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Instructional decisions when teaching entropy: a
case study on topic-specific pedagogical
content knowledge

Jennifer England, Samuel Proo and Molly B. Atkinson *

Physical chemistry is a mathematically intensive course that requires students to integrate mathematical

and conceptual understanding of abstract topics, with previous research exploring instruction on

thermodynamics, quantum mechanics, and general approaches to the course. However, there has been

limited work on the impact of instructors’ pedagogical decisions related to student understanding of the

topic of entropy. Within a larger research study exploring the cognitive resources activated by instructors

when teaching entropy, the current case study aims to investigate how chemistry instructors’ values, goals,

and lived experiences inform their pedagogical decisions when teaching the topic of entropy. Using the

refined consensus model of pedagogical content knowledge as a guiding framework, semi-structured

interviews were conducted with undergraduate chemistry instructors from multiple institutions.

Participants were asked to define and explain entropy, represent the topic through focused content

questions, and describe their instructional approaches. Findings revealed that instructors primarily relied on

their knowledge of students and pedagogical knowledge to guide instructional decisions related to their

content knowledge, with minimal emphasis on and integration of assessment and curricular knowledge

with the remaining professional knowledge bases. These results highlight the need for further research

into the development of interconnections between the five knowledge bases of topic-specific pedagogical

content knowledge to better inform instructional practices in undergraduate physical chemistry.

Introduction

Previous work has reported that undergraduate physical chem-
istry students find the course difficult, due to its abstract nature
and requirements of mathematical understanding (Hahn and
Polik, 2004; Sözbilir, 2004; Bennett and Sözbilir, 2007; Bain
et al., 2014; Tsaparlis and Finlayson, 2014; Bain and Towns,
2016). In connection to student understanding, prior research
has specifically investigated physical chemistry instructional
decisions related to the course curriculum (Sözbilir, 2004; Belt
et al., 2005; Becker et al., 2015; Fox and Roehrig, 2015; Mack
and Towns, 2016); quantum chemistry (Padilla and Van
Driel, 2011); and thermodynamics (Bennett and Sözbilir, 2007;
Bain et al., 2014; Natalis and Leyh, 2024). Regarding instruc-
tional decisions related to the course curriculum, instructors’
perceptions of student difficulties (Sözbilir, 2004), topic coverage
(Fox and Roehrig, 2015), and instructional roles in teaching
physical chemistry topics (Belt et al., 2005; Becker et al., 2015;
Mack and Towns, 2016) have been explored. Padilla and Van
Driel investigated quantum mechanical pedagogy through a

topic-specific approach, with findings demonstrating that
instructors’ beliefs on the goals of physical chemistry instruction
impact instructional decisions for specific topics (Padilla and
Van Driel, 2011). Additionally, Bennett and Sözbilir (2007) and
Bain et al. (2014) explored how thermodynamics is taught within
physical chemistry contexts, focusing on the three laws of thermo-
dynamics and finding that students had challenges understanding
the abstract topics, leading to alternative conceptions. These
studies emphasized the need for instructors to better connect
the particulate nature of matter and its concepts to the math-
ematical representations of thermodynamic properties (Bennett
and Sözbilir, 2007; Bain et al., 2014).

Of the foundational chemistry topics taught across the under-
graduate curriculum, entropy is an abstract concept introduced
in general chemistry contexts and further explored in upper-level
courses, including physical chemistry. Previous research has
provided evidence that entropy can be a confusing concept to
students as they navigate the undergraduate chemistry curricu-
lum (Sözbilir, 2004; Bain et al., 2014; Abell and Bretz, 2018, 2019a,
2019b; Charles De Berg, 2022). Additionally, a systematic review
was previously conducted, containing literature on instructional
strategies and practices related to the concept of entropy
(Natalis and Leyh, 2024). Although not focused on pedagogical
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decisions related to the concept, this review by Natalis and Leyh
analyzed how instructional strategies and practices from the litera-
ture integrated the three components of the chemistry triplet –
macroscopic, particulate, and symbolic (Johnstone, 2010; Taber,
2013). Beyond work conducted by the research team on cognitive
resources activated by undergraduate chemistry instructors when
teaching (England et al., 2026), a focus on instructional decisions
related to the topic of entropy in undergraduate physical chem-
istry settings is currently missing from the literature.

In addition to content knowledge (subject-matter knowledge)
and pedagogical knowledge (knowledge of general instructional
strategies), pedagogical content knowledge (PCK) has been pos-
ited as an essential component of instructors’ expertise in teach-
ing (Shulman, 1986). PCK is rooted in exploring instructional
decisions, where five distinct types of knowledge (or professional
knowledge bases) interact and inform an instructor’s PCK:
assessment knowledge, content knowledge, curricular knowl-
edge, knowledge of students, and pedagogical knowledge
(Shulman, 1986; Carlson and Daehler, 2019). PCK of preservice
teachers in science contexts has been previously investigated,
with a focus on the nature of science (Aydin et al., 2013) and
specific topics including translating between the macroscopic
and particulate nature of chemical reactions (Van Driel et al.,
2002), physical and chemical changes (Bektas, 2015), ability to
incorporate technology into instruction (Deng et al., 2017;
Cetin-Dindar et al., 2018), and chemical equilibrium (Oztay
et al., 2023). In contrast, research leveraging PCK at postse-
condary chemistry levels have focused on concepts of acid–base
chemistry (Boothe et al., 2023), kinetics (Akın and Uzuntiryaki-
Kondakci, 2018; Rodriguez and Towns, 2019), and electro-
chemistry (Aydin et al., 2014). Other studies at the undergraduate
level of instruction have focused on PCK related to teaching
specific chemical techniques including thin layer chromato-
graphy (Hale et al., 2016) and 1H NMR (Connor and Shultz, 2018;
Fantone et al., 2024).

Within the specific context of undergraduate physical chem-
istry instruction, previous work has leveraged PCK to explore
how instructors approach teaching the course (Fox and
Roehrig, 2015; Mack and Towns, 2016) as well as how they
approach teaching specific quantum mechanical topics
(Padilla and Van Driel, 2011). In a nationwide study, Fox and
Roehrig (2015) investigated topic coverage, course delivery,
assessment decisions, and faculty understanding of student
perceptions. This study emphasized the need for a better under-
standing of how physical chemistry instructors make decisions
between mathematical and conceptual explanations and how
they present information to students (Fox and Roehrig, 2015).
Mack and Towns (2016) further qualitatively explored instruc-
tional decisions across the undergraduate physical chemistry
course via the lens of PCK. Findings from this work indicated
that chemistry instructors believed that the purpose of teaching
physical chemistry should focus on mathematical modeling to
enhance conceptual understanding, following a hierarchical
model with conceptual learning at the base, epistemic learning
in the middle, and social learning at the top of the hierarchy
(Mack and Towns, 2016). Additionally, in a topic-specific PCK

approach focusing on quantum mechanics, Padilla and Van
Driel (2011) examined instructional decisions of postsecondary
quantum chemistry instructors, focusing on topics of the model
of the atom, wave-particle duality, and atomic orbitals. Findings
from this work provided evidence that instructors used their
beliefs about the purposes and goals for teaching quantum
mechanics to shape their instructional decisions of specific
topics related to their curricular knowledge, instructional stra-
tegies, student understanding of science, and how to assess
scientific literacy (Padilla and Van Driel, 2011). To better under-
stand instruction on the topic of entropy, this study aims to
investigate the values, goals, and lived experiences that impact
the pedagogical decisions of undergraduate general and physi-
cal chemistry instructors when reasoning about teaching
entropy, using the refined consensus model (RCM) of PCK
(Carlson and Daehler, 2019; Rodriguez and Towns, 2019).

Theoretical framing

Pedagogical content knowledge (PCK) was conceptualized by
Shulman to frame how teaching decisions relate to and rely
upon the content of the discipline (Shulman, 1986). To expli-
citly define PCK and related constructs, the refined consensus
model (RCM) of PCK was established, shown in Fig. 1
(Carlson and Daehler, 2019; Rodriguez and Towns, 2019). The
RCM posits three distinct realms or levels of PCK: (1) collective
PCK (cPCK), or the cumulative knowledge held by a scientific
community, informed by evidence within the field; (2) personal
PCK (pPCK), or the personal compilation of knowledge held by
an individual, informed by interactions with students, other
instructors, and the community; and (3) enacted PCK (ePCK), or
the application of knowledge within a given instructional
environment (i.e., specific classroom and/or laboratory), guided
by student outcomes (Carlson and Daehler, 2019). In an inter-
dependent and integrated fashion, cPCK is the knowledge base
that guides an individual’s pPCK, developed by previous experi-
ences in learning environments and directly influenced by

Fig. 1 Refined consensus model (RCM) of pedagogical content knowl-
edge (PCK), adapted from Carlson and Daehler (2019) and Rodriguez and
and Towns (2019).
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interactions with instructional colleagues, education researchers,
course materials, and students. pPCK additionally shapes ePCK,
an application of pPCK during planning, teaching, and reflecting
(Carlson and Daehler, 2019).

Within each realm (cPCK, pPCK, and ePCK) of the RCM, five
distinct types of knowledge (also referred to as professional
knowledge bases) have been defined: assessment knowledge,
content knowledge, curricular knowledge, knowledge of stu-
dents, and pedagogical knowledge (Carlson and Daehler, 2019).
Assessment knowledge is the knowledge of how to design
formative/summative assessments, including how to format
questions and evaluate assessment results to inform actionable
steps. Content knowledge is the knowledge related to the
subject matter, with emphasis on the key ideas and relation-
ships needed for the instructional task. Curricular knowledge is
an awareness of the structure, order, scope, and goals of the
curriculum and impacts on instruction. Knowledge of students
is the understanding of students’ cognitive development,
including prior knowledge. Finally, pedagogical knowledge is
the general knowledge of theories of student learning, skills,
and instructional principles related to teaching. These five
types of knowledge develop through interactions between each
of the three realms (cPCK, pPCK, ePCK) and the many different
people associated with teaching: students, peer instructors,
publications, and field experts (Carlson and Daehler, 2019).
Additionally, three levels of grain size (discipline-specific, topic-
specific, and concept-specific) are present within each of the
realms (Carlson and Daehler, 2019). Discipline-specific PCK is
the knowledge related to an entire discipline, like chemistry,
physics, or biology. Topic-specific PCK explores the knowledge
related to specific topics, like acid–base theory, enthalpy, or
entropy. Concept-specific PCK is the smallest grain size that
focuses on the knowledge associated with teaching individual
concepts in the discipline, like calculating pH or electronega-
tivity. Our current study investigates topic-specific personal
PCK, investigating its impact on chemistry instructors’ instruc-
tional decisions when reasoning about teaching entropy.

Research question

This research study uses the RCM of PCK to explore the
pedagogical content knowledge used by chemistry instructors
when teaching the topic of entropy, and is guided by the
following research question: How are the five professional knowl-
edge bases of topic-specific personal pedagogical content knowledge
leveraged by instructors when reasoning about teaching entropy?

Methods

Instructional/pedagogical decisions when teaching the topic of
entropy were examined through specific content questions, using a
qualitative approach guided by the positionalities of the research
team and the environment in which the study was conducted
(Secules et al., 2021). Within this qualitative work, critical reflection
on biases is important for considerations of transparency, cred-
ibility, and trustworthiness (Foote and Gau Bartell, 2011; Gillborn

et al., 2018; Bayeck, 2022; Rodriguez and Navarro-Camacho, 2023).
Via the researchers-as-instruments component of positionality
(Secules et al., 2021), we acknowledge our role in the research
process, including impacts on study design, implementation, and
analysis. Statements related to positionalities of the research team
have been included in the respective sections below to directly
acknowledge who this research has been done by and for.

Ethical considerations

This study was conducted at multiple R1 public institutions in
the United States, with data collection occurring during Fall
2023 and Summer 2024. Institutional Review Board (IRB)
approval was obtained prior to participant recruitment and
data collection (IRB-23-110).

Participants and setting

As a part of a larger qualitative study (England et al., 2026),
instructors of general and physical chemistry courses were
recruited to participate via a Qualtrics survey, which included
questions related to instructors’ teaching experience, research
experience, and demographic information. Initial recruitment
was conducted through purposeful sampling (Creswell and
Poth, 2018) with volunteer and snowball sampling employed
to produce a larger group of participants (Creswell and Poth,
2018). As a methodological choice, participant recruitment
occurred by email, led by authors JE (a graduate student) and
MBA (an assistant professor of chemistry). This recruitment
strategy, via JE’s and MBA’s professional networks and relation-
ships with instructors at institutions across the nation, poten-
tially impacted decisions to participate in the study. Participants
were selected for interviews (N = 19) in the larger qualitative
study based on their survey responses to ensure representation
from both general chemistry and physical chemistry instructors
(England et al., 2026). Of the 19 participants in the larger study,
four participants were selected for the current case study due to
their (1) wide range of teaching experience and (2) explicit explana-
tions of their instructional decisions related to their values, goals,
and lived experiences in connection with responses that elicited
information related to topic-specific personal PCK. These four
participants held a range of teaching experience (from 1–15 years),
including experiences in secondary (high school) chemistry and
postsecondary (undergraduate) general chemistry and physical
chemistry contexts. All four instructors in the current case study
teach the topic of entropy at least once per year, meaning that they
had recently engaged with the material prior to the interview.

Interview protocol

The interview protocol was developed by authors JE and MBA to
investigate decisions made by general and physical chemistry
instructors when teaching the topic of entropy to undergradu-
ate students. As a doctoral student at the time of the study with
instructional aspirations and a strong foundation in physics,
chemistry, and physical chemistry, this focus was informed and
guided by JE’s interest in how entropy is taught at the under-
graduate physical chemistry level of instruction. After initial
questions regarding instructors’ experience with entropy in
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teaching and research, the instructors were asked how they
define and represent entropy when teaching. For a better
understanding of instructional decisions and pPCK related to
entropy, four content questions (Fig. 2) were included. Lever-
aging expert validation from a general and physical chemistry
instructor who was not a participant in the study (Lincoln
and Guba, 1985; Sandelowski, 1998), the four content questions
were chosen to explore the main components of entropy taught
at both the general and physical chemistry levels of under-
graduate instruction. Each content question was prefaced by
the following prompt: ‘‘We are interested in your instructional
choices for the next few questions. How would you teach the
following prompts to your students? Have you chosen to leave
anything out in your explanations? Why?’’ Content Question 1
explored the entropy differences of phases, one of the first
concepts introduced when teaching entropy. Content Question
2 included the entropy change of the Haber process and the
combustion of ethanol. This question was included as a con-
tinuation of building on the ideas behind the entropy of phases
to apply them to chemical reactions. Content Question 3 asked
about the relationship between temperature and entropy and
any chemical representations used by the instructors when
teaching about this relationship. This question allowed for
potential differences between representations used at the general
and physical chemistry levels of instruction. Finally, Content
Question 4 was chosen as a challenge question related to pre-
viously studied paradoxes in physical chemistry (Bartell, 2001) to

further elicit discussions of pedagogical differences between
general and physical chemistry levels of teaching. Although
the focus of the current case study investigates topic-specific
pPCK of four instructors when teaching entropy, the larger study
conducted by the research team (England et al., 2026) explored
cognitive resources activated by all 19 study participants when
considering the four content questions. This data will not be
reported in the present manuscript.

Data collection and analysis

Semi-structured interviews were conducted by author JE. All
interviews were audio- and video-recorded and were approxi-
mately 25–45 minutes in length. Participants were asked to
describe and explain their instructional decisions, as well as
information related to the topic of entropy that they would
choose to exclude from their explanations, based on the level of
instruction. All audio/video recordings were transcribed using
Otter.ai (Otter.ai, 2025). To ensure thorough transcription,
audio and video data were transcribed and manually cleaned
by JE. To remove any confidential information, transcripts were
deidentified by assigning participant pseudonyms, and any
writing from participants was scanned and saved under their
respective pseudonyms. Qualitative data analysis used deduc-
tive coding (Braun and Clarke, 2021, 2023), leveraging the RCM
of PCK and focusing on the five types of knowledge within
personal PCK for the topic of entropy (Carlson and Daehler,
2019; Rodriguez and Towns, 2019). Data analysis was com-
pleted by both JE and SP, a senior undergraduate student
concurrently enrolled in physical chemistry at the time of the
study. SP additionally completed coursework in the science
education teaching program (Teach North Texas, University of
North Texas), directly applying his formal pedagogical training
to data analysis in this work. Initial analysis was based on the
five types of knowledge described by the instructors when
discussing entropy. Once the types of knowledge (assessment,
curricular, content, students, and pedagogical) were coded,
instructors’ explanations of each type of knowledge were
explored, using work from Rodriguez and Towns (Rodriguez
and Towns, 2019). After thematic analysis of individual knowl-
edge types and instructor explanations to determine themes
among the codes, connections between the knowledge types
were analyzed based on how participants elicited direct and
explicit connections in their explanations. Data from the four
participants were coded to complete consensus between the
two independent coders, JE and SP, alongside discussion with
MBA (Braun and Clarke, 2021). The full codebook, with codes,
theme descriptions, and representative quotes, is shown in
Appendix 1.

Results and discussion

Participant responses were first analyzed based on the types of
knowledge described by instructors as they explained defining/
representing entropy and responded to the four content
questions. These types of knowledge identified within the four

Fig. 2 Content questions posed to participants within the present study.
(Reproduced from ref. England et al., 2026 with permission from the Royal
Society of Chemistry.)
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instructors’ topic-specific personal PCK (TS-pPCK) are shown in
Fig. 3. Although qualitative approaches intend to provide context
and insights that numbers alone cannot offer (Creswell and
Poth, 2018), pie charts have been used to represent the qualitative
data in this study, as these representations allow for effective
visualization of how the knowledge types were elicited in varying
proportions among participants. While the types of knowledge
were often interconnected among the four instructors, each knowl-
edge type has initially been individually described below.

Content knowledge

For all four instructors, the proportion of responses related to
content knowledge (knowledge of subject matter, including key
ideas and relationships) was highest in comparison to all other
types of knowledge. This is likely due to the nature of the
interview guide, which required participants to discuss their
instruction through four content questions related to entropy.
Several specific themes of content knowledge were described in
the instructors’ responses to the entropy content questions:
mode/depth of presentation, defining critical concepts, and
facilitating connections to additional concepts.

The most prevalent way instructors’ responses elicited infor-
mation related to content knowledge was in how they described
presenting the topic of entropy to their students while teaching
(mode of presentation), with all four instructors generally
discussing how they worked through content specific problems
in instructional settings. Adi described explaining the change
in entropy for the Haber process (Content Question 2) to
students, focusing on the change in number of moles of gas
in the reaction:

‘‘I would say, now you have three gases or three substances that
are gases. Now we are going to consider – or we are going to add
up the coefficients of the reactants on each side. So, on the left,

there are one and three, four in total. On the right, there are just two.
So that means on the left, you start with four moles of gases, then they
– somehow, they combine to make two because the moles of the gases
decrease and so we know gases, they are random, they are disorderly,
they go everywhere. Because the number of moles of gases decrease,
we say the randomness decreases. It becomes more orderly, so S
decreases. We use the number the sum of the coefficients.’’
Instructors also defined the aspects of entropy that they

determined were ‘‘critical concepts’’ for understanding entropy,
as well as how these concepts connected to additional concepts.
These critical concepts included instructors’ acknowledgement
of required student learning objectives and/or important knowl-
edge components to convey during instructional practice when
teaching the topic of entropy. For example, after describing how
they presented ideas related to impacts of temperature change
on entropy in response to Content Question 3, Adi stated, ‘‘This
is what I tell them, and [the Maxwell distribution] graph is in my
notes. This is something they need to know.’’ Adi noted that
knowing the relationships between kinetic energy, gas particle
velocity, temperature and their impact on entropy are critical
concepts, as the students are expected to understand them and
apply them during assessments.

Additionally, instructors described how they might facilitate
connections between critical aspects of entropy by showing
relationships to other content. When considering Content
Question 3 related to temperature and entropy, Kai facilitated
making connections between several critical concepts: the third
law of thermodynamics, phase diagrams, and the temperature
difference of the phases. Kai stated:

‘‘Let’s look at this phase diagram [draws phase diagram for
Content Question 3]. This basically shows that some liquid goes
to gas as temperature increases, and. . . the third law tells us, in
this process, entropy always increases. Raising temperature

Fig. 3 Topic-Specific Personal PCK (TS-pPCK) types of knowledge (professional knowledge bases) identified within instructors’ responses are indicated.
Courses taught by participants include General Chemistry I (GC1), General Chemistry II (GC2), Physical Chemistry I (PC1), and High School AP Chemistry (HS).
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always gives higher entropy, so we can see that [the gas] phase
would have a higher entropy than [the liquid] phase.’’
In addition to mode of presentation, depth of presentation

was also a theme within the responses related to instructors’
content knowledge. Within this theme, instructors explicitly
described their reasoning for specific material they would inten-
tionally include and/or exclude from their explanations when
teaching entropy at the undergraduate level. With experience in
both secondary and postsecondary instructional contexts, Jonah
described introducing the idea of microstates to undergraduate
general chemistry students, using a particulate representation of
air molecules in two gas chambers. In contrast, Jonah noted an
emphasis on using representations that depict disorder, like the
breaking down of molecules and substances, when teaching at
the secondary (high school) level. Stella also described excluding
specific representations of entropy when teaching undergraduate
general chemistry in comparison to undergraduate physical chem-
istry, like the Boltzmann relationships. Stella described that, while
recognizing the technical definition of entropy as the number of
microstates, they choose to describe/represent entropy as the
dispersal of energy or matter when teaching general chemistry
students:

‘‘The more technical way [to define entropy] is the number of
microstates. Right? So higher entropy, greater number of micro-
states, most students don’t understand what that means in gen
chem. So, the definition that I favor very heavily is that entropy is a
dispersal of energy, which is also a dispersal of matter. . . I don’t
usually use the Boltzmann relationships. So, that’s entropy is the
Boltzmann constant times the natural log of the number of micro-
states. I don’t usually use that for my class because it’s a freshman
chemistry class. And it just feels like another equation to memorize.’’

Pedagogical knowledge

While instruction on this knowledge type typically occurs
through formal coursework included in secondary teaching
programs of study, pedagogical knowledge is not a current
emphasis in postsecondary chemistry graduate programs of
study. Previous literature has posited that this phenomenon
contributes to a potential lack of training/experience for new
postsecondary chemistry instructors beginning their career
(Committee on Professional Training, 2015; Donkor et al.,
2024). Defined as general knowledge of theories of student
learning, skills, and instructional principles related to teaching,
evidence of pedagogical knowledge in instructors’ responses
when teaching entropy were categorized into three main
themes: instructional medium, teaching preferences, and the-
oretical assumptions from previous teaching and research.

Within the theme of instructional medium, instructors
described decisions of varied use of presentations, simulations,
videos, problem-solving packets, and images. Stella discussed
choosing to provide videos prior to class in a flipped approach,
with students then working in small groups on a set of ques-
tions during class. Kai described choosing to use computational
simulations when teaching undergraduate physical chemistry,
as well as writing/drawing equations and graphs related to
entropy on the board. Additionally, Adi discussed choosing to

use PowerPoint presentations, animations, and images to show
movement when considering differences in the entropy of
phases:

‘‘In my lecture notes, I have little animations. . . I borrowed from the
internet. It’s like, if you look through a window, then you have the
solid, they’re highly aligned. And then they move a little bit, teeny
tiny bit about where they are, they move around on the PowerPoint
slides. And for the liquids, they are still close to each other, but
they’re not highly aligned, structured. They still move around, but
they [move] a little more than the solid. And. . .gases, through the
same window, you see the gas particles just flying through.’’
Within the theme of teaching preferences, instructors

described their decisions to frame content based on the specific
type of classroom layout or pedagogical approach used in
alignment with their course learning outcomes. Stella
described the setting of her course as a flipped classroom,
where the students watch videos outside of class time and work
in small groups on problem-solving while in class:

‘‘So, with my class, we have these mini lecture videos, where I
sort of give them that information through [the LMS]. And then
when they come to class, they’re working in their teams on
questions or activities that I’ve created to align with our
learning outcomes that were covered in the videos.’’
Additionally, instructors explicitly described framing their

content via scaffolding during explanations of entropy. Scaf-
folding is an educational tool used to aid a student in complet-
ing a task that is typically beyond their ability, in an effort to
guide the students to independently solving tasks by removing
the scaffolds over time (Wood et al., 1976; Rosesshine and
Meister, 1992; Reiser, 2004). Jonah specified scaffolding during
instruction by first discussing students’ previous knowledge
about the entropy of phases and the number of moles of
reactants and products. Jonah then subsequently guided stu-
dent understanding of the entropy change of reactions as
students solved Content Question 2 for the entropy change in
the combustion of ethanol, leveraging their prior knowledge:
‘‘My instructional choice would be to break it down into the two
ways that we’ve learned so far: solid liquid gas, and then gas
number of moles, and we see they both agree to each other.’’
Jonah’s discussion focused on the ways they scaffold student
understanding based on their knowledge of students’ chal-
lenges and responses.

Within the theme of theoretical assumptions from previous
teaching and research, instructors explicitly explained how their
instructional decisions when teaching entropy were related to
previous experiences in teaching and/or research. For Content
Question 2, Kai reported initially using a qualitative approach in
instruction, but then subsequently using a mathematical
approach to ensure accurate qualitative understanding: ‘‘It makes
more sense to me, so I introduce it that way. But then I say, well, uh
let’s do some calculations, and, you know, double check on our
intuition to see this is true. . . One thing I do emphasize to my
students is, you know, always back your reasoning by rigorous math.’’
Stella described choosing to allow students to cultivate their own
understanding and reasoning of the material, without immedi-
ately correcting for different strategies of problem solving. Stella
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recognized that there are many ways of knowing, allowing students
to leverage their own prior knowledge in the learning process:

‘‘I don’t correct. Like, I don’t say, oh, no, you need to think of it this
way. If it’s something that makes sense for them, and it’s accurate, it
does have to be accurate. But as long as it’s not inaccurate, I’m just
like, Yeah, awesome. I don’t want to mess with that. So, a lot of my
instructional choices are based on supporting the students in
developing their own ways of understanding and reasoning. And
it doesn’t have to be the way I think of it.’’

Knowledge of students

When explaining instructional decisions for entropy, knowl-
edge of students (knowledge of students’ cognitive develop-
ment and the variation of approaches and prior knowledge) was
elicited in their responses. Instructors explained their knowl-
edge of students through several themes: considerations of
student responses to specific tasks, challenges for students,
and prior knowledge of students.

Each of the four instructors discussed how students would
respond to the specific content question prompts, as well as how
students would approach solving general problems on entropy.
Based on experience in interacting with previous students, Stella
explained their choice to use the dispersal of energy or matter when
defining entropy, due to student response to the disorder definition:
‘‘Disorder – they [students] think chaos. . . And they think the end of that
movie, Event Horizon. . . They think it means chaos.’’ Kai also had
many instances of how students would respond directly to the
prompts presented while teaching entropy. When thinking about
instructional decisions for Content Question 4, Kai conveyed
thoughts on student responses based on previous student discus-
sions in class: ‘‘And most of the students will correctly predict, well the
gases [are] still gonna mix together, and I asked them to think about,
well, is this a spontaneous process, reversible process, or a irreversi-
ble. . .process? . . . Yeah, this is a spontaneous process.’’

Instructors also elicited specific challenges for students
when thinking about the specific content questions, as well
as general challenges students have in the conceptual under-
standing of entropy. In continuation of Stella’s discussion
about confusion between disorder and chaos, they additionally
reported that disorder is less helpful, as students face chal-
lenges in applying this definition to chemistry problems. Many
of Stella’s discussions included remarks on the relationship
between how students respond to content questions on entropy
and what specifically makes conceptual understanding of
entropy challenging. For Content Question 1, Stella began by
explaining that increasing or decreasing can be confusing to
students, before outlining experiences with student responses:

‘‘So, sometimes my students don’t really understand what I
mean by increasing or decreasing. And so, I’ll draw the wedge
like, okay, it’s getting bigger or less negative, in some cases with
entropy. So that’s something that I would scaffold if they’re not
sure about that part. Then I would allow them to rank them,
and then if they are in order or out of order, I would ask, you
know, what made you do this? And what they would usually
respond would be. . .solid o liquid o gas, because gas is spread
out more. Right, so that’s a really common one. Sometimes they

use the term disorder. And they’ll say, oh, the gases are more
disordered than the liquid, than the solid. But usually, it’s a
spreading out kind of thing.’’
Jonah noted student challenges with the entirety of thermo-

dynamics, also describing their own challenges as a student
with entropy, enthalpy, and Gibbs free energy:

‘‘You know, thermodynamics in general, to anyone who’s
approaching chemistry for the first time, high school or college,
that’s just a very tough part of chemistry. And I mean, thermo is
probably the hardest thing, and. . . from my own perspective,
you can go an entire undergrad degree without understanding
what entropy and enthalpy are. And Gibbs free energy. These
are things that you could just have an idea of in your head, and
you go a whole undergrad degree without understanding it.’’
Within the theme of prior knowledge of students, Stella

detailed students’ use of prior knowledge on gas laws and the
dispersal definition of matter when solving Content Question 4:
‘‘So, most of them would kind of go back to gas laws and be like,
‘oh’, and again, our definition of the dispersal of matter, and be
like, ‘oh, it spreads out more.’’’ Jonah emphasized students’ prior
education experiences, rather than entropy-specific prior
knowledge. In response to how entropy changes when tempera-
ture increases (Content Question 3), Jonah communicated that
they knew their current students were logic-minded, and thus,
able to understand a logic model explanation (Fig. 4). In this
explanation, Jonah related kinetic molecular theory and the
motion of particles to temperature and the order of molecules,

Fig. 4 The logic model described by Jonah when explaining their instruc-
tional decisions while working through Content Question 3 with students.
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using a real-world example. Jonah chose to draw arrows
between each point of the logic model:

‘‘Like you could tell in in the student body that I had, they were a
little bit more logic-minded. They were taking the higher-level math
classes. They sort of had that approach in their head already. So, I
was just appealing to that logic component.’’ Jonah also recognized
that the instructional choice to use a logic model was only applic-
able to this specific set of students. Jonah explained that they
‘‘would probably not try that approach on students that were a
little more creative-minded, a little less logical.’’

Assessment knowledge

This type of knowledge (knowledge associated with designing
assessments and actions needed based on the assessment data)
was less prevalently elicited in instructors’ responses, likely due to
the content-specific focus of the interview. However, this could also
be due to the lack of accessible training resources for development
of instructors’ assessment knowledge, as previously reported in the
literature (Aydın et al., 2013; Rodriguez and Towns, 2019). When
the instructors in our study did bring up assessment knowledge,
their responses were categorized into three themes: assessment
item modification, assessment scaffolding, and addition of assess-
ment prompts for students.

Within the themes of assessment item modification and
scaffolding, instructors included ways they would change the
content questions for their students (i.e., changing the
chemical reaction presented, changing the wording for clarity).
While also aligning knowledge of students with assessment
knowledge to better measure student understanding of entropy
(Padilla and Van Driel, 2011), Stella stated that the wording of
Content Question 4 would be confusing to students. Stella
suggested the use of different language and scaffolding of the
question in parts/components for the purpose of assessment:

‘‘I would draw a picture for them, and I probably wouldn’t even
specify positive, negative, or zero. I would probably just say, is there
a change in entropy? Number one. And then number two, how do
you think it changes? Do you think it increases or decreases? And
because if they say, no, it doesn’t change, then that would be zero.
So, I would draw the picture for them, because the phrasing ‘two
identical gases mixed’ is a little confusing. So, if I draw a picture,
and I say you have, you have the same gas in two different flasks
that are. . . separated by a tube with like a stopcock, and then you
open it. So how would that change?’’
Within the theme of proposed additional prompts for stu-

dents to further student understanding of the topic of entropy,
Jonah used assessment knowledge to develop additional
prompts for Content Question 2 to aid in students’ qualitative
understanding of how entropy changes during a reaction:

‘‘Where you break this [Content Question 2] into a third question,
and you say, well, I’ve got a liquid, and a gas, goes into a gas. And
you count the number of gas molecules with the liquid, and you
have more, so that those two rules disagree. And you have to think
about – Well, which rule takes priority? . . . I’m gonna break it down
into rules. Say, well, here’s a rule: solid, liquid, gas. Here’s a rule,
you know: gas, moles. Well, let’s look at which one has priority, and
that’s probably the next question.’’

Curricular knowledge

This type of knowledge (awareness of goals, structures, scope,
and sequence) as described by the four instructors in this study
was categorized into the following themes: considerations of
knowledge from previous courses, considerations of longitudi-
nal curriculum, and modification of the curriculum.

For previous courses, instructors’ responses within this
theme were distinct from discussions of students’ prior knowl-
edge (knowledge of students) based on the context given by the
instructors. Curricular knowledge of previous courses included
instructor knowledge expectations from previous course levels
of instruction overall, rather than explicitly thinking of the
prior knowledge students hold from their perspective. For
example, when describing the relationship between tempera-
ture and entropy, Kai stated, ‘‘Your entropy always increases. As a
matter of fact, this is determined by accumulation of prior knowl-
edge, such that the entropy always increases with temperature, and
that is part of the third law.’’ As an instructor of physical
chemistry, Kai used his knowledge of instruction in previous
courses of the undergraduate chemistry curriculum to make an
assumption of the knowledge that students should hold.

Within the theme of considerations of longitudinal curricu-
lum, instructors communicated specific understanding that
students need to know for future instruction within their own
course, as well as in later coursework within the chemistry
curriculum. Stella detailed instruction on entropy in relation to
previous and future topics within the undergraduate General
Chemistry II course:

‘‘We talk about entropy twice. Initially, we talk about it kind of
briefly when we talk about gases dissolved, like solutions with gases
and dissolved in a liquid solvent. And we’re just like, Oh, hey, it’s a
thing and um, that it affects, you know, the – the favorability
because we talked about solutions and solubility in the first – the
order I use, it’s the first chapter um in [General Chemistry II]. But we
don’t really get into it until the thermo chapter. And so, we’re like,
oh, remember, H, H for heat is what I like to say, enthalpy and then
introduce entropy, second law, third law, and then we tie that
together in uh spontaneity and free energy.’’
For responses related to modification of the curriculum,

instructors illustrated the initial format of instruction relevant
to entropy, as well as details on how they incorporated changes
within the curriculum. Jonah elicited thoughts on instructional
changes for thermodynamics to account for the abstract nature
of some of the topics: ‘‘I formatted my thermodynamics lessons
from the. . .idea that these things that we’re learning, enthalpy,
entropy, Gibbs, these are slightly abstract topics.’’ Jonah first taught
general chemistry, subsequently becoming a high school chem-
istry instructor. Because of this, Jonah acknowledged the
abstract nature of entropy, choosing to introduce simplistic
definitions in the context of secondary teaching, with the option
to consider more technical definitions based on their knowledge
of students in the class. Of the limited current research focused
on curricular knowledge, studies have shown that the opportu-
nity for instructors to collaborate (collective PCK) is needed to
help build an individual instructor’s curricular knowledge within
their personal PCK (Andrews, et al., 2022; Fantone, et al., 2024).
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Professional knowledge base integration

Instructors commonly discussed more than one knowledge
type during their explanations for each of the content ques-
tions, and this often occurred in an integrated manner. In
addition to the previously described individual knowledge type
analysis, our work investigated connections between the five
knowledge types for each participant (Fig. 5). Specific examples
of integration are described below.

Stella prevalently discussed their knowledge of students and
pedagogical knowledge in connection with their content knowl-
edge, explicitly describing how knowledge of their students guides
their pedagogical decisions and the specific content/representa-
tions that they choose to present. In response to Content Question
3, Stella first described theoretical assumptions from previous
research and teaching on helping students develop mental models
(pedagogical knowledge) in connection with their knowledge of
student thinking (knowledge of students) and their own thinking
(content knowledge) related to phases:

‘‘Atoms are invisible. They’re so tiny. So, we have to imagine,
right, we have to have these representations in our head. So, I
would probably ask them, What are they thinking relating to
temperature and entropy? . . . Usually, they’ll [the students] go
to phases. . . I think gases, I just go to gases. . . [But the students]
think phases. And so they’re like, Well, usually, they’ll say, Well,
I know solid is less than liquid, and that’s less than gas. And
when you heat up like an ice cube, it melts, and you heat up
even more, it’s a gas. So, they [the students] usually say the
entropy increases um as temperature increases.’’
Stella then additionally connects pedagogical knowledge

and knowledge of students in consideration of the depth of
presentation of the content knowledge: ‘‘Students are not think-
ing about higher energy populating the higher energy microstates,
they’re not thinking of that, they’re just thinking of like a physical
connection that they have.’’ Reflected by the highly integrated

chord diagram (Fig. 5), Stella’s values, goals, and lived experi-
ence in reasoning with the teaching of entropy interact in
meaningful ways across each of the five knowledge types, with
those connections shaping how Stella describes their instruc-
tional decisions when teaching entropy. This aligns with find-
ings from previous work indicating that teaching experience can
influence how PCK develops (Friedrichsen et al., 2009; Oztay
et al., 2023). In contrast, Adi focused their responses on con-
nections between content knowledge and curricular/pedagogi-
cal knowledge. However, Adi did not explicitly integrate ideas
related to curricular and pedagogical knowledge. Regarding
connections between content and curricular knowledge, Adi
described topics as ‘‘this is something they need to know’’, with
an emphasis on content understanding required in subsequent
courses within the undergraduate curriculum. Adi’s content
knowledge and pedagogical knowledge were used in an inte-
grated manner when describing decisions related to presenting
material, with an aim to use specific teaching strategies to
represent the phases at the particulate level so students better
understand foundational chemical principles related to entropy:

‘‘In my lecture notes, I have um little animations, I borrowed
from, I think borrowed from the internet. Um. It’s like if you look
through a window, then you have the solid, they’re highly
aligned. And then they move a little bit teeny tiny bit about
where they are, they move around on the PowerPoint slides.’’
Like Stella, Kai elicited many connections between knowl-

edge types, particularly between assessment knowledge and
content knowledge, as well as between pedagogical knowl-
edge and content knowledge. Many of the connections
between assessment and content knowledge relied on Kai’s
ideas for additional assessment prompts for students, subse-
quently describing their own content knowledge related to
these developed assessment items. For example, Kai
described how they:

Fig. 5 Chord diagrams showing how the five types of knowledge were integrated by each participant. Within the chord diagrams, thicker arcs between
knowledge types indicate more connections used throughout their responses in the interview.
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‘‘Raise the question, you know, if you take say um helium,
deuterium mixing together, what is the change of entropy? . . .

Now, if you say change, say the para hydrogen to uh to the anti
para hydrogen, uh mix them together, how does that change the
entropy? So eventually it comes down to the realization that
information is also a form of entropy reduction.’’
As another example, Kai responded specifically to Content

Question 3 by (1) answering the original question and (2)
modifying the question and describing their own content
knowledge required to solve the new problem through under-
standing the relationship between temperature and entropy:

‘‘Let’s say we don’t have a phase transition. Let’s just take a gas,
heat it up, and there, we can very rigorously write down the
equation. How does entropy change with temperature at constant
pressure? And that can be related to the heat capacity, and I just tell
the students, well, heat capacity has to be a positive number. We’ve
never had a substance where you give it heat, and it drops in
temperature. So, that tells us mathematically that entropy increases
with temperature. And then I say, well, as it is found out, this is true,
not only within a single phase, but also across phase boundaries
when you go from liquid to solid, from solid to gas, or going from
different phases of solid, even. Your entropy always increases.’’
Like Adi, Kai elicited connections between content knowledge

and pedagogical knowledge by describing the use of whiteboards
and mathematical representations, then subsequently describing
the content knowledge related to the mathematical equations.
While pedagogically Kai described the use of a qualitative for
instruction on mathematical representations of entropy, they also
described emphasizing ‘‘to students [to] always back your reasoning
by rigorous math.’’ Additionally, Kai was the only participant to
elicit ideas integrating knowledge of students and assessment
knowledge. Kai described how students would respond to the
additional assessment prompts they presented while discussing
how they would teach Content Question 4:

‘‘Most of the students will correctly predict, well the gases still
gonna mix together, and I asked them to think about, well, is
this a spontaneous process, reversible process, or a irreversible
or a um impossible process. Mostly, they can correctly derive
that, yeah, this is a spontaneous process.’’
Jonah prevalently connected pedagogical knowledge, knowledge

of students, and content knowledge. Jonah described their instruc-
tion on entropy via two main rules: the entropy of phases and the
difference in the number of moles in the products/reactants. While
Jonah leveraged assessment knowledge, they did not readily con-
nect this to other knowledge types: ‘‘[For Content Question 2, I
would] break this into a 3rd question, and you say, Well, I’ve got a
liquid, and a gas, goes into a gas. And you count the number of gas
molecules with the liquid, and you have more, so that those 2 rules
disagree, and you have to think about. Well, which rule takes priority?’’

Conclusions

Within topic-specific personal PCK (TS-pPCK), three of the four
instructors most often elicited information related to content
knowledge within the five types of knowledge (or professional
knowledge bases) when considering their reasoning with the

context of teaching entropy. While these three instructors less
frequently described the remaining knowledge bases, all five bases
were present within the interview data. For one instructor, Stella, a
balanced distribution of content knowledge, knowledge of students,
and pedagogical knowledge was demonstrated in response to the
entropy content questions. Stella also prevalently integrated the
knowledge bases when they were leveraged. As the most experienced
instructor within this study, this is potentially due to Stella’s level of
teaching experience in connection with experience in using
evidence-based strategies and instructional approaches for the topic
of entropy. In contrast, Jonah, despite having the least amount of
teaching experience, exhibited a relatively high amount of pedago-
gical knowledge and knowledge of students compared to Kai and
Adi. However, Jonah made fewer connections between knowledge
types in comparison to Kai. This suggests that teaching experience
alone does not directly correlate with the development of instructors’
personal PCK, shown in previous literature to be slightly correlated
but continuously changing (Friedrichsen et al., 2009; Oztay et al.,
2023). However, future work should be conducted on the relation-
ship between teaching experience and ability to elicit connections
between the five knowledge types.

For all four instructors, assessment knowledge and curricular
knowledge were the least discussed knowledge types, consistent
with other studies conducted at the undergraduate physical chem-
istry level of instruction (Padilla and Van Driel, 2011). Additionally,
integrating assessment knowledge with the other knowledge types
was less prevalent. As our interview protocol was structured in a
way to collect data related to instructional choices in response to
topic-specific questions on entropy, it was expected that a large
portion of the pPCK discussed was content knowledge. Course level
did not appear to significantly influence how the knowledge types
were distributed or integrated in instructors’ responses. However,
general chemistry instructors discussed curricular knowledge more
frequently than the physical chemistry instructor (Kai), emphasiz-
ing the importance of preparing students for future topics. This
aligns with the role of general chemistry courses in providing
foundational knowledge necessary for students to progress in their
undergraduate degree. Although previous literature has also
emphasized the need to connect particulate-level representa-
tions to mathematical representations of thermodynamics
(Bennett and Sözbilir, 2007; Bain et al., 2014), our findings indicate
instructors’ emphasis of either particulate or mathematical repre-
sentations, with fewer explicit connections between the two.

In general, content knowledge, knowledge of students, and
pedagogical knowledge were interconnected in guiding instruc-
tional decisions. In our work, evidence suggests that instructors
who placed a strong emphasis on their knowledge of students
were more likely to incorporate pedagogical knowledge along-
side content knowledge when making instructional decisions.
This supports the model proposed by Veal and MaKinster
(1999), identifying knowledge of students as a critical compo-
nent in the development of PCK. Our study additionally provides
evidence that each knowledge type within pPCK plays a crucial
role in teaching entropy due to its abstract nature, which
necessitates different instructional approaches, supported in
previous literature (Mack and Towns, 2016).
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Implications for research and practice

As chemistry instructors within the collective PCK, it is impor-
tant to continuously develop our dynamic personal PCK
towards the shaping of our enacted PCK. Beyond knowledge
of content, it is critical to know our students, anticipate knowl-
edge required for their future educational/career trajectories,
and apply evidence-based pedagogical and assessment prac-
tices towards measurement of student understanding of the
content. Particularly, knowledge of students was shown to be
vital in integrating multiple knowledge types within instruc-
tors’ topic-specific personal PCK in our work. As Stella elo-
quently stated: ‘‘My instructional choices are based on supporting
the students in developing their own ways of understanding and
reasoning. And it doesn’t have to be the way I think of it.’’

As a mechanism to better integrate the five knowledge bases,
we encourage instructors to continue to consider the following
questions when reflecting on how their instruction informs
each of the five knowledge types, inspired by previous work by
Rodriguez and Towns (Rodriguez and Towns, 2019):

(1) Content knowledge: what content is needed to support
students in facilitating connections between entropy-related
concepts? What information about entropy should be explicitly
described? Should specific information be excluded from
instruction on entropy within this context, and why?

(2) Pedagogical knowledge: what medium should be used to
facilitate the learning of entropy? What strategies and repre-
sentations can be used to enhance student learning of entropy?

(3) Knowledge of students: what are specific strengths/
challenges students may hold when considering the topic of
entropy? What prior knowledge of entropy do students bring to
the learning context?

(4) Assessment knowledge: what should (and should not) be
assessed for the measurement of student understanding of
entropy? How can assessment items be modified to better
measure student understanding of entropy?

(5) Curricular knowledge: what prior knowledge will stu-
dents need when they consider entropy in future learning
contexts? What specific entropy concepts are relevant for future
learning and career trajectories?

Based on our findings, we encourage upper-level undergradu-
ate chemistry instructors to deeply consider students’ knowledge
requirements as they continue their academic and professional
careers (curricular knowledge), as this was not prevalently evi-
denced in our work. To enhance curricular knowledge in instruc-
tors’ personal PCK (which ultimately can impact enacted PCK), our
work provides evidence that instructors should continue to reflect
on the following question: How might instruction on entropy
within upper-level undergraduate physical chemistry impact stu-
dents’ future learning beyond this course and/or degree pathway?

For chemistry education researchers, further investigation
of instructional decision-making when teaching specific topics
in the context of undergraduate physical chemistry is war-
ranted. As Jonah described: ‘‘To anyone who’s approaching
chemistry for the first time, high school or college. . . Thermo is
probably the hardest thing. . . You can go an entire undergrad

degree without understanding what entropy and enthalpy are.’’
Research should explicitly target the development of context-
specific resources to help educators integrate the five knowl-
edge bases when teaching the topic of entropy through enacted
PCK, with emphasis placed on integration of assessment and
curricular knowledge with content, student, and pedagogical
knowledge. Future research on the development of physical
chemistry instructors’ PCK should also extend beyond indivi-
dual perspectives to include group discussions (to provide
information related to instructors’ collective PCK) and class-
room observations (to provide insight into enacted PCK).

Limitations

This research is a part of a larger qualitative investigation of the
cognitive resources activated and used by instructors and
graduate students when teaching and tutoring the topic of
entropy. As this study was focused on instructional decisions
related to content questions, content knowledge was preva-
lently elicited by participants, which could have led to a lower
emphasis on responses related to the remaining four knowl-
edge bases. Initial development of the interview protocol was
focused on eliciting a wide variety of cognitive resources, with-
out explicit framing of pedagogical content knowledge initially
guiding the design of the study. Thus, specific questions
relevant to each of the five knowledge bases were not included
in the interview guide. This means that the four instructors in
the present case study elicited information related to the five
knowledge bases in an unprompted manner. Finally, this work
collected data on instructors’ personal PCK, without exploring
enacted PCK or collective PCK. Although distinct, these three
realms are considered to be integrated along a continuum of
PCK within the RCM. Thus, the decision to focus on instruc-
tors’ personal PCK is inherently limited in scope of connections
to the additional realms.
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Appendix 1

Types of knowledge (professional knowledge bases) have been included in the codebook below, as well as descriptions of themes
and corresponding representative quotes from participants.

Types of
knowledge Themes and descriptions Representative quotes

Content
knowledge

Critical concepts and facilitating connections:
Explicitly stating a critical concept or connecting
material with other concepts

‘‘Let’s look at this phase diagram. This basically shows that some liquid
goes to gas as temperature increase, and. . . the third law tells us, in this
process entropy always increases. Raising temperature always gives
higher entropy, so we can see that [the gas] phase would have a higher
entropy than [the liquid] phase.’’ (Kai)

Depth of presentation of topic: explicitly explaining
decision to include or exclude specific content
material

‘‘I don’t usually use the Boltzmann relationships. So that’s entropy is the
Boltzmann constant times the natural log of the number of microstates.
I don’t usually use that for my class because it’s a freshman chemistry
class. And it just feels like another equation to memorize.’’ (Stella)

Mode of presentation: General discussion about
how they teach and/or present the topic and work
through the problems in instructional settings

‘‘I would say now you have three gases or three substances that are
gases. Now we are going to consider- or we are going to add up the
coefficients of the reactants on each side. So, on the left, there are one
and three, four in total. On the right, there are just two.’’ (Adi)

Pedagogical
knowledge

Theoretical assumptions from previous teaching/
research: explicitly stating that their instructional
decisions are related to previous experiences in
teaching and/or research

‘‘My instructional choice would be to break it down into the 2 ways that
we’ve learned so far solid liquid gas, and then gas number of moles, and
we see they both agree to each other.’’ (Jonah)

Teaching preferences: choosing to frame the con-
tent based on type of classroom or pedagogical
approach (i.e., flipped versus traditional formats);
additionally, using scaffolding during explanation
that are distinct from assessment scaffolding

‘‘So, with my class, we have these mini lecture videos, where I sort of
give them that information through [the LMS]. And then when they
come to class, they’re working in their teams on questions or activities
that I’ve created to align with our learning outcomes that were covered
in the videos.’’ (Stella)

Instructional medium: choosing to use specific
medium of instruction (i.e., PowerPoint, simula-
tions, videos, problem solving, images)

‘‘In my lecture notes, I have little animations. . . I borrowed from the
internet. It’s like if you look through a window, then you have the solid,
they’re highly aligned. And then they move a little bit teeny tiny bit
about where they are, they move around on the PowerPoint slides.’’ (Adi)

Knowledge of
students

Prior knowledge of students: explicitly stating what
students know and how this shapes instructional
decisions

‘‘So most of them would kind of go back to gas laws and be like, ‘oh’,
and again, our definition of the dispersal of matter, and be like, ‘oh, it
spreads out more.’’’ (Stella)

Challenges for students: recognizing where stu-
dents may struggle and/or how to facilitate student
understanding of difficult content

‘‘You know, thermodynamics in general, to anyone who’s approaching
chemistry for the first time, high school or college, that’s just a very tough
part of chemistry. And I mean, thermo is probably the hardest thing, and. . .
from my own perspective, you can go an entire undergrad degree without
understanding what entropy and enthalpy are. And Gibbs free energy. These
are things that you could just have an idea of in your head, and you go a
whole undergrad degree without understanding it.’’ (Jonah)

Considerations of student responses: explicitly
describing how a student would respond to a spe-
cific prompt/task

‘‘Disorder they think chaos. . .And they think the end of that movie,
Event Horizon, where people start eating each other or something. I
don’t know. . . They think it means chaos.’’ (Stella)

Assessment
knowledge

Addition of assessment prompts for students:
adding context to the content questions within the
interview guide, or adding questions to the inter-
view guide, in order to promote student
understanding

‘‘Where you break this into a 3rd question, and you say, well, I’ve got a
liquid, and a gas, goes into a gas and you count the number of gas mole-
cules with the liquid, and you have more, so that those 2 rules disagree, and
you have to think about. Well, which rule takes priority?’’ (Jonah)

Assessment scaffolding: explaining how they would
scaffold, or that they would scaffold, items/ques-
tions within assessments

‘‘So, I would draw the picture for them, because the phrasing, two
identical gases mixed, is a little confusing. So, if I draw a picture, and I
say you have, you have the same gas in two different flasks that are. . .
separated by a tube with like a stopcock, and then you open it. So how
would that change?’’ (Stella)

Assessment item modification: describing how they
would ask an assessment question/item in a dif-
ferent way

‘‘I would draw a picture for them, and I probably wouldn’t even specify
positive, negative or zero. I would probably just say, is there a change in
entropy? Number one.’’ (Stella)

Curricular
knowledge

Modification of curriculum: describing initial for-
mat of class and how they incorporated changes to
the curriculum; includes ideas related to explicitly
stating components they do not teach within the
curriculum

‘‘I formatted my thermodynamics lessons from the id- like the idea that
these things that we’re learning, enthalpy, entropy, Gibbs, these are
slightly abstract topics.’’ (Jonah)

Considerations of Longitudinal Curriculum: expli-
citly stating that certain components of the topic
are needed for future understanding of topics

‘‘[This is] something I require them to know.’’ (Adi)

Considerations of knowledge from previous cour-
ses: explicitly stating what students should know
about a topic from previous discussions or courses

‘‘Your entropy always increases. As a matter of fact, this is determined
by accumulation of prior knowledge, such that the entropy always
increases with temperature, and that is part of the third law.’’ (Kai)
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