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ABSTRACT: It is generally accepted that if a course or curricular CLUE?s Critical Components
transformation is to be implemented with fidelity, the users must e

understand how and why the transformation is different from their
current practices and which aspects of the transformation are
essential to achieving comparable student learning outcomes. In
this article, we provide a detailed description of how our research
team used the Fidelity of Implementation (FOI) framework during
a week-long workshop to identify five critical components of the
transformed general chemistry curriculum Chemistry, Life, the
Universe and Everything (CLUE): progressions of ideas, causal
mechanistic reasoning, scientific practices, formative feedback and reflection, and the opportunity to explore without penalty. These
components are connected through the curricular activity system, which are described in detail along with an explanation of how
these components could be used for further propagation.
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Bl INTRODUCTION theory. Designers must consider what components of an
activity system are necessary and which can be omitted or
substantially changed. They further need to work to embed
features in materials that encourage adaptations in keeping
with design principles undergirding these materials.’ Finally, it
is useful for potential adopters to engage with a community
experienced in using the suite of curricular resources, so they
can get feedback on the changes they are contemplating.

In the present work, we look across different enactments of
the transformed general chemistry curriculum Chemistry, Life,
the Universe and Everything (CLUE)” to consider both where
this curricular activity system is flexible and, perhaps even
more importantly, what components of the system are critical
to its function. To assist us in this work, we leverage the
Fidelity of Implementation (FOI) framework,®” because it
allows for a description of designers’ intent, instructor
knowledge useful for principled adaptation, and how an
innovation is enacted in a context. As we will see, identification
of CLUE’s critical components (aspects that are essential to
the structural and procedural/process pieces of an innovation)
by reflecting on diverse enactments provides potential adopters

Curricula should not be thought of as ready-made collections
of materials to be handed to instructors and implemented with
perfect fidelity to the original vision. Indeed, enacting a
curriculum without modification is rare and is not necessarily
desirable. Institutional contexts within which curricular
resources were developed and tested may differ from adopters’
institutional contexts in important ways—adaptations may be
required for a curriculum to “work”. Due to these factors, most
modern scholars have moved beyond the binary view that
instructors can either “follow or subvert” a curriculum to more
nuanced theoretical frameworks in which educators can draw
on, interpret, or participate with the materials they use."” It is
the job of curricular designers, then, to support the community
in adapting materials in principled ways that are likely to
enhance efficacy.

Supporting principled adaptation of curricular resources
demands that we shift from viewing curricula as monolithic,
invariant collections of resources toward a model in which
curricula are tool kits that can be used effectively in several
ways. Roschelle refers to this sort of model as a “curricular
activity system” and demonstrated that partnerships between
researchers and practitioners can be an effective way to adapt
resource systems to local contexts.”™ There is an intuitive
appeal to viewing curricula as systems of resources that are
both flexible and capable of supporting the desired learning
outcomes. However, realizing functional curricular activity
systems is more complex in practice than it might appear in
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Figure 1. Curricular activity system for CLUE: textbook, instructor resources, formative tasks, and summative tasks.

with a better understanding of the essential aspects of the
curriculum that are important for future implementations.

B CHEMISTRY, LIFE, THE UNIVERSE AND
EVERYTHING (CLUE)

Chemistry, Life, the Universe and Everything (CLUE) is a two-
semester theory and evidence-based transformed general
chemistry curriculum designed to support students as they
build and use knowledge over time.” The curriculum centers
around four core ideas (i.e., electrostatic and bonding
interactions, atomic/molecular structure and garoperties, energy,
and change and stability in chemical systems'"'*) progressively
built upon throughout the course, starting with simple
phenomena (e.g., two noble gas atoms attracting each other)
to complex systems (e.g., networked biological reactions, such
as the impact of increasing CO, levels on blood pH). The goal
of this curriculum is to help students construct a more
expertlike framework of knowledge that can be used to explain
and predict chemical phenomena.

The CLUE curriculum has been taught by multiple
instructors at a range of institutional types, including private
and public liberal arts colleges, large R1 universities, and
community colleges."” A variety of instructional approaches
have been employed, ranging from a large-enrollment lecture
with an additional mandatory recitation section to an active
learning approach in which students work on group worksheet
activities during class time. Class sizes have ranged from over
400 students to fewer than 20."° These different settings and
student populations have necessitated somewhat different
implementations of CLUE, with the goal of keeping the overall
research-based curricular design of the course intact. Looking
across CLUE enactments in these different environments, let
us consider what components of the curriculum are critical to
its function and where flexibility exists for principled
adaptations. Identifying and unpacking these critical compo-
nents will provide better support for effective adoption,
adaptation, and propagation of the CLUE curriculum. Further,
other curriculum developers may adopt this approach to clarify
what is important for their own curricular innovations.

B CURRICULAR ACTIVITY SYSTEM FOR CLUE

Anderson et al. state “a curricular activity system includes
components such as teacher guides, student guides, profes-
sional development designs, and formative and summative
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assessments that fit together to comprise a shared vision for
teaching and learning” (p. 1029).14 Therefore, for CLUE, all of
the parts of the curricular activity system are crucial for
implementation; however, within each part, instructors may
choose particular aspects depending on the institution and
students. The curricular materials for CLUE (Figure 1) consist
of four parts: 1) the textbook — an open educational resource
written for the student to explain the chemistry and why it is
important,15 2) instructor resources — PowerPoint slides for
classroom instruction or prerecorded lecture videos, work-
sheets that can be used either in class or for recitation
activities, learning objectives/performance expectations, and an
instructor guide, 3) formative tasks — that may consist of the
worksheets for in-class or recitation activities, and the
homework activities, and 4) summative tasks — exams, quizzes,
and/or group projects.

All of these parts work together to make up the curriculum
and assist faculty in implementing CLUE. Implementation of
the curricular activity system requires support for faculty so
that they understand how the parts integrate with each other to
support student learning and how they can be adapted for
particular situations. For example: a large lecture course might
use lecture PowerPoints, homework, group recitation work-
sheets, and summative assessment items. However, a smaller
class or a classroom set up for group interactions might use
short video lectures and group activities in place of lectures and
recitations. The key point is that all the materials are
integrated'® and all of the parts are necessary. That is, the
class materials, homework, and assessments are all aligned in a
way that helps students perceive the connections (unlike
commercial homework systems).

B TEAM: PARTICIPANTS

To support reflection on CLUE critical components and
opportunities for principled adaptation, we captured a range of
perspectives from participants who were familiar with the
design of the CLUE curriculum and had expertise in
implementing it in various educational environments. The
expertise of the team included perspectives on 1) design and
development of the curriculum, 2) expansion of the curriculum
to other faculty and other institutions, and 3) design and
development of additional related courses beyond the general
chemistry series.

https://doi.org/10.1021/acs.jchemed.3c00190
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Figure 2. Organization of the Fidelity of Implementation (FOI) framework®

When considering components fundamental to a curriculum,
as well as what principled adaptations could look like, it is
necessary to consider how and why developers constructed the
curriculum as they did. Author M.M.C. a researcher in
chemical education, has taught the CLUE curriculum for
multiple years at two institutions and used a Design-Based
Research approach'” to conduct research that informed
modifications to the curriculum to improve its effectiveness.
Author M\W.K. is a researcher in molecular, cellular, and
developmental biology and has designed and taught
introductory molecular biology courses.® Together these
two authors developed the text for the course, which was
then extended, initially by M.M.C. and then further by A.M.P.
and S.M.U,, to a broader range of instructional materials,
including lecture and class presentation materials, formative
assessments such as homework tasks, group activities, and
summative examinations.

The next set of team members were early adopters of CLUE
who were not involved in initial development efforts. They
include faculty who worked to expand the CLUE implementa-
tion at the developer’s institution (Michigan State University —
MSU) and across other institutions. These participants
provided important information about how nonauthors
adopted and adapted the curriculum, as well as the supports
needed and challenges encountered when implementing the
transformed curriculum. Author A.M.P. is the director of
general chemistry at MSU and has led the expansion of CLUE
within MSU over the last 10 years to include 11 instructors,
including authors L.A.P. and D.G.H. CLUE enactments at
MSU currently impact over 5,000 students each year. Author
S.M.U. has adapted the CLUE curriculum into an active
learning setting at Florida International University (FIU),
which has now further expanded to involve 6 instructors
(including author J.H.C.) to impact about 2,000 students per
year. Authors S.M.U. and A.T.K. have to date provided support
for 60 instructors at 15 additional institutions outside of MSU
and FIU (including private, public, and both small and large
institutions) to adapt and implement the curriculum.

Finally, faculty who worked to adapt the CLUE curriculum
to develop approaches to both high school (authors D.G.H.
and R.L.S.) and preparatory courses (author L.A.P.) were also
included on this team. They provided insight into how the
CLUE approach to chemistry instruction could inform the
design of courses that precede general chemistry. The two-
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semester organic chemistry sequence (Organic Chemistry, Life,
the Universe and Everything — OCLUE'”) was also created by
the developers of CLUE (authors M.M.C. and M\W.K.) and
currently impacts between 600 and 1,000 students yearly at
MSU. This work showcases how lessons learned from CLUE
can inform the design of subsequent courses.

Aside from M.W.K,, all authors in this article have taught or
observed versions of the CLUE curriculum in its entirety. The
diversity of expertise within the team allowed us to look at the
curriculum from different perspectives, which we believe
helped us characterize the critical components independent
of the instructional methods or the institutional setting.
Further, diverse experiences enacting or observing CLUE in
different contexts enabled the team to comment on where the
curricular activity system is flexible to principled adaptation.

B METHODS USED TO IDENTIFY CRITICAL
COMPONENTS FOR CLUE

Fidelity of Implementation Framework as a Guide

Our team elected to make use of the FOI framework®® to
describe CLUE critical components and opportunities for
principled adaptation. This framework is a useful lens since it
encompasses all aspects for the implementation of an
innovation from the designer’s intent to what the instructor
must know (both the “what” and “why”) to how the
innovation is implemented by the instructor and how students
engage with the curriculum (the “how”). Attending to how
critical components are realized across contexts supports
inferences regarding which parts of a curricular activity system
should be enacted without modification and which can be
changed while maintaining (or enhancing) innovation efficacy.

The general FOI framework®™ consists of two main
categories, as shown in Figure 2. The structural category
characterizes the knowledge an instructor needs in order to
implement an innovation, which includes the curriculum
designer’s intent regarding what the instructor should do
(structural-procedural subcategory) and the bodies of knowl-
edge the instructor must possess in order to implement the
curriculum effectively (structural-educative subcategory). Note
that when we say “effectively” here, we mean “supportive of
students constructing an interconnected and useful under-
standing of chemistry”. We do not necessarily mean that
effective enactments are carbon copies of the developers’

https://doi.org/10.1021/acs.jchemed.3c00190
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enactments. Indeed, figuring out where CLUE materials are
flexible to adaptation is an important part of the present work.
The process category of FOI involves describing how the
instructor implements the curriculum, which involves the
expectations related to the instructor’s interactions with the
students (instructional-pedagogical subcategory) and the expect-
ations for the students’ interactions with the instructor, their
peers, and the curriculum materials (instructional-student
engagement subcategory).

While the FOI literature has been growing in recent years,
there is still an under-representation of work reflecting on FOI
as it relates to the ?Propagation of innovations, especially
curricular innovations.”” Within the FOI literature, there have
been different methods used to measure FOIL Some have
looked at levels of variation between the developed innovation
and the adapted innovation,”" while others assessed the use of
each feature of the innovation,””*> even assigning each critical
component a composite score.” The extant literature also tends
to focus on the fidelity of the implementation of instructional
strategies rather than full curricular transformations. For
example, Stains and Vickrey® identified and characterized the
critical components of peer instruction using previously
published literature, while Collison et al.”* developed an
observational protocol to measure the fidelity of implementa-
tion of guided inquiry materials in an organic chemistry lab
across instructors and institutions. In this report, we use the
FOI framework to describe enactments of a fully transformed
curriculum, including assessments and organization of content
in addition to teaching methods.

Using the FOI framework as a guide during Summer 2019,
the project team collected two main sources of information to
describe the critical components of the CLUE curriculum: 1) a
survey developed by authors S.M.U. and A.-T.K. to collect
feedback and ideas from each team member and 2) a week-
long summer workshop in which the whole team came
together to discuss the preliminary ideas from the survey and
synthesize them into the critical components.

First Step — Survey

The open-ended survey consisted of four sections, one for each
category of the FOI framework (structural-procedural,
structural-educative, instructional-pedagogical, and instruc-
tional-student engagement), and was administered through
Qualtrics prior to the summer workshop. The full survey is
provided in the Supporting Information.

Each section of the survey provided the definition of the
category from the FOI framework followed by two to three
questions to elicit the respondent’s ideas about the critical
components for that category. For example, in the structural-
procedural category, the team members were provided the
following prompt: “This category describes how the curricu-
lum is intended to be implemented focusing on procedural and
organizational features. Examples of structural-procedural
could include order of instructional elements and nature of
intervention materials. Keep this definition in mind when
answering the following questions.” and then were asked: 1)
Describe the essential features of CLUE that a new instructor
must understand in order to teach CLUE (i.e., what makes
CLUE “CLUE™), 2) How should the new instructor teach
CLUE?, and 3) What instructional materials should the new
instructor use to teach CLUE? Results from the survey were
compiled to provide information for the broader workshop
team.
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Second Step — Workshop

The goals of the week-long summer workshop were to 1)
identify and define the critical components of CLUE, 2)
recommend how the critical components should be
implemented by future adopters, and 3) recommend how
the critical components and their fidelity might be assessed or
characterized. These aspects were all reviewed and discussed
by the team, until consensus was reached.

The workshop took place over five consecutive days during
Summer 2019 and was facilitated in person at MSU by authors
S.M.U. and A.T.K. The rest of the team members were either
present in person or virtually via Zoom, and although some
may have missed parts of the workshop due to their schedules,
materials and summaries of the discussion were made available
to all. Morning sessions involved the entire team, while
afternoon debriefing sessions consisted of only authors S.M.U.
and A.T.K,, who synthesized the day’s session and prepared for
the next morning’s session. A summary of progress was
emailed to the entire team each day along with plans for the
next day, links to relevant documents such as literature on the
FOI framework, and all working documents created during the
workshop. A detailed description of the activities that occurred
each day for the workshop is provided in the Supporting
Information.

Day 1 of the workshop series began with an overview of the
FOI framework and a discussion of the importance of
identifying and describing critical components to assist with
propagating a curriculum. Discussion first centered around
why the FOI framework was chosen, what critical components
are involved, and what they might look like in a curriculum.
This last element was crucial since much of the literature
focuses on propagation of evidence-based teaching strategies
(how we teach) rather than the curriculum (what we teach and
why). Using the findings from the individual survey responses
as a guide (see Supporting Information for common codes
from the survey data), the team continued during the week,
through discussion and consensus building, to identify and
describe the critical components within each of the FOI
subcategories, resulting in a set of critical components. For
each critical component, the team developed a definition, an
example, implementation recommendations, and guidance on
how to assess or characterize the component. Drawing from
their diverse experiences, the project team unpacked different
ways each critical component might be enacted while
maintaining (or enhancing) the efficacy of CLUE.

B ADAPTING THE FOl FRAMEWORK TO FIT
CURRICULAR NEEDS

During discussions among the team, it became clear that the
subcategories from the original FOI framework®”?° (structural-
procedural, structural-educative, instructional-pedagogical, instruc-
tional-student engagement) were too fine a grain size for our
purposes, making it difficult to place each critical component
into a particular subcategory. Instead, the critical components
of the curriculum fit better within the larger categories of the
FOI framework, where the structural category represented the
“what” and “why” of the curriculum and the instructional
category represented the “how” of the curriculum.

The team identified five critical components for the CLUE
curriculum (Box 1): three of which fit into the structural
category (“what” and “why” of innovation) and two fit into the
instructional category (“how” of innovation). It also became

https://doi.org/10.1021/acs.jchemed.3c00190
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Box 1. Critical Components for CLUE

1. Progressions of ideas

2. Causal mechanistic reasoning

3. Scientific practices

4. Opportunity to explore without penalty
S. Formative feedback and reflection

clear that a unique aspect when applying FOI to curricular
innovation compared to prior work with EBIPs is that these
categories alone do not let us describe useful curricular
enactments. That is, for the CLUE curriculum, we found that
the structural critical components need to be embodied in a
suite of materials (i.e., curricular activity system™'*) and thus
enacted in certain ways through the instructional critical
components to support the learning as intended. Essentially,
the curricular activity system is a vital aspect of the curriculum
that allows instructors to bridge the structural and instructional
critical components in a useful way (Figure 3). In the following
sections, we discuss each of the critical components in Box 1 in
further detail.

B CRITICAL COMPONENTS FOR THE CLUE
CURRICULUM

Here we discuss each critical component of CLUE and provide
where appropriate: 1) a definition, 2) an example, 3) an
implementation strategy, 4) a strategy to assess student
understanding, and S) a strategy to characterize the fidelity
of implementation. It is important to note that not all of these
are appropriate for each critical component, as is explained
below where applicable.

Structural Category

As noted earlier, the structural category of the FOI
framework™”?° refers to the knowledge the instructor would
need to enact the curriculum with fidelity. The three critical
components that emerged from our work are progressions of
ideas, causal mechanistic reasoning, and scientific practices.
Each of these components is intended to work together to
support students in making deeper connections as they learn to

use their knowledge.

Progressions of Ideas. Definition. The CLUE curriculum
was developed as a series of interconnected progressions of
ideas’ that incorporate and connect four chemistry core
ideas'""? (i.e, what we want students to know): electrostatic
and bonding interactions, atomic/molecular structure and proper-
ties, change and stability in chemical systems, and energy. As the
course sequence progresses, these core ideas build upon one
another in increasing sophistication and are interconnected
throughout the curriculum to explain phenomena. At every
stage, individual topics are connected to these core ideas, with
the intention of helping students develop a robust and
connected cognitive framework, rather than a set of
disconnected ideas.”’

Example. In the first semester of the two-semester course,
the core idea of electrostatic and bonding interactions begins with
the phenomenon that noble gases can form liquids and solids.
Students are guided through constructing models and
explanations for how nonpolar monatomic gases, such as
argon or xenon, can attract each other to form liquids and
solids via London dispersion forces using a simplified model of
the atom. As the semester progresses and more complex
models of the atom are introduced as needed to account for
additional spectroscopic evidence, the same core idea is further
developed to explain periodic trends (via the concept of
effective nuclear charge), covalent bonding, dipole—dipole, and
hydrogen bonding interactions, and differences in melting or
boiling points between substances arising from differences in
the strength of intermolecular interactions. In the second
semester, explicit incorporation of the core idea of electrostatic
and bonding interactions continues with discussions of more
complex phenomena such as solubility, acid—base reactions,
and eventually, simple organic nucleophilic substitutions. This
approach is continued in the organic chemistry curriculum
Organic Chemistry, Life, the Universe, and Everything
(OCLUE)," beginning with a more thorough introduction
to acid—base chemistry, which then serves as the basis for the
subsequent curriculum, that takes a mechanistic approach
toward organic chemistry. Most of the curriculum can be
considered by extending the lens of acids and bases from
Bronsted to Lewis and through to electrophiles and
nucleophiles.

CLUE’s Critical Components

Progressions of
Ideas

Causal Mechanistic
Reasoning

Scientific
Practices

Curricular

Activity System

Figure 3. Relationship between the CLUE structural and instructional critical components bridged by the curricular activity system
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Within the CLUE curriculum, each core idea is woven
throughout the curriculum in a similar way. That is, these ideas
are not treated separately, but as the curriculum progresses,
each core idea is developed further and used with other core
ideas to explain more sophisticated phenomena, concluding
with a discussion of networks of reactions, as found in
biological systems. A fuller description of the progressions can
be found in the original curriculum design paper by Cooper
and Klymkowsky.”

Implementation of the Progressions of Ideas. When
faculty implement the curriculum, obviously they will be
operating with different constraints and needs (e.g.,, semester
vs quarter systems, different class time periods, demands that
other content must be included, or disruptions from natural
disasters), which may require decisions about how to modify
the curriculum. However, successful adopters of the curriculum
need to understand how the progression of ideas is integrated
throughout. That is, for faculty to modify the curriculum in
principled ways, they should first understand how and why the
sequence is designed to build upon previous ideas. If the
material is omitted, it may be essential for a subsequent topic,
which could cause problems later. Similarly, if material is
added, faculty should think carefully about where it should be
placed and how to connect it with the existing progression of
ideas. Faculty development materials should emphasize why
the curriculum flows in the way that it does so that adopters
understand how to maximize the impact of the curriculum and
how switching major parts of the curriculum (as is often
encouraged by publishers for commercial texts) could cause
problems later in the course.

With the aid of adopters from 15 institutions outside of the
developer’s institutions, a series of resources have been
developed and made available for faculty who plan to
implement the CLUE curriculum, including suggestions for
places where worksheets or content could be modified, omitted
or added and how this could be achieved. An example of an
approach that can assist faculty with timing and external
constraints is to develop short lecture videos for students to
watch and interact with (through embedded questions)
outside of class time, so that class time can be available for
engaging students in building and connecting ideas to
construct knowledge.

Assessment of Student Engagement with Progressions of
Ideas. While it is not feasible to assess the extent to which a
core idea progression supports useful chemistry learning while
a CLUE enactment is in-progress, it is possible to collect
multiple pieces of evidence from tasks at various stages of the
curriculum to characterize how students’ knowledge is
developing. For example, the team has designed tasks to help
characterize student use of core ideas to explain a range of
phenomena, including London dispersion forces, boiling point
trends, and acid—base reactions that can be used to assess the
core idea electrostatic and bonding interactions at various stages
of the course.”*™*’

Characterizing the Fidelity of Implementation for the
Progressions of Ideas. The ways that faculty adopt and adapt
the course materials (e.g, lecture slides, in-class worksheets,
homework, and assessment items) to fit their own needs can
provide an approach to characterizing fidelity. The changes
made can be classified as 1) the materials were used as
provided, 2) the materials provided were used with minor
modifications, 3) significant changes were made that did not
impact the overall progressions, and 4) significant changes to
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the materials were made in which important parts of
curriculum were lost, through omission or rearrangement of
the curriculum, that are important to learning progression.

Causal Mechanistic Reasoning. Definition. Mechanistic
reasoning can be considered as an “epistemic heuristic”,”’ a
general strategy to make sense of phenomena that students
might use to construct an explanation. Supporting students to
construct such explanations helps them understand the “rules
of the game” and is crucial for all students, but particularly for
students who have had fewer opportunities to learn how
science is done. Indeed, Ralph and colleagues have shown,
using data from CLUE examinations, that assessment tasks that
emphasize mechanistic reasoning tend to be more equitable
than traditional general chemistry assessments tasks that
emphasize numerical problem solving alone.”"

Causal mechanistic explanations combine the scientific
practices of constructing explanations (or using models) with
the crosscutting concept of cause and effect to explain both
how and why a phenomenon occurs. Constructing such an
explanation requires that students engage in causal mechanistic
reasoning, and several researchers have provided ways to define
it. For example, Russ et al’s discussion concludes that
“mechanistic reasoning involves describing how the particular
components of a system give rise to its behavior”,”” and Krist and
colleagues expand on this idea to emphasize that the
components of the system are at least one scalar level below
the phenomenon.”” For example, the behavior of molecules as
they interact can only be explained by considering the
arrangements and interactions of electrons (a scalar level
below).

Example. Building upon the same core idea of electrostatic
and bonding interactions, students may learn that nonpolar
molecules can stick together, or that many reactions involve an
attraction of positive and negative parts of molecules, but if
they do not understand how this charge separation occurs—and
how and why such interactions are integral to increasingly
complex phenomena - then they will not be able to apply these
ideas in unfamiliar systems.””>~°

Implementation of Mechanistic Reasoning (Ideally vs
Enacted). Seeing mechanistic reasoning as a useful epistemic
heuristic requires that students have multiple opportunities
over time to practice with in-class or recitation group activities
and receive feedback through both formative and summative
assessments. Certainly, at least initially, students will need a
great deal of support when constructing mechanistic
explanations, which could be accomplished through cocon-
struction between instructor and students or by being provided
with contextual feedback on formative assessments. The
powerful influence of instructional and assessment emphasis
on students’ mechanistic reasoning was demonstrated by Ralph
et al, who compared responses from students at different
institutions on a task about how and why a solute dissolves in a
solvent.’® They found that while all instructors agreed that the
topic had been “covered” in their general chemistry courses,
students from the CLUE curriculum were more likely to
construct mechanistic responses invoking energy and inter-
action ideas than students from an active learning environment
or a didactic environment using a more traditional curriculum.

Assessment of Student Engagement in Mechanistic
Reasoning. A number of researchers have proposed
approaches to characterizing mechanistic reasoning. For
example, Talanquer’’ used an approach that involves
characterization of system components (e.g., entities, proper-
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ties, activities, organization) and the types of reasoning (i.e.,
descriptive, relational, simple causal, and emerging mecha-
nistic). Caspari and co-workers proposed a different framework
guided by philosophies of science that involves identifying
structural and energetic accounts as well as static and dynamic
approaches to change.”® In our work, we have emphasized the
idea that a causal mechanistic explanation will provide both the
how and the why of a particular phenomenon.”” For example, a
causal mechanistic explanation for why krypton atoms attract
would include the idea that electron density fluctuates,
producing a temporary dipole (how), which then results in
an attraction between unlike charges (why).””*" We have
found it productive to ask for separate answers for how and
why, thus making it clearer that we are asking for more than a
description.”” We have also found it helpful to provide
students with multiple drawing boxes to prompt the idea that a
particular phenomenon is a process, not a static event.”

Characterizing the Fidelity of Implementation of Mech-
anistic Reasoning. One approach to determining the extent of
mechanistic reasoning implementation is by characterizing the
intellectual work emphasized and rewarded on formative and
summative assessments. This can be accomplished by using the
3D-LAP,'" a protocol specifically designed to allow researchers
and practitioners to characterize assessments to identify the
potential for students to integrate core ideas, scientific
practices, and crosscutting concepts. An analysis of the
frequency with which students engage in tasks that require
causal mechanistic reasoning would also provide valuable
information. It would be illustrative to find out whether such
tasks were administered on a single worksheet or exam or
whether they are routinely administered across formative and
summative assessments, where various core ideas are invoked.
We expect CLUE enactments that effectively support
mechanistic reasoning will place substantial emphasis on this
sort of intellectual work on high- and low-stake assessments
throughout the course. That said, there are many ways this
could be done—different phenomena, core ideas, entities etc.
could be emphasized in different enactments.

Scientific Practices. Definition. Scientific practices are the
way scientists investigate the world. The Framework for K-12
Education™ describes eight scientific and engineering practices:
asking questions (for science) and defining problems (for
engineering), developing and using models, planning and
carrying out investigations, analyzing and interpreting data,
using mathematics and computational thinking, constructing
explanations (for science) and designing solutions (for
engineering), engaging in argument from evidence, and
obtaining, evaluating, and communicating information.

Example. The scientific practices provide students with a
way to use their knowledge rather than to merely restate facts
and definitions or engage with disconnected skills. For
example, drawing chemical structures is an important skill,
but if not accompanied by building an understanding of how to
use drawn structures to predict and explain chemical
properties, drawing such structures becomes a disconnected
task with no meaning."”*" If we can support students to
understand the implicit information encoded within structures,
then these structures can be used as models to predict and
explain the properties of substances.””*’ Instruction can target
the scientific practice of developing and using models, which in
conjunction with core ideas such as electrostatic and bonding
interactions, energy, and atomic/molecular structure and proper-
ties allows students to explain a wide range of phenomena,
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from boiling point trends to nucleophilic substitution
reactions.

For example, by focusing on the use of Lewis structures as
models that can be used to predict and explain, we showed that
CLUE students are more likely to draw accurate structures,*”
use them to predict properties,” and explain and predict the
outcomes of acid—base reactions’* than matched cohorts of
traditionally taught students.

Implementation of Scientific Practices (Ideal vs Enacted).
It is important to provide multiple opportunities for students
to engage in scientific practices. We recommend that
instruction should involve scientific practices including
mathematical and computational thinking, analysis and inter-
pretation of data, developing and using models, and constructing
explanations and arguments. This engagement may take place in
a wide range of settings, from small group activities in a large
lecture class to recitations to active learning environments as
well as individual homework assignments. Scientific practices
should also make up a major component of formative and
summative course assessments, whether those are graded for
correctness or are rewarded for effort.

Assessment of Student Engagement in Scientific
Practices. The critical components of scientific practices can
be assessed through open-ended and multiple-choice assess-
ment tasks. Examples of such assessment questions that
present students with the opportunity to engage in scientific
practices have been published previously.”* For the examples
described above, students could be asked to draw a Lewis
structure and then use it to predict the types of reactivity that
would be expected (developing and using models). Alternatively,
students can be provided with a reaction and then asked to
explain both how and why the reaction proceeds,”” with
particular emphasis on the way the structures can be used to
predict such reactivity (through developing and using models
and/or constructing explanations). Another example might ask
students to calculate the percent ionization of a weak acid and
then rerepresent the result of the calculation by drawing a
molecular-level diagram of the aqueous solution (using math
and computational thinking) and then explain how and why the
structure of the given compound gives rise to its acidity
(through developing and using models and/or constructing
explanations).

Characterizing the Fidelity of Implementation for
Scientific Practices. The fidelity of implementation of the
scientific practices can also be characterized by using the 3D-
LAP" to determine the percentage of assessment items that
provide an opportunity for students to engage in the scientific
practices. Classroom instruction can also be characterized
using the Three-Dimensional Learning Observation Protocol (3D-
LOP)," by recording the class and coding for the presence of
scientific practices in the work of instructors and students
during instruction. These measures could be compared to prior
findings, which have shown that about half of the assessment
points in the CLUE curriculum are three-dimensional (include
core idea, scientific practice, and crosscutting concept),
whereas in more traditional courses almost none of the items
on an exam have the potential to elicit evidence of engagement
in a scientific practice.46

Instructional Category

The instructional category of the original FOI framework®*°
is concerned with how the innovation should be implemented.
The intent of the CLUE curriculum is to create an inclusive
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and equitable learning environment for students (Figure 3).
After extensive discussion and analysis, we concluded that
there are two critical components of CLUE that work together
to support this goal: the opportunity to explore without penalty
and formative feedback and reflection. We should note here that
we do not specifically discuss what has come to be known as
Evidence-Based Instructional Practices (EBIPs), since while
those are important, much has been written about such
strategies and their implementation.”’~*" Here we are
concerned with critical components that are specific to the
CLUE curriculum, while at the same time acknowledging that
there are many ways to incorporate EBIPs. Within the CLUE
implementations across different institutional settings, strat-
egies have ranged from lecture-based courses with clicker
questions to flipped courses in group-based active learning
studio classrooms. We have not listed particular EBIPs as a
critical component, because of this diversity, but what we do
know from other work is that when scientific practices are
incorporated into instruction, active learning techniques are
almost always involved,”*® whereas the reverse is not
necessarily true: that is, active learning does not necessarily
mean engagement in scientific practices.

Opportunity to Explore without Penalty. Definition. A
goal of the CLUE curriculum is to establish a classroom culture
in which students feel comfortable exploring ideas without fear
of not getting the “right” answer immediately. Across CLUE
enactments, there are many spaces for students to “try on”
different approaches to addressing problems and receive
feedback on their efforts without losing points for “wrong
answers”. For example, homework administered on beSo-
cratic™®'  (which allows free-form drawing and writing)
provides opportunities for students to further apply their
knowledge through the use of scientific practices and self-
assess their understanding of core chemistry ideas through
assignments graded based on participation and effort, not
correctness. In-class group problem solving and engagement
with recitation and in-class worksheets from the curricular
activity system further support students’ exploration, under-
standing, and modifying ideas and are likewise graded on the
basis of participation and effort. Therefore, while course
examinations are graded for correctness, all other course
activities are given credit for the “good faith effort”.

Example. Opportunities for students to iteratively improve
their explanations and models, in response to feedback from
the instructor and peers, are intentionally built into the
structure of the CLUE curricular materials. Typically, concepts
in the curriculum are revisited multiple times throughout the
year as well as within a single time point of the curriculum to
provide students with various opportunities to revise and refine
their ideas as student responses to homework and in-class
problems are used to further drive instruction. For example, as
part of the electrostatic and bonding interactions progression of
ideas for how molecules interact through intermolecular forces,
students are asked to work in small groups within the
classroom to coconstruct knowledge with peers around
drawing and writing explanations about how molecules might
interact within different substances. Students would start with
considering the polarity of H,O molecules (content from a
previous class) and how that would affect the way that water
molecules interact, making water a liquid at room temperature.
Then students would be asked to consider how the type and
strength of interactions between CO, molecules differ and how
those differences could explain why water is a liquid at room
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temperature while CO, is a gas. In large classes, these
discussions are facilitated by the use of clicker questions or by
each group drawing their responses on large whiteboards
around the classroom so common ideas can be identified by
the instructor and used to further drive instruction. These in-
class ideas would then be followed up with a homework
assignment in which students would be asked to explain
properties of another set of substances (e.g, CH;CH,OH,
CH,0OCH;, and CH;CHj;). Similar assessments in which
students explain why ethanol has a higher boilin% point than
dimethyl ether have been previously published.””** Discussion
of how student homework responses are used at the beginning
of the following class period to provide immediate formative
feedback to students is described further below.

Implementation of Exploration without Penalty. This
curriculum is meant to be implemented where the homework
assignments, recitation, and in-class activities are all graded
based on participation rather than correctness (i.e., credit for
attending and attempting with a “good faith eftort” instead of
based on performance). This approach is designed to support a
culture where students have opportunities to share their ideas
and work together to build an understanding of content
without competition around grading, while highlighting that
learning can be a messy process where understanding comes
from working with, and even struggling with, concepts to build
connections. It also goes without saying that this curricular
approach is not amenable to grading on a curve in which a
predetermined percentage of students are given top grades.”

Characterizing the Fidelity of Implementation for
Exploration without Penalty. The important idea behind
this critical component is that students are not penalized for
trying out ideas, while experiencing opportunities to reflect on
and revise answers. Therefore, it would be important for an
instructor who adopted CLUE to ensure that there is enough
time for exploration without penalty. In addition to
participation-based homework, points via student response
systems (i.e., clickers) should also be based on participation
rather than the percentage of questions answered correctly, as
these questions are designed to elicit what students know
before, during, and after instruction rather than to provide
confirmation of learned concepts.

The percentage of course grades allocated to effort rather
than correct responses and time allocated to student revisions
of ideas within the learning space could provide a measure of
the fidelity of implementation. In addition, students could be
asked to complete a self-report survey examining elements of
classroom climate, such as student comfort in exploring their
own ideas or feeling they have a voice within the learning
space. It has been shown that allocating more of the course
grade to reward completion results in improvements in overall
grade point average and a reduction in differences between
different groups of students.’® The relative weight of
exploratory activities and other sorts of assessments would,
of course, be something individual instructors could decide
upon to fit their local environment.

Formative Feedback and Reflection. Definition. This
approach, coupled with the critical component of exploration
without penalty, means that a great deal of student time is
spent in formative tasks from the curricular activity system.
Whether it be on homework assignments, group in-class
discussions, or activities in recitation sessions, students will
likely not be fully correct the first time through; therefore,
there must be mechanisms to provide feedback and
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opportunities for reflection so that students eventually are
guided to productive ideas. Such feedback can take various
forms. For example, in large-enrollment classes, where
individual feedback is not feasible, mechanisms include: 1)
sequences of clicker questions where students are asked an
initial question, then discuss with neighbors and revote; and 2)
in-class review of homework via judicious selection of student
responses of increasing sophistication. Students can be asked
to identify what they see as differences among a set of
anonymous answers that provide different depths of explan-
ations.

Eliciting and valuing student ideas helps create a responsive,
equitable classroom environment in which the instructor uses
the student voices to drive instruction. It should be noted that
these responses may be written explanations and arguments,
drawings of structures or graphs, or calculations where the
result is re-expressed in a different form. Each of these
approaches requires that students reflect on and revise their
responses where necessary, which we believe is an important
aspect of feedback that is often omitted. Indeed, research
shows that feedback mechanisms that “build in” the
opportunity to reflect on the original response, are more
successful than merely providing the correct answer.>”

These approaches can be modified for different classes and
instructional styles.

Example. Groups of students can be provided with a
carefully chosen set of student responses (from a prior
semester if needed) to a task. The group can be asked to
construct a grading rubric and then use it to “grade” and
provide feedback for the chosen responses. This activity
essentially places the students in the role of an instructor and
requires considerable reflection on their part.

Implementation of Formative Feedback and Reflection.
Examples of student work presented should be representative
of student responses with an emphasis on how responses can
be improved, highlighting ideas that can be built upon and
drawing student attention to difficult ideas and why they may
have ideas that are problematic. Students can be asked “what
are the positive aspects of this representation/explanation and
what aspects could be improved?” Such an activity aligns with
evaluating information from the scientific practice of obtaining,
evaluating, and communicating information. Most CLUE
instructors begin each class with a review of homework in
this manner to provide students with feedback on their ideas.
During this time, students can review their homework answers
to help them recall what they submitted and how their work is
similar to or different from the responses discussed in class.

Characterizing the Fidelity of Implementation of For-
mative Feedback and Reflection. The ways that the formative
feedback and reflection component are implemented can be
characterized by analysis of student materials, including in-class
activities, homework, and recitation materials, to determine
whether students are explicitly prompted to reflect upon their
work. In addition, interviews with faculty regarding these ideas
or recorded class sessions could provide additional evidence of
formative feedback and reflection.

B SUMMARY AND IMPLICATIONS

In this perspective, we have presented our approach to using
the FOI framework as a guide to identify the critical
components of the CLUE curriculum. We have defined five
critical components, provided examples of each component,
and, where appropriate, discussed how they might be assessed
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and how the fidelity of implementation could be characterized.
To do this, we centralized the curricular activity system within
CLUE (Figure 1) to help link together the structural
components (what content critical components are essential
to CLUE) to the instructional components (how content
should be taught within the CLUE curriculum) as shown in
Figure 3. That is, the curricular activity system provides an
explicit and useful link between the structural categories that
are concerned with how and why the curriculum was
developed and the implementation categories that provide
information about how the curriculum should be enacted. Our
goal was to define those components that are critical to the
implementation of CLUE and to provide guidance for those
considering adopting this particular curriculum.

We also believe that this approach can be of assistance to
others who are developing curricular materials and for those
who are considering adopting new curricula of any kind. We
note that when making curricular changes there is far more to
consider than which textbook should be adopted. For example,
adopters might consider 1) How and why is the curriculum
sequenced in a particular way, and will reordering topics
impact ideas introduced in another part of the curriculum? 2)
Do the curricular materials fit together to provide a coherent
approach to learning or can they be implemented separately on
an ad-hoc basis? and 3) Does the way the course is enacted
lend itself to a culture that supports students as they explore
ideas and their own understanding without penalty, or does it
employ approaches where students must get the correct
answer—whether they can explain it or not?

Finally, we point out that while most of the effort to support
transformation in STEM courses has focused on instructional
practices such as active learning, peer groups, or in-class
clickers (often referred to as Evidence Based Instructional
Practices, EBIPs'>*®), what often goes unrecognized is the
impact of the design of the course, the sequence of instruction,
how we elicit both what students know and how they should
know it, and the messages we send by the course policies and
practices. Our goal here is to provide a resource for both
course designers and instructors who design, adopt, or adapt
new curricula to help them consider what the critical
components of such transformations are and how best they
are communicated to the potential users.

B ADVICE FOR FUTURE ADOPTERS AND ADAPTORS

It would not have been possible to identify the critical
components for the CLUE curriculum if our project team had
not been able to collect evidence over the years from multiple
institutional implementations. Using this information, we
provide advice for instructors who are considering adopting
or adapting the CLUE curriculum. We recognize that most
instructors will want to adapt the materials for their own
situation, but our goal here is to emphasize that certain features
should be maintained.

The overall flow of the curriculum (as described in the
various structural components) was iteratively developed such
that ideas introduced in one unit are further developed and
expanded upon in a later unit. Therefore, switching the order
of the content and materials would lose this coherence.
However, the examples used within the context of the different
topics can be easily modified to fit instructors’ goals (e.g.,
connecting hydrogen bonding to base pair stability upon
heating’’ or entropy to osmosis™®). Additionally, having
students use their knowledge (e.g., constructing models,
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explanations, or arguments based on evidence) is vitally
important to the development of deeper more useful
knowledge structures and is also a more equitable approach
than the traditional focus on calculations and facts.”"

Similarly, it is important that adopters and adaptors of
CLUE pay attention to the instructional critical components
by providing students with the ability to explore without a
penalty and periods of formative feedback with time for
reflection. These instructional components contribute to a
more equitable environment for all students to learn chemistry
through a positive and supportive environment.

B NEXT STEPS AND FUTURE WORK

The work presented here provides resources for future
adopters and adaptors but also provides us, curriculum
developers, and users with guidance about what might be
most useful for the CLUE community and new users. For
example, we plan to revise the instructors’ materials to be far
more explicit about how and why the curriculum is designed in
this way and how and why the instructional materials are
integrated. Indeed, this paper goes a long way to making these
ideas, which previously might have been implicit, more visible.
We hope that by explicitly stating what is critical and what is
adaptable, new adopters will need less support to make the
changes necessary. New materials (such as current research
findings about the integration of mathematical sensemaking
and mechanistic reasoning) will also be added to the
repositories. All of these materials (including the original
materials) will be made available to users as open education
resources. We also hope that other curriculum developers will
find this approach useful as they design and implement new
courses.
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