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ABSTRACT: The affordances given to a structured, timed, and
proctored paper exam are not as readily applicable in a digital
medium. Accordingly, the rapid shift from in-person to online
enactments may have forced instructors to consider changing their
assessment practices and priorities. As assessments convey strong
implicit messages about “what counts” in a given learning
environment, altering what is assessed may have a profound impact
on what students view as important in a course. Our four-instructor
team sought to examine whether we were able to maintain emphasis
on assessing how and why chemical phenomena occur online while
minimizing negative impacts to students, teaching assistants, and
ourselves. To support claims regarding the degree to which online
assessments emphasized sensemaking relative to past exams, we
characterized all summative assessments given in organic chemistry II enactments from 2016 to the present using the three-
dimensional learning assessment protocol. To examine the impact of enrolling in a rapidly assembled online organic course on
student outcomes, we examined the distribution of students who performed above, at, or below the final exam score predicted by
their midterm performance and compared this distribution with historic norms. Results suggest that we were able to maintain
emphasis on student sensemaking as our course moved online (∼50% of points on exams administered remotely were dedicated to
3D performances). Additionally, the distribution of students enrolled this past spring who scored above, at, or below the final exam
score predicted by their midterm performance was in line with historic norms. When taken in aggregate, our analyses suggest that
organic chemistry-enrolled students maintained their ability to make sense of chemical phenomena after the pivot to online
instruction. Consistent emphasis on assessing 3D learning online was achieved without adding appreciably to the burden on
instructors or teaching assistants due to our assessment writing practices, streamlined approach to online grading, and pre-existing
course resources. Instructional implications for assessment design, enacting team grading, and tracking student trajectories are
provided in addition to a suite of assessment items with the potential to engage students in sensemaking.
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In response to the global pandemic wrought by COVID-19
and the subsequent shuttering of in-person classes at

institutions of higher education, instructors have been forced
to quickly adapt their courses to an online format. Assessment
in a hastily assembled, virtual learning environment presents
special challenges. The once straightforward logistics of
administering a printed exam to a room full of students and
subsequently assembling a group of graders to review and
discuss exams do not necessarily translate to a digital medium.
One might imagine many possible solutions to this set of
challenges, including the administration of automatically
graded multiple-choice assessments or requiring students to
upload files containing their responses to exam prompts.
Unfortunately, the literature on online assessments provides

little in the way of precise, actionable recommendations for

college chemistry instructors. For example, some studies
suggest that online enactments can be as “effective” as face-
to-face instruction but fail to elaborate on the characteristics of
“effective online environments” in disciplinary contexts.1

Likewise, literature indicating that timely and meaningful
feedback on assessment responses is especially important in
online environments does not delve into the particulars of what
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this sort of feedback should look like in college chemistry
courses.2 Relatedly, very little work has been done on what
could or should be assessed in online chemistry learning
environments and how the messages about “what counts”
might change if assessment foci shift between in-person and
online enactments.
As assessments send strong implicit messages to students

about the focus of a course,3−8 modifications to assessment
practices and priorities have the potential to alter students’
perspective on what is important in a given learning
environment. If all (or most) questions on quizzes or exams
may be addressed via recall of facts, recognition of patterns,
and/or application of simple algorithms, then students will
receive and respond to the message that skills and factoids are
“what matters”.6 We expect that the vital role of assessment
emphasis in charting student priorities would be the same
whether instruction is in-person or online. If, in the move to
remote instruction, one turns to assessment of trivia as the sole
measure of learning, then many enrolled students will likely
direct their efforts toward memorizing disconnected bits of
information. As we seek to prepare our students for their
subsequent courses and careers, such measures of academic
achievement would be potentially irrelevant or problematic.
Our four-instructor team (B.J.E., J.D.M., A.J.E., and R.L.S.)

is committed to engaging students in weaving together
fundamental disciplinary ideas to explain how and why
chemical phenomena occur. By foregrounding making sense
of phenomena in terms of atomic/molecular behavior, we hope
to illumine the predictive and explanatory power of models
useful in organic chemistry, as well as emphasize the broad
utility of scientific ways of knowing. Due to the role of
assessments in conveying to students the true values of a
course, our organic chemistry II instructional team attempted
to maintain assessment emphasis on making sense of
phenomena as our course moved online. The work presented
here examines how successful we were in emphasizing
predicting, explaining, and modeling phenomena in the hastily
assembled online version of our course. We operationalize
“making sense of phenomena” in terms of leveraging the “big
ideas” of a discipline to engage in practices characteristic of
work in science as framed by cross-cutting lenses. Defining
intellectual “heavy lifting” in terms of blending these three
elements is consistent with the construct of three-dimensional
learning put forth by the National Academies study A
Framework for K-12 Science Education (the Framework).9 We
further aimed to ascertain whether our expectations of students
were reasonablethat is, how student performance this
semester compared to the performance of students in
semesters where no crisis occurred. In pursuit of these goals,
we considered the following questions:

(1) How feasible is assessing three-dimensional learning in
an online organic chemistry learning environment?

(2) To what extent did the sudden shift to remote
assessment impact the predicted outcomes of students?

Question (1) foregrounds the feasibility of writing,
administering, grading, and returning assessment items that
have the potential to elicit evidence of 3D learning. In
addressing this research question, we examine whether our
course assessments (i.e., exams, problem sets, discussion
activities) did, in fact, emphasize making sense of phenomena
and whether emphasis on 3D learning was coherent (that is,
pervasive throughout all elements of the course). We further

comment on how we were able to administer, grade, and
return assessments without significantly increasing the burden
on our instructional team. Question (2) centers around the
extent to which the rapid shift to remote learning affected the
degree to which students’ scores on exam 2 (the last exam
administered in-person) were predictive of their final exam
scores. If students enrolled in organic chemistry II in Spring
2020 more often performed above or below what was
predicted than their peers in prior (in-person) semesters,
then concerns as to the differences of online and in-person
assessments may be justified. Evidence from this study has the
potential to support claims as to whether online organic
chemistry learning environments can feasibly assess 3D
learning without negatively impacting student performance
and/or overwhelming instructors.

■ ON THREE-DIMENSIONAL ASSESSMENTS
As a focus of this piece is determining whether a rapidly
assembled online organic course could feasibly emphasize
making sense of phenomena on assessments, it is worthwhile
to briefly discuss the nature of assessment as well as how one
might determine whether an assessment has the potential to
engage students in 3D performances. Assessment should be
viewed as a process of evidentiary argument in which what
students know and can do is inferred from their responses to
assessment tasks.10 Although these inferences are necessarily
imperfect (as we cannot read minds), the strength of evidence
a task can provide is powerfully affected by the structure of that
task.11 Further, interpretation of assessment evidence rests
upon assumptions one makes about learning. As has been
detailed in past work,12−14 we view cognition as best modeled
by context-sensitive activation of small-grain knowledge
elements. Through this lens, student answers to assessment
prompts may or may not indicate stable patterns of intellectual
resource activation. It is therefore appropriate to provide
students with many opportunities to predict, explain, and
model related phenomena in order to elicit evidence of the
ideas they connect and use to reason across contexts. Stated
differently, if instructors wish to elicit persuasive evidence that
students can weave together fundamental disciplinary ideas to
make sense of a range of phenomena, then they should prompt
for construction of explanations and explanatory models on a
range of assessments given throughout a course.
As noted previously, “sensemaking” may be more precisely

operationalized by specifying how students should draw on
“big ideas” to engage in practices characteristic of work in
science as framed by cross-cutting lenses. Describing science
learning in terms of disciplinary core ideas (DCIs),15 science
and engineering practices (SEPs),16 and cross-cutting concepts
(CCCs)17 has been termed “three-dimensional learning” by
the Framework.9 When we invoke “sensemaking” in this piece,
we are referring to cognitive processes useful for figuring out
how aspects of the world work.18−20 These include figuring out
“what happened” in a reaction system via analysis and
interpretation of spectroscopic data and subsequent argumen-
tation from evidence12 as well as constructing explanations/
explanatory models about how and why a phenomenon
occurred.21 We acknowledge that the construct of “sense-
making” has also been used to describe a stance toward
knowledge construction22−25 as well as discourse practices that
make this stance, and the related activation of resources, visible
to researchers and educators.26−28 Our data corpus for this
study cannot support claims about students’ sense of “what is
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going on”29 as they engaged in knowledge-in-use assessments
or the discourse practices that might have characterized
student work on discussion and homework activities.
Accordingly, we make no claims about sensemaking frames30

or dialogue consistent with such frames.
We refer to “3D assessments” as tasks that have the potential

to elicit evidence of students drawing on resources related to
“big ideas” to make sense of how and why phenomena occur.
Laverty and colleagues have put forth criteria that enable
researchers and practitioners to identify and design items that
have the potential to elicit evidence of 3D learning.31 This 3D
learning assessment protocol (or 3D-LAP) has been used to
characterize how assessments change in response to curricular
transformations32 and to guide modification of traditional
assessment items in order that they might elicit stronger
evidence of knowledge-in-use.33 The 3D-LAP finds utility here
as a means of characterizing the degree to which organic
chemistry learning environments at UWMadison have and
continue to emphasize 3D learning. Importantly, to potentially
elicit evidence of 3D learning, a task must explicitly ask
students to connect “big ideas” to phenomenathis
connection should not be inferred without written evidence.
Common question types that populate organic chemistry
exams, such as “predict the product”, “draw the mechanism”,
or “determine the structure of an unknown compound from
spectra” do not typically ask students why their claim (e.g.,
predicted product, mechanism, structure of an unknown) is
consistent with relevant scientific principles.16 Accordingly, we
do not know whether students who predicted the proper
product or drew a correct mechanism leveraged appropriate
concepts. Indeed, it has been reported that students often
“decorate” intermediates and products with arrows rather than
using curved arrows as predictive tools.34 Further, even
graduate students often propose mechanistic steps because it
“gets them to the product” rather than because that step is
plausible in the system being examined.35

Tasks that satisfy 3D-LAP criteria for the “potential to elicit
evidence of 3D Learning” do not inevitably elicit this evidence.
Construction of explanations/explanatory models on assess-
ments requires students to call to mind and connect knowledge
elements that relate atomic/molecular behavior to phenomena.
This is a complex and often counterintuitive task that typically
requires explicit prompting.11,36 Indeed, Cooper and colleagues
found that asking students to explain what is happening in an
acid−base reaction followed by why it occurs elicited more
sophisticated explanations than simply asking students to
explain what they “think is happening at the molecular level”.11

Calibrating the scaffolding of 3D items is nontrivial, as overly
structured items might overestimate understanding whereas
underspecified prompts might elicit less sophisticated
responses than students are capable of constructing. Evidence
of response process validity should be collected for any 3D
tasks used as research instruments.
We are not advocating that all organic chemistry assessment

items be 3D. There are certainly competencies that we want
students to develop that do not fall under the umbrella of
“making sense of a phenomenon” (e.g., the ability to draw
structural representations). Additionally, there is value in
prompts that ask students to predict the outcome of a reaction
or devise a reasonable synthetic route without requiring that
they justify their claim explicitly. We can infer that students
struggled to connect appropriate resources if they proposed an
extremely unreasonable reaction product or synthesis. We are,

however, advocating that a substantial amount of points on
course assessments be dedicated to 3D tasks. If we want
students to receive and respond to the message that figuring
out how and why things happen is a central goal of organic
chemistry, we must ensure point allocations are consistent with
that message. Modern examples of general and organic
chemistry curricula that emphasize 3D learning have typically
dedicated 35−50% of points on exams to tasks that require one
weave together big ideas to engage in a scientific practice.32

Challenges to Assessing Learning in Online Environments

The rapid pivot of virtually all in-person university courses to
online administration is unprecedented in the modern era.
With precious little notice, instructors were tasked with
cobbling together instructional and assessment strategies that
both embodied course expectations and were flexible enough
to accommodate the diverse needs and technological
capabilities of enrolled students. For the assessment status
quo which, in large-enrollment STEM courses, is often timed,
proctored exams completed by individual students without the
aid of outside resources cannot be wholly realized online.
Attempts to restrict access to static resources (e.g., notes, the
textbook) and/or peers while students are engaged in an
online assessment can include employing intrusive and
bandwidth intensive remote proctoring services and/or
restricting assessment availability to a defined time window.
We are unaware of literature attesting to the efficacy of these
approaches in remote assessment scenarios. Further, we expect
reliance on bandwidth-intensive proctoring methods has the
potential to widen inequities brought about by disparities in
Internet access.37

Prompts in which students are asked to explain how and why
phenomena occur have the potential to be especially
challenging to administer and grade online. Although it is
possible to write 3D multiple-choice questions and automate
their grading using a learning management system, far stronger
evidence of student sensemaking may be elicited by 3D
constructed response tasks.38 Responding to such open-ended
tasks requires either a platform that accepts students’ drawing
and writing (like beSocratic)39,40 or a mechanism by which
students can view prompts and upload files containing their
responses. Once student responses are received, one then must
find a way to view and grade responses to each prompt and
communicate these grades to students. If desired, it may also
be useful to create a mechanism for students to check
correspondence between their responses and the answer key
and request a regrade if merited.

■ METHODS

Course Context

This study occurred in the context of the second-semester
organic chemistry course in a two-semester sequence. Here, we
will refer to this course as “organic chemistry II”. At UW
Madison, one organic chemistry sequence serves both
chemistry majors and nonchemistry STEM majors. Organic
chemistry II typically enrolls between 170 and 250 students
per section. Two concurrent sessions are offered in the fall and
five concurrent sessions in the spring. All course sections use
the sixth edition of Organic Chemistry by Loudon and Parise41

as their course textbook, and most enactments follow the
book’s conceptual progression. Students enrolled in organic
chemistry II meet as a large group for 150 min each week and
attend a weekly 50 min discussion section, where they work in
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groups on tasks set by the instructor and/or teaching assistants
(TAs). The course sections that are the focus of this study
were structured according to a unified curriculum that places
substantial emphasis on students constructing and using
atomic/molecular models to make sense of chemical
phenomena. This curriculum may be considered “big idea
centered” in that, like other transformed courses,42−44 students
are tasked with using fundamental disciplinary ideas (e.g.,
energy, electrostatics, donor−acceptor interactions) to explain
and model increasingly sophisticated systems. Discussion
activities and homework problems were designed by two
members of the course instructional team (B.J.E. and A.J.E.) to
engage students in making sense of phenomena as well as other
relevant skills. No course credit was allotted to engagement
with discussion activities or work on homework problems. All
homework, together with the corresponding keys, was posted
to the course learning management system at the beginning of
the semester. Course points derive from performance on four
examinations, three approximately equally spaced midterms
and a final, and three quizzes. All organic chemistry II
enactments examined in this work are “on-sequence”, meaning
that they were offered in the spring semester. The data
presented here derives from organic chemistry II enactments
from Spring 2016−Spring 2020.
In response to the COVID-19 pandemic, all organic

chemistry II instruction was moved online beginning on
March 12, 2020. In lieu of attending live whole class meetings,
students were to watch prerecorded lectures from the previous
spring in which one of the course instructors (B.J.E.) narrated
how big ideas could be woven together to explain and predict
phenomena. Two midterm examinations were given prior to
the pivot to remote instruction and two examinations, a
midterm and the final, were given after. Discussion meetings
were disbanded after the move to online environments as there
was not time to train TAs and students in the use of the
relevant software. Instead, students were provided discussion
activities and corresponding keys to work through remotely
during the virtual portion of the semester. Discussion activities
1−7 were the focus of weekly discussion meetings held in-
person, and discussion activities 8−13 were released on Canvas
(the learning management system used by UWMadison) for
students to work through remotely. Students could obtain
feedback on their discussion activity and homework item
responses asynchronously via Q&A platform Piazza. Piazza
served as the main forum for student questions for the entirety
of the spring semester. Using this platform, students may
provide feedback to one another and course instructors may
help clarify areas of confusion. Synchronous feedback to
student questions was also accessible via regular instructor
office hours facilitated by Blackboard Collaborate Ultra.

Approach to Online Assessments

Our approach to assessing student learning in an Internet-
mediated course was made more straightforward by our long-
standing approach to writing and refining assessment tasks.
Before the beginning of the term, the three instructors who
enacted organic chemistry II this spring (B.J.E., J.D.M., and
R.L.S.) each took the lead on authoring one of the three
midterm examinations. Esselman volunteered to draft the final
exam. The three-instructor team met to discuss refinements to
each exam draft prior to the start of instruction. Refinements
focused on (1) the potential of prompts to elicit evidence of
students using big ideas to explain phenomena, (2) whether

prompts were sufficiently scaffolded, and (3) whether
important performances were being assessed. Each draft was
revised in response to critiques brought to the fore by the
instructor group. Approximately 3 weeks before each exam was
to be administered, feedback on the exam draft was solicited
from all course TAs at a weekly staff meeting. TA feedback
often focused on how tasks could be worded more clearly as
well as how the grading rubric should be elaborated. Midterm
3 and the final exam were both given after instruction was
moved online. Both assessments were changed minimally
relative to the drafts prepared at the start of the semester
what we wanted students to know and be able to do did not
change with the move to remote instruction. Changes were
made to both remotely administered assessments to reduce the
accessibility of answers on the Internet (e.g., removing the
trade names of drug molecules students were asked to
synthesize).
All course assessments were administered using Canvas after

the move to remote instruction. A time window was selected
for each exam that fit with most student schedules. Consistent
with in-person enactments, conflicts with this time window
were collected via a Google form and handled on a case-by-
case basis by the instructor team. At the assigned time,
students were to download a .pdf of their exam from Canvas,
construct responses to assessment prompts, and upload their
answers. In order to allow students ample time to contend with
technical issues, they were allotted 1 h in addition to the
normal time window provided for each exam. Accordingly,
students were given 150 min for exam 3 and 180 min for the
final exam. One of the course instructors was on-call for the full
duration of each exam to address any student questions. All
reasonable file types were accepted for upload. We accepted
.pdfs annotated by tablet, pictures of responses hand-written
on notebook paper, and scans of written responses on a printed
exam form. Near the end of an exam submission window, all
course instructors assisted students who were experiencing
technical difficulties. We observed that these difficulties
decreased in number as the semester progressed. Ultimately,
all students who wished to submit responses to exam tasks
were successful.
Grading responses to tasks which ask students to explain

how and why chemical phenomena occur is a time-consuming
task. However, if we would like students to receive and
respond to the message that sensemaking, rather than trivia, is
the focus of organic chemistry, such tasks are an essential part
of our learning environments. To streamline our grading
process, grading teams were dedicated to a single problem on
the exam. Each group was led by regular TAs (n = 6) or a
course instructor. All add-on graders had experience evaluating
student responses to organic chemistry prompts and most were
former TAs in our department. Hiring additional graders is
common practice in our department whether courses are held
online or in-person. We typically aim for a ratio of
approximately 20 students/grader. The rubric for each task,
which was written and revised along with exam prompts, was
loaded into a Google Document to enable each grading team
to note alterations to grading procedures. Each grading team
was assigned both a primary and a secondary prompt to grade.
Once a team completed grading their primary problem, they
helped with their secondary assignment. Grading teams
worked to ensure consistent grading by discussing any issues
that arose with their team via video conference. Exam forms
were displayed using the Speedgrader interface in Canvas,
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which enabled graders to annotate student uploads with points
earned per question and other feedback. Point totals on each
question were entered into a Google sheet, which tabulated
students’ total exam score. It took a team of approximately 30
graders around 6 h to grade 556 exams. This is approximately
the same amount of time that was required for 30 graders to
grade the same number of exams in-person at the beginning of
the semester.
We recognize that assembling a team of 30 graders may not

be practical for many instructors and that we occupy a
privileged position at a well-resourced university. There are a
number of strategies that can be used to reduce the grading
workload while still emphasizing 3D learning on exams. Many
questions in which students are asked to make a claim (e.g.,
major reaction products, or the absolute configuration of a
stereocenter) may be asked as selected response (i.e., multiple-
choice) items. Further, as we have reported previously,16 it is
possible to author 3D selected response tasks for organic
chemistry. The grading of such tasks may be automated by a
learning management system.
Return of graded exams, generation of reports informing

students of their standing in the class, and collection of regrade
requests was all made more straightforward by pre-existing
infrastructure developed by B.J.E. and A.J.E. For example, our
course grading spreadsheet, which has undergone numerous
refinements over the past 5 years, is able to generate and send
individualized grade reports that display a student’s stand-
ardized grade on the recent exam as well as prior exams in the
course, represent a student’s grade trajectory using a graph, and
list an estimated letter grade for the course, assuming grade
cutoffs in-line with historical norms. Grade reports were
created by this spreadsheet following each assessment
administered online. In addition to releasing grade reports to
each student, we also released the key to the exam and invited
students to submit regrade requests via a Google form if they
believe that points were apportioned incorrectly. One or more
of the course instructors reviewed and responded to each
regrade request. Releasing grade reports and the exam key is
consistent with our long-standing aim of making assignment of
grades as transparent as possible to students. The time
required to return exams and respond to regrade requests was
approximately the same whether enactments were in-person or
online. A copy of the grading spreadsheet we used, which
enables generation of grade reports and tracks students’ grade
trajectories throughout the course, has been appended to this
article. We are hopeful it will be a useful tool to instructors
enacting courses online in the fall.

Student Participants

This work was conducted as a program evaluation at UW
Madison in order to gain insight as to the impact the rapid
pivot to remote instruction had on student ability to engage
with 3D assessments. As such, no Institutional Review Board
approval was deemed necessary.
Our sample is made up of students from five cohorts, with

each cohort consisting of students who completed the final
exam in sections of organic chemistry II structured according
to the unified curriculum mentioned previously. Earlier
versions (2016 through 2018) of the course were taught by
a single instructor. For the last 2 years, organic chemistry II
was taught collaboratively by a team of two (2019) or three
(2020) instructors. A total of 1546 students contributed data
to this work (see Table 1).

To determine whether significant differences could be
detected in the academic measures for our three cohorts, we
ran a series of Mann−Whitney U tests comparing, in a pairwise
fashion, cohort ACT scores and cumulative grade point
averages at the conclusion of the spring term in which they
were enrolled in organic chemistry II. These tests, and all
statistical analyses reported in this piece, were performed using
SPSS version 26 for Mac.45 Table S1 in the Supporting
Information describes the results of our pairwise Mann−
Whitney U tests. In summary, whereas there were several
statistically significant differences that emerged from these
tests, none rose to the level of “practical significance”. That is,
all significant differences had a small effect size according to
guidelines published by Cohen.46 Our criterion for significance
in this study was a p value ≤0.01.
RQ1: How Feasible Is Assessing Three-Dimensional
Learning in an Online Organic Chemistry Learning
Environment?

It is not reasonable to expect students to figure out the cause
for a phenomenon on an exam unless they have had substantial
prior opportunities to construct and critique explanations and
explanatory models. A long chain of often counterintuitive
inferences connect fundamental ideas such as bonding and
energy to most phenomena.47,48 Accordingly, students require
practice calling to mind and connecting the relevant knowledge
elements to construct reasonable explanations for observable
events in terms of atomic/molecular behavior.13 We claim that
assessment of 3D learning, whether online or in-person, is only
feasible if all parts of the course engage students in making
atomic/molecular sense of phenomena. To characterize the
degree to which our learning environment coherently
emphasized sensemaking, we examined the intellectual work
prompted for on both high stakes assessments (i.e., exams) and
on low-stakes homework and discussion activities using the
3D-LAP.31 As examinations given in prior years are provided
to students as practice, our analysis included exams from the
last 5 years. Two authors (K.S.D. and C.E.S.) independently
coded the potential of each task to elicit evidence of student
engagement in scientific practices, core ideas, and/or cross-
cutting concepts. They subsequently met to discuss any
discrepancies in coding and reached consensus on the
assignment of all codes. Consensus codes describing the

Table 1. Descriptive Statistics Suggest No Considerable
Differences in Student Achievement (Cumulative GPA) and
Preparation (ACT Composite Scores) Were Observed
Amongst Organic Chemistry II Students at the Research
Settinga

aA subset of organic chemistry II-enrolled students did not have a
composite ACT score on record with the university. Accordingly, the
sample sizes listed under “ACT Composite Score” represent fewer
than the total number of students enrolled in the sections examined.
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potential of each assessment prompt to elicit evidence of 3D
learning have been provided in the Supporting Information. All
assessment items that were coded have been likewise
appended. Importantly, assessment items that meet the 3D-
LAP criteria have the potential to elicit evidence of 3D learning,
but, without further evidence, we cannot infer the degree to
which this potential is realized. Additionally, sets of tasks
linked to a diagram, context, question stem, or similar
construct are coded as a single unit for the purposes of this
analysis. Coding clusters of related items with a single set of
descriptors has the potential to overstate the amount of points
an assessment dedicates to 3D tasks. For example, an eight-part
prompt in which only three parts meet 3D-LAP criteria for
potentially eliciting evidence of 3D learning would be coded as
a “3D prompt”.

RQ2: To What Extent Did the Sudden Shift to Remote
Assessment Impact the Predicted Outcomes of Students?

Two approaches were used to determine whether significant
differences existed between the achievement measures and
grade trajectories of students taught online and those enrolled
in in-person coursework. First, we regressed students’ stand-
ardized exam 2 (administered in-person) performance onto
predictions of standardized final exam scores. Then, we divided
the residuals into a top, middle, and bottom third to examine
how many students performed above, at, or below what was
predicted. Students’ exam 2 score was the most predictive of
their final exam score of all achievement measures collected
prior to the pivot to remote instruction. A Pearson’s χ2 test was
used to analyze the relationship between enrolling in organic
chemistry II during a given semester and the distribution of
students who scored “above”, “at”, or “below” their predicted
final exam score. The effect size of this association was
calculated using Cramer’s V and interpreted using guidelines
published by Cohen.46 These guidelines stipulate that a small
effect would have a Cramer’s V of 0.1, a medium effect would
have a Cramer’s V of 0.3, and a large effect would have a
Cramer’s V of 0.5. As a significant association emerged from
this χ2 test, a posthoc analysis of the resulting contingency
table was conducted in order to support inferences as to the
driver(s) of that significance. This analysis consisted of
comparing the standardized residual for each cell to the
critical value, which was 2.58 for this study. Standardized
residuals provide a means of evaluating how different the
observed value reported in a cell is from what would be
expected.49 The sign of these residuals indicate whether an
observed value is greater than expected by chance (in which
case it will be positive), or less than expected by chance (in
which case it will be negative). Residuals greater in magnitude
than the critical value were deemed primary drivers for the
significant relationship denoted by the results of the χ2 test.
We also conducted a series of Mann−Whitney U tests

comparing, in a pairwise fashion, the distribution of earned
points on exam 3 and the distribution of earned points on the
final exam. Recall that exams 3 and 4 were held after the move
to remote instruction during the Spring 2020 semester. Our
threshold for significance in this work was a p ≤ 0.01. To
reduce the risk of a type I error in our analysis of four paired
Mann−Whitney U tests, we applied a Bonferroni correction
thus, a p ≤ 0.0025 was our criterion for significance.

■ RESULTS AND DISCUSSION

Three-Dimensional Learning in an Online Organic
Chemistry Learning Environment Is Feasible

In Figure 1, we report the percentage of points on organic
chemistry II examinations dedicated to tasks capable of

eliciting evidence of 3D learning. The number of students
who engaged with each assessment is represented by the size of
each dot. Earlier versions of the course were taught by a single
instructor (n = 215 in 2016, n = 171 in 2017, and n = 206 in
2018). For the last 2 years, organic chemistry II was taught
collaboratively by a team of two (2019, n = 398) or three
(2020, n = 556) instructors.
Examination of Figure 1 reveals several interesting trends

that merit unpacking. During the 5 year period examined, the
final exam has always dedicated a substantial amount of points
(33−51%) to tasks that require students to explain how and
why chemical phenomena occur. As this exam is meant to
embody the expectations for the course as a whole, consistent
emphasis on 3D prompts is encouraging. It is important to
note that a significant amount of points on the final exam given
this past spring were dedicated to a large multipart question
which, when considered as a single unit of analysis, had the
potential to elicit evidence of 3D learning. Although this
sequence of prompts related to an overarching narrative, many
individual tasks did not meet 3D-LAP criteria for potentially
engaging students in making sense of chemical phenomena.
Consequently, the high percentage of points we describe as
dedicated to 3D assessments on the Spring 2020 final exam is
due in part to coding clusters of related questions together.
Exam 2 typically places little emphasis on assessing 3D learning
(0−14% of points dedicated to 3D tasks). The second
midterm assesses a portion of the course that focuses on (1)
phenomena deemed too complex to be readily explained by
students (e.g., palladium-catalyzed cross-coupling reactions,
oxidation of phenols) and (2) slight variations on phenomena
grappled with on previous assessments (e.g., reactions of allylic
and benzylic systems, electrophilic aromatic substitution of
phenol). Accordingly, it is not too surprising that there are

Figure 1. Percentage of points on organic chemistry II examinations
dedicated to tasks that have the potential to elicit evidence of 3D
learning over a 5 year period. Exams 1−3 represent midterm
examinations, and exam 4 represents the final exam for the course.
Each data point is scaled by the number of students who took each
exam.
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fewer prompts on this exam asking students to make sense of
observable events. In future iterations of this course, we would
like to increasingly emphasize sensemaking during the middle
third of the semester. The degree to which exam 1 and exam 3
emphasize making sense of phenomena has varied substantially
during the 5 year period examined. However, the first and third
midterms given during the spring of 2020 emphasize 3D
learning to a greater extent than analogous test variants given
in earlier years. Notably, the two high-stakes assessments given
after the shift to remote instruction this spring (i.e., exam 3 and
exam 4) place substantial emphasis on students making sense
of chemical phenomena. This demonstrates that it is possible
to continue the focus of assessments on 3D learning in an
online learning environment. That is, we were logistically able
to create, administer and grade assessments which placed
substantial emphasis on students constructing explanations and
explanatory models detailing how and why phenomena
occurred. Additionally, as noted previously, this was accom-
plished without substantially increasing the burden on our
instructional team.
No points are allotted to either discussion activities or

problem sets, so it is not possible to report the percentage of
points dedicated to 3D tasks on these assessments.
Accordingly, we report how many discussion and homework
activities had at least one 3D item and how many had two or
more such items. Recall that 3D items very often consist of
multiple parts and so “one 3D item” may in fact engage
students in several related tasks. Out of a total of 14 problem
sets, 12 had at least one question that met the 3D-LAP criteria
for potentially eliciting evidence of 3D learning. Eight problem
sets had two or more 3D assessment prompts. Out of a total of
13 discussion activities for the semester, 7 had at least one 3D
question and 3 had two or more 3D questions. Early in the
course, there is substantial emphasis on analysis and
interpretation of spectroscopic data to support claims as to
the structure of an unknown. While this sort of activity
constitutes a pairing of two scientific practices (analysis and
interpretation of data and argumentation from evidence),12

students need not understand the conceptual basis of
spectroscopic techniques to construct evidence-based claims.
Thus, few prompts in the first three problem sets and
discussion activities are “three-dimensional”. Most 3D tasks
given as homework or in discussion meetings required students
to construct explanations and/or explanatory models. This is
consistent with our stated goal of students explaining how and
why chemical phenomena occur. Given that virtually all of the
problem sets and well over half of the discussion activities
contained at least one item that had the potential to elicit
evidence of 3D learning, we would argue that our course
consistently emphasized making sense of chemical phenomena.

These resources, coupled with practice exams derived from
prior years’ assessments, were designed to convey the message
that weaving together core ideas to explain how and why things
happened “counted” in our course. As problem sets and
discussion activities, together with corresponding keys, were
uploaded to Canvas for students to complete at their leisure,
providing students with low-stakes 3D assessments incurred no
additional burden on our instructional team after the pivot to
remote instruction. As per usual, students were able to obtain
feedback on their assessment responses, as well as offer
feedback to their peers, via posting on Piazza. Codes describing
the emphasis of each problem set and discussion item on
scientific practices, core ideas, and/or cross-cutting concepts
are appended in the Supporting Information.

Sudden Shift to Remote Assessment Had No Considerable
Impact on the Predicted Outcomes of Students

At the conclusion of the spring semester, we sought to assess
how the outcomes of students enrolled in our online
environment compared to those of students enrolled in more
typical enactments. As shown previously, organic chemistry II
assessments administered at UWMadison have long placed
substantial emphasis on students explaining how and why
chemical phenomena occur. This consistent emphasis on
sensemaking, coupled with the similar achievement character-
istics of cohorts enrolled in the course from 2016 to 2020,
suggests it may be reasonable to compare the performance of
these groups of students. Across all years examined, students’
performance on exam 2 is strongly correlated with their
performance on the final exam (Table 2). Indeed, exam 2
performance is the most strongly correlated of all predictors for
student achievement that were collected prior to the shift to
remote instruction (e.g., ACT score, composite GPA, exam 1
score). In order to account for differences in exam difficulty,
exam scores were standardized by year for this analysis.
We can gain some insight as to whether outcomes this past

spring align with historic norms by examining the percentage
of students who score considerably higher or lower on the final
exam than what would be predicted by their exam 2 score. If a
substantial percentage of students score above their predicted
final exam score relative to what is typical, widespread
collaboration may have inflated scores on Internet-mediated
exams. If, conversely, a substantial percentage of students score
below their predicted final exam score relative to the norm, the
demands of virtual assessment and stressors of the pandemic
may have been too great a burden for a subset of students. To
conduct this analysis, we regressed the exam 2 scores of the
1546 student participants described in the Methods (see Table
1) onto predictions of achievement on the final exam for all 5
years under study (see Table 3). With such a sample size, error

Table 2. Correlations Suggest Students’ Performance on Exam 2 Is Most Predictive (among the Measures Collected before the
Shift to Online Learning) of Their Final Exam Scores
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terms were expected to be independent and approximate
normality. As indicated by correlation values listed in Table 2,
the relationship between students’ exam 2 scores and mean
final exam scores is linear (0.755 < R < 0.833). No systematic
relationship between standardized residuals and predicted
values by the model was observed (see “Evaluating
Homoscedasticity” in the Supporting Information). As such,
no violations of assumptions of simple linear regression were
detected.50

Residuals, or the difference between students’ actual and
predicted scores, were used to characterize whether a student’s
performance on the final exam was above (top third of all
residuals), at (middle third), or below (bottom third) what was
predicted from their exam 2 score (see Table 4 and Figure 2).
If students in Spring 2020 more often performed above or
below what was predicted than their peers in prior (in-person)

semesters, then concerns as to the differences between online
and in-person assessments may be justified, as mentioned
above.
As is evident from Figure 2, students who enrolled in organic

chemistry II during the spring of 2016 more often performed
below what was predicted, whereas students who enrolled in
the course during the spring of 2018 more often performed
above what was predicted. Although the method applied to
these data is sensitive to differences in performance by
semester, students enrolled in organic chemistry II during the
Spring 2020 semester do not appear to score dramatically
above or below their predicted final exam score relative to the
historical norms.
The relationship between enrolling in organic chemistry II in

a given semester and the distribution of students who scored
above, at, or below their predicted final exam score was
examined via a Pearson’s χ2 test. A significant association
between the semester enrolled and distribution of student final
exam scores relative to their predicted score was indicated by
the results of our χ2 test, χ2(8) = 113.66, p < 0.001, Cramer’s V
= 0.192. A subsequent posthoc analysis of the results of this
test (Figure 3) showed that enrollment in organic chemistry II
during the spring of 2018 was strongly associated with students
scoring better on the final exam than their exam 2 score would
predict. Additionally, enrollment in the course during the
spring of 2016 was strongly associated with scoring lower on
the final exam than students’ exam 2 grade would predict.
These associations were the primary drivers of significance for
the overall significant association. Consistent with the bar
graphs depicted in Figure 2, our posthoc analysis suggests that
the distribution of students who scored “above”, “at”, or
“below” their predicted final exam score during the spring of
2020 was in-line with historic norms.
To determine whether significant differences existed

between the achievement measures of students taught online

Table 3. Regressions (by Year) of Students’ Standardized Exam 2 Scores into Predicted Final Exam Scores Were Statistically
and Substantively Different

Table 4. Number and Percentages of Students Whose Scores on the Final Exam Were above, at, or below the Predicted Score
Extrapolated from Their Exam 2 Performancea

aCross-tabulations suggest students in the spring of 2020 did not perform unusually better or worse than predicted.

Figure 2. Bar graphs depicting the percentage of students from each
year whose scores on the final exam were above, at, or below the
predicted score extrapolated from their exam 2 performance.
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and those enrolled in in-person coursework, we also conducted

a series of Mann−Whitney U tests comparing, in a pairwise

fashion, the distribution of earned points on exam 3 and the

distribution of earned points on the final exam for students

enrolled from 2016 to 2020. Outputs of all statistical analyses

of score distributions are reported in Table S2 in the

Supporting Information. In summary, no statistically significant

differences existed between the distribution of final exam

Figure 3. Contingency table for the χ2 test examining association between enrolling in organic chemistry II during a given semester and the
distribution of students whose final exam scores were “above”, “at”, or “below” the final exam score predicted by their exam 2 performance. In each
cell, the standardized residual value is reported along with the observed and expected values. Standardized residuals larger than the critical value
(±2.58) are in bold. To visualize the sign and magnitude of the standardized residuals, the cells are color coded from dark blue (most positive) to
dark red (most negative).

Figure 4. Assessment item with the potential to elicit evidence of student engagement in using models to explain a phenomenon.

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

https://dx.doi.org/10.1021/acs.jchemed.0c00757
J. Chem. Educ. 2020, 97, 2408−2420

2416

http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.0c00757/suppl_file/ed0c00757_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00757?fig=fig4&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.0c00757?ref=pdf


scores earned in Spring 2020 and the distribution of final exam
scores earned in earlier years. The distribution of scores on
exam 3 differed significantly in three of our four pairwise
Mann−Whitney U tests. Indeed, the difference between the
distribution of points earned on the third midterm given
during Spring 2020 and the points earned on the analogous
exam given during the spring of 2019 is substantial (means of
68 vs 46, U = 177290.5, z = 15.883, p < 0.001, r = 0.51; large
effect). This is not surprising, given that student scores on the
exam 3 form given during the spring of 2019 tended to be
much lower than those on any other analogous midterm in our
data set. The difference between the Spring 2020 exam 3 score
distribution and the distribution of scores on the third
midterms given during spring of 2018 met our criteria for
“significance” but did not rise to the level of practical
significance given its small effect sizes (U = 43199.0, z =
−5.215, p < 0.001, r = −0.19; small effect). The distribution of
scores earned on the exam 3 during Spring 2016 differed
substantively from the distribution of scores earned on exam 3
this past spring (means of 68 vs 56, U = 81620.5, z = 7.881, p <
0.001, r = 0.28; medium effect).
When taken in aggregate, the analyses we performed to

address RQ2 suggest that students enrolled in organic
chemistry II this past spring maintained their ability to make
sense of chemical phenomena on exams after the pivot to
remote instruction. This may, in part, be due to the fact that
3D tasks were consistently emphasized on homework and
exams throughout the entire semester. Additionally, the
structure of our course and the resources available to students
did not change dramatically as we moved operations online.
Stated differently, students knew they would be asked to
explain how and why phenomena happen on the final exam
and likely prepared accordingly.

■ IMPLICATIONS FOR INSTRUCTION

We are hopeful that the analyses presented here suggest to
instructors that it is possible to assess authentic intellectual
“heavy lifting” as part of online learning environments. Indeed,
we would argue that to do otherwise redirects the focus of the
course to competencies not reflective of scientific practice.
Instructors who desire to incorporate more 3D tasks into their
organic chemistry assessments could use the scientific practices
criteria given in the 3D-LAP31 as a guide when writing
prompts. These criteria suggest task scaffolding that has the
potential to elicit evidence of student engagement in a practice.
For example, the criteria for “developing and using models”
note that items should (1) give a phenomenon, (2) give or ask
the student to construct a representation that relates to that
phenomenon, (3) ask student to explain or make a prediction

about the focal phenomenon, and (4) provide the reasoning
linking their explanation or prediction to their representation.
Several papers exist on adapting existing general33 and organic
chemistry16 tasks to assess 3D learning, as guided by the 3D-
LAP. For an item to have the potential to elicit evidence of 3D
learning, it must fulfill all of the 3D-LAP criteria for one or
more scientific practices as well as the criteria for one or more
core ideas and cross-cutting concepts.
An organic chemistry prompt with the potential of eliciting

evidence of 3D learning can be seen in Figure 4. This
assessment item was given on one of the exams we
administered online this past spring. This item, like many
that populate organic chemistry assessments, is situated in the
context of a reaction system. Here, the phenomenon is the
relative rate of two reactions that result in formation of the
same product. In part I, students are to represent the changes
in system energy that occur on the path from reactants to
products in system A. From this representation alone, it is
impossible to know whether students have vested their drawn
potential energy surface with meaning. Indeed, it has been
reported that students very often struggle to connect these
representations to phenomena in a meaningful way.51,52 Part II
is an attempt to elicit evidence that students understand the
conceptual basis for the drawing they constructed in part I.
Here, students are asked to use their potential energy surface
to inform construction of an explanation for the observed rate
differential between system A and system B. Thus, this task has
the potential to engage students in the scientific practice of
“developing and using models” as they weave together the
knowledge elements clustered under the core ideas of “energy”
and “electrostatic and bonding interactions”. It is important to
point out that items which fulfill 3D-LAP criteria for
“potentially eliciting evidence of 3D learning” (such as the
item given in Figure 4) are not guaranteed to elicit this
evidence. The 3D-LAP provides a minimum bar an item must
surmount to have any hope of prompting students to leverage
big ideas to make sense of phenomena. However, as past
studies have shown,11 student responses are powerfully
affected by prompt structure. Thus, realizing the potential of
3D assessment items may require one to carefully calibrate
item scaffolding.
It is tempting to reduce authoring 3D assessments down to

adding the word “explain” to existing items. However, one can
easily write an item including the word “explain” that does not
have the potential to elicit evidence of students clarifying the
cause of a phenomenon using core ideas. For example, in the
assessment item shown in Figure 5 (taken from exam 1 given
in Spring 2017), students are tasked with drawing two
representations related to a phenomenon, a curved arrow

Figure 5. Assessment task that includes the word “explain” but does not have the potential to elicit evidence of engagement in the practice of
constructing explanations.
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mechanism and a potential energy surface. They are asked to
subsequently use this PE surface to “explain what energy
difference is responsible for this outcome”. The answer to this
question is straightforward: the relative magnitude of the
activation energies required to form para-, ortho-, and meta-
arenium cations is responsible for the product distribution
observed under the reaction conditions given. From this
answer, one cannot know anything about why the para-
arenium cation is lower in energy than the other alternatives.
Indeed, the prompt in Figure 5 does not request an explicit link
between the claim and any reasoning based upon core ideas.
Thus, this item is unlikely to elicit evidence that students
understand the origin of the energy differences in arenium
cation intermediates or why the relative energy difference
controls the reaction outcome. When authoring a task
intended to be 3D, it is worth considering what sort of
response would earn full credit on that task. If a description of
what is happening without invoking a core idea would address
the expectations of a prompt, that prompt cannot be 3D.
We suspect that our students’ ability to successfully make

sense of chemical phenomena on remotely administered
assessments may be due, in part, to the consistent message
they received about “what counts” from all course components.
Accordingly, if instructors wish to prioritize 3D learning in
their online organic chemistry course, we recommend coherent
integration of many opportunities for molecular-level sense-
making on both high- and low-stakes assessments. These
opportunities should build on each other in order that students
are figuring out the cause for ever more complex phenomena
as they progress throughout the semester. To assist instructors
with constructing opportunities for students to engage in 3D
performances, we provide all homework, discussion, and exam
prompts given this past spring in the Supporting Information
of this article. If readers would value the analogous resources
for the first-semester course, they are encouraged to contact
the corresponding author. We are also happy to share recorded
lectures if they would be of use to the reader.

■ IMPLICATIONS FOR RESEARCH

This study examined how the emergency pivot to remote
instruction affected student outcomes by comparing the
distribution of students who scored above, at, or below their
predicted score on the online final exam to historic norms.
This sort of analysis should be tractable for many instructors
and, so long as exams have similar emphases year-to-year,
supports inferences as to how changing instructional and
assessment modality impacted achievement. However, our
study does not enable comparison between our assessment
approach and other alternatives (e.g., administration of more
frequent, lower stakes assessments emphasizing 3D tasks).
Future work should examine how assessment strategy affects
student achievement, with particular emphasis on the achieve-
ment of marginalized groups. Relatedly, little is known about
the characteristics of equitable 3D assessment prompts as well
as whether those characteristics change depending on
assessment modality. Future work should investigate how
instructors can promote equitable engagement of learners in
both online and in-person enactments of organic chemistry.

■ LIMITATIONS

As is the case with all studies, this work has limitations that
merit mentioning. Our data corpus relates only to student

achievement on course examswe can say nothing about how
student anxiety and other affective constructs varied as a
consequence of the ongoing pandemic or our particular
assessment strategy. Likewise, student responses to a prompt
represent activation of knowledge elements in that moment
and may or may not signify a stable pattern of resource
activation. Student participants in this work were enrolled in a
second-semester organic chemistry course. Virtually all had
previously enrolled in an in-person enactment of organic
chemistry 1, and all experienced over half of organic chemistry
2 in-person. Thus, the experience of these students may differ
substantially from students who enroll in an organic chemistry
course taught wholly online. We cannot predict how (or
whether) these differences will impact student engagement
with 3D tasks. Finally, all of our data derive from a single
institution which is, by most metrics, extremely privileged. We
are fortunate to have a dedicated educational technologist and
many highly qualified individuals that may be enlisted to help
grade. Further, our course was structured in a manner that
made the pivot to remote instruction fairly straightforward
recorded lectures, problem sets, discussion activities, and
practice assessments were hosted on the course webpage from
the beginning of the semester. Additionally, drafts of all high-
stakes assessments were written before the start of the spring
semester. It is likely that compiling these resources on-the-fly
during an emergency pivot online would require significant
effort. Accordingly, we have no evidence that our findings as to
the feasibility of assessing 3D learning online and student
response to those assessments will generalize beyond our local
context.

■ CONCLUSIONS
In this contribution, we have demonstrated that it is possible to
focus assessment in an online organic chemistry learning
environment on making sense of phenomena. Assessing
student engagement in authentic intellectual “heavy lifting”
did not meaningfully increase the burden on instructors and
TAs relative to the norms of in-person enactments in our
institutional context. That is, the time required to prepare,
administer and grade exams was essentially unchanged after in-
person classes were shuttered. This would likely not be true
had the instructors been required to generate more course
resources de novo upon the switch to remote instruction.
Students’ scores on the final exam this past spring did not differ
considerably from what would be predicted by their success on
exams administered in-person. Additionally, the distribution of
final exam scores earned this spring are remarkably consistent
with historic norms. Significant differences in exam 3 score
distributions were found in our data set, but these were likely a
function of anomalously difficult exams (e.g., exam 3 given
during Spring 2019) rather than the pivot to remote
instruction. In summary, it appears assessing 3D learning is
feasible in an online learning environment that consistently
emphasizes sensemaking on homework and exams, and that
this emphasis need not negatively affect student outcomes or
the burden on the course instructional team.
Given that assessing engagement in making sense of

chemical phenomena is possible in online learning environ-
ments, we would argue that a substantial amount of points in
chemistry coursework taught remotely should be dedicated to
3D performances. The use of atomic/molecular models to
explain how and why things happen is the intellectual core of
chemistry and, we would argue, should be central to chemistry
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coursework. Focusing instruction and assessment solely (or
largely) on recall of facts and performance of algorithms should
not be acceptable in any chemistry learning environment,
whether that environment be enacted in-person or online.
Students engaged in disconnected skills will doubtless emerge
from their chemistry courses thinking that the discipline
consists of a jumble of seemingly random tasks. We prefer a
paradigm in which students have the potential to emerge from
chemistry courses with an appreciation of the prodigious
predictive and explanatory model of atomic/molecular ways of
thinking.
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