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ABSTRACT

The Process Oriented Guided Inquiry Learning for Physical Chemistry Laboratory (POGIL-PCL)
community has developed guided-inquiry experiments for physical chemistry laboratory courses with
the goal of improving student engagement and meaningful learning. The present study evaluated and
compared the extent to which four POGIL-PCL experiments and four analogous traditional
experiments support student engagement in scientific practices. To account for the specific context of
POGIL-PCL, we developed a modified three-level version of the Three-Dimensional Learning
Assessment Protocol that considers the role of instructor facilitation and the context of advanced
students who have become integrated into their community of practice. In comparison to the

traditional counterparts, the POGIL-PCL experiments were found to offer more consistent and higher-

level opportunities for student engagement in scientific practices. The POGIL-PCL experiments showed
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stronger alignment with some practices more than others, namely, analyzing and interpreting data,
using mathematics and computational thinking, developing and using models, and planning and
carrying out investigations. The cyclic nature of POGIL-PCL provided students with repeated and
iterative opportunities for engagement with scientific practices within a given experiment, and it was
found that those opportunities for engagement in certain scientific practices were concentrated in
particular parts of the POGIL-PCL data-think cycle. These findings provide insight into how POGIL-
PCL experiments can be strengthened by the incorporation of prompts that more deliberately cue for
additional scientific practices, as well as through revisions to make engagement with the practices

more consistent across a variety of contexts.
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INTRODUCTION
In 2019, Bretz challenged the chemical education community to reflect on and justify the value of

laboratory courses, noting that while chemists strongly identify with lab-based teaching, the learning
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outcomes of such courses are often taken for granted.! As institutional budgets tighten and the
demands for evidence-based instruction grow, the need to articulate the unique value of laboratory
education has become more urgent. This urgency was amplified during the COVID-19 pandemic,
which disrupted in-person education and prompted reflection on the essential elements of science
education. Notably, “laboratory learning” was the most prevalent primary area of emphasis for articles
published in the Journal’s special issue on Insights Gained While Teaching Chemistry in the Time of
COVID-19.2

A key outcome that emerged from those discussions was a renewed focus on the role that
laboratory courses can uniquely provide: a space to learn how to do science.3-* While numerous goals
for laboratory instruction have been proposed, including improved conceptual understanding,
technical skill development, and development of transferable skills like teamwork,3-5 scholars such as
Seery argue that the lab’s unique value lies in helping students learn how to think and act like
scientists.3 Cole and coworkers argue that to accomplish this goal, laboratory cannot be used as a
venue to reinforce content knowledge; rather, students must be offered opportunities to develop
essential competencies, including scientific practices.* This aligns with the Framework for K-12 Science
Education, herein referred to as the Framework, which emphasizes engagement with eight scientific
practices as part of Three-Dimensional learning.® These scientific practices mirror the authentic work
of scientists: asking questions, developing and using models, planning and carrying out investigations,
analyzing and interpreting data, using mathematics and computational thinking, constructing
explanations, engaging in argument from evidence, and obtaining, evaluating, and communicating
information. These skills, summarized in Table 1 along with one-word abbreviations, align with the

2023 ACS Guidelines for Undergraduate Chemistry Programs.”-8
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Table 1. Scientific practices described in the Framework; the practice number and
title are those used in the Framework.¢ The one-word abbreviations are used to
refer to these practices in this manuscript.

Practice # Title One-Word Abbreviation
1 Asking questions Questions
Developing and using models Models
3 Planning and carrying out investigations Plan
4 Analyzing and interpreting data Data
S Using mathematics and computational thinking Math
6 Constructing explanations Explaina
7 Engaging in argument from evidence
8 Obtaining, evaluating, and communicating Evaluate
information

aPractices 6 and 7 from the Frameworké were combined in the 3D-LAP rubric.9

This Framework, which is a tool for development and assessment of science curricula in K-12
education, inspired the creation of the Three-Dimensional Learning Assessment Protocol (3D-LAP) to
evaluate college-level science assessments (e.g., problem sets, exams) in biology, physics, and
chemistry for the potential to engage students in scientific practices.® The 3D-LAP has been adopted to
evaluate a variety of course materials for evidence of science practices. Recent examples in chemistry
include evaluating and developing instructional videos,!? comparing instructional practices in organic
chemistry,!! and evaluating analytical chemistry laboratory materials for opportunities for students to
engage in scientific practices.!2 In some cases, the 3D-LAP has been adapted for the specific context.
For example, Carmel et al., in their use of the 3D-LAP to characterize general chemistry lab curricula,
expanded the rubric to add criteria for additional science and engineering practices.!3 This was further
refined into a detailed codebook by Van Wyk et al., in their application of the 3D-LAP to assess
inquiry-based laboratory experiments generated through the MICRO project.1?2 Some of the original
authors of the 3D-LAP also expanded upon the 3D-LAP to include engineering practices in their
evaluation of organic chemistry lab curricular reform.14

Several pedagogical approaches to laboratory instruction, including argument-driven inquiry,!5-17
project-based laboratories,!3 science writing heuristic,!8 and course-based undergraduate research
experiences,!9 have been shown to engage students in scientific practices. This seems to suggest an

alignment between inquiry-centered laboratory instruction and students’ engagement with the
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practices of scientists. Despite this progress, a recent study found that simply increasing the level of
inquiry2° in laboratory materials does not necessarily increase engagement in scientific practices.!? In
particular, less structure in the inquiry task can obscure alignment with scientific practices when
assessed through the lens of the 3D-LAP.

Process Oriented Guided Inquiry Learning for Physical Chemistry Laboratory (POGIL-PCL) is a
project that facilitates the development and adoption of inquiry-based physical chemistry
experiments.21.22 The POGIL-PCL approach differs in a number of ways from the traditional,
“cookbook”-style physical chemistry laboratory. In the traditional format, students typically read a
content-heavy pre-lab assignment, answer content-focused questions, follow detailed experimental
procedures, collect prescribed data, follow specific instructions for processing and visualizing the data,
and finally answer post-lab questions that sometimes include extension of the principles at hand onto
a literature example or other application. The goal of traditional experiments is often to demonstrate
physical chemistry principles or confirm physical constants or molecular parameters in comparison to
known literature values.23.24 Unlike traditional “cookbook”-style experiments, POGIL-PCL experiments
are designed around repeated learning cycles that integrate student prediction, observation, and
reasoning (Figure 1).21 The POGIL-PCL framework centers on collaborative learning and instructor-

facilitated discussion..

o Pre-
[ ;:Jtlez;isoi H experiment] PCL
questions IDETERA VIS | Experimental

Cycle protocol

Thinking
1 about the data
(TATD)
Post-experiment
(application)
questions

Figure 1. The data-think cycle?! is a hallmark feature of laboratory experiments in the style of POGIL-PCL. Adapted from Ref. 21.

It was recently shown that the POGIL-PCL approach prompts students to actively engage in
scientific practices.25 Beck and Miller found that their POGIL-PCL gas-phase IR experiment supported
engagement in scientific practices and suggested that the POGIL-PCL pedagogy is inherently

structured to promote such engagement.2> Although they implied that the POGIL-PCL experiments
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may better support engagement in scientific practices than confirmatory counterparts, they did not
evaluate traditional (confirmatory) versions of the experiment or other POGIL-PCL style experiments.25
This leaves open the questions of whether their finding generalizes across other POGIL-PCL
experiments and whether POGIL-PCL formats provide more robust opportunities for engagement in
scientific practices than traditional experiments. To address this gap, we applied a modified version of
the 3D-LAP rubric to four additional guided-inquiry experiments developed by the POGIL-PCL
community and compared them to analogous, lower-inquiry (traditional) versions. Our goal was to
determine the extent to which each experiment type, as written, provides opportunities for students to

engage in scientific practices.

METHODS

Subject of Investigation
This is an investigation and comparison of two styles of laboratory activities for physical chemistry

labs: POGIL-PCL?! and traditional demonstrative/confirmatory experiments. These two types of
laboratory activities are referred to as “experiments” for the purposes here. These experiments are
typically the constituents of undergraduate physical chemistry laboratory courses, most typically
offered to chemistry majors in their junior or senior year of college.

The materials for the POGIL-PCL experiments include student-facing components aligned with the
POGIL-PCL learning cycle (Figure 1), such as pre-experiment questions, prediction prompts,
experimental protocol, thinking about the data questions (data analysis), and post-lab reflections.
These student-facing components explicitly instruct students to discuss their ideas with other
students and the instructor at several points in the data-think cycle. The instructor’s role in the
facilitation of discussion and providing intervention is critical to the POGIL-PCL pedagogy.26
Consequently, each POGIL-PCL experiment includes an instructor handbook that provides
recommendations and advice to the instructor. The instructor handbook provides guidance on
facilitating group discussions and interventions that are not explicitly present in traditional
experiments. Most POGIL-PCL experiments span two or three lab periods.

POGIL-PCL currently has fifteen experiments that are available for instructor use, with many more

in various stages of development.2? Of these fifteen, an experiment on gas phase IR spectroscopy was
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previously analyzed using the 3D-LAP and was found to have potential to elicit engagement with
scientific practices.25 An additional four were selected for this investigation (Table 2); they focus on the
following topics: thermodynamics of freezing point depression of a binary mixture (Binary Mixtures),28
particle-in-a-box modeling of absorption spectra of conjugated dyes (Conjugated Dyes),27 kinetics of
the magnesium/hydrochloric acid heterogeneous reaction (Kinetics),2! and a computational chemistry
approach to investigating valence electrons (Valence Electron).26 These specific experiments spanned
from two to three laboratory periods and from two to four data-think cycles. The four experiments were
chosen because they are popular within the POGIL-PCL community and cover a wide range of physical
chemistry topics. In addition, all but one of these have at least one traditional counterpart available in
commercial textbooks.23.24

Table 2. Title, abbreviation, and description of the POGIL-PCL experiments evaluated.2?

Title Abbreviation Description

How is the freezing point of a binary Binary Mixtures Mixtures of fatty acids are investigated to

mixture of solids related to the generate a phase diagram and examine the

composition of the mixture? thermodynamics of freezing point
depression

Are the molecules that make a solution Conjugated Dyes UV-Vis spectroscopy of conjugated dye

red big or small? systems with particle-in-a-box modeling

What are the kinetic parameters of a Kinetics Kinetics of the magnesium /hydrochloric

heterogeneous reaction? acid system

What makes an electron a valence Valence Electron Computational chemistry calculations on

electron? atoms and diatomic molecules, including

building a potential energy curve and
developing the concept of valence electrons

Four traditional experiments from two commercial laboratory texts23.24 were chosen as a
comparison set for the POGIL-PCL experiments. Two of the traditional experiments, one from each of
the texts, were on a topic analogous to the Binary Mixtures experiment. One of the traditional
experiments had a topic that aligned with the Conjugated Dyes experiment, and the final traditional
experiment aligned with the Kinetics experiment. The Valence Electron experiment did not have a
traditional analog that was investigated in this study. Although one of the traditional experiment
textbooks advises students to work in pairs, in the traditional approach collaboration and the sharing
of data between groups are not explicitly required for the lab work. In the texts selected for this study,

the experiments are designed to encompass one laboratory period.2+
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Coding of POGIL-PCL and Traditional Experiments
Coders

The project commenced when a sub-group of four of the seven instructors applied the 3D-LAP?®
rubric to the POGIL-PCL version2!.22 and a traditional version?3 of the Kinetics experiment. After initial
attempts at coding both types of experiments, the coding team met to reach consensus on how to best
apply the 3D-LAP rubric under the present context. Consistent with findings reported by Van Wyk,12 it
was found that the original 3D-LAP framework required adaptation to more accurately reflect the
unique features of guided-inquiry laboratory materials. Our adaptations addressed two key limitations
of the 3D-LAP when applied to this context.

First, the coders disagreed occasionally on whether the student-facing materials met a given
criterion for a scientific practice, often due to uncertainty about how literal they should be in their
interpretation of the rubric. These disagreements were particularly common when prompts invited
students to share their ideas with their peers rather than explicitly asking them to “justify and use
evidence to support” their choices or claims in writing, as required by the 3D-LAP. Because the POGIL-
PCL experiment development began prior to the development and adoption of the 3D-LAP, many
prompts were not written with its exact language in mind. Nonetheless, the group of coders believed
that students, particularly those in advanced courses, would reasonably interpret some prompts in
ways that align with the intended scientific practices, due to their developing enculturation in the
discipline.30.3! To capture these instances, we introduced two levels of alignment for written materials:
explicit alignment, where the materials clearly and directly fulfilled the original 3D-LAP criteria as
written, and implicit alignment, where the intent of the question was consistent with the criteria, even
if the language was not an exact match. The instances of implicit alignment are designated as Level 2
in our rubric (Table 3). When the written materials met the 3D-LAP criteria explicitly, this was
designated as Level 3 (Table 3), indicating a higher level of explicit alignment with the 3D-LAP criteria.

Second, we observed that in some cases, the student-facing guided-inquiry materials addressed all
but one of the criteria for a given scientific practice. In the POGIL-PCL pedagogy, instructor facilitation
is an intentional and central element used to guide students through critical reasoning and

discussion.26 When a single missing criterion could reasonably be met through such facilitation, as
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described in the instructor-facing materials, we considered this in our coding. To capture these cases,
we included a third level of alignment for the materials: partial alignment, borrowing from the
terminology described by Van Wyk et al.12 We coded such instances as Level 1 in our modified rubric:
all but one criterion was met in the student materials, with the remaining criterion expected to be
fulfilled through standard POGIL-PCL facilitation.2!.22.26 This judgement was partly based on the
guidance provided in the instructor handbooks?1,25,27.32 and partly based on general POGIL
methodology.2¢ Unlike Van Wyk et al., questions were coded as partial alignment only when the coders
judged that facilitation was likely to address the final criterion.!2

Importantly, in our modified rubric only explicit alignment (Level 3) corresponds to full satisfaction
of the original 3D-LAP criteria as written in the student-facing materials. Our coding of prompts as
partial (Level 1) and implicit (Level 2) alignment are not intended to indicate that a scientific practice is
fully engaged, but rather to distinguish cases in which alignment depends on instructor facilitation,
peer discussion, or disciplinary enculturation that is not explicitly captured in written prompts alone.
These lower levels are reported to preserve transparency about where and how alignment between the
written materials and the 3D-LAP breaks down, rather than to reclassify such cases as meeting the
original 3D-LAP definition.

To capture varying degrees of alignment with the 3D-LAP, we applied the three-level coding system
to each scientific practice criterion in the original 3D-LAP framework. These levels of alignment are

summarized in Table 3 and herein is referred to as the “modified 3D-LAP”.

Table 3. Levels that represent varying degrees of alignment with the 3D-LAP criteria for
scientific practices.

Level Alignment  Description

3 Explicit All criteria of the scientific practice are clearly met by the question(s) as
written in the student-facing materials.

2 Implicit All criteria of the scientific practice are probably met by the question(s) as
currently written in the student-facing materials, but the wording is not
explicitly aligned.

1 Partial All of the criteria — except for one — are satisfied by the question(s) as they
are currently written in the student-facing materials, and the remaining
criterion is likely met via instructor facilitation.
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An example of POGIL-PCL materials coded at Level 2 (implicit alignment) is shown in Figure 2, which
displays the 3D-LAP criteria for the scientific practice Models alongside excerpts from the student
materials and instructor handbook. Color-coding illustrates how the prompts align with specific
criteria, and the justification for Level 2 coding is provided in the caption. Additional examples coded
at Level 3 (explicit alignment) and Level 1 (partial alignment) are shown in the Supporting Information

(Figures S1 and S2).

( Level 2 Example for Binary Mixtures Experiment h

3D-LAP Criteria for the Practice Models

Student is given or asked to construct a mathematical, graphical, computational, symbolic, or pictorial representation and use it to explain or
predict an event, observation, or phenomenon.

[Criterion 1] Question gives an event, observation, or phenomenon for the student to explain or make a prediction about.

[Criterion 2] Question gives a representation or asks students to construct a representation.

[Criterion 4] Question asks student to provide the reasoning that links the representation to their explanation or prediction.

Experiment Materials for Binary Mixtures
Context: The experiment is focused on the effect of mole fraction on freezing point.

Question 8 from student-facing materials:
Construct a graph with the mole fraction of lauric acid on the x axis and melting point on the y axis. How many points are on your graph?

The whole class will generate a consensus prediction. You will use this prediction to determine
which mixtures to investigate in Part Two (#11 below).

Guidance provided in instructor handbook for Question 8:

Some students will automatically predict that the freezing point data will “connect” where the mole fraction is 0.5. Some will extrapolate the two
data sets so that they meet x.a=~0.8. You may want to facilitate this discussion to get students to explain their reasoning. While they do not need
Co predict correctly, they do need to collect sufficient data so that there are at least ~4 points for 4>0.8 in order to do the data analysis later.

Figure 2. Example of POGIL-PCL materials coded at Level 2, implicit alignment. The top panel shows the 3D-LAP criteria for the scientific
practice, Models. The bottom panel shows excerpts from the student materials and instructor handbook for the Binary Mixtures POGIL-PCL
experiment. Color-coding illustrates how elements of the student-facing prompt align with specific 3D-LAP criteria. This example demonstrates
Level 2 (implicit) alignment with Models: while all criteria for the practice are likely satisfied by the student materials, the fourth criterion
(reasoning) is not made explicit in the written prompt. Instead, students are asked to reach a consensus, which implicitly requires discussion
and justification of reasoning. Instructor handbook guidance is included for context but was not considered in the Level 2 coding.

In addition to the scientific practices captured by the 3D-LAP,° criteria for two additional scientific
practices developed by Carmel et al.13 were considered but not used, as there was no evidence of those

practices in the experiments considered.

Coding Assumptions
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Neither of the textbooks for the traditional, confirmatory experiments included guidance for
instructors on implementing the experiments, eliciting discussion, or prompting students to explain or
justify their thinking beyond what was written in the student materials.23.24 Consequently, we made no
assumptions about instructor facilitation when coding these traditional materials. Because explicit
instructor guidance was absent, it was not reasonable to assume the level of facilitation required to
justify Level 1, partial alignment (Table 3), for the traditional experiments. However, this limitation
does not affect Level 2 and 3 coding. We acknowledge that individual instructors may adapt or
supplement these experiments with additional facilitation that extends beyond what is represented in
the source materials.

In contrast, instructor facilitation and group discussion are integral components of every POGIL-
PCL experiment, as described above. The student-facing POGIL-PCL materials include explicit prompts
for discussion, and the instructor handbook provides guidance to the instructor for facilitation.2!22.25
Together, these elements reflect the central role of facilitation and discussion in the broader POGIL
pedagogy.26 Thus, when applying the modified 3D-LAP rubric to POGIL-PCL materials, we assumed
students would engage in peer discussion and instructor interactions at the level considered “normal”
for the POGIL-PCL pedagogy, consistent with both the student prompts and the instructor
handbooks.21,22,25,26
Coding Process

Through discussion, the coders came to an agreement on an approach to applying the rubric that
was used in a standardized way, summarized here:

e Step 1: Instructors were provided the experiments, the 3D-LAP rubric,® and the three-level
coding scheme (Table 3). The coders grouped the questions as they saw fit when applying the
rubric to the experiments. Each coder recorded their ratings in their own copy of a
spreadsheet.

e Step 2: The spreadsheets from the individual coders were combined into a single group
spreadsheet that showed all individual ratings.

e Step 3: The group of instructors met virtually to discuss the data in the combined
spreadsheet. Through discussion, the group reached a consensus on the optimal question

groupings with their related scientific practices codings.
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This three-step process was repeated for a total of four POGIL-PCL experiments and four
traditional experiments. For each experiment, a total of four to seven instructors were part of the final
step, where group consensus was established.

In applying the modified three-level 3D-LAP rubric, we found that individual questions or prompts
— whether from POGIL-PCL or traditional experiments — were often insufficient on their own to meet
the full criteria for a given scientific practice. For both formats, we therefore considered related
questions cumulatively when they could collectively fulfill the criteria. In POGIL-PCL experiments,
which are intentionally designed to be cumulative and scaffolded, each question often builds on the
one before it. Traditional experiments also sometimes included sequences of related questions. In
either case, evaluating questions in isolation did not adequately reflect how students engage with
scientific practices across the materials. To address this, each coder grouped together related
questions that they believed could collectively fulfill the criteria for a given scientific practice.

There were occasional differences in how coders grouped specific questions, particularly when
prompts spanned multiple phases of the experiment. However, during group consensus meetings,
coders discussed and reconciled these variations to establish a unified interpretation of which
questions contributed to each scientific practice. We also encountered instances where a question late
in an experiment (e.g., in cycle 3) could fulfill the criteria for a scientific practice only if earlier
questions from prior cycles were considered. In such cases, the cumulative nature of student
engagement across the experiment was recognized, and questions were coded with the expectation

that students could draw upon data and knowledge developed in earlier questions.
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RESULTS AND DISCUSSION

Scientific Practices in POGIL-PCL Experiments
A summary of the results for the POGIL-PCL experiments is provided in Table 4 and visualized in

Figure 3. These show the highest level of alignment coded for each scientific practice across the four
evaluated experiments. In Table 4 and Figure 3, the order of scientific practices Plan and Model has
been modified from its original conception, as given in Table 1, to improve visualization of the data in

Figure 3. The full set of consensus ratings is available as supporting information.

Using our coding rubric, we found that POGIL-PCL experiments demonstrate the capacity to elicit
student engagement in scientific practices. Level 3, which aligns directly with the original 3D-LAP and
evaluates only the explicit content of student-facing materials, was met by all four of the experiments
for at least one of the scientific practices (Table 4, Figure 3). Moreover, three of the four experiments
demonstrated Level 3 alignment for multiple scientific practices. These findings indicate that POGIL-
PCL experiments are consistently designed in ways that support student engagement in scientific
practices.

Table 4. Highest level coded for each scientific practice in the POGIL-PCL version of each of the

experiments evaluated. Level 1 corresponds to partial alignment, Level 2 corresponds to
implicit alignment, and Level 3 corresponds to explicit alignment.

Questions Plan Models Data Math Explain Evaluate

Binary 1 2 2 3 2 - -
Mixtures
Conjugated - 2 3 3 3 3 -
Dyes
Kinetics - 3 3 3 3 3 2
Valence - - 3 3 3 3 1
Electron
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A) Binary Mixtures B) Conjugated Dyes D) Valence Electron C) Kinetics
Questions Questions Questions Questions

Evaluate , Plan Evaluate , Plan Evaluate 5 Plan Evaluate > Plan

Explain Models  Explain Models  Explain Models  Explain € Models

Math ’ Math 4
300 Data Data

Figure 3. Radar plots indicating the maximum level of each scientific practice found in each of the POGIL-PCL experiments analyzed using the
modified three-level 3D-LAP; (A) Binary Mixtures, (B) Conjugated Dyes, (C) Valence Electron, and (D) Kinetics. Raw data is also given in
Table 4. Each arrow corresponds to a specific scientific practice, as indicated, and the lines spanning the arrows represent Levels 1-3 (Table
3), with 0 (no scientific practice) at the center. The colored region indicates the level found for each scientific practice in the experiment: Colors
305 have been chosen for aesthetics.
All four POGIL-PCL experiments had at least one section where the coders agreed that the practice
Data was explicitly aligned (Level 3) with the 3D-LAP rubric. Three of the four experiments also had
explicit alignment (Level 3) designations for the practices Models, Math, and Explain. These specific
310  practices appear to be naturally suited to the practices of physical chemistry embedded into the
POGIL-PCL pedagogy, in which students are guided to build models, make predictions based on
models, collect and analyze data, model data mathematically, and use data to construct evidence-
based predictions and explanations.2! The POGIL-PCL framework was developed to also give students
some agency in the design of their investigations, which is aligned with the practice Plan. Three of the
315  four POGIL-PCL experiments were found to have at least one set of prompts meeting the criteria of
implicit alignment (Level 2) or the explicit alignment (Level 3) for Plan.
The least-prevalent practices coded in the POGIL-PCL experiments were Questions and Evaluate.
The absence of the practice Questions is expected, as the POGIL-PCL framework defines the
overarching research question in the experiment title.2! While students are not asked to formulate the
320 question themselves, they are still actively engaged in scientific thinking through prediction and data
interpretation tasks. Similarly, the limited presence of the practice Evaluate is not surprising. This

practice involves assessing externally provided information, whereas POGIL-PCL emphasizes student-

generated data and analysis, placing less emphasis on critical evaluation of pre-existing sources

Scientific Practices in Specific Components of the POGIL-PCL Learning Cycle
325 A further analysis of the data reveals that different sections of the POGIL-PCL experiments tend to

prompt students to engage in different practices. For this analysis, the four repeating components of
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the POGIL-PCL cycle (pre-experiment questions, predictions, experimental protocol, and thinking
about the data) were delineated into two primary categories, “Pre-Data” and “Post-Data” as illustrated
in Figure 4. Pre-Data encompasses all questions, prompts, and discussions prior to data collection
(which takes place during the experimental protocol), including pre-experiment questions, predictions,
and planning steps. Post-Data encompasses the latter parts of the cycle, beginning with the data
gathered from the experimental protocol and the thinking about the data questions. The post-

experiment questions are considered as a third, distinct section that falls outside the cycle (Figure 4).

Pre-Data:

Plan and make predictions based on
models and information.
(Models, Plan)

L Pre-
[ ;S(I:Stliso?l H experiment] PCL
questions Data-think Experimental

Cycle

= Post-Data:

'ost-experimen .
(app“zaﬁon) Use models, equations, &
questions computational tools to analyze data.
(Models, Data, Math)

Figure 4. The practices Models and Plan were strongly represented in the Pre-Data components, including Pre-experiment Questions and the
Predictions components of the PCL Data-Think Cycle. The practices Models, Data, and Math appeared frequently in the Post-Data
components that resulted from data collection in the Experimental Protocol and from questions in the Thinking About the Data component of
the cycle.

Figure 4 illustrates how the experimental sections were divided when analyzing the results of the
coding process, and Figure 5 shows the occurrence and alignment level of each scientific practice
within those sections. The most common practices coded in the Pre-Data section are Models and Plan
(Figure 5). Students often use models in the Pre-Data sections in order to make predictions and to
prepare for the next set of data collection; it is in the Pre-Data sections that students often develop
plans for carrying out an experiment aimed at addressing a scientific question.

The Post-Data sections are where the practices Data and Math are most commonly found based on
our rubric (Figure 5). In the Post-Data sections, students analyze their experimental data. These two

practices, Data and Math, often appear together because analyzing and interpreting physical chemistry

data almost invariably includes mathematical reasoning. It also often involves mathematical models,
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so the practice Models is also prevalent in Post-Data. All four experiments include the practice Models
at implicit or explicit alignment (Level 2 or 3). Additionally, all of the experiments except Binary
Mixtures have implicit or explicit alignment (Level 2 or 3) with the practice Explain in their Post-Data
sections. After students collect, analyze, and model their data, they use their evidence to construct an
explanation of the physical events they are studying and/or to make a prediction. In POGIL-PCL labs,
this explanation is not always structured through explicit prompts in the written student-facing
materials.

The final component of the POGIL-PCL experiments is the Post-Experiment Questions section; a
variety of scientific practices were found, and the specific practices identified in this section differed

from experiment to experiment (Figure 5).

Repeated Exposure and lteration of Scientific Practices in POGIL-PCL
A key feature of the POGIL-PCL framework is its cyclical structure. Students progress through the

cycle multiple times within a given experiment. Due to the iterative design of the experiments,
individual questions build upon information, discussions, and data collection from earlier in the
experiment. As a result, students encounter opportunities to engage with scientific practices
repeatedly, as illustrated in Figure S. This iterative nature of POGIL-PCL reflects the richness of the
POGIL-PCL experience, in which students are prompted to revisit the practices Models, Data, and
Math multiple times in varied and reinforcing contexts, deepening and refining their understanding

over time.
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Level 2
Pre-Data Post-Data Post- Pre-Data Post-Data Post-
- Experiment Experiment
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Pre-Data Post-Data Post- Pre-Data Post-Data Post-
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Figure 5. Scientific practices identified in POGIL-PCL experiments; (A) Binary Mixtures, (B) Conjugated Dyes, (C) Kinetics, and (D) Valence
Electron. The components of each experiment are grouped by location in the POGIL-PCL pedagogical cycle: Pre-Data designates portions
that come prior to the collection of data; Post-Data designates portions that come directly after the collection of data. The highest level
identified for each scientific practice within each component is indicated by a colored box: Blue is Level 1, Yellow is Level 2, Mauve is Level 3.

Scientific Practices in Traditional Physical Chemistry Experiments
Three of the POGIL-PCL experiments chosen for this work have traditional counterparts that were

evaluated here. In total we evaluated four traditional experiments; two traditional counterparts to the
Binary Mixtures experiment (each from a different textbook),23.24 one traditional counterpart to
Kinetics,?3 and one traditional counterpart to Conjugated Dyes.24

The coders had difficulty identifying instances that met the scientific practice criteria when
applying the 3D-LAP rubric to the traditional experiments, due to the prescriptive and information-
heavy nature of these materials. For example, the traditional Dyes experiment consisted of a the

following sections: (1) a brief introduction to the topic; (2) a Theory section describing the particle-in-
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a-box model as applied to dyes; (3) a Method section describing the instrumentation and theory of
absorption spectroscopy; (4) an Experiment section outlining procedures for sample preparation and
data collection, (5) a Calculations section providing instructions for calculating and reporting
numerical values; (6) Safety Issues; (7) Apparatus; (8) References; and (9) Additional Reading.2* With
exception of the Procedure section which required the student to conduct sample preparation and data
collection, the only prompts appeared in the Calculations section. These prompts exclusively asked
students to perform calculations and report values. There was no indication that students were
expected to discuss or explain their results, justify their reasoning, or engage in verbal or written
argumentation. Nor were their prompts for discussion or instructor-facilitated conversation included.
As a result, although students were required to follow procedures and process data, the written
materials did not explicitly support opportunities for students to engage in scientific practices as
defined by the 3D-LAP criteria. Other traditional experiments evaluated here followed a similar
structure.23.24

Some coders noted that, in some instances, evidence of certain scientific practices could be
interpreted as having partial alignment per the definition of Van Wyk et al.,12 but not according to our
definition of Level 1, partial alignment which required that the final criterion to be likely met through
facilitation (see Coding Assumptions above). Moreover, there was no clear evidence of practices with
implicit alignment (Level 2) or explicit alignment (Level 3) in the written laboratory experiments. This
finding that scientific practices are not explicitly embedded in traditional experiments is consistent
with previous applications of the 3D-LAP to confirmatory and demonstrative experiments.!2 However,
we acknowledge that lab instructors who use these traditional materials also have the potential to
engage students in scientific practices during or after the experiment. This could be achieved using a
supplementary pre-lab assignment, during the lab meeting through facilitation, or after the lab
meeting through additional assignments, such as a written report. Indeed, the introduction by Halpern
& McBane notes the importance of report writing to achieve the pedagogical goals of the physical

chemistry laboratory.23
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Nevertheless, our conclusion is that the traditional materials alone and as written do not align with
the criteria that offer students an opportunity to engage in the scientific practices due to a lack of
scaffolding of concepts, minimal expectations for student agency, and an absence of prompts asking
students to provide reasoning. Instead, these versions emphasize providing extensive theoretical and
procedural information so that students can develop skills in experimental methods, observe
demonstration of fundamental physical chemistry principles, and collect data that can be compared to
literature data.23.24 As a result, opportunities for students to engage in and demonstrate scientific
practices are limited without additional instructional scaffolding; the traditional “cookbook-style”
experiments do not reflect how science is actually carried out.

At the same time, it is important to emphasize that this conclusion should not be interpreted as a
judgment that traditional physical chemistry laboratory texts, or the experiments within them, are
without value. These materials have served as the foundation for many POGIL-PCL experiments,
including three evaluated here, and they continue to function as important references in many
courses. Rather, our findings reflect a shift over time in how the goals of laboratory instruction are
conceptualized. Since these traditional experiments were written more than two decades ago, there
has been a substantial shift toward viewing the laboratory as a space for providing the opportunity for
students to engage in scientific practices. Within this contemporary view, the POGIL-PCL approach is
in better alignment with the more recent view that the laboratory is a place to do more than build
skills in taking measurements and performing calculations based on explicit instructions.34
LIMITATIONS

This study is limited in scope in that we evaluated only four experiments per type, which may limit
the generalizability of our findings. In addition, we did not collect student artifacts or observe
classroom facilitations, so our inferences about student engagement are based on the coded material
and on assumptions, described above, about the levels of facilitation that are typical to POGIL-PCL
and traditional laboratory pedagogies. However, the actual range, quality, and frequency of facilitation
used by instructors in either context have not, to our knowledge, been systematically documented in

the literature. We accounted for instructor facilitations through Level 1 in our modified rubric, but
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actual classroom implementation may vary significantly across different instructors and institutional
contexts.
IMPLICATIONS

Despite these limitations, our findings reveal clear opportunities to strengthen POGIL-PCL
experiments by enhancing their potential to support student engagement in scientific practices. Three
key recommendations emerged from this work.

First, specific practices such as Questions and Evaluate were identified as underrepresented in the
POGIL-PCL materials. Future iterations of these experiments could be revised to intentionally
incorporate these practices. For example, post-experiment questions that ask students to propose
future experiments or critique information sources could meaningfully address these practices. These
additions would expand the repertoire of scientific practices with which students engage and would
not compromise the integrity of the guided-inquiry pedagogy. Furthermore, Van Wyk et. al. (cite) also
noted that, in the analytical chemistry laboratory materials they evaluated, there were not many
experiments that prompted students to engage with Questions and Evaluate. This should be explored
further, as it may suggest a larger trend in laboratory materials.

Second, our findings reinforce the importance of instructor facilitation in enabling authentic
engagement with scientific practices in a less-structured guided-inquiry laboratory setting. Because
instructor facilitation plays a critical role in guided inquiry, a POGIL-PCL facilitation guide could be
developed to support greater consistency across implementations by clearly outlining how instructors
can encourage engagement in these practices.

Third, the student-facing prompts themselves could be revised through backward design to align
completely with the 3D-LAP (see SI for example).9-33 We note that the degree to which facilitation was
needed to fulfill 3D-LAP criteria varied across the POGIL-PCL experiments, suggesting that this
reliance is not inherent to the POGIL-PCL framework itself. Revising prompts to more explicitly target
the 3D-LAP-defined scientific practices could reduce dependence on instructor facilitation while
maintaining the core features of the POGIL-PCL approach. Stronger explicit alignment with the 3D-
LAP could make the materials more accessible and effective, even in instructional settings where

synchronous interactions with experienced instructors may be limited. In addition, these
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improvements could support more consistent implementation across diverse instructional contexts
and reduce reliance on highly-trained facilitators to ensure meaningful engagement with scientific
practices, particularly in less-structured guided inquiry contexts.

CONCLUSIONS

Application of a modified three-level 3D-LAP (Table 3) to evaluate and compare two styles of
laboratory experiments revealed that POGIL-PCL experiments provide more consistent and higher-level
opportunities for student engagement in scientific practices than traditional confirmatory experiments.
In contrast, none of the traditional experiments evaluated fully met the criteria for any scientific
practice defined by the 3D-LAP.

The POGIL-PCL experiments showed stronger alignment with some scientific practices more than
others (Table 4, Figure 3). Like Beck and Miller,25 we found that the cyclical nature of POGIL-PCL
experiments allows prompting of repeated and iterative engagement with scientific practices within a
given experiment, allowing students multiple opportunities to engage in these practices as they revisit
models and refine explanations across multiple learning cycles (Figure 5).The scientific practice Data
was the practice most frequently coded at the highest level, followed by the practices Math, Models,
and Plan. The practices Questions and Evaluate were rarely observed, as expected from the design
features of POGIL-PCL in which the questions are usually provided and evaluation of external sources
is not central to the students’ activities. The practices Models and Plan tend to appear in portions of
the cycle prior to data collection (Pre-Data), while the practices Models, Data, Math, and Explain tend
to appear in the Post-Data portion of the cycle (Figures 4 and 5). These findings mirror patterns found
in previous work, which applied the 3D-LAP in the evaluation of guided inquiry laboratory
experiments.12

In summary, while the POGIL-PCL approach already provides students the opportunity to engage
in multiple scientific practices, revision of both instructor guidance and student-facing materials to
more explicitly align with the criteria of the 3D-LAP would further strengthen the effectiveness of this
pedagogy.

In response to the ongoing call to justify the value of laboratory education,! and the argument that

labs uniquely provide a space where students learn how to do science,3 this work demonstrates that
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POGIL-PCL experiments provide a promising model for students to engage in multiple scientific
practices through iterative, inquiry-driven cycles. Moreover, future work to strengthen the alignment of
POGIL-PCL materials with the 3D-LAP framework has the potential to improve the consistency of
engagement with scientific practices, increase the scalability of this pedagogy, and enhance the overall

impact of guided inquiry instruction in physical chemistry laboratory education.
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