
using a normal distribution curve for assigning letter grades
was accepted as a meaningful measure of student abilities,
while minimizing subjectivity of individual instructor’s marks
(Schinske and Tanner, 2014).

Though he wasn’t the only skeptic of the time, in 1968, Bloom
questioned the validity and “sacredness” of the normal distribution
curve for grades and encouraged instructors to use strategies that
improved mastery of learning (Bloom, 1968). Referencing Carroll’s
A Model of School Learning (Carroll, 1963), Bloom says “if the
students are normally distributed with respect to aptitude, but the
kind and quality of instruction and the amount of time available
for learning are made appropriate to the characteristics and needs
of each student, the majority of students may be expected to
achieve mastery of the subject” (Bloom, 1968). As instructors have
attempted to modify their teaching methods to improve student
learning, they have also adjusted their expectations about the
normal distribution of the number of As and Fs granted. This
change in philosophy has led many to question what grades really
mean - or at least, what they’re supposed to mean - and alter their
approaches to assigning grades.

1.1 Support for ungrading

Even well-known proponents of the strategy tend to be fairly
vague when defining ungrading, perhaps trying not to exclude
practitioners willing to disrupt conventional grading techniques.
Jesse Stommel says it means “raising an eyebrow at grades as a
systemic practice, distinct from simply “not grading”” (Stommel,
2023). Since the 2020 release of her edited book Ungrading: Why
Rating Students Undermines Learning (and What to Do Instead),
Susan D. Blum has taken the perspective that the term should be an
umbrella term, describing a variety of approaches (Blum and Kohn,
2020). Katharine E. Johanesen takes it further, saying ungrading
describes “a variety of practices that decenter grading in a class.
[It] often involves eliminating or reducing numeric scoring in favor
of descriptive feedback and/or reflection” (Johanesen et al., 2023).
Ungrading can involve allowing students to assign their own grade

at the end of a course, giving students tools to grade their own
individual assignments, or anything else in between and beyond.

Kohn compiles several issues with assigning traditional grades,
ranging from adverse effects on student learning and motivation,
to the negative effect of grades on the relationship between student
and teacher (Kohn, 1999). Compared with traditional grading,
ungrading provides some hope for instructors that are looking
to improve students’ intrinsic motivation. Researchers like Butler,
Green, and Grant have observed that using grades as a source
of external motivation might push students to work for a better
grade, not necessarily to learn the material, or engage in classroom
assignments and discussions (Butler, 1988; Grant and Green, 2013).
Ungrading can be used to help students focus on what they need
to learn - or what they have learned - as opposed to assigning an
alphanumeric grade.

Importantly, ungrading has the potential to minimize or
eliminate inequity in college classrooms, though the true benefit
seems yet undetermined. In Undoing the Grade: Why We Grade
and How to Stop, Jesse Stommel argues that the current approach
to grading is already harmful, and that any new approaches, such as
ungrading, should be designed with flexibility, care, and structure
(Stommel, 2023). Supiano’s 2022 Chronicle article discusses math
professor Robert Talbert’s question of whether ungrading makes
the equity gap worse (Supiano, 2022). Notably, removing grade
“guideposts” may make it harder for marginalized students to
know where they stand. But students who are already at an
advantage, by having college-educated parents for example, are
having to learn a new system just like everyone else, potentially
leveling the playing field. In their recent book Grading for
Growth: A Guide to Alternative Grading Practices That Promote
Authentic Learning and Student Engagement in Higher Education,
Clark and Talbert discuss various benefits of alternative grading,
including ungrading, like providing clear standards, allowing
for reassessment without penalty, and “focusing on eventual
understanding”, which is expected to minimize biased grading
(Clark, 2023). With appropriate intention and care, instructors
may find ways to enhance equity in their classes with the
help of ungrading.

1.2 Examples of ungrading strategies in
STEM

We were inspired by STEM educators who have recently begun
exploring the ungrading landscape in their courses. Riesbeck and
Cangialosi teach computer science and biology, respectively, yet
their approaches to ungrading are quite similar - and they’ve
been in practice for over 20 years. Essentially, they both provide
feedback, without assigning grades, to student assignments and
allow the student to resubmit their work with revisions and
improvements (Riesbeck, 2017; Cangialosi, 2020). Cangialosi goes
a step further by asking students to complete self-assessments to
describe their activities and how successful they think they’ve been.
She reports that this is a rather illuminating experience, as students
are not typically equipped to accurately translate their efforts into
an appropriate grade. For instance, she mentions that a student
who had not yet started on a project gave themselves a “C” grade,
instead of a failing grade (Cangialosi, 2020). This disconnect allows
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her to have conversations with her students about what grades
actually mean, while still giving them the agency to improve based
on feedback she provides.

More recent STEM ungraders have leaned into the element
of student self-reflection and assessment. Katharine Johanesen’s
excellent 2023 report describes a number of ungrading iterations
in her geosciences courses that she has made over the years,
in conversation with other examples in the field (Johanesen
et al., 2023). Because of the clear emphasis on self-reflection and
structures provided for students to assess themselves, she reports
that students felt less anxious and more supported by the end of
the semester.

In chemistry, two prominent ungrading figures are Courtney
Sobers and Clarissa Sorensen-Unruh (Jarvis, 2020). Sobers
describes her experience with ungrading in a general chemistry
II laboratory class: she gives feedback, allows for student revision
and self-assessment, and confirms that their revisions are correct
(Rutgers School of Arts & Science-Newark, 2021). Sorensen-Unruh
has incorporated ungrading to varying degrees in several of her
general and organic chemistry classes, including requiring students
to grade their own mid-term exams (Jarvis, 2020).

Sorensen-Unruh’s motivation for ungrading resonated with
us as well, particularly her remarks in her online blog and
book chapter in Blum’s Ungrading: “I came to believe grading
undermines learning daily by focusing student interest on
achievement and not on learning” (Sorensen-Unruh, 2020). We
encourage interested parties to read the full book chapter, but
to briefly summarize her approach, students took their mid-term
exams as normal, Sorensen-Unruh would write feedback on each
exam and keep track of scores assigned for specific problems in her
own private spreadsheet. She then returned the exams to students,
and they would grade themselves. Sorensen-Unruh accepted the
student’s grade as long as it was within a standard deviation of
her own assessment. Further, the more accurate the student was in
their self-assessment, the more likely she was to assign extra credit,
incentivizing accurate corrections and grade assignment. Sorensen-
Unruh’s experience reflects a cooperative and amicable relationship
between faculty and students as it relates to their grade assignment.
She highlights the importance of trust in the relationship, but
also accountability and structure. Even her students recognize the
value of ungrading, with one saying, “I feel like ungrading focuses
on the higher level concerns and therefore encourages a deeper
understanding of the material, despite some potential issue with
lower level ideas” (Sorensen-Unruh, 2020). Getting students to
understand the significance of higher order learning, as opposed
to nitpicky point determination, is exactly the sort of experience we
were hoping to replicate in our own work.

2 Our experience

2.1 Background

Like many others, we were interested in making some
pedagogical changes in aftermath of the Covid-19 pandemic, which
prompted our foray into the relatively unexplored ungrading
territory. For the Fall 2020 semester, our institution offered one
or two condensed courses at a time to help mitigate the spread

and impact of Covid-19 on our campus. To facilitate a productive
learning environment given much longer lecture periods of 3 h, we
flipped all organic chemistry courses in both the first and second
semester. Students could learn the material through recorded
lecture videos before class, and we spent lecture time together
solving relevant practice problems. After this first academic year
of teaching the courses this way, we wanted to include more
avenues for students to take control of their own learning, rather
than relying on our assigned grades. We also sought to encourage
students to reflect on (or at least acknowledge) the feedback we
provided them, which often went unread. In this new era of
intensive active learning in the course, it was important that
students fully realized their power in both learning and assessing
their own learning - ungrading provided a helpful avenue for this
metacognitive work (Carpenter et al., 2024).

2.2 First iteration

Like many others report regarding their first experience
with ungrading, we were apprehensive to get started. Inspired
by Sorensen-Unruh’s incorporation of the strategy in her own
chemistry classes, particularly her desire to “divorce grades from
feedback” (Jarvis, 2020), we decided to start small with the four
in-class quizzes we provide over the course of a semester. The
model that we follow for quizzes is adapted from Sorensen-
Unruh’s approach with exams (Sorensen-Unruh, 2020). In our
initial iteration of ungrading, students took a 15-min quiz in class,
which was immediately collected by their instructor. After class, we
scanned the original copies of the completed quizzes and returned
them to students the same day, as indicated in the instructions
(Figure 1A). Using an available rubric on our learning management
system, students graded themselves over the course of several days,
and turned in their completed ungraded quiz at the next class
meeting. We assessed their ungraded quizzes, including confirming
a numeric grade, and returned them the following class meeting.
Importantly, the provided rubric did not have correct answers.
Instead, it included how many (if any) partial points to assign based
on the correct answer(s) given by students. The intention was that
students would review their notes, the textbook, and/or visit office
hours to confirm their answers or gain insight into how to solve the
problems. This approach was fairly manageable for us with class
sizes of approximately 20–35 students.

2.3 Revisions

Reflecting after the first semester of offering these ungraded
quizzes, we identified a few modifications that would provide a
bit more structure to students as they did this reflective work,
many of them for the very first time (Figure 1B). First, we made
the rubrics more detailed (Supplementary Figure 2). In addition
to providing the points students should assign themselves for
various parts of the answers, we directed students to the appropriate
sections of the required textbook and/or included helpful context
for solving the problems. We had found that students needed more
instruction to determine whether or not they even answered the
questions correctly.
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FIGURE 1

Organic Chemistry I ungraded quiz instructions for (A) Fall 2021 and (B) Fall 2023.

Second, students were allowed to receive up to two additional
bonus points for providing appropriate corrections and reflections -
even if they answered all questions correctly. Recognizing mistakes
and correcting them is an obviously helpful tool that we have
encouraged for years, but now those corrections are incentivized
in a way that they weren’t before. The reflections (recommended
by colleague Sarah K. Zingales) reinforce the notion that having
students see their mistakes, make corrections, and meaningfully
reflect on their problem-solving process, and how that process might
need to change, is so valuable for the metacognitive work we need
students to engage in.

Lastly, we realized that we needed to give students more
choice. Most, if not all, students enrolled in either semester of
Organic Chemistry are also taking at least one or two other
science courses with associated 3-h labs. Many of our best students
are also teaching assistants, tutors, resident advisors, and/or
working in the on-campus, student-run emergency response team.
Although we recognize the impact of making corrections and self-
reflection on their own learning, sometimes time constraints limit
a student’s ability to meaningfully engage in this work. Students
are allowed to opt-out of ungrading for each quiz if they so
choose, and are thus ineligible for the two bonus points. Most

students still choose to ungrade themselves, anywhere from 80 to
100% of the time.

These three changes were implemented in the very next
semester, Spring 2022, during the Organic Chemistry 2 lecture
courses, and we still use them in Spring 2024.

3 Discussion and future directions

3.1 Impact on faculty time

We feel the need to be very clear about one thing - this version
of ungrading does not reduce the grading burden on faculty. In
fact, in our experience, it takes longer to evaluate students’ ungraded
efforts and reflections than it would to simply grade the quizzes. In
order to ensure the students actually graded themselves correctly,
we essentially grade them twice at once - both the original answers
and the students’ assessment of their answers. Reviewing student
reflections is also time-intensive, but we find it to be a worthy
component to help achieve our metacognitive goals.

Ultimately, if your goal is to reduce the amount of time you
spend grading, use a different ungrading approach. If your goal is to
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help students meaningfully reflect on their own learning, this could
be a valuable strategy for you to try.

3.2 Impact on student outcomes

From our viewpoint, most students tolerate the ungrading
strategy and are willing to participate in the process of grading
themselves. The most well-prepared students do well when making
quiz corrections and reflecting on their thought processes, and
those insights seem to last as they prepare for exams. We suspect
that a correlation exists between student accuracy in ungrading
quizzes and exam performance, but we do not yet have the data
to verify this suspicion. As such, we have concerns that the students
who were already going to perform well in the class are the ones
that typically perform better on their ungraded quizzes, as well as
their reflections. Incentivizing accurate corrections and reflections
with bonus points does seem to encourage the average and lower
performing students, but it is clear that the primary beneficiaries
are the top students.

A challenge we have faced is that some students will over-assess
their performance on assignments or the course, giving themselves
a higher grade than they actually earned, despite our inclusion
of the detailed rubric with instructions on how to find correct
answers. In our experience, the discrepancy is less likely because
of an attempt to “game the system”, and more likely a result of
not attributing the necessary time and effort toward accurately
assessing themselves. It is unclear whether they do not recognize
their mistakes, do not refer back to the required resources, or simply
underestimate the amount of time and effort it takes to critically
reflect on their work.

We believe that this process of ungrading and self-reflection
helps students learn how to learn, a valuable skill that can be applied
throughout their college and professional careers.

3.3 Future directions

As ungrading becomes increasingly prominent in the academic
and popular literature, we will continue to look to our STEM peers
for insights to refine the process in a way that works for us and
our students. As we seek to develop and identify improvements
to our ungrading process, it is critical that we consider the
important balance between giving students ownership of their
grade, and holding them accountable for learning the content.
Organic chemistry is a gateway course into upper-level chemistry
courses, as well as many health-related professional graduate
programs. Making sure that students use ungraded assignments as
opportunities to reflect on their learning, and to think about their
thinking, is critical to their success in the future.

In the future, we would like to investigate the longitudinal
outcomes of applying this assessment structure. As mentioned,
we expect a correlation between ungrading accuracy and exam
performance. Perhaps other correlations may exist, such as grade
outcomes in the second semester of organic chemistry or other
upper-level chemistry courses. It will be important for chemistry
education researchers to compare course outcomes for students
who reflect on their answers, both correct and incorrect ones, with

those who just make corrections on original answers. If differences
are present, we could evaluate whether the differences can be
attributed to student effort, faculty expectations, prior chemistry
preparation, or something else. Regardless of the findings, it is
important that we learn more about ungrading, and that we don’t
give up the practice.
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