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ABSTRACT: The effective use of formative assessment (FA) has
been demonstrated to confer positive impacts on student learning.
To understand why and how FA works, it is necessary to
characterize teachers’ FA practices, but because both teaching
practice and learning depend on the nature of the discipline, there
are disciplinary aspects to examining this. This study aimed to
develop an analysis of chemistry teachers’ FA practices through the
lens of the chemical thinking framework. Two cohorts of middle
and high school science teachers participated in year-long professional development with the goal of improving their FA practices in
teaching chemistry. Each teacher submitted FA portfolio chapters throughout the year. To develop an approach to use in ongoing
research that will analyze teachers’ progress across the year, the final FA portfolio chapters of participants (N = 13) were analyzed to
characterize FA task design, the teacher’s purpose in implementing the FA, and how the teacher evaluated student work. FA tasks
were found to range from revealing students’ mastery of concepts to uncovering students’ chemical thinking. Teachers also
demonstrated a range of purposes behind their use of the FA tasks, and a range of focuses when evaluating student work.
Correspondence among the FA task, a teacher’s purpose for its use, and the teacher’s evaluation approach revealed patterns that
echo the broader research in science education, but with instantiation in chemistry. Ways for teachers to assess and diversify their
own FA practices based on these findings are presented.
KEYWORDS: Elementary/Middle School Science, High School/Introductory Chemistry, Professional Development,
Chemical Education Research, Testing/Assessment
FEATURE: Chemical Education Research

■ INTRODUCTION

Formative assessment (FA) is an important tool for teachers to
support student learning. Bell and Cowie1 define FA as

the process used by teachers and students to recognize and
respond to student learning in order to enhance that
learning, during the learning.
This definition of FA is broad, including activities that are

planned ahead of time by the teacher and then carried out with
students, discussions that occur spontaneously as activities
occur in the classroom, and review and feedback by teachers
on students’ written work. For example, teachers often provide
immediate feedback during an FA activity, and offer written,
delayed, feedback after the FA through the evaluation of the
written work.2 FA can also happen at any time during a lesson
when a teacher notices ideas and thinking shared by students
and then responds to the students in real-time, offering
immediate feedback.1,2 FA has been shown to have a
significant impact on student learning.3,4 While science
teachers’ FA practices are widely studied in science education,
both teaching and learning have discipline-specific aspects, so it
is also important to consider the FA practices of teachers
through a disciplinary lens.

In chemistry, researchers have investigated students’
perceptions of different types of FA,5 characterized college
teachers’ familiarity with assessment terminology,6,7 and
presented a framework for writing three-dimensional learning
assessment questions.8 Few chemistry-specific studies have
analyzed teachers’ FA practices. Harshman and Yezierski
analyzed teachers’ assessment practices by looking at relation-
ships between teachers’ stated goals and the items they
selected.9−11 They found that teachers tend to set larger unit
goals and not goals for individual assessments, but the goals
they do set tend to focus on conceptual understanding.9,11 To
evaluate student work, teachers used descriptive statistics
(percentage correct) to judge their students’ level of
understanding. Overall, there was rather poor alignment
between what the teachers wanted to assess and what the
items they chose actually assessed.9,10 The authors did not
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characterize the teachers’ FA practices beyond the alignment
between goals and items. Furthermore, the authors were only
able to gather rather ambiguous data through their interviews,
and they called for further inquiry into chemistry teachers’
assessment practices within a disciplinary context using a data
collection method that would allow teachers to elaborate on
their assessment practices.
A major approach to examining FA practice in science

education is to use unit portfolios or student notebooks.12−16

Typically, a portfolio is a collection of artifacts of FA that
includes instructional and planning materials, assessments,
examples of student work, a teacher’s feedback and comments
on student work, and the teacher’s reflections on the lesson.
Researchers have also complemented the analysis of artifacts
with classroom observations to include data related to the
enactment of the FA. While portfolios of entire units have been
found to be a viable way to understand a teacher’s practices,
this method places a great deal of time burden on teachers to
collect and assemble full unit portfolios. Borko et al.13 made
recommendations for ways to reduce the number of artifacts
and days on which artifacts are collected.
When analyzing FA practice, focus has concentrated on two

main areas: FA design and teachers’ evaluation of student
work. One of the most important aspects of designed FA is the
task itself, as it affects the entire FA process, including the
insight gained into students’ thinking.2,9,12,17 Kang et al.17

found that the cap for the intellectual demand for an FA is set
by the design of the task; i.e., the intellectual demand can
remain at the level of the task, but it much more typically
decreases across enactment of the FA, from the launch through
implementation of the FA and then evaluation of student work.
In chemistry, task design was shown to limit the conclusions
the teacher was able to draw about their students because the
items used did not assess the teachers’ stated goals.9 The
design of FA tasks has been shown to correlate with overall
practices of teachers. Teachers who designed tasks that asked
students to make connections between concepts and to
generate explanations tended to have better overall assessment
practices.12 Two major findings about FA practice transcend
many studies.2,3 To uncover students’ thinking in writing, FA
prompts should be both open-ended and familiar to students.
After FA prompts are answered, a teacher must provide some
feedback on student work so that students can act upon it.
Previous research has examined how teachers notice and

interpret student work and what kinds of feedback they
provide to students. When noticing student work, novice
science teachers tend to describe what students write, often
simply rewording students’ responses.18 More advanced
approaches, while rare in novice teachers, involve making
inferences about student understanding, in particular, by
identifying underlying assumptions.18 When interpreting
students’ work, novice teachers tend to focus on the
“correctness” of the students’ answers, rather than uncover
the productive ways of thinking that students demon-
strate.18−22 This may be, in part, due to a lack of clarity on
the part of teachers between eliciting students’ thinking and
asking for correct answers.23 Talanquer et al.18 found that
some advanced prospective science teachers were able to make
sense of students’ thinking when evaluating their work, but
they tended to be inconsistent in this focus. These studies
converge on the importance of shifting teachers’ focus toward
noticing students’ underlying thinking because this enables

teachers to leverage productive aspects of the students’ own
reasoning.18,19

The planning of FA and evaluation of student work have
domain-general and domain-specific aspects. To fill the data
collection problem posed by the domain-specific research
conducted in chemistry about teachers’ assessment practices,
this study draws on science education methods, such as
portfolios. Research that has examined portfolios, as well as
most studies of teachers’ evaluation of student work, has been
carried out through domain-neutral lenses, focusing on science
in general or considering data collected across teachers from
many areas of science. The goal of this study is to develop a
domain-specific analysis of formal FA practices to uncover
what chemistry teachers emphasize as important throughout
the FA process, from FA design to evaluation of student work.
We envision two audiences for this work: (1) teachers who
want to focus their FA practice more on students’ chemical
thinking and (2) researchers who are interested in investigating
chemistry-related FA task design and teachers’ evaluation of
student work in chemistry.

■ THEORETICAL FRAMEWORK
This research is guided by the chemical thinking framework.24

In order to promote students’ abilities to make informed
decisions, build justifications, evaluate outcomes, and test ideas
in the context of personal, societal, and global concerns, a
change of focus from teaching chemistry as a body of
knowledge to teaching chemistry as a way of thinking is
needed. This framework aims to shift the focus of the
chemistry curriculum from being a collection of topics that
need to be learned toward being a set of practices of chemistry,
in line with current policy.25 The framework is centered on
core questions that chemistry is uniquely positioned to
address. The six core questions of chemical thinking are the
following:

1. How do we identify chemical substances? (chemical
identity)26,27

2. How do we predict properties of materials? (structure−
property relationships)28,29

3. Why do chemical processes occur? (chemical causali-
ty)30,31

4. How do chemical processes occur? (chemical mecha-
nism)30,31

5. How can we control chemical processes? (chemical
control)32

6. How do we evaluate the consequences of chemically
transforming matter? (benefits−costs−risks)33,34

Chemical thinking is developed through the application of
chemistry knowledge in order to analyze, synthesize, or
transform matter as a chemist would. Because all of the
practices of chemistry, as instantiated in the six core questions
above, involve the application of knowledge related to many
topics (e.g., nomenclature, stoichiometry calculations, kinetic
molecular theory applications, reaction rate laws, electrophiles
and nucleophiles), they are also disciplinary concepts that cut
across all of chemistry. When teachers attend to how students
think about these crosscutting disciplinary concepts, they can
identify productive resources that students have for practicing
chemistry (further explicated in the references associated with
each chemical thinking question above), while they also attend
to supporting students in developing competence in the use of
facts and skills (chemistry knowledge) that are applied in
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answering core questions of chemistry. In this way, teachers
leverage these productive resources toward developing
students’ chemical thinking. Using the chemical thinking
framework allows for the analysis of teachers’ FA practices
through a domain-specific lens that prioritizes the development
of students’ chemical thinking and reasoning over the
evaluation of right and wrong answers, which is often
employed when teaching with a topic-focused approach.

■ RESEARCH QUESTIONS
The goal of this research was to develop a method to analyze
what teachers emphasize in their planning and reflecting on
FAs. Our motivation in developing this analysis method for FA
portfolios is to be able to analyze teachers’ progress across a
year-long professional development program to look for
changes in teachers’ emphasis toward a chemical thinking
approach. The characterization of FA portfolios is also more
broadly useful for two reasons: (1) it offers a mechanism for
collecting data on FA practice which includes necessary
information for such analysis, and (2) it provides teachers with
a way to analyze their own FA designs and evaluation of
student work to gauge the extent to which they are
emphasizing chemical thinking.
The study was guided by the following questions:

1. How can what chemistry teachers emphasize in planning
and reflecting on FA be characterized?

2. What types of emphases can be illuminated using this
characterization?

■ PARTICIPANTS
The teachers in this study (N = 13) were participants in a year-
long professional development (PD) program. Teachers were
selected for the program on the basis of a double-blind review
of applications by teachers and researchers in the project
leadership. The review prioritized school variety, diversity of
teachers’ situations, and range of years of experience in
selecting each cohort. Review considerations also included the
potential for growth in diversifying teachers’ assessment
stances (i.e., the extent to which teachers focused on judging

correctness or on students’ sense-making18) that were evident
in two short essays and an example FA with the teacher’s
reflections on one student’s work. Eligibility to apply included
being a high school chemistry or middle school science teacher
in a specific large urban New England public school system,
having at least three years of teaching experience, and
obtaining approval of the principal. Artifacts from two cohorts,
in 2017−2018 (n = 5) and 2018−2019 (n = 8), are included in
the sample of data analyzed. The 13 teachers in this study were
either high school chemistry (n = 10), high school biology (n =
1), or middle school science (n = 2) teachers. (The biology
teacher applied and was selected while being a chemistry
teacher, and then was reassigned to teach biology after the
cohort year began; this teacher collected all data during
chemistry-related lessons in biology.) The teachers had
between 3 and 14 years of teaching experience, with an
average of 6.8 years of experience, taught in different types of
schools, and also taught other subjects (Table 1). Demo-
graphic information was collected to show the diversity among
participants. The sample size is too small to be used to draw
conclusions based on demographics. The study was approved
by the university’s IRB and the school district’s research
compliance office. All teachers provided written consent to
participate in the study. The teachers were compensated either
by a stipend or graduate-level credits in chemistry. The
students provided written consent if over 18; students under
18 provided assent, and consent was provided by a parent or
guardian. To preserve confidentiality, teachers are referred to
by single letters that are not related to their actual names.
The goals of the PD were to strengthen and diversify

teachers’ formative assessment practices in three areas:
selection and design of formative assessment tools, evaluation
of students’ responses, and decision-making based on what is
learned from interactions with and responses of students
during FA. Regarding these, the PD supports teachers shifting
from using FAs designed exclusively to differentiate students
on the basis of ability level, toward FAs that also can elicit and
promote students’ chemical thinking. The PD also aims to shift
teachers’ focus from evaluating student work as correct or
incorrect, toward increased interpreting of students’ underlying

Table 1. Demographic Information about Participating Teachers

Teacher
Years

Teaching Primary Subject Grade Level Other Subjects Taught Type of School

A 6 Chemistry 10, 11, 12 Physics Large comprehensive high
school

B 5 Chemistry 10 None English learners high school
C 6 Chemistry 10, 11, 12 Biology, Anatomy & Physiology Inclusion high school
D 11 Chemistry 11, 12 Earth & Environmental Science Large selective high school
E 3 Chemistry 11, 12 Biology, Earth & Environmental Science Small learning community high

school
G 12 General Science 6, 7, 8 None Spanish bilingual middle school
M 7 Chemistry 10, 11 Biology, Biotechnology Large selective high school
P 3 Biology, AP Biology 11, 12 Chemistry Vocational−technical high

school
Q 6 Chemistry 9, 10, 11, 12 None Arts magnet high school
R 7 Chemistry, AP

Chemistry
10, 11, 12 Earth & Environmental Science Large selective high school

S 3 Chemistry 11, 12 None Small learning community high
school

T 14 Chemistry, AP
Chemistry

11, 12 Physics Small learning community high
school

U 5 General Science 6, 7, 8 Biology, Physics, Earth & Environmental Science,
Technology/Engineering

Spanish bilingual middle school
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thinking and identifying students’ own productive resources.
Third, the PD intends to focus teachers on using what they
learn from the evaluation of their students’ work in order to
build upon students’ productive ideas rather than only
relecturing the main ideas. This research centers on character-
izing teachers’ FA practices in relation to the first two areas.

■ METHODS
Each teacher assembled an FA portfolio consisting of four
chapters spaced across the year, beginning with one submitted
with their application and concluding with one near the end of
the school year. The FA portfolio design was adapted from
Scoop Notebooks,14,35 which have been used in measuring
instructional practices of science and mathematics teachers.
For each portfolio chapter, teachers were asked to provide a
blank copy of the FA task, with explanations of their purpose in
using the FA, where the FA fit into the curriculum, and
expectations for a proficient student’s answers and confusing
aspects that students may encounter. The teachers also
provided deidentified work from three consenting students
that was representative of the range of work by the class, along
with how the teacher evaluated these students’ work. As a part
of their evaluation, some teachers provided hypothetical
feedback about what they may have said or asked a student
based on their answers. In almost all cases, this feedback was
never actually presented to the students and was rather part of
the teachers’ reflections on students’ work. Finally, teachers
noted how they proceeded with the lesson immediately after
the FA or in the next class, and they reflected on what worked
well and what they would change. The template version of the
FA portfolio chapter and an example that was provided to
teachers can be found in the Supporting Information. To
develop a method of characterizing FA portfolio chapters, we
analyzed the final FA portfolio chapters submitted by each
participant because these were expected to represent the
greatest range of assessment emphases. These were analyzed in
three parts: (1) the design of the FA, (2) the teacher’s
intentions for using the FA, and (3) the teacher’s evaluation of
and feedback on student work. This analysis only focuses on
the delayed written evaluation and feedback provided by the
teacher in an FA portfolio chapter. The in-the-moment
feedback that is also part of FA was captured with classroom
video observation and is the subject of a separate study.
The FA design was analyzed following two criteria from

Ambitious Science Teaching36 which were incorporated into
the PD: accessibility and power to reveal students’ thinking.
Accessibility is the degree to which students have enough
knowledge about the questions or task to be able to engage in
the work. The FA’s accessibility was evaluated by considering
not only the questions asked but also the context in which the
questions were embedded and the FA’s place in the curriculum
with respect to the students’ prior learning experiences in
school. Each FA was classified as having “High” or “Low”
accessibility. The FA’s power to reveal students’ thinking was
considered with respect to the chemical thinking strand that
most closely related to the ideas and reasoning students were
asked to engage with in the FA.24 To gauge this, we examined
the task and questions presented to the students, along with
the types of responses that students provided. The task and
questions were evaluated to determine the extent to which the
FA had the potential to reveal students’ chemical thinking. The
students’ responses were then used to determine to what
extent this potential was met. FA tasks were grouped on the

basis of similarities in their accessibility and power to reveal
students’ chemical thinking.
A characterization of a teacher’s purposes for using an FA

was synthesized from several questions in the FA portfolio
chapter. These questions asked the teacher what the central
idea or concept being targeted was, where the FA was
positioned in the curriculum, the benefit or “special power” of
the assessment, and expected answers from proficient students
and confusing aspects students are likely to encounter. From
these, a narrative was written for each teacher describing the
teacher’s goal(s) for using this specific FA. These narratives
were then grouped on the basis of commonalities of goals.
The teacher’s evaluation of student work was characterized

by analyzing how and what the teacher noticed and interpreted
on the basis of the student responses in the FA portfolio
chapter. For both metrics, noticing and interpreting, each
teacher was characterized as “Minimal” or “Extensive”. If a
teacher demonstrated characteristics at both extremes, the
teacher was considered to be between the two extremes. When
noticing a student’s work, “Minimal” was recorded if the teacher
only described what a student had written by either directly
quoting the student or rewording what the student had
written.18 In such cases, the teacher did not go beyond surface
level in examining the student work. An “Extensive” code was
recorded when a teacher described inferences about the
student’s understanding.18 To do this, a teacher speculated on
assumptions relied upon by a student or identified ideas the
student appeared to be considering in order to develop an
answer. When interpreting students’ thinking, coding ranged
from “Corrective” to “Sense-making”. Corrective interpreting
involved comparing student responses to canonical knowledge
to determine whether they were right or wrong, judging a
student’s level of understanding, or explaining the route a
student took to arrive at an incorrect answer (e.g., the student
failed to convert Celsius to Kelvin).18,19,21,37 “Sense-making”
interpreting involved an effort to understand students’
underlying thinking related to a chemical thinking strand.18

This went beyond whether a student response was right or
wrong; rather than emphasizing judgment of correctness of a
student response, the teacher focused on hypothesizing the
underlying thinking that may have led the student to reason in
this way. This analysis was carried out separately for each of
the three student work samples evaluated by a teacher. A
narrative was then developed on the basis of the teacher’s
tendencies when noticing and interpreting the students’ work.
Similar narratives were grouped, and themes were developed
on the basis of focuses in each group in evaluating student
work.
In developing the analysis method, we paid attention to

important areas of trustworthiness: dependability, credibility,
transferability, and confirmability.38 Dependability was ensured
through a detailed description of the data collection and
analysis process (detailed above). Peer examination was used
to establish the credibility of the results. Debrief sessions were
held with a group that included six individuals who were
postdocs and graduate students and were not associated with
the data collection or the development of the analysis. During
the debrief sessions, all attendees coded data using the coding
scheme and provided feedback. This helped ensure that the
coding scheme did not have blind spots and that similar
findings were drawn by several people. The diverse back-
grounds of the participants (Table 1) support the trans-
ferability of the results and conclusions of this study. After
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completing and submitting their FA portfolio chapters, a
subset of the teachers were asked to provide additional
reflections on their FA practices associated with their final FA
portfolio chapter. The teachers’ own analyses of their focuses
during the evaluation of students’ work were compared to the
results of the coding scheme as a way of establishing
confirmability (see Supporting Information).

■ RESULTS AND DISCUSSION

The teachers developed chemistry-based FAs based on a
variety of tasks (summarized in Table 2). These ranged across
content in middle school science, high school chemistry,
chemistry topics in biology, and AP chemistry. They included a
wide variety of models (e.g., Arrhenius acid−base, particulate
representations of phase changes, reaction types), contexts
(walking around the school, the kitchen at home, a chemistry
laboratory, a science fair, a rural watershed, a geological
formation), and modes of activity (drawing a representation,
animating a reaction, analyzing a story, conducting laboratory
work, making drinks from colored powdered mix). The FA
activities included both individual and group work. Most
student work involved written explanations and drawings of
representations, but some student work included still photos,
e.g., when there were posters, animations, or lab setups
produced by students.
Analysis of the teachers’ FA portfolio chapters resulted in

differences in design, purpose, and evaluation of student work,
presented in the following three sections. The categorizations
of approaches within these are not intended to denote “good”
or “bad” ways of enacting FA. Each design, purpose, and
evaluation approach can be used by teachers in valuable ways
to achieve different goals. Because a goal of the PD was to
diversify teachers’ FA practice, our interest in developing this
analysis approach was to be able to capture the varied ways in
which teachers enact FA. As explained in the Theoretical
Framework section, however, the rationale for offering the PD
was to increase teachers’ emphasis on chemical thinking. It is
easier to adapt a chemical thinking task into a content and
skills-focused task than it is to do the reverse. In our framing of
implications, we comment first on affordances, and then on
ways of shifting FA practices from a content/skills focus to
chemical thinking.

Formative Assessment Design

The FA tasks (Table 2) were analyzed to determine the extent
to which they were accessible and capable of eliciting students’
chemical thinking.
Tool-Oriented FA Design. Tasks with a tool-oriented

design focus on developing a specific skill or practicing the use
of a specific concept. Usually, these involve questions that have
one correct answer. Tool-oriented tasks often involve specific
prior knowledge and are not easily accessible to a student who
has not had learning experiences related to that knowledge.
Four teachers in our sample developed or selected tool-
oriented tasks. For example, teacher T, a high school teacher,
designed an FA around students’ understanding of concen-
tration and the ability to apply the formula C = n/V (Figure 1).
The task presented students with three solutions of NaCl in
various volumes and concentrations. Students were asked to
determine which solution is most concentrated, which had the
most moles of solute, and which had the largest mass of solute,
and to explain why these were the answers for each question.
Each of the questions has only one correct answer, and the

route to each correct answer is through application of the same
equation. Specific prior knowledge is needed by students to be
able to engage in this task, including recognition of units of
measure (molarity, volume) and ability to report concentration
(e.g., 0.6 M NaCl), use of the periodic table to determine
formula weight, and knowledge of how to convert moles to
grams. This task allows a teacher to assess a student’s
understanding of a concept, concentration in this case, and/
or proper application of an equation. It does not permit
discerning how a student thinks about using the concept as a
tool to explain a phenomenon, nor what the student considers
to be the meaning or purpose of the equation. Other teachers
with similar design features in their tasks asked students to
identify types of reactions and charges on molecules/ions, or to
define terms, such as dependent vs independent variables.
Tool-oriented designs limit the purposes for which the FA

can be used to determine whether students recall a specific
concept or how students apply an algorithm. This is certainly
appropriate at times, as learning chemistry includes under-
standing concepts and practicing skills. For example, a tool-
oriented design is appropriate for practicing drawing Lewis
structures. This type of task does not, in itself, offer insight into
how a student thinks about chemistry. A teacher might modify
a tool-oriented task depending on what questions are asked
during the implementation of the FA activity; however, as
others have found17 and we also report later, this rarely occurs.
Tool-oriented tasks can also be adapted to focus on chemical
thinking, rather than on concepts and skills practice, by
embedding the use of the tool in a phenomenon in chemistry
that can be explained by the application of the tool. For
example, if given a table of concentrations and rates typical in
traditional kinetics problems, students could be asked to
propose three different ways to control the rate of the reaction,
which would involve reasoning using the rate equation that
students must first derive from the data.

Correctness-Assessing Structure in FA Design. Tasks
of this design are anchored in examining correctness in how
students explore and explain a phenomenon. Unlike tool-
oriented tasks, which center on reciting knowledge or applying
skills, it is the structures of these tasks that constrain them to
assessing only correctness. Two teachers submitted FA tasks of
this design. Teacher D, a high school chemistry teacher,
designed an FA that presented students with cards
representing the components of a container of pure water
(H2O, H

+, OH−), along with extra H+ and OH− cards. The
students were tasked with manipulating the cards to represent
how a solution would become more acidic or basic through the
addition of only one kind of extra ion. This task has the
potential to explore students’ thinking about a mechanism that

Figure 1. Different concentration solutions of NaCl provided to
students on teacher T’s FA.
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leads to a more acidic or basic solution. However, the
questions in the task asked about how many H+ and OH−

cards remained after each step, whether the solution was acidic
or basic, and what general trend was observed when adding
acid or base (e.g., “What happens to the amount of hydrogen
ions when you add acid to pure water?”). These questions
constrain students to share their thinking only about what the
teacher wants students’ attention focused on, and the questions
can be answered with a single number or word, leaving little
room for insight into how a student arrived at an answer. Like
the tool-oriented category, specific prior knowledge is
necessary for a student to engage in the FA. For example, in
teacher D’s FA, students needed to know that H+ and OH− are
representations of Arrhenius acids and bases, and that more of
one or the other increases an acid or base solution’s strength.
These tasks have the potential to reveal students’ chemical

thinking; however, either the ways that the questions were
asked or the overall design did not provide opportunities for
students to do so. Tasks with correctness-assessing structure
can be useful when guiding students in a way to think through
logical steps in reasoning. Shifting such tasks toward a chemical
thinking emphasis requires adding more open-ended questions
(e.g., What happens when H+ ions are added to pure water?
How does the solution become more acidic?). Such questions
would open opportunities for students to use their conceptual
understanding to explain how they envision a mechanism
underneath a phenomenon.
Thinking-Constraining FA Design. Tasks with this

design constrain the options students can select. Often, these
options are common misconceptions. Two teachers’ FA tasks
presented this design. Teacher A’s task asked what happens to
water molecules when they evaporate from a puddle. Instead of
asking students to draw representations of how they envisioned
water molecules before and after evaporation, the task
provided students with different representations (Figure 2)

and asked students to judge their correctness and comment on
them. While the task is about chemical mechanism (How do
the arrangements of water molecules change as they
evaporate?), the thinking targeted by the task constrains
students to the question of chemical identity (Which
representations show water molecules?). Although students
may apply chemistry knowledge to decide whether they agree
with a representation, the answer options cue students to pay
attention to different features than the FA task evokes rather
than allowing students to generate representations that better
match their thinking related to the question about water
evaporating. The forced-choice FA design also constrains
students to evaluate known misconceptions rather than share
ideas which may not be among the options.
Thinking-constraining task designs can offer a dipstick to

gauge whether known misconceptions are present in a class,
but like the correctness-assessing structure, the design also
limits the ways in which students can respond. In this case, it

limits by reducing the avenues available to students in
explaining a phenomenon. Unlike correctness-assessing
structures, these tasks open opportunities for students to
share their thinking but direct them to think about specific
aspects of a phenomenon instead of allowing the students
themselves to determine what is relevant. In our sample, these
constraints also steered the chemical thinking emphasis away
from the main question, e.g., from chemical mechanism to
chemical identity. To shift a thinking-constraining task to
engage students more in chemical thinking, it is necessary to
unpack what thinking is being constrained. In the case of
teacher A’s task, it could better reveal students’ chemical
thinking by opening ways for students to share their thinking
about chemical mechanism, for example, by asking students to
show representations of how they envision the arrangements of
molecules changing as the puddle evaporates, and then by
asking students to explain their own drawings.

Chemical-Thinking-Oriented. These task designs all
required students to apply their skills and conceptual
knowledge as “tools” to explain a real-world phenomenon as
chemists would. Five of the FA tasks in our sample were found
to have a chemical-thinking-oriented design. Teacher E, a high
school chemistry teacher, designed a task to explore students’
thinking about chemical causality and chemical mechanism,
specifically focusing on the question, “What determines the
outcomes of chemical change?” The task begins with a scenario
in which three teachers, of varying sizes, each drink the same
large amount of a caffeinated beverage, resulting in the death of
the smallest person (Ms. X). The students are asked a series of
questions about what could have caused one person to die but
not the others: “How is it possible that everyone drank the
same amount but only Ms. X died?” and “What do you think
happened to Ms. X’s body that caused her to die?” These
questions are open-ended, making space for students to draw
upon a wide variety of prior knowledge that they consider
relevant from chemistry, biology, other sciences, or everyday
experiences to answer the questions. Specifically, from
chemistry, the students could apply what they had learned
about ratios (amount of toxin per kilogram of body weight)
and ways that some toxins can react in the body. Such tasks are
likely to provide student responses that the teacher can
interpret to gain insight into the students’ underlying chemical
thinking about chemical causality or mechanism. FAs in our
sample like this had tasks and questions that aligned with one
of the chemical thinking strands (questions that chemistry is
uniquely positioned to answer). The tasks presented students
with a scenario within reach of familiarity or which students
may have experienced in their lives outside school, and then
asked students to apply their chemistry knowledge to explain a
phenomenon. The questions tended to be open-ended,
allowing students to draw upon a wide array of prior
knowledge.

Summary. Four types of designs were found in our sample.
These designs ranged in their accessibility to students with
tool-oriented designs being the least accessible, requiring
specific prior content knowledge, and chemical-thinking-
oriented designs being the most accessible, allowing students
to draw on knowledge from many areas including their
everyday experiences. These designs also ranged in their ability
to reveal students’ thinking. Some tasks presented questions
with one correct answer (tool-oriented and correctness-
assessing designs) while other allowed students to share their

Figure 2. Four representations of water evaporating that students
were given in teacher A’s FA.

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

https://dx.doi.org/10.1021/acs.jchemed.0c00361
J. Chem. Educ. 2020, 97, 4255−4267

4261

https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00361?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00361?fig=fig2&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.0c00361?ref=pdf


thinking about a phenomenon (chemical-thinking-oriented
design).

Purposes in Using a Formative Assessment

The analysis of the narratives about the teachers’ purposes for
using their FAs yielded three categories.
Conceptual Mastery. Five teachers used their FAs to

assess students’ understanding of specific concepts. Teacher T,
when writing about the goal of using his FA, stated

The central goal of this assessment is the concept of
concentration. The concept of concentration is very
important in chemistry and all its applications.
This teacher demonstrated awareness that the concept of

concentration can be used as a tool in the application of
chemistry, but his goal was to assess students’ understanding of
the tool rather than how it can be applied. Teacher A had a
similar goal. To explain the reasons behind her FA use, she
wrote

I designed this assessment with the goal of being able to see
how much students understood a couple of things based on
the misconceptions they had at the beginning of the unit.
All of the teachers with FA purposes in the conceptual

mastery category, when sharing why they chose to use the FA
and the central idea that that it targeted, wrote that they
identified concepts or misconceptions as the focus. These
teachers were clear that their purposes for use of their FAs
were to assess students’ understanding of a concept and not
how the students used the concepts to answer chemistry-
related questions.
As with tool-oriented task designs, there are times when

conceptual mastery purposes are useful. For example, teacher
A’s FA purpose referred to an earlier FA in her unit, so it may
be that the representations she presented (see Figure 2) were
based on ones that students had originally drawn. In this case,
this FA may have been at the service of a larger goal that had a
chemical thinking focus. This might explain the mismatch
between the chemical thinking question most directly related
to her FA task (chemical mechanism) and the question that
was its focus (chemical identity).
Conceptual Mastery and Chemical Thinking. Four

teachers communicated a purpose of assessing students’
understanding of concepts along with a secondary goal of
understanding how students apply concepts to explain
phenomena. Their FA purposes differed from the conceptual
mastery category, as these teachers included a deliberate
chemical thinking focus. For example, a middle school science
teacher, teacher G, wrote that her goal in using her FA at the
end of a unit was to “highlight a few key concepts” about the
sources of phosphorus, their relative amounts from each
source, and some relevant vocabulary. Thus, part of her intent
was to assess how well students had learned certain facts and
vocabulary. However, she also expressed a secondary goal to

[see] what students are thinking about solutions for this
problem [of phosphorus runoff].
In addition to assessing the students’ conceptual under-

standing, she wanted to learn how the students applied their
understanding to control the phosphorus runoff to prevent
algal blooms. This addresses the chemical control question by
asking the following: How can the effects of the phosphorus
runoff be controlled?
Uncovering Students’ Chemical Thinking. Four

teachers employed FAs with a purpose of understanding how
students use their knowledge to answer questions that can be

uniquely answered by chemistry. Unlike the previous category,
this was not a secondary focus for these teachers; rather, it was
their only stated purpose. Teacher B (a high school chemistry
teacher) expressed the following about her beginning-of-unit
FA:

I was curious to know their thoughts about what makes the
three states of matter different from one another.
This teacher wanted to investigate how students could tell

the states of matter apart, rather than whether the students
were bringing correct conceptions into their work. This
purpose refers to the structure−property relationships
question, specifically by asking the following: What cues are
used to differentiate solids, liquids, and gases?
As another example, teacher E, a high school chemistry

teacher, wrote
Students have learned enough about toxicity to make
connections with chemical reactions, but the prompt is open
to students’ prior knowledge about the effects of caffeine,
overdoses, and how the body works.
Teacher E was interested in seeing how her students applied

their chemistry knowledge to explain an overdose of caffeine.
As noted earlier, her focus here is on the chemical thinking
questions of chemical mechanism and chemical causality,
specifically, students’ thinking about what factors and processes
influenced the overdose outcome. She noted that there is
chemistry-specific knowledge she may expect the students to
use, but she also relayed her openness to seeing what other
knowledge students would draw upon. Rather than looking for
students to demonstrate understanding of a concept, these
teachers intended to uncover the students’ reasoning about a
chemistry-related phenomenon.

Summary. The teachers in our sample used FAs to assess
students’ conceptual mastery, to assess a mixture of conceptual
mastery and chemical thinking, or specifically to uncover
students’ chemical thinking. Some of the teachers upheld a
topic-focused emphasis, using their FAs to evaluate students’
knowledge, and judging their understanding of specific
content. Others blended two goals; they were concerned
with the students’ level of conceptual understanding but also
wanted to see what resources students drew upon to explain
phenomena. Others solely used a chemical thinking
perspective when setting purposes for using their FA. These
teachers expressed a wish to uncover what resources students
drew upon to explain a phenomenon.
Evaluation Focus

The narratives created from the analysis of the teachers’ notice,
interpretations, and feedback on student work were analyzed to
infer what appeared to be teachers’ goals when evaluating the
student work, rather than the goals they expressed as their
intentions for the FA activity.

Conceptual Understanding. Despite the variety of task
designs and expressed purposes for the FA, the vast majority (n
= 10) of the teachers in our sample evaluated their students’
work with a goal of assessing students’ conceptual under-
standing. For example, when asked what would happen to
phosphorus on the ground at the top of a mountain or below
in the city (points A and B in Figure 3), one of teacher G’s
students wrote the following:

[On top of the mountain the phosphorus] will get into the
ground in infiltration. [In the city] because there is too many
houses and probably cars too... it will move to the river.
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In response to this, teacher G wrote the following about
what she noticed:

[I see] understanding of runoff and infiltration on
impervious and pervious land cover, respectively.
This teacher’s noticing was inferential. She did not simply

rephrase that the student considered that phosphorus would
runoff into the river because there are houses and cars. She
inferred which concepts the student understood in order to
answer in this way. In a similar way, most teachers went
beyond the surface of the students’ answers to infer which
concepts students used correctly or misunderstood.
In response to the prompt “Draw 3 pictures of how you

think the particles look in a solid, liquid, and gas below”, one of
teacher B’s students drew clusters of three circles to represent
the solid phase, clusters of two circles to represent the liquid
phase, and individual circles to represent the gas phase. When
evaluating the student’s response, teacher B wrote

It seems the student does not realize that the water, ice, and
gas have the same chemical formula and therefore the
particles she drew are not the same.
The teacher interprets by judging the correctness of the

student’s answer and stating which knowledge the student
lacks. In contrast, a sense-making interpretation based on
structure−property relationships thinking behind the student’s
answer could be that this student may have been thinking that
there are changes in the arrangements of particles within water
molecules (3 particles together in solid, 2 together in liquid,
and 1 alone in gas), which leads to changes in observable
properties of the phases of water. Attempting to understand
the student’s thinking opens opportunities for a teacher to
leverage productive resources in the student’s thinking (e.g., in
this case that structural changes occur) to advance the
student’s reasoning. In addition to teacher B’s evaluation
quoted above, this teacher also identified a correct feature of
the student’s drawing, that the distance between the particles
increased when moving from solid to liquid to gas. This
teacher, as well as others in this category of evaluation focus,
tended to explain students’ correct and incorrect ideas, but
they did not hypothesize about the students’ thinking that lay
beneath responses. When interpreting student thinking and the
underlying assumptions of students’ answers, the teachers
tended to be more corrective rather than focused on the
students’ sense-making. The most common ways of interpret-

ing were to state whether students provided correct or
incorrect responses, to explain which knowledge students
lacked, or to remain silent on interpreting.
Most teachers did not offer hypothetical feedback as a part

of their evaluations. Those who did focused on guiding
students to the correct answer. A typical example of this was
the following:

Can you find in your notes what the symbol M stands for?
Will your answer to question 1 change now?
The goal conveyed here is for students to master skills and

conceptual understanding. The teacher is not trying to advance
the students’ reasoning but rather concentrating on ensuring
that students know the correct vocabulary, facts, and
algorithms, as well as where to find these when needed.
When noticing and interpreting their students’ work, these

teachers made statements about which answers were correct or
incorrect, and what concepts the students did and did not
understand. They did not speculate about the students’
underlying thinking that led to responses. Instead, they tended
to focus on evaluating students’ conceptual understanding.
While there are certainly times that focusing on correctness is
important, what stood out in the sample was the incongruence
between purposes expressed for the FA (high variety) and
evaluations rendered (mostly seeking to assess correctness of
conceptual understanding).

Conceptual Understanding and Students’ Thinking.
Two teachers focused on evaluating student work for
conceptual understanding. Like the teachers in the previous
category, these teachers inferred which concepts the students
understood, and were at times corrective, noting knowledge
that the students lacked. However, these teachers differed in
the type of hypothetical feedback that they posed. As an
example, teacher S was interested in understanding how
students think about controlling the concentration of a colored
powdered drink solution. She provided the following feedback
to a student:

Why did the molecules stay the same? What happened
specifically to the taste? Why did the taste change?
Teacher E used a similar approach when trying to

understand a student’s thinking about chemical mechanism:
I would ask her what she means by thatI am wondering
what that maintenance means, and if she is thinking about
the way that caffeine reacts in the body. I would ask her to
explain what she thinks the white blood cells are doing, and
what would happen with the blood cells if there was less
caffeine in [Ms. X’s] body.
These questions seem to be aimed at getting the student to

clarify thinking about what affects the change in concentration
or how caffeine interacts in the body.
These teachers’ primary strategy in giving feedback was to

pose questions to prompt students to make their thinking more
explicit. It is also notable that, for these teachers, eliciting
students’ thinking seemed to be easier than interpreting
thinking in the student responses. Speculating on student
thinking requires practice to overcome apprehension about the
uncertainty involved in inferring.39 Even though they did not
venture to make interpretations, these teachers appeared to
prioritize figuring out the thinking underneath students’
conceptual understanding, which differentiated them from
the previous category. Both of these teachers, when explaining
how they designed their FAs, explicitly emphasized that they
considered it important to offer opportunities for students to
connect the task to students’ own experiences beyond school.

Figure 3. Representations from teacher G’s FA identifying two points
of interest for the students.
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This may be a sign that this emphasis is one that helps teachers
learn about and value the usefulness of students’ own thinking.
Students’ Chemical Thinking. Only one teacher focused

on interpreting the chemical thinking underneath students’
answers. When looking at responses that students provided
both before and after watching a demonstration that involved
acids, teacher R remarked as follows about one student’s
thinking:

I notice that this student, as many did, had the idea that
acids “destroy” and “melt” things. I did notice, with her and
with many other students, that on the exit slip they wrote
things like “break down” that sound more like they are
talking about a chemical reaction than “destroying” matter.
I wonder about whether being confronted with this
particular activity helped her adjust her thinking to reflect
that adding an acid might just cause a reaction, rather than
“destroying” something. The idea that the acid was
“breaking down” the pigment molecules was very common.
I presume that students still believed by the end of the lesson
that breaking things down is the primary function of an
acid, and that that must be what’s going on when the
pigment color change takes place.
Here, the teacher noted changes that seemed to occur in the

student’s thinking based on the changes in the student’s
language. The teacher did not focus on judging the correctness
of the answers, even when they were incorrect, but instead
looked to understand how the student’s thinking changed, and
how this could provide insights into how the student was
thinking about what identifies a substance as an acid. The
teacher also linked this to ways that other students were
thinking, which has been found by others to be concurrent
with a more inferential approach to evaluation.18,39 Because the
teacher interprets the sense-making in students’ responses, she
can then use ways that students think about how to identify
acids to support students’ development of chemical thinking
(in this case, chemical identity thinking).
Summary. As with the purposes, when evaluating student

work, the teachers focused on evaluating conceptual under-
standing or uncovering chemical thinking, or a mixture of both.
Most teachers focused only on determining their students’
level of conceptual understanding based on responses to the
FA task. One teacher focused instead on hypothesizing what
the students may have been thinking that led them to their
answers. Two teachers’ evaluations displayed characteristics of
both of these. This latter group evaluated students’ level of
understanding but also sought to elicit further their students’
thinking, which they demonstrated through hypothetical
feedback questions.

Consistency of Focus

The goal of the year-long PD program was for the teachers to
develop an FA that was focused on chemical thinking. The
purpose behind our development of this analytical approach
was not to see whether a teacher uses a chemical thinking
approach, but to measure how and where a chemical thinking
perspective grows in or fades. Most teachers’ focuses changed
across the FA process, from task design to intended
implementation purpose for the FA to evaluation of student
work (Figure 4). The Sankey diagram shows that, for many,
there was weak correspondence between their stated goals and
enacted evaluations. Most participants’ evaluations either
remained at the same extent of chemical thinking focus or
decreased in chemical thinking emphasis when compared to

that of their FA task design. No teachers moved more toward
an increased chemical thinking focus when going from design
to implementation to evaluation of student work. The only
teachers with strong correspondence among their focuses, from
design through evaluation, lie on the polar ends: conceptual
mastery and chemical thinking emphasis. Four teachers who
began with tool-oriented designs were consistent in their focus
to uncover students’ conceptual understanding. One teacher,
on the other extreme, was also consistent, remaining focused
on students’ chemical thinking.
The weakest correspondence tended to be the shift from FA

purpose to student work evaluation. There were many teachers
who expressed an intent to understand students’ thinking but
ultimately evaluated students’ work for conceptual under-
standing. Teachers U, G, B, and E all used chemical-thinking-
oriented FA designs and had, at least, a partial goal of
understanding students’ thinking. However, none of these
teachers ultimately interpreted students’ chemical thinking in
their evaluations. This may mean these teachers need greater
support to develop this ability, or that they view looking for
students’ correct ideas as the same thing as interpreting
students’ thinking.23 Teachers D, M, S, and A provided student
work evaluations that may have been hindered by the same
limitation, but the available student thinking was also limited
by these teachers’ FA task designs, similar to what was found
by Harshman and Yezierski.9

■ CONCLUSIONS AND IMPLICATIONS
This study developed a discipline-specific approach to
analyzing teachers’ FA practices through the use of an FA
portfolio chapter. While other studies have characterized
teachers from novice to advanced, particularly on the basis of
their evaluation of student work,18 this analysis was not
designed to place judgment on teachers’ FA practices, but
rather to characterize them in order to look for changes. The
analysis was able to uncover how teachers’ focuses changed
throughout the FA process. Four types of FA designs were
found in our sample. By the end of the year-long PD, many
teachers (n = 5) had designed an FA that could reveal students’
chemical thinking. Some teachers were able to develop a task
that had the potential to reveal student thinking but used
questions that constrained student thinking (n = 2) or

Figure 4. Numbers of teachers’ FA portfolio chapters at different
levels of chemical thinking across phases of FA design, teacher’s
purpose for the FA, and the teacher’s evaluation of student work.
(Note: the colors signify the number of different “paths” taken by the
teacher from each node. A node with three colors means that there
are three different “paths” taken by the teachers at that node.)
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structured the FA in a way that did not allow the students to
share their thinking (n = 2). Four of the teachers designed FAs
that limited students to demonstrating content knowledge.
The teachers exhibited three main purposes for their FAs,
ranging from identifying which content and skills their students
understand to uncovering how their students think. Similar
focuses were found for the teachers when they were evaluating
student work, with many more teachers (n = 10) adopting a
conceptual understanding focus. Few teachers maintained a
consistent focus, particularly from purpose to student work
evaluation. Teachers whose focus changed tended to move
away from a chemical thinking orientation when it came to the
evaluation of student work.17 This points to a need for
bolstering teachers’ ability to interpret students’ chemical
thinking through more practice and feedback as part of the PD.
The four teachers who used tool-oriented designs and were

consistent in their focus of looking for mastery (lower red path
in Figure 4) seemed to display a view of chemistry as a
collection of facts that need to be learned. Evidence for this
includes their sole focus being to collect and analyze student
data with the aim of ensuring correct conceptual under-
standing. Five teachers (middle multicolor paths in Figure 4
that conclude at conceptual understanding) seemed to be in
transition with regard to how they view chemistry. As we use
this approach to analyze these teachers’ portfolio chapters
across a full year of PD, we may be able to understand better
how changes over time developed. Nevertheless, these teachers
designed or selected FAs that had potential to reveal students’
chemical thinking and demonstrated some intent to interpret
students’ underlying thinking, but they focused on evaluating
only conceptual understanding when examining student work.
This change in focus when evaluating student work may occur
for several reasons. Perhaps a teacher is not fully committed to
the idea that chemistry is about the application of knowledge
to analyze, synthesize, and transform matter, or a teacher may
consider content knowledge and chemical thinking to be
equivalent to this.23 We have also observed in the past that
teachers are uncomfortable with the uncertainty involved in
hypothesizing about the assumptions that underlie chemical
thinking.40 Any of these could be evidence that teachers were
in the process of expanding their FA practices to include a
chemical thinking emphasis. That one teacher did maintain a
chemical thinking emphasis through all three parts of the FA
process also suggests that it is possible for teachers to
incorporate this focus within a year of PD.
Shortening the lengthy portfolios reported in the liter-

ature12,13,15,16 to single portfolio chapters made the data
collection reasonable for teachers to complete. Teachers
consistently reported that each portfolio chapter took 3−4 h
to prepare. The majority also expressed appreciation that they
could easily adapt their portfolio chapters to provide data for
other purposes, such as teacher evaluations and evidence for
licensure renewal. As noted by Harshman and Yezierski,9

portfolio chapters as a data collection method offer rich insight
into teachers’ FA practices at a moment in time, and they can
reveal how teachers are focusing throughout the FA process.
As other researchers have done, we are also analyzing
classroom videos across the year to better understand FA
enactment, conducting focus group interviews to more deeply
understand how teachers evaluate student work, and
conducting stimulated video recall retrospective interviews
with teachers to more deeply examine growth across a year, in
order to develop a more robust picture of each teacher’s

progress during the year (findings from these have begun to be
reported39,41 and analysis is ongoing). Regarding the FA
portfolio, we note that segmenting the portfolio into smaller
lesson-sized pieces has limitations. This data collection
approach only provides a snapshot of a teacher’s FA practice
and does not include enough data to illustrate the teacher’s
diversity of FA practices that is reported in other portfolio
analyses.12,13 However, the FA portfolio chapters do make it
feasible for a teacher to provide data at multiple points
throughout a year or even across a longer period of time.
FA portfolio chapters can also be useful to teachers who

wish to conduct action research to better understand and
strengthen their FA practice. The Supporting Information
contains a guide with all examples from every category for
design, purpose, and evaluation. This guide can be used by
teachers to analyze their own lessons to determine how their
lessons meet their own expectations, and for teachers who
want to diversify their FA practices by enacting FA with a
chemical thinking perspective. Teachers can also compare their
FAs to those presented in this paper to examine the types of
FAs they tend to use or design. Teachers may find it helpful to
try designing chemical thinking FAs or to use FAs that have
been designed for this purpose. Many are available at the
ChemEd Xchange,41 along with alignment to NGSS,
reflections by teachers on using the FAs, and samples of
student work. It is our hope the FA portfolio analysis tool
offered here will support teachers who are interested in
diversifying their practice to include greater chemical thinking
focus.
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The Supporting Information is available at https://pubs.ac-
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participants (PDF)
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