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ABSTRACT: This work describes the use of a single chemical reaction to teach and
connect a number of standard general chemistry course topics while also introducing
students to polymer concepts. Through the study of the reaction that converts spiropyran
into merocyanine, we are able to present and connect molecular orbital theory, quantum
mechanics, equilibrium, hydrogen bonding, mechanical work, and polymer chemistry. By
framing a number of different concepts with the same reaction, our goal is to allow students
to see connections in seemingly disparate sections of general chemistry. At the same time,
repeated study of this organic reaction provides a pathway for students to gain confidence
and comfort with carbon-based molecular structures before stepping into an organic
chemistry course. Experimental results indicate that there is no significant difference in
student performance on problems linked to unit learning objectives when a group of
students who complete the spiropyran-based exercises is compared to a control group who
completed exercises involving smaller molecules. We describe here the materials used in
both a team-based learning classroom and a concurrent laboratory module.
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23 l INTRODUCTION

24 Recent revisions to the guidelines from the American Chemical
25 Society Committee on Professional Training (ACS-CPT) have
26 sparked interest in innovative approaches to the structure of
27 foundation-level chemistry courses." In particular, calls have
28 been made to rethink chemical education in the context of an
29 increasingly interdisciplinary world." Additionally, specific
30 recommendations have recently been made to include polymer
31 chemistry content in the introductory sequence,” as the field is
32 often overlooked or underrepresented in undergraduate general
33 chemistry, despite the fact that roughly 50% of all chemists
34 work with polymers at some point in their careers.” Some have
35 called for a complete redesign of the chemistry curriculum in an
36 attempt to integrate the traditional domains of chemistry,
37 effectively eliminating courses in discrete disciplines and
38 replacing them with basic, intermediate, or advanced
39 chemistry.* Courses in synthesis, analysis, or theory develop-
40 ment have been proposed to better prepare students for future
41 careers;” however, because many departments might be
42 reluctant to restructure the chemistry curriculum, others
43 suggest modifying traditional courses so that they are more
44 integrated. Historically, a standard general chemistry course
45 attempts to introduce students to this integrated network of
46 chemical sciences by discussing seemingly disconnected topics
47 such as chemical equilibria, molecular orbital theory, and the
48 thermodynamics associated with work throughout a semester.
49 Here, we describe efforts to improve our general chemistry
50 course by framing the content of multiple units and a
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laboratory around a single reaction from organic chemistry. s1
The structure of this series of exercises takes advantage of the s2
associative learning principle’ to draw connections between s3
diverse topics in general chemistry (molecular orbital theory, s4
quantum mechanics, equilibrium, hydrogen bonding, mechan- s
ical work, and polymer chemistry). 56
Our choice of organic chemical reaction is the interconver- s7
sion of spiropyran (SP) to the highly colored and fluorescent ss
merocyanine (MC), a reaction that occurs in response to s9
changes in solvent or various thermal, photochemical, or 6o
mechanochemical stimuli (Figure 1).* The chromic nature of 61 fi
this reaction provides an extremely versatile framework through 2
which to integrate and move between a wide array of topics 63
typically covered in a general chemistry course. Many colleges 64
in the United States have transitioned to a 1—2—1 introductory 65
course sequence,” with a single, college-level general chemistry 66
course, then two organic chemistry courses, then a second 67
general chemistry course. Due to this change in structure, the 68
choice to employ an organic molecule to illustrate concepts in 69
the context of a general chemistry setting provides learners with 70
an opportunity to become familiar with working with carbon- 71
based molecular structure and properties before transitioning 72
into an organic chemistry classroom. The SP-to-MC conversion 73
also involves a substantial change in molecular shape, providing 74
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Figure 1. Spiropyran (SP) undergoes a ring-opening reaction to give
the highly colored and fluorescent merocyanine (MC) in response to
photochemical or mechanochemical stimuli. Appropriate derivatives of
SP can be chemically cross-linked into a silicone (poly-
(dimethylsiloxane), PDMS) network, and the resulting effects of
mechanical force and UV light on the material can be observed.

75 an accessible and valuable entry point into the practice of
76 molecular visualization, a common barrier for success in organic
77 chemistry.'” Furthermore, because SP has been developed by
78 Moore, Sottos, and White as a signature mechanophore
79 (mechanically active functional unit)® in the nascent field of
80 polymer mechanochemistry,"" it functions as a bridge between
81 the concepts of classical thermodynamics/chemical kinetics and
82 polymer chemistry by demonstrating the direct coupling of
83 mechanical work and chemical potential. Ongoing research
84 with SP in the Craig lab®*>"* inspired the development of this
85 exercise as a way to gently encourage first-year undergraduate
86 knowledge of and curiosity about local research opportunities.
87 Finally, the use of a reaction that has a visible output allows
s facile integration into the complementary laboratory portion of
89 the course; this has been shown to increase student investment
90 and understanding of the material.'> We have implemented the
91 sequence of activities described here in the context of a team-
92 based learning (TBL) classroom, but it is similarly well-suited
93 to a traditional lecture and/or hybrid classroom models. To test
94 the efficacy of these newly developed spiropyran-based
95 applications, we assessed student demonstration of mastery of
96 the course learning objectives that are central to these
97 applications in comparison to a control group who performed
98 more traditional applications centered on the same learning
99 objectives.

100 Herein we (1) report information about the course structure
101 through which these spiropyran applications were first
102 implemented, (2) describe the spiropyran-based classroom
103 module and lab, and (3) present experimental results from a
104 classroom-based study that compared the SP-based approach to
105 a different, more traditional inorganic approach to obtaining the
106 same general desired learning outcomes.

(=1

107 Il COURSE STRUCTURE

108 The course for which this material was initially designed was
109 taught in an interactive, cooperative classroom structure. Each
110 year this class is composed of 100—120 students, the vast
111 majority (>98%) of whom are first-semester undergraduates. At
112 our university, first-year students place into their initial
113 chemistry course based upon a combination of high school
114 chemistry experience, math SAT scores, and chemistry AP
115 scores. There are 4 different classes that students can place
116 into:'* an introductorZ class which assumes no prior back-
117 ground in chemistry," the first semester of a traditional 2-
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semester general chemistry sequence, an organic chemistry 118
class (AP score of S, or equivalent, is required for this initial 119
placement), and the course described here. This course is called 120
“Honors Chemistry”, and it is a one-semester version of general 121
chemistry for students who have completed AP chemistry and 122
scored either a 4 or S on the AP exam. We employ a team- 123
based learning (TBL)"® classroom model, in which the students 124
work together in teams of 4—6 members for the entire 125
semester. In line with previous studies,'® we have found that 126
keeping teams intact throughout the semester increases the 127
students’ trust in each other and allows for the development of 128
a positive group dynamic. 129

Class periods are twice per week for 1 h and 15 min. Digital 130
course materials, organized in terms of the learning objectives 131
for each unit and accompanied by self-assessment exercises, are 132
provided at the start of the semester via an online course 133
management site; there is no required textbook for the course. 134
All students also participate in an accompanying laboratory 135
section that meets once per week for 3 h; the laboratory score is 136
incorporated as part of the overall score used to determine 137
course letter grades. In addition, an optional class meeting 138
period is available each week prior to the start of each unit and 139
again midway through the longer units. At this optional 140
“discussion” meeting (formerly called recitation), questions 141
regarding the core learning objectives or assigned homework 142
problems can be discussed with the instructor or course 143
teaching assistants, and the concepts associated with the online 144
problems most frequently answered incorrectly by students in 145
the course are clarified. 146

The semester-long course is divided into 8 units; a 147
description of the units, and the order in which they are 148
presented, is provided in Table 1. Each unit follows the same 149 t1

[EP—

Table 1. Course Structure

Unit and Topics Dedicated Class Periods

Unit 1: Energy, Enthalpy, Thermochemistry 2
Unit 2: Atomic Electronic Structure
Unit 3: Molecular Structure

Unit 4: Molecular Orbital Theory
Unit 5: Chemical Equilibrium

Unit 6: Entropy and Free Energy
Unit 7: Acids and Bases

Unit 8: Kinetics and Catalysis

AW NN AW

pattern: students are expected to use the unit plans with online 150
materials, graded online homework, and the optional class 151
discussion period to learn or review basic concepts at their own 152
pace prior to the class meeting, and then the first required class
period on the unit begins with an ~20 min 10 question
multiple choice Individual Readiness Assurance Test (IRAT). 1ss
This is immediately followed by a team discussion of the same 156
problems and Team Readiness Assurance Test (TRAT). The 157
TRAT allows students to take the IRAT as a group using 158
Immediate Feedback-Assessment Techniques (IF-AT) scratch 159
cards so that all students finish the team exercises with full 160
awareness of the correct answers. 161

Following the TRAT, the remainder of the unit (1.5-3.5 162
class periods) is spent on application problems that are worked 163
by the teams as the instructor and teaching assistants (TAs) 164
circulate in the room. There are periodic opportunities for 16s
reporting answers and class-wide discussion and brainstorming, 166
but most of the class time is spent with the students working in 167
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168 their small teams. It is within the context of these team-based
169 application problems that the activities reported and discussed
170 here are employed. These application problems and RATS are
171 available in the Supporting Information. Other course unit
172 exercises are available upon request.

173 l SPIROPYRAN APPLICATION ACTIVITIES

174 In the structure of the semester, we introduce the reversible
175 structural transformation between SP and MC during Unit 4:
176 Molecular Orbital Theory. This chemical reaction is introduced
177 through a demonstration with an accompanying team
178 application problem worksheet (see Supporting Information)
179 that shows the molecular structures of both SP and MC. First,
180 the students are shown a clear, colorless solution of
181 commercially available SP in toluene. Then, the solution is
182 irradiated with a blue LED light, and during this perturbation,
183 the solution briefly turns a deep blue/purple. Students are told
184 that the MC compound’s structure gives rise to this color. In an
185 application problem completed by the teams during class, the
186 students are first asked to consider the reaction in the context
187 of molecular shape: the teams are asked to explain the
188 relationship between the change in hybridization of the central
189 carbon atom and the ensuing change in the geometry of the
190 molecule. The questions asked in the application rapidly segue
191 into a discussion of the importance that conjugation has on
192 extended molecular geometry and the color change of the
193 reaction, including using the particle-in-a-box model to connect
194 the Schrodinger equation to the energy gap between electronic
195 energy levels and associated color change. Concurrently during
196 the weeks of these in-class discussions, students conduct a
197 laboratory experiment focused on probing the chemical
198 equilibrium, solvatochromism, and impact of solution polarity
199 and hydrogen bonding on the equilibrium of the SP-to-MC
200 conversion, which leads into Unit S: Chemical Equilibrium.
200 We finish our discussion of the SP/MC reaction by tying it to
202 mechanical work through a hands-on activity that illustrates the
203 ability to physically pull on the sides of the molecule embedded
204 in a polymer film and force the opening of the ring. This
205 provides an opportunity to revisit concepts from the first unit in
206 the course (Energy, Enthalpy, and Thermochemistry), but in a
207 very visual context of a chemical reaction system, as opposed to
208 the compression and expansion of ideal gases. More specifically,
209 polydimethylsiloxane (PDMS) films with mechanochemically
210 active SP are shown to the class, and some students are given
211 small samples to manipulate and share with their teams. The
212 films change color either by pulling on the ends of the film in a
213 stretching deformation or upon UV irradiation (Figure 1).
214 Generally, two class periods are spent working on the SP-to-
215 MC module. The experimental details of the demonstration,
216 the application problem, and the lab exercise can be found in
217 the Supporting Information.

—_

213 I LEARNING OBJECTIVES

219 The utility of the SP-to-MC module is that it ties together a
220 wide range of learning objectives (LOs). The LOs for the
221 course, organized by unit, are provided in the Supporting
222 Information, with the specific LOs addressed in this module
223 highlighted for reference. The LOs that were assessed in a
224 postactivity pop quiz focused on molecular orbital theory,
225 quantum mechanics, equilibrium, hydrogen bonding, work, and
226 polymer chemistry.

Molecular Orbital Theory

Novice students often initially identify conjugated bonds as a
double bond—single bond—double bond pattern from observ-
ing presented example structures without fully grasping the
aspects of the molecule that make a conjugated system. The SP-
to-MC reaction allows the instructor to emphasize the
molecular orbital features that make a molecule conjugated.
When discussing this problem, we first ask the students to
consider the geometry and hybridization of each of the atoms
in the structures of both SP (Figure 2) and MC (Figure 2A).

S

Polymer
Chemistry

Quantum
Mechanics

Hydrogen
Bonding

Figure 2. New applications are structured around a single reaction
from organic chemistry to connect diverse topics in general chemistry
(MO Theory, Quantum Mechanics, Chemical Equilibrium, Hydrogen
Bonding, Chemical Work, and Polymer Chemistry). The red arrows in
part E represent the pulling points where the molecule is covalently
bound into the polymer network.

Next, learners are asked to identify geometry and hybridization
changes that occur as a result of the breaking of the C—O
spirocycle bond. As part of this in-class assignment, students are
informed that the geometry about N1, denoted by * in Figure
1, in SP is trigonal planar, and they are asked to classify the
hybridization of the N and the surrounding atoms. The student
teams quickly identify that only the central carbon, C1, denoted
by * in Figure 1, changes hybridization during the trans-
formation between the two molecules. Indeed, C1 changes
from sp® hybridization in SP to sp> hybridization in MC. It is
helpful for the students to visualize the three-dimensional
geometry and associated atomic orbitals surrounding the C1 in
these two configurations. We find that molecular modeling
software, if available, can facilitate this visualization (our
students use Spartan Student).'” Students are encouraged to
build the compound on the computer outside of class to
prepare for the application problem; this could also be done in
the lab during the week prior to the application. We find it
instructive to emphasize that this local change in hybridization
(rupture of a single bond and rehybridization of a single atom)
brings about a global change in molecular structure; the right-
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most side of the MC becomes coplanar with the left-most side,
because of conjugation that is continuous across the molecule.
The key point is that the change to sp* hybridization provides
an unhybridized p orbital that can connect two conjugated 7
systems that are initially separated on either side of the
spirocycle connection, a very dramatic consequence of
delocalized, molecular orbitals that cannot be explained by
localized bonding models such as valence shell electron pair
repulsion.

Quantum Mechanics

The change in conjugation provides a smooth transition into a
tangible application of the Schrédinger equation and its
relationship to color and conjugation (Figure 2B). After
highlighting and discussing the concepts of hybridization and
conjugation in the SP and MC molecules, the students are
challenged to explain why SP is colorless and MC exhibits a
purple color. They are prompted specifically to invoke the
particle-in-a box model during their explanation. The key
connections include the following: first, that the color of the
molecules relates to whether or not they absorb light in the
visible spectrum; second, that the wavelengths absorbed
correspond to energies of associated electronic transitions
(longer wavelengths means smaller HOMO—-LUMO gap);
third, that the spacing between orbital energies decreases as the
size of the box increases in the particle-in-a-box model; and,
fourth, that the size of the “box” corresponds not to the size of
the molecule, but to the size of the conjugated 7z system in the
molecule.

The consequence of increased conjugation in MC is
therefore that the gap between the orbital energy levels in
MC is smaller than in SP, and less energy is needed to promote
an electron to the excited state of MC than is required for SP.
This lower energy corresponds to a longer wavelength in the
MC molecule (absorbance in the visible) when compared to SP
(absorbance almost entirely in the UV).

Equilibrium and Hydrogen Bonding

Through this exercise, students are also challenged to connect
molecular structure and resonance to polarity. The teams are
tasked with drawing two resonance structures for MC, one of
which has formal charge on the nitrogen in the ring structure
and one of which does not. They are then asked to consider the
resonance structures and predict the polarity of MC relative to
SP. Having identified that MC is more polar because of the
additional charge separation found in one resonance structure,
they are then asked to predict how solvent polarity will
influence the amount of MC relative to SP at equilibrium.
The groups determine that, due to it being a more polar
molecule with greater charge separation, MC will be stabilized
in more polar solvents (Figure 2C). This provides the
foundation for a subsequent laboratory exercise, in which
students are provided a solution of SP in toluene and given a
set of cosolvents (methanol, ethanol, acetonitrile, acetone, and
THF) to add. They are given the dielectric constant of each
solvent and the dipole moment of each solvent molecule, and
then they are asked to predict which cosolvent will result in the
greatest conversion of SP to MC, and hence have the greatest
color change. Invariably, students predict that because it has the
highest dielectric constant, acetonitrile will generate the greatest
color change. Different lab groups add different amounts of the
various cosolvents and record the changes in absorbance at 540
nm. The results of all Iab groups are compiled and presented in
class (representative data shown in Figure 3), verifying what

1.0
— v
- v
S vy v Methanol
v v Ethanol
[] v .
g 0.5 v Acetonitrile
£ ¥
2 b v Acetone
° s 7 e Tetrahydrofuran
2 ¥y 4
< v 4

0.04——o—"—f—0— b p—t—t——;

0 20 40 60 80

Percent Co-solvent

Figure 3. Representative student data for a plot of absorbance (540
nm) of the SP-to-MC conversion vs percent cosolvent added to a
solution of SP in toluene.

most groups concluded from their own observations: despite
having lower dielectric constants than other cosolvents,
methanol and ethanol are the most effective cosolvents at
shifting the SP/MC equilibrium toward MC.

When asked about this in class, a few students will have
speculated (correctly) that the reason is hydrogen bonding, a
concept familiar to them from high school, but also presented
in our Unit 3. The negatively charged oxygen atom generated
by the conversion of SP to MC is a strong hydrogen bond
acceptor, as shown in Figure 2D. Some students will
hypothesize that the lone pairs of electrons on the oxygen
atom in methanol and ethanol might help to stabilize the
positive charge that develops on N1 in MC, providing an
opportunity to discuss THF as a control that contradicts that
hypothesis. The demonstration highlights in a visible manner
the importance of hydrogen bonding as a strong intermolecular
force in determining molecular behavior by providing the
energy required to “pull” SP sufficiently to convert it into MC.

Work and Polymer Mechanochemistry

To this point, students have seen how the energy necessary to
convert SP to MC can be provided by light and by solvation
interactions, particularly hydrogen bonding. We conclude the
module by demonstrating how mechanical work can similarly
provide the necessary energy input for the transformation. The
specific mechanism of doing work on the system is polymer
mechanochemistry, in which the work is delivered by applying a
force across a distance (change in molecular length) as opposed
to pressure across a change in volume (Figure 2E)."'* We find
this to be a compelling and captivating example of work for a
chemistry course, as it involves actual chemical change, the
paradigmatic conversion of SP to MC. Since mechanical force is
generally applied to the mechanophore via polymer “handles”,
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this provides a natural segue into a more general discussion of 352

polymer chemistry. We begin by pointing out that it is
effectively impossible to use our human hands to hold the
carbon and oxygen atoms in the scissile bond. So, to apply a
force directly to the SP, we need to form a covalent bond
between the SP and something that is large enough to hold
with our fingers.

The mechanism for accomplishing this that the instructor
describes is to form bonds between SP and a chemically cross-
linked PDMS elastomer (Figure 2F).° This provides an
opportunity to discuss the molecular structure of polymers and
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cross-linked polymer networks, including the fact that a piece of 363

a cross-linked rubber is largely a single molecule. For our class,
we bring in strips of PDMS film into which SP has been
appropriately cross-linked, using a simple formulation that can
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be repurposed effectively for outreach demonstrations.'® We
prompt the class to vote as to whether or not a person is strong
enough to break a chemical bond (in our experience, most
students think not). Then, the instructor describes the film
composition and invites volunteers to come forward to stretch
the films with their fingers. Upon stretching, the film changes
color as a result of the mechanical work being channeled
directly into the SP-to-MC conversion. In the context of
polymer education, this demonstration drives home the point
that polymers are made up of molecules, and that the behavior
of the material is intrinsically coupled to the behavior and
properties of the molecular constituents.

After demonstrating how the work done by a person’s fingers
can convert the colorless polymer to purple, we discuss how
one would choose which bonds in SP to replace with bonds to
the polymer. There are two considerations. First, the
substitution must not disrupt the conjugation in the MC, and
so replacing a 6 bond (for example, to a hydrogen atom) that is
outside the conjugated 7z system is discussed as the best
strategy. Second, the chosen positions must couple to the ring-
opening reaction (that is, they must move away from each
other after the C—O bond breaks). Because work is force X
distance, the further the substitution positions move away from
each other, the less force is required to provide the necessary
work. If available, using a computer modeling program to
determine the distance between points and calculating the force
needed to break the bond gives students an early opportunity
to attempt molecular visualization, for some students, a barrier
to success in subsequent organic chemistry courses."’
Molecular model kits could be used to aid in visualization as
well.

This exercise ties a chemical reaction to the seemingly
abstract physical concepts of work and its relationship to
internal energy (these were covered in the first unit of the
course). It also allows for a discussion of what a polymer is and
how polymers can have molecular functionality embedded
within them for desired chemical effects.

Extension to Organic Chemistry Courses

Although we use the SP-to-MC module in an accelerated
general chemistry course, we recognize that not all universities
have an equivalent course. We think this module could easily be
adapted to an organic chemistry setting. In fact, many of the
concepts presented in this general chemistry module are often
covered in the introductory chapters of an organic chemistry
textbook.'” The details are beyond the scope of this paper, but
the SP-to-MC conversion provides additional opportunities to
discuss substituent effects in aromatic systems. Many SP
derivatives have been synthesized, and they have different
photochromic properties as a result of the substituent
patterns.20

B METHODS

Team Formation Process

Prior to the beginning of the semester, an effort was made to
create balanced cooperative-learning teams that each were
composed of learners with low, medium, and high relative prior
chemistry experience and demonstrated math skills. To this
end, students were placed into “semirandom” teams of four (or
five) individuals based primarily on rankings from relative self-
reported AP Chemistry exam scores. Math SAT scores are
known to highly correlate with performance in college-level
general chemistry courses,""'¥?! so Math SAT scores were

used as a secondary ranking. Teams were randomly assigned
team numbers (1—24) that were used to track team scores over
the entire course of the semester. More detail on the formation
of teams can be found in the Supporting Information.

Experimental Design

To determine whether or not the SP applications work as well
in guiding students toward meeting desired unit learning
outcomes when compared to more traditional, small-molecule-
based applications we had previously used in Unit 4, a random
trial was devised. For Unit 4 only, the instructor drew a random
number that resulted in the odd-numbered teams being the
control group and the even-numbered teams being the
experimental group. To exclude bias, the researchers who
initially developed the application problems did not teach the
course during the semester that the formal assessment of its
implementation in the classroom was performed.

At the beginning of the unit on Molecular Orbital Theory,
both groups met at the same time and took the same IRAT and
TRAT (see Supporting Information). Next, to examine the
effectiveness of the new SP-based applications, the control and
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experimental groups initially completed two unique sets of 448

applications in the subsequent class meetings. In unique class
periods, the control group teams completed the original
applications problems, while the experimental group teams
completed the redesigned SP-based applications (see Support-
ing Information). After completing each set of applications,
each team completed a Strategy Analyst report where, as a
team, they ranked both the difficulty of and their interest in the
application problems on a five point Likert-type scale. Teams
also had the opportunity to provide written feedback about the
strengths and areas for improvement for the set of applications
they completed on the Strategy Analyst report (see Supporting
Information). The Likert-type scale numeric values were
tabulated, and the written responses were transcribed by a
staff assistant not involved with the study. Averages, standard
deviations, and standard errors were calculated for each data
set, and an unpaired t-test was performed on the two group’s
numerical responses to test for statistical significance.

After both groups met, separately, to complete the control
and experimental applications, the groups were remerged for
the next class period and all individuals in both groups
completed the same unannounced “pop” quiz. This quiz was a
LO-driven assessment composed of 10 multiple choice
problems. Each problem was coded to specific course learning
objectives with a focus on those covered in the Unit 4
applications (see Supporting Information). Following the
individual LO Assessment (pop quiz), each team completed
the set of applications they had not previously seen to ensure all
students were exposed to all the same application activities by
the end of the unit. Scores on the LO Assessment were
combined for each group and averages, standard deviations, and
standard errors were calculated. An unpaired t-test was
performed on the two sets of scores to test for statistical
significance.

B RESULTS

Before comparing the results of the application-based IRAT,
the results of the previous IRATs were compared for the
experimental and control groups. For the first three IRATS
taken as part of Units 1, 2, and 3, there was no significant
difference in scores between the control and experimental
groups (0.39 < p < 0.70) (see Supporting Information). A
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Figure 4. Initial Unit 4 IRAT and LO Assessment scores for control and experimental group.
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Figure S. Student Likert-type scale feedback after completing each set of applications. Shading in bars corresponds to the percentage of responses
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top of figure).

489 comparison of results on the control and experimental group
490 on both the initial IRAT for Unit 4 and LO Assessment (pop
491 quiz) showed no statistical significance between the two groups,
492 p = 0.30 and p = 0.10, respectively (Figure 4).

493 In addition to the assessment, students’ responses to the
494 Likert-type scale items and their written free-response feedback
495 on the applications were analyzed. For the Likert-type scale
496 questions, near the end of each class period, teams were asked
497 to compare the day’s applications to those completed for
498 previous units and assess the relative difficulty of and their
499 interest in the applications with S representing more difficult/
s00 more interested and 1 representing less difficult/less interested

(Figure S). The unpaired t-test showed no statistical difference
between the control and experimental groups, p = 0.2757 and p
= 0.4154, respectively. Additionally, teams provided written
feedback on the strengths of the applications as well as areas for
improvement. Representative student feedback is shown in
Table 2. Complete student feedback is available in the
Supporting Information.

Hl DISCUSSION

A comparison of the initial Molecular Orbital Theory IRAT
showed no statistical difference between the Control and
Experimental groups. Therefore, prior to completing the
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Table 2. Representative Initial Student Reactions to Control and SP-Based Applications

Representative Student Responses

“It combined the topics we have learned in topic 2 and the one we are learning”

“Makes to link molecular orbital to actual properties of the molecule”
“We achieved a better understanding of MO Theory”

“Ability to understand concepts of resonance and delocalization”

“The exercises built on each other and connected to our lab”

“The applications applied to the lab, which made it easier to understand”

“Questions more related to each other”

“They could have been more in depth”

Prompt Group
Please list at least one strength of today’s Control
applications
Expt
Please list at least one possible improvement to Control
today’s applications
Expt

“Understanding applying force energetically”

“The questions should be more clear. For example, the last application should have indicated that
the Spartan model was needed.”

application problems, both groups start from a similar initial
baseline. After completing the different sets of application
problems, both groups showed a similar level of mastery of the
course learning objectives, based on the LO Assessment, with
no statistical difference between the Experimental and Control
groups. Students also provided similar feedback on the difficulty
level and their interest in the chemistry content of both sets of
applications problems, with generally neutral feelings toward
the difficulty and their interest in the chemistry.

Even though there is little difference in the quantitative
measures, students expressed unique written feedback on the
application problems, with some students in the Control group
noticing the disconnection between the application problems
while some students in the Experimental group noticed
connection within the application set and in the laboratory
experiment they had recently performed.

B LIMITATIONS

Limitations in this study were present in both the size of the
sample as well as the method used to assess student learning
outcomes. Due to the class size, the control and experimental
groups were limited to approximately SO students each, which
limits our ability to observe statistical differences given the
small sample size. Maintaining consistency within the course
format, only one strategy analyst sheet is collected per team,
which shows only the team’s net assessment on the difficulty
and interest in the SP-based applications. This team-based
feedback does not take into account individual students’
assessments of the application problems, which may have
differed somewhat from that of the whole team. Additionally,
the LO Assessment was administered as a multiple choice quiz,
similar to the IRATS the students had been previously exposed
to, which could allow students to make an informed guess of
the correct answer without a deeper understanding of
underlying concepts.

B SUMMARY AND PERSPECTIVES

The SP/MC module described here directly addresses several
learning objectives commonly covered in general chemistry
courses, but in the context of polymers and introductory
organic chemistry principles. The use of one reaction as a
common thread by which to tie together concepts typically
presented as disparate entities allows the students to explore
the factors that contribute to the organic transformation
between SP and MC, highlighting molecular orbital theory,
quantum mechanics, equilibrium, hydrogen bonding, and work
while also introducing basic concepts of polymer chemistry. We

have found this exercise to be a useful way to structure a
portion of a general chemistry course in order to address the
interdisciplinary nature of chemistry and enhance students’
understanding of real-world applications of general chemistry
topics. The Craig group’s initial interest in the SP-to-MC
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conversion inspired this work, and students seem to enjoy sé2

learning about research at their university. We hope our
experience encourages other researchers and educators to adapt
their scientific interests to the courses that they teach.
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