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ABSTRACT: Games are a way to engage students with course material 
in a low-stakes environment. In the popular game app “Heads Up!”, 
participants give clues to a guesser who is holding a word on their 
forehead. Here, we present a modified version of this game where 
students are required to give clues in a specific order that emphasizes 
higher-order thinking in the early rounds and moves to lower-order 
recall events in the later rounds. The collaborative group environment 
promotes oral communication, metacognition, and student−student 
interactions and may lead to improved student learning. This game, 
called guided heads-up, was used in three courses at two institutions. 
Student perceptions were gathered and analyzed for all three classes. 
Recommendations from students and instructors for designing and 
implementing the guided heads-up activities into additional courses are included. 

KEYWORDS: Upper-Division Undergraduate, Second-Year Undergraduate, First-Year Undergraduate/General, Biochemistry, 
Analytical Chemistry, Humor/Puzzles/Games, Testing/Assessment, Enrichment/Review Materials 

Incorporating educational games into the undergraduate 
chemistry classroom has many potential benefits, including 

promoting engagement with the material, improving student 
learning, and providing alternative study strategies.1−5 Games 
reported for college-level chemistry and biochemistry courses 
take many forms, with common categories including computer 
simulations,6−9 card games, 10,11 drawing games, 12 word 
games, 13 and board games. 3,14−16 Educational chemistry 
games have been incorporated into a range of college-level 
courses, including nonmajor courses, 6,17 general chemis-
try,1,13,18−22 organic chemistry,23−33 biochemistry,9,12,34−36 

and analytical courses. 37,38 These recent examples are not 
meant to be an exhaustive list, but the breadth of those cited 
here suggests that there are many opportunities to design and 
adapt games for educational purposes. 
We describe a collaborative activity during which students 

interact with the course material with descriptions that go 
beyond rote memorization. The style of the activity was 
inspired by a game played on The Ellen DeGeneres Show that 
was later developed into a mobile application (app), “Heads 
Up!”39 When playing “Heads Up!” on her show, Ellen holds up 
a phone or tablet which displays a word toward her game 
partner. The person seeing the word gives clues in attempt to 
get Ellen to guess the word. In the original version of the game, 
Ellen held a card to her forehead, which explains why the app 
was named “Heads Up!” This popular app is intended for use 
in casual social settings, but there are suggestions online for 

incorporating the app into elementary, middle, and high school 
classrooms.40−43 Two groups previously have reported on the 
use of this style of game in this Journal.20,31 O’Halloran 
reported on a game, “The Organic Compound Name Game”, 
which involves guessers holding a sticky note with an organic 
structure on it to their forehead and asking teammates yes/no 
questions about the unknown class of the compound.31 Koh 
and Fung adapted the mobile app “Charades!” to incorporate 
lists of laboratory equipment and procedures.20 For this game, 
termed “ChemCharades”, the guesser holds a phone to their 
forehead with the laboratory term displayed and remains silent 
while the clue givers provide descriptions. Clue givers are not 
allowed to make gestures or use nonchemical descriptions.20 

Both “The Organic Name Game” and “ChemCharades” give 
students opportunities to interact with course material in 
engaging ways that emphasize appropriate use of technical and 
scientific language. However, neither of these activities 
necessarily require students to move beyond lower-order 
learning behaviors like remembering and recognizing.44,45 

We saw an opportunity to adapt the familiar game style of 
“Heads Up!” to chemistry content while also incorporating 
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more direction into the activity to help students better sort and 
synthesize course material while becoming aware of their own 
knowledge in a cooperative environment. Our game, guided 
heads-up, uses the familiar “Heads Up!” structure but requires 
clues to be given in a particular order. The specific sequence of 
clues requires students to consider the material beyond lower-
order learning activities, such as memorization and drills, that 
often are observed with educational games, 3 and instead, it 
challenges them to engage in higher-order thinking skills of 
analysis, application, and evaluation of knowledge to reach 
their goal. We present our approach to designing guided heads-
up activities with three examples that were implemented in two 
institutions. Student perceptions of this approach are 
discussed, and recommendations for implementation in 
additional courses are provided. 

■ INSTITUTIONS AND COURSES 
Guided heads-up activities were implemented in selected 
courses at Saint Mary’s College (J.F.) and Mercer University 
(G.L.C. and K.D.K.). Saint Mary’s College is a Catholic liberal 
arts women’s college with approximately 1,600 students. 
Mercer University, a medium-sized comprehensive institution, 
enrolls approximately 8,800 undergraduate, graduate, and 
professional students. Both institutions offer the American 
Chemical Society-certified curriculum. 
Three guided heads-up activities were designed, imple-

mented, and evaluated for Biochemistry (CHEM 324) at Saint 
Mary’s College and Quantitative Analysis (CHM 241) and 
Biochemistry II (BMB 466) at Mercer University. CHEM 324, 
a survey course that covers structures of biomolecules, cellular 
reactions, and major metabolic pathways, is a requirement for 
Chemistry majors (BS) and frequently is taken by Biology 
majors and other students who intend to pursue medical 
school or other health professional careers; it also is an option 
for the Chemistry minor. CHM 241 includes topics related to 
fundamental techniques for quantitative chemical analysis. This 
course is required for majors in Chemistry (BS), Chemical 
Commerce (BA and BS), and Biochemistry and Molecular 
Biology (BS) and is an option for the Chemistry minor. BMB 
466 includes content related to integrated cellular metabolism 
and molecular physiology, is required for Biochemistry and 
Molecular Biology majors, and is an option for majors in 
Chemistry (BS) and Biology (BA and BS). 

■ GUIDED HEADS-UP 

Design and Rationale 

Triboni and Weber point out that educational games can have 
the unintended outcome of promoting lower-level thinking 
when they emphasize drills or memorization tasks; they 
summarize work by Ruggiero and Watson,46 saying that for 
games to move students to higher-order learning activities, this 
“usually requires a cycle of action and reflection, which can be 
attained only if the game design naturally promotes a reflective 
practice during gameplay.”3 Additionally, two of the authors 
(G.L.C. and K.D.K.) have observed the difficulty many 
students have with articulating chemical concepts with their 
peers. 47 Thus, the authors designed and implemented a new 
group educational game, guided heads-up, that aimed to 
promote higher-order learning activities by incorporating a 
required order of clues or prompts into the game. 
Groups of two to four students are given a set of cards with 

words on them and the activity rules. The instructor first goes 

over the purpose of the activity, letting the students know that 
the guided heads-up activity will give them practice bringing 
together some class concepts and material while also learning 
from their partner(s). The instructor then walks the class 
through the rules. Students are instructed that one “player” will 
take a card from the set and place it on their forehead with the 
words facing out and that this student will attempt to identify 
the word on their forehead from the clues provided from the 
other members of their group. Students are instructed that 
clues are to be given in the order outlined in the activity rules 
and that proper chemical terminology should be used. Working 
as a team, the other members of the group are encouraged to 
discuss the language for the best answer to give to the player 
guessing the word. The clue order for each of the sets was 
designed to start with a more descriptive task that would apply 
to a number of possible answers and moved toward more 
specific recall clues. After a card is correctly identified, the next 
player draws a card to take their turn. Each turn typically takes 
about 1 min, and play can continue until the card deck is 
completed. If the player holding the card identifies the word 
before the clues are all given, their teammates are encouraged 
to complete the clues for additional practice. In the case where 
a turn exceeds 1 min, students could be encouraged to look at 
the answer, move on, and return to the missed card later; 
however, this was not commonly observed for the guided 
heads-up games and students described in this work. 

Examples 

Guided heads-up activities are appropriate for use with 
material that benefit from a learner going beyond straight 
memorization to higher-order learning methods of catego-
rization, sorting, and synthesis. For example, when learning 
amino acids in a biochemistry course, students readily 
memorize how to draw structures, names, and one- and 
three-letter abbreviations but can struggle when distinguishing 
between amino acids by their chemical properties and 
functionalities. Thus, the first guided heads-up activity gave 
students in CHEM 324 practice with the properties of amino 
acids (Box 1 and Supporting Information). Giving descriptions 
of side chains encouraged the clue givers to use thoughtful 
hints that would apply to only the correct answer. The more 
vague the description, the more amino acids that will be 
captured by that description. Students giving descriptions are 
rewarded for the use of appropriate technical language by 
guessers arriving at the correct answer faster (e.g., clue givers 
who use imidazole to specifically describe histidine compared 
to those who use hydrocarbon to describe alanine). The 
instructor, by circulating among groups during the gameplay, 
also should verbally acknowledge good use of technical 
language. The order of the clues proceeds from higher-order 
learning tasks toward specific recall tasks, all of which are 
necessary for learning the amino acids. 
Later in CHEM 324 a second guided heads-up activity was 

developed for metabolic pathway reactants and intermediates 
(Supporting Information). This activity was also expanded 
upon and used in BMB 466 (Supporting Information). This 
iteration was an increase in the complexity of the game 
compared to amino acids. Students tend to approach these 
pathways as a linear set of reactions and only recognize the 
molecules in the context of that pathway, often missing 
connections between pathways that are important for 
integrated metabolism. Additionally, it is important that 
students differentiate between the reactions in which these 
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Table 1. Student Perceptions of Guided Heads-Up Activities 

Mean Scoresa by Course 

Statements for Student Response about the Guided 
Heads-Up Activities (HAs) 

CHEM 324b 

(N 14) 
BMB 466c 

(N 32) 
CHM 241d 

(N 43) 
Overall Mean Scoresa 

(N 89) 

S1 I enjoyed the heads-up activities. 4.7 4.5 4.3 4.5 
S2 The HAs are an engaging in-class activity. 4.7 4.6 4.5 4.6 
S3 The HAs helped me understand the course material better. 4.1 4.3 4.0 4.1 
S4 The HA is an effective approach to reviewing course material. 4.4 4.3 4.3 4.3 
S5 I prefer the HA over traditional reviewing of material with peers. 4.0 3.9 3.7 3.9 
S6 HAs helped me improve my study skills. 3.6 3.7 3.3 3.5 
S7 Having a specific order of clues helped me prioritize material. 4.1 3.9 3.7 3.9 
S8 Having a specific order of clues helped me understand material. 3.9 4.0 3.7 3.9 
S9 More HAs should be developed for this course. 4.1 4.4 4.0 4.1 
S10 The HAs helped me assess my knowledge about the material 

covered by the activity. 
4.6 4.5 4.3 4.5 

aStudents responded using a Likert-type scale with a range of 1−5: 1, strongly disagree; 2, disagree; 3, neutral; 4, agree; and 5, strongly agree. 
bCHEM 324 (Biochemistry lecture at Saint Mary s College) had a total enrollment of 27 junior and senior Chemistry and Biology majors. cBMB 
466 (Biochemistry II lecture at Mercer University) had a total enrollment of 34 junior and senior Biochemistry and Biology majors. dCHM 241 
(Quantitative Analysis lecture and lab at Mercer University) had a total enrollment of 52 sophomore and junior Chemistry, Chemical Commerce, 
and Biochemistry majors and Chemistry minors. 
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Box 1. Guided heads-up example: amino 
acids 

Rules of play: 

In turn, each player chooses a card from the 
deck and, without looking at it, holds it to 
their forehead so their teammates can see it. 

The team has 60 seconds to give clues to the 
identity of the amino acid on the card. 

Clues can be given in the following order 
only: 

1. Describe the side chain using words. 
2. Class of the side chain (polar, 

uncharged, charged, hydrophobic) 
3. pKa of the side chain (if applicable) 
4. One-letter abbreviation 
5. Three-letter abbreviation 

If the player holding the card guesses it 
before the clues are all given, the teammates 
still need to complete the clues. 

molecules may serve as a reactant or as a product. Example 
reactants include glucose, succinate, and phosphoenolpyruvate. 
The required clue order was as follows: 

1. Pathway(s) the reactant is involved in 
2. Type of reaction catalyzed 
3. Products formed (including NADH, ATP, CO2, etc.) 
4. Structure (in words) 
5. Name of enzyme that catalyzes the reaction 

The third guided heads-up activity was implemented in 
CHM 241 after students were introduced to spectroscopy and 
separations (Supporting Information). While students can 

readily give definitions or block diagrams related to instru-
ments such as the spectrophotometer or graphite furnace, they 
can struggle with deciding which instrument or separation 
method to use when faced with more open-ended, real-world 
problems. Thus, a guided heads-up activity was developed that 
included cards with combinations of techniques and clue 
orders that incorporated both sample information and 
expected data: 

1. Possible analytes 
2. Required sample preparation steps 
3. Sample state 
4. Expected data (describe) 
5. Special requirements (give specific mobile phase,  

stationary phase, reagents, etc.) 

Student and faculty perceptions of these specific guided 
heads-up activities are discussed in the section below, followed 
by recommendations for extension to other topics and courses. 

■ ASSESSMENT AND RECOMMENDATIONS 

Overview 

Student perceptions of guided heads-up activities were 
assessed with anonymous surveys administered at the end of 
the semester. This study was approved by both Mercer 
University’s Institutional Review Board for Human Subjects 
Research (H1810275) and Saint Mary College’s. The surveys 
included ten Likert-type scale statements (Table 1) and five 
free-response questions about guided heads-up activities (Box 
2). Common themes were identified in the responses for Q2 
and Q3 and summarized in Table 2 and Table 3. These themes 
were identified in an iterative process and confirmed by each of 
the authors. Instructor observations yielded some additional, 
unexpected insights. 
Overall, student perception of the guided heads-up activities 

implemented at the two institutions was positive (Table 1). 
Likert-type scale responses indicate that, on average, students 
enjoyed the approach and found them engaging (S1 and S2). 
Student data and instructor observations suggest three main 
outcomes for guided heads-up activities: (1) they promote 
student learning, (2) they facilitate student−student inter-
actions, and (3) they encourage metacognition. These 
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outcomes are discussed in more detail in the sections that 
follow. 

Promoting Student Learning 

These activities were designed to help promote student 
learning by giving students guided practice with sorting and 
synthesizing large amounts of related course material. When 
students were given the free response question Q2, the most 
common helpful aspect cited by students was related to the 
improvement of their learning (Box 2, Table 2). An 
unexpected benefit to guided heads-up activities observed by 
the instructors was how rapidly missing information and 
misconceptions were identified and addressed within the 
groups. For example, students who used technical language 
incorrectly (confusing hydrophobic and hydrophilic) or gave a 
definition when they could not remember the technical term 
(“the functional group with a carbon and two oxygens”) were 
corrected by their teammates during the game or immediately 
following the end of that round. Students helped one another 
fill in knowledge gaps, and the instructors observed that, 
unsurprisingly, students paid careful attention to their peers’ 
feedback. Pairing in-class time for a guided heads-up activity 
with a full-class discussion postactivity provided additional 
opportunities for students to reflect on their own knowledge 
compared to that of their peers. This postactivity reflection 
also can be used as a time to remind students of the goals of 
the activity’s guided approach and reinforce the benefits of 
effective group study. For example, when the guided heads-up 
activity was used in CHM 241, the instructors circulated 
around the lecture hall to observe the groups. When groups 
were at stopping points, they were asked to comment on which 
card was the most challenging in the set. This impromptu 
interaction provided surprising answers. Once all groups 
completed the activity, a full-group debrief was held to discuss 
the overall activity and review the correct answers to the cards 
the students identified as the most challenging. Many students 
informally commented after class that the combined approach 

of working through the material with their peers and then 
going over the trouble spots as a class helped them improve 
their understanding of the course material. 
Statements S3−S8 yield insight into the students’ 

perceptions about the effectiveness of the guided heads-up 
activities as a study strategy and for understanding the course 
material. While students reported good agreement with S4, 
that guided heads-up activities (HAs) are effective approaches 
to reviewing course material, the response was not as strong as 
the response for S6 (“HAs helped me improve my study 
skills”). When asked to agree or disagree with S3, “The HAs 
helped me understand the course material better”, 82% of all 
student respondents agreed or strongly agreed with the 
statement. 
The main guidance of the approach is provided through the 

required clue order. Student perception of clue order was 
evaluated through two of the Likert-type statements (S7 and 
S8) and free responses (Box 2). Overall, students agreed that 
the clue order helped with prioritizing and understanding the 
course material (S7 and S8). In the free responses, one student 
said that the guided heads-up activities were “less memo-
rization and more brain mapping.” Another representative 
comment related to clue order stated the following: “the details 
and order of how to approach... lets you know the importance.” 

Student−Student Interactions 

The conversation that occurs between the card holder and clue 
givers is central to student engagement and learning. While 
students no doubt learn from their instructors and on their 
own, social interactions can promote the construction of new 
knowledge through reflection on previous learning and 
understanding.48−50 The group work nature of the activity 
requires that students work together, but it was not known if 
students would find the group discussion part of the activity 
appealing. In fact, 20% of responses described group work as 
the most helpful part of the guided heads-up activities, while 
15% of responses cited oral communication as being most 

Table 2. Summary of Main Themes in Student Responses for Most Helpful Aspects of Guided Heads-Up Activities 

Student Responsesa by Course (%) 

Most Helpful CHEM 324 (N 14) BMB 466 (N 31) CHM 241 (N 39) Overall Average (%) (N 84) 

Learning 64 90 56 70 
Group work 14 16 26 20 
Oral communication 7 6 26 15 
Clue order 7 6 18 12 
Engaging 29 3 3 7 
Competition 0 3 5 4 

aSome student free responses to Q2 (see Box 2) were coded with more than one theme. 

Table 3. Summary of Main Themes in Student Responses on Improvements for Guided Heads-Up Activities 

Student Responses by Course (%) 

Area for Improvementa CHEM 324 (N 12) BMB 466 (N 30) CHM 241 (N 31) Overall Average (%) (N 73) 

Make it easier 50 20 16 23 
Make more types of sets 8 27 13 20 
Use thicker paper 8 3 6 5 
Make more available 8 3 3 4 
Increase the competition 0 7 3 4 
Give more time in class 0 7 0 3 
Use it earlier in the semester 0 7 3 3 

aResponding to Q3 (see Box 2) of the free-response questions, 32% of students responses directly stated that there was no area that needed 
improvement. 
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Box 2. Free response questions 

Q 1. If you did not use heads-up activities 

outside of class, please explain why not. If 

you did use them, please explain why you 

chose to, how many times you used them, 

and how you used them (on your own, with 

classmates, or with others). 

Q2. What was the most helpful aspect of the 

heads-up activities? 

Q3. What could be improved about the 

heads-up activities? Feel free to comment 

broadly and/or about a specific heads-up 

activity. 

Q4. Which courses, if any, would benefit 

from heads-up activities, assuming the 

content matched course content? 

QS. Please share any additional feedback 

you have about this type of activity. 

helpful (Table 2). A representative response described the 
importance of group conversation: “having to explain terms to 
each other helps grasp if you are really saying it correctly.” 
Many student comments described the key role of collabo-
ration in their discussions. 
Encouraging Metacognition 

A secondary theme that emerged in free response questions 
was the benefit of guided heads-up activities for evaluating 
one’s learning. Statement S10 probed the connection between 
these activities and metacognition. With an average agreement 
value of 4.5, this was among the strongest agreement for all 
three classes surveyed. Within the 70% of free response 
questions that were coded as relating to learning as a helpful 
aspect, 24% (or 17% overall) mentioned metacognition. One 
student explained the benefits of guided heads-up activities as, 
“the nature of the game naturally promotes verbalization of 
one’s thought process [when] articulating clues, revealing 
everyone’s held misconceptions and unique insights.” Another 
student shared that it “helps me better understand how to 
study.” 
Of course, we as instructors would like all of our students to 

routinely reflect on their own learning. It could be that the 

incorporation of guided HAs both earlier in the semester and 
throughout may encourage increased metacognition activity by 
students. 

Student Recommendations 

Students were asked what could be improved about the guided 
heads-up activities (Table 3). Approximately one-third of 
respondents stated that no aspect of the guided heads-up 
activities needed improvement. The responses that did provide 
a suggestion fell into seven common themes related to activity 
content or mechanics. For example, some students suggested 
providing more time during class for the activities, and others 
encouraged use of them earlier in the semester. Both of these 
suggestions could be addressed with planning by faculty. 
Others pointed out that thicker paper should be used for the 
cards because an observant participant could read the word on 
the card through the paper when it was on the top of the deck 
of cards. Using a cover sheet over the clues, thicker paper like 
card stock, or lighter ink colors could address this concern. A 
later iteration of this activity using light blue card stock and 
light gray font color resolved this issue. A small number of 
comments suggested increasing the competition aspect of the 
activity by providing bonus points or prizes. Having bonus 
points attached to the activity did not appear to be necessary; 
the instructors observed that students were sufficiently self-
motivated to give the activities true effort. 
Several students suggested making the activity more 

available outside of class. While students were given the 
option to take the activity with them, the majority of students 
reported in Q1 that they did not use the activities outside of 
class. The main reasons cited for not using them outside of 
class was lack of availability of the card sets and poor time 
management by the students. A small number of students 
indicated that they would not have used them even if available. 
One student supported the use of guided heads-up activities 
outside of class, saying, “this would really encourage outside of 
classroom collaboration/studying between students, which I 
have found to help me a great deal in studying for exams.” 
Some students pointed out that each group only had one set in 
class, so they were not all able to take the activity with them. 
These availability concerns could be addressed if the guided 
heads-up file was made available to students on the course 
management system, allowing students to print out copies on 
their own. 
The most common area for improvement suggested by 

students was related to making the activity easier (23% of 
respondents). Suggestions for making the activities easier 
included removing the clue order requirement or changing a 
specific aspect of the activity’s content, such as giving the 
chemical structures in addition to names or writing out 
instrument acronyms. Although having the structure of an 
amino acid on the card may help prompt the clue givers, the 
design of the activity takes into account that it requires all 
participants to recall the characteristics of the molecule in the 
moment. Having to synthesize that knowledge in order to give 
a good clue is an additional challenge for the clue giver, while 
the student answering has to be able to select and integrate 
that information to come to the correct answer. 
With respect to the clue order requirement, one student 

wrote, “The heads-up material was not efficient for my learning 
style. Having to do the clues in order wasn’t helpful because 
sometimes it was the last clue in the order that helped me 
know the answer.” This comment highlights two observations 
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already made by the instructors and echoed in the 
literature:51,52 

1. Students can be resistant to new, more challenging 
learning methods. 

2. It is important to struggle with and practice with 
unfamiliar material rather than only reviewing mastered 
material. 

It is uncomfortable to review material that is not easy or that 
one makes mistakes on. However, both are essential activities 
for growth and improved learning. Additionally, many of our 
students still view learning as fully occurring during recall and 
other rote memorization activities; they found the game design 
of not discovering the answer on the first clue frustrating. 
Thus, despite the comments about making the guided heads-
up activity easier by removing or relaxing the clue order 
requirement, we believe that this very guidance is what makes 
this an effective activity. Some students are resistant to 
discussing concepts with their peers, especially concepts with 
which they are not completely familiar, but encouraging 
practice with low-stakes opportunities like guided heads-up 
activities may help these students better understand the 
benefits of group discussion. 
Additional Recommendations 

It is notable that 20% of respondents suggested that the guided 
heads-up activities could be improved by making additional 
guided heads-up activities on more topics (Table 3). Students 
were asked in Q4 to list courses that would benefit from the 
incorporation of guided heads-up activities. Unsurprisingly, 
suggested courses tended to reflect the science courses the 
students had completed previously, with the most common 
suggested courses being organic chemistry, general biology, 
and additional upper-level biology courses. Interestingly, 
courses outside of chemistry and biology were suggested, 
too, including history, philosophy, and foreign languages. 
Our general recommendation for instructors seeking to use 

this activity in their own classes is to consider what students 
should be getting from the activity. Guided heads-up activities 
work best for topics that have a number of overlapping 
concepts that students may confuse. Clues should be written to 
highlight these overlapping concepts and to lead students to 
develop the descriptive tools to navigate them. 
The discussion observed in the group setting was helpful to 

promote student−student interactions and provided an 
example of group study that can be applied to other courses. 
Following game play with a full-class debrief helps address 
activity-identified class misconceptions, giving students addi-
tional formative feedback about their progress with course 
material. 
An unanticipated potential pitfall to guided heads-up 

activities is that students will get stuck if group members are 
not caught up on course material. While we did not observe 
this directly in class, one student pointed this out in the post-
semester survey, writing, “I think one potential issue you could 
have is students who aren’t as familiar with the material or 
student(s) who are struggling [may] feel inadequate/self-
conscious. It could potentially create a discouraging learning 
environment and hinder student success.” This thoughtful 
reflection suggests a non-observed but certainly possible 
outcome. This could be addressed by giving students notice 
in a prior class meeting that an upcoming activity will require 
them to verbally communicate and synthesize course material. 
This could provide students with the encouragement necessary 

to study up on material and may even lead to improved 
outcomes when the guided heads-up activity is implemented. 

■ CONCLUSION 
Guided heads-up is a useful tool to highlight the overlap of 
material, to promote student interactions, and to identify 
misconceptions. The game design is especially helpful to model 
for students’ areas where recall is not sufficient to understand 
the material. Through a low-stakes conversation with their 
peers in a fun game environment, students discern how course 
concepts overlap, identify areas for improvement, and develop 
a better understanding of the material. Student-driven 
development of new guided heads-up activities for a class 
could also be a valuable teaching and learning exercise, as 
students would need to consider how material is grouped, 
organized, and related. 
The student feedback summarized herein supports in-

structor observations that guided heads-up activities are an 
engaging, productive strategy to help students sort and 
synthesize material in chemistry and biochemistry courses. A 
required clue order helps students move beyond memorization 
to higher-order learning modes. These activities have wide 
applicability in a range of classes, and instructors are 
encouraged to consider where they might adapt this approach 
to their own course material. 

■ ASSOCIATED CONTENT 
*sı Supporting Information 

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.9b00904. 

Amino acid activity rules (PDF) 
Amino acids activity cards (PDF) 
Techniques activity rules (PDF) 
Techniques activity cards (PDF) 
Metabolism 1 activity rules (PDF) 
Metabolism 1 activity cards (PDF) 
Metabolism 2 activity rules (PDF) 
Metabolism 2 activity cards (PDF) 

■ AUTHOR INFORMATION 
Corresponding Author 

Jennifer Fishovitz − Department of Chemistry and Physics, 
Saint Mary s College, Notre Dame, Indiana 46556, United 
States; orcid.org/0000-0002-7650-7954; 
Email: jfishovitz@saintmarys.edu 

Authors 

Garland L. Crawford − Department of Chemistry, Mercer
University, Macon, Georgia 31207, United States

Kathryn D. Kloepper − Department of Chemistry, Mercer
University, Macon, Georgia 31207, United States; orcid.org/ 
0000-0001-9551-5805 

Complete contact information is available at: 
https://pubs.acs.org/10.1021/acs.jchemed.9b00904 

Notes 

The authors declare no competing financial interest. 

■ ACKNOWLEDGMENTS 
We are grateful to the Saint Mary’s College and Mercer 
University students in our 2018−19 sections of CHEM 324, 

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

https://dx.doi.org/10.1021/acs.jchemed.9b00904
J. Chem. Educ. XXXX, XXX, XXX−XXX 

F 

-----------------------'-

’ 

https://pubs.acs.org/doi/10.1021/acs.jchemed.9b00904?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b00904?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_005.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_009.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_011.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_013.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.9b00904/suppl_file/ed9b00904_si_015.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Fishovitz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7650-7954
mailto:jfishovitz@saintmarys.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Garland+L.+Crawford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kathryn+D.+Kloepper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9551-5805
http://orcid.org/0000-0001-9551-5805
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b00904?ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.9b00904?ref=pdf
Instructor
Highlight

Instructor
Highlight



CHM 241, and BMB 466 for enthusiastically trying our new 
activities and providing feedback. 

■ REFERENCES 
(1) Antunes, M.; Pacheco, M. A. R.; Giovanela, M. Design and 
Implementation of an Educational Game for Teaching Chemistry in 
Higher Education. J. Chem. Educ. 2012, 89 (4), 517−521. 
(2) Moreno, L. F.; Hincapie, G.; Alzate, M. V. Cheminoes: A 
Didactic Game To Learn Chemical Relationships between Valence, 
Atomic Number, and Symbol. J. Chem. Educ. 2014, 91 (6), 872−875. 
(3) Triboni, E.; Weber, G. MOL: Developing a European-Style 
Board Game To Teach Organic Chemistry. J. Chem. Educ. 2018, 95 
(5), 791−803. 
(4) Dagnoni Huelsmann, R.; Vailati, A. F.; Ribeiro de Laia, L.; 
Salvador Tessaro, P.; Xavier, F. R. Tap It Fast! Playing a Molecular 
Symmetry Game for Practice and Formative Assessment of Students
Understanding of Symmetry Concepts. J. Chem. Educ. 2018, 95 (7), 
1151−1155. 
(5) Srisawasdi, N.; Panjaburee, P. Implementation of Game-
Transformed Inquiry-Based Learning to Promote the Understanding 
of and Motivation to Learn Chemistry. J. Sci. Educ. Technol. 2019, 28 
(2), 152−164. 
(6) Farley, P. C. Using the Computer Game FoldIt to Entice 
Students to Explore External Representations of Protein Structure in a 
Biochemistry Course for Nonmajors. Biochem. Mol. Biol. Educ. 2013, 
41 (1), 56−57. 
(7) Vega Garzon, J. C.; Magrini, M. L.; Galembeck, E. Using 
Augmented Reality to Teach and Learn Biochemistry. Biochem. Mol. 
Biol. Educ. 2017, 45 (5), 417−420. 
(8) Mellor, K. E.; Coish, P.; Brooks, B. W.; Gallagher, E. P.; Mills, 
M.; Kavanagh, T. J.; Simcox, N.; Lasker, G. A.; Botta, D.; Voutchkova-
Kostal, A.; et al. The Safer Chemical Design Game. Gamification of 
Green Chemistry and Safer Chemical Design Concepts for High 
School and Undergraduate Students. Green Chem. Lett. Rev. 2018, 11 
(2), 103−110. 
(9) Dsilva, L.; Mittal, S.; Koepnick, B.; Flatten, J.; Cooper, S.; 
Horowitz, S. Creating Custom Foldit Puzzles for Teaching 
Biochemistry. Biochem. Mol. Biol. Educ. 2019, 47 (2), 133−139. 
(10) Kavak, N. ChemPoker. J. Chem. Educ. 2012, 89 (4), 522−523. 
(11) Samuelson, A. G. Card Games and Chemistry Teaching 
Organometallic Reactions Through Card Games. Resonance 2018, 23 
(8), 915−923. 
(12) Pennington, B. O.; Sears, D.; Clegg, D. O. Interactive Hangman 
Teaches Amino Acid Structures and Abbreviations. Biochem. Mol. Biol. 
Educ. 2014, 42 (6), 495−500. 
(13) Yuriev, E.; Capuano, B.; Short, J. L. Crossword Puzzles for 
Chemistry Education: Learning Goals beyond Vocabulary. Chem. 
Educ. Res. Pract. 2016, 17 (3), 532−554. 
(14) Miralles, L.; Moran, P.; Dopico, E.; Garcia-Vazquez, E. DNA 
Re-EvolutioN: A Game for Learning Molecular Genetics and 
Evolution. Biochem. Mol. Biol. Educ. 2013, 41 (6), 396−401. 
(15) Adair, B. M.; McAfee, L. V. Chemical Pursuit: A Modified 
Trivia Board Game. J. Chem. Educ. 2018, 95 (3), 416−418. 
(16) da Silva Junior, J. N.; Uchoa, D. E. de A.; Sousa Lima, M. A.; 
Monteiro, A. J. Stereochemistry Game: Creating and Playing a Fun 
Board Game To Engage Students in Reviewing Stereochemistry 
Concepts. J. Chem. Educ. 2019, 96 (8), 1680−1685. 
(17) Stringfield, T. W.; Kramer, E. F. Benefits of a Game-Based 
Review Module in Chemistry Courses for Nonmajors. J. Chem. Educ. 
2014, 91 (1), 56−58. 
(18) Zhang, X. Acid-Base Poker: A Card Game Introducing the 
Concepts of Acid and Base at the College Level. J. Chem. Educ. 2017, 
94 (5), 606−609. 
(19) Erlina; Cane, C.; Williams, D. P. Prediction! The VSEPR 
Game: Using Cards and Molecular Model Building To Actively 
Enhance Students Understanding of Molecular Geometry. J. Chem. 
Educ. 2018, 95 (6), 991−995. 

(20) Koh, S. B. K.; Fung, F. M. Applying a Quiz-Show Style Game 
To Facilitate Effective Chemistry Lexical Communication. J. Chem. 
Educ. 2018, 95 (11), 1996−1999. 
(21) Eves, D. J.; Redd, J. T. General Chemistry II: Setting the Stage 
on the First Day With Jeopardy. J. Coll. Sci. Teach. 2014, 43, 41−45. 
(22) Sousa Lima, M. A.; Monteiro, A. C.; Melo Leite Junior, A. J.; de 
Andrade Matos, I. S.; Alexandre, F. S. O.; Nobre, D. J.; Monteiro, A. 
J.; da Silva Junior, J. N. Game-Based Application for Helping Students 
Review Chemical Nomenclature in a Fun Way. J. Chem. Educ. 2019, 
96 (4), 801−805. 
(23) Eastwood, M. L. Fastest Fingers: A Molecule-Building Game 
for Teaching Organic Chemistry. J. Chem. Educ. 2013, 90 (8), 1038− 
1041. 
(24) Carney, J. M. Retrosynthetic Rummy: A Synthetic Organic 
Chemistry Card Game. J. Chem. Educ. 2015, 92 (2), 328−331. 
(25) Knudtson, C. A. ChemKarta: A Card Game for Teaching 
Functional Groups in Undergraduate Organic Chemistry. J. Chem. 
Educ. 2015, 92 (9), 1514−1517. 
(26) Flynn, A. B.; Amellal, D. G. Chemical Information Literacy: 
PKa ValuesWhere Do Students Go Wrong? J. Chem. Educ. 2016, 93 
(1), 39−45. 
(27) Farmer, S. C.; Schuman, M. K. A Simple Card Game To Teach 
Synthesis in Organic Chemistry Courses. J. Chem. Educ. 2016, 93 (4), 
695−698. 
(28) Winter, J.; Wentzel, M.; Ahluwalia, S. Chairs!: A Mobile Game 
for Organic Chemistry Students To Learn the Ring Flip of 
Cyclohexane. J. Chem. Educ. 2016, 93 (9), 1657−1659. 
(29) da Silva Junior, J. N.; Sousa Lima, M. A.; Xerez Moreira, J. V.; 
Oliveira Alexandre, F. S.; de Almeida, D. M.; de Oliveira, M. da C. F.; 
Melo Leite Junior, A. J. Stereogame: An Interactive Computer Game 
That Engages Students in Reviewing Stereochemistry Concepts. J. 
Chem. Educ. 2017, 94 (2), 248−250. 
(30) Gogal, K.; Heuett, W.; Jaber, D. CHEMCompete: An Organic 
Chemistry Card Game To Differentiate between Substitution and 
Elimination Reactions of Alkyl Halides. J. Chem. Educ. 2017, 94 (9), 
1276−1279. 
(31) OHalloran, K. P. Teaching Classes of Organic Compounds 
with a Sticky Note on Forehead Game. J. Chem. Educ. 2017, 94 (12), 
1929−1932. 
(32) da Silva Junior, J. N.; Nobre, D. J.; do Nascimento, R. S.; 
Torres, G. S.; Leite, A. J. M.; Monteiro, A. J.; Alexandre, F. S. O.; 
Rodríguez, M. T.; Rojo, M. J. Interactive Computer Game That 
Engages Students in Reviewing Organic Compound Nomenclature. J. 
Chem. Educ. 2018, 95 (5), 899−902. 
(33) da Silva Junior, J. N.; Sousa Lima, M. A.; Nunes Miranda, F.; 
Melo Leite Junior, A. J.; Alexandre, F. S. O.; de Oliveira Assis, D. C.; 
Nobre, D. J. Nomenclature Bets: An Innovative Computer-Based 
Game To Aid Students in the Study of Nomenclature of Organic 
Compounds. J. Chem. Educ. 2018, 95 (11), 2055−2058. 
(34) Rostejnska, M.; Klímova, H. Biochemistry Games: AZ-Quiz 
and Jeopardy! J. Chem. Educ. 2011, 88 (4), 432−433. 
(35) Franco, J. Online Gaming for Understanding Folding, 
Interactions, and Structure. J. Chem. Educ. 2012, 89 (12), 1543−1546. 
(36) Ooi, B. G.; Sanger, M. J. Which Pathway Am I? Using a Game 
Approach To Teach Students about Biochemical Pathways. J. Chem. 
Educ. 2009, 86 (4), 454. 
(37) Henderson, D. E. A Chemical Instrumentation Game for 
Teaching Critical Thinking and Information Literacy in Instrumental 
Analysis Courses. J. Chem. Educ. 2010, 87 (4), 412−415. 
(38) Grinias, J. P. Making a Game Out of It: Using Web-Based 
Competitive Quizzes for Quantitative Analysis Content Review. J. 
Chem. Educ. 2017, 94 (9), 1363−1366. 
(39) Apps and Games. https://www.ellentube.com/settings/apps_ 
and_games.html (accessed Jan. 23, 2020). 
(40) All Things Apple in 2nd: Heads Up App in the Classroom!!! 
http://allthingsapplein2nd.blogspot.com/2014/11/heads-up-app-in-
classroom.html (accessed Jan. 23, 2020). 
(41) Haas, F. Games in the Math Classroom. http://fritzwinkle. 
com/category/hps-digital/page/2/ (accessed Jan. 23, 2020). 

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

https://dx.doi.org/10.1021/acs.jchemed.9b00904
J. Chem. Educ. XXXX, XXX, XXX−XXX 

G 

́

́

́

́

́

́

́

̌ ́ ́

-----------------------'-

’ 

“ ” 

’ 

” 

’ 

https://dx.doi.org/10.1021/ed2003077
https://dx.doi.org/10.1021/ed2003077
https://dx.doi.org/10.1021/ed2003077
https://dx.doi.org/10.1021/ed4008183
https://dx.doi.org/10.1021/ed4008183
https://dx.doi.org/10.1021/ed4008183
https://dx.doi.org/10.1021/acs.jchemed.7b00408
https://dx.doi.org/10.1021/acs.jchemed.7b00408
https://dx.doi.org/10.1021/acs.jchemed.7b00849
https://dx.doi.org/10.1021/acs.jchemed.7b00849
https://dx.doi.org/10.1021/acs.jchemed.7b00849
https://dx.doi.org/10.1007/s10956-018-9754-0
https://dx.doi.org/10.1007/s10956-018-9754-0
https://dx.doi.org/10.1007/s10956-018-9754-0
https://dx.doi.org/10.1002/bmb.20655
https://dx.doi.org/10.1002/bmb.20655
https://dx.doi.org/10.1002/bmb.20655
https://dx.doi.org/10.1002/bmb.21063
https://dx.doi.org/10.1002/bmb.21063
https://dx.doi.org/10.1080/17518253.2018.1434566
https://dx.doi.org/10.1080/17518253.2018.1434566
https://dx.doi.org/10.1080/17518253.2018.1434566
https://dx.doi.org/10.1002/bmb.21208
https://dx.doi.org/10.1002/bmb.21208
https://dx.doi.org/10.1021/ed1007876
https://dx.doi.org/10.1007/s12045-018-0693-0
https://dx.doi.org/10.1007/s12045-018-0693-0
https://dx.doi.org/10.1002/bmb.20826
https://dx.doi.org/10.1002/bmb.20826
https://dx.doi.org/10.1039/C6RP00018E
https://dx.doi.org/10.1039/C6RP00018E
https://dx.doi.org/10.1002/bmb.20734
https://dx.doi.org/10.1002/bmb.20734
https://dx.doi.org/10.1002/bmb.20734
https://dx.doi.org/10.1021/acs.jchemed.6b00946
https://dx.doi.org/10.1021/acs.jchemed.6b00946
https://dx.doi.org/10.1021/acs.jchemed.8b00897
https://dx.doi.org/10.1021/acs.jchemed.8b00897
https://dx.doi.org/10.1021/acs.jchemed.8b00897
https://dx.doi.org/10.1021/ed300678f
https://dx.doi.org/10.1021/ed300678f
https://dx.doi.org/10.1021/acs.jchemed.6b00590
https://dx.doi.org/10.1021/acs.jchemed.6b00590
https://dx.doi.org/10.1021/acs.jchemed.7b00687
https://dx.doi.org/10.1021/acs.jchemed.7b00687
https://dx.doi.org/10.1021/acs.jchemed.7b00687
https://dx.doi.org/10.1021/acs.jchemed.7b00857
https://dx.doi.org/10.1021/acs.jchemed.7b00857
https://dx.doi.org/10.2505/4/jcst14_043_06_41
https://dx.doi.org/10.2505/4/jcst14_043_06_41
https://dx.doi.org/10.1021/acs.jchemed.8b00540
https://dx.doi.org/10.1021/acs.jchemed.8b00540
https://dx.doi.org/10.1021/ed3004462
https://dx.doi.org/10.1021/ed3004462
https://dx.doi.org/10.1021/ed500657u
https://dx.doi.org/10.1021/ed500657u
https://dx.doi.org/10.1021/ed500729v
https://dx.doi.org/10.1021/ed500729v
https://dx.doi.org/10.1021/acs.jchemed.5b00420
https://dx.doi.org/10.1021/acs.jchemed.5b00420
https://dx.doi.org/10.1021/acs.jchemed.5b00646
https://dx.doi.org/10.1021/acs.jchemed.5b00646
https://dx.doi.org/10.1021/acs.jchemed.5b00872
https://dx.doi.org/10.1021/acs.jchemed.5b00872
https://dx.doi.org/10.1021/acs.jchemed.5b00872
https://dx.doi.org/10.1021/acs.jchemed.6b00475
https://dx.doi.org/10.1021/acs.jchemed.6b00475
https://dx.doi.org/10.1021/acs.jchemed.6b00744
https://dx.doi.org/10.1021/acs.jchemed.6b00744
https://dx.doi.org/10.1021/acs.jchemed.6b00744
https://dx.doi.org/10.1021/acs.jchemed.7b00165
https://dx.doi.org/10.1021/acs.jchemed.7b00165
https://dx.doi.org/10.1021/acs.jchemed.7b00793
https://dx.doi.org/10.1021/acs.jchemed.7b00793
https://dx.doi.org/10.1021/acs.jchemed.8b00298
https://dx.doi.org/10.1021/acs.jchemed.8b00298
https://dx.doi.org/10.1021/acs.jchemed.8b00298
https://dx.doi.org/10.1021/ed100231r
https://dx.doi.org/10.1021/ed100231r
https://dx.doi.org/10.1021/ed200803e
https://dx.doi.org/10.1021/ed200803e
https://dx.doi.org/10.1021/ed086p454
https://dx.doi.org/10.1021/ed086p454
https://dx.doi.org/10.1021/ed800110f
https://dx.doi.org/10.1021/ed800110f
https://dx.doi.org/10.1021/ed800110f
https://dx.doi.org/10.1021/acs.jchemed.7b00311
https://dx.doi.org/10.1021/acs.jchemed.7b00311
https://www.ellentube.com/settings/apps_and_games.html
https://www.ellentube.com/settings/apps_and_games.html
http://allthingsapplein2nd.blogspot.com/2014/11/heads-up-app-in-classroom.html
http://allthingsapplein2nd.blogspot.com/2014/11/heads-up-app-in-classroom.html
http://fritzwinkle.com/category/hps-digital/page/2/
http://fritzwinkle.com/category/hps-digital/page/2/
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.9b00904?ref=pdf


(42) Heads Up! https://authentic-teaching.com/breaking-ideas/ 
heads-up (accessed Jan. 23, 2020). 
(43) Heads Up! A Fun Vocabulary App for English Learners; Sprout 
Englishhttp://blog.sproutenglish.com/heads-up-app-english-learners/ 
(accessed Jan. 23, 2020). 
(44) Zoller, U. Scaling-up of Higher-Order Cognitive Skills-Oriented 
College Chemistry Teaching: An Action-Oriented Research. J. Res. 
Sci. Teach. 1999, 36 (5), 583−596. 
(45) Toledo, S.; Dubas, J. M. Encouraging Higher-Order Thinking 
in General Chemistry by Scaffolding Student Learning Using 
Marzano s Taxonomy. J. Chem. Educ. 2016, 93 (1), 64−69. 
(46) Ruggiero, D.; Watson, W. R. Engagement Through Praxis in 
Educational Game Design: Common Threads. Simulation & Gaming 
2014, 45 (4−5), 471−490. 
(47) Crawford, G. L.; Kloepper, K. D. Exit Interviews: Laboratory 
Assessment Incorporating Written and Oral Communication. J. Chem. 
Educ. 2019, 96 (5), 880−887. 
(48) Bodner, G. M. Constructivism: A Theory of Knowledge. J. 
Chem. Educ. 1986, 63 (10), 873. 
(49) Shiland, T. W. Constructivism: The Implications for 
Laboratory Work. J. Chem. Educ. 1999, 76 (1), 107. 
(50) Bodner, G.; Klobuchar, M.; Geelan, D. The Many Forms of 
Constructivism. J. Chem. Educ. 2001, 78 (8), 1107. 
(51) Keeney-Kennicutt, W.; Baris Gunersel, A.; Simpson, N. 
Overcoming Student Resistance to a Teaching Innovation. Interna-
tional Journal for the Scholarship of Teaching and Learning 2008, 2 (1), 
5. 
(52) Seidel, S. B.; Tanner, K. D. What If Students Revolt?  
Considering Student Resistance: Origins, Options, and Opportunities 
for Investigation. LSE 2013, 12 (4), 586−595. 

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

https://dx.doi.org/10.1021/acs.jchemed.9b00904
J. Chem. Educ. XXXX, XXX, XXX−XXX 

H 

-----------------------'-

’ 

” 

https://authentic-teaching.com/breaking-ideas/heads-up
https://authentic-teaching.com/breaking-ideas/heads-up
http://blog.sproutenglish.com/heads-up-app-english-learners/
https://dx.doi.org/10.1002/(SICI)1098-2736(199905)36:5<583::AID-TEA5>3.0.CO;2-M
https://dx.doi.org/10.1002/(SICI)1098-2736(199905)36:5<583::AID-TEA5>3.0.CO;2-M
https://dx.doi.org/10.1021/acs.jchemed.5b00184
https://dx.doi.org/10.1021/acs.jchemed.5b00184
https://dx.doi.org/10.1021/acs.jchemed.5b00184
https://dx.doi.org/10.1177/1046878114553570
https://dx.doi.org/10.1177/1046878114553570
https://dx.doi.org/10.1021/acs.jchemed.8b00950
https://dx.doi.org/10.1021/acs.jchemed.8b00950
https://dx.doi.org/10.1021/ed063p873
https://dx.doi.org/10.1021/ed076p107
https://dx.doi.org/10.1021/ed076p107
https://dx.doi.org/10.1021/ed078p1107.4
https://dx.doi.org/10.1021/ed078p1107.4
https://dx.doi.org/10.20429/ijsotl.2008.020105
https://dx.doi.org/10.1187/cbe-13-09-0190
https://dx.doi.org/10.1187/cbe-13-09-0190
https://dx.doi.org/10.1187/cbe-13-09-0190
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.9b00904?ref=pdf

