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i
Abstract

In order to improve the outcomes of secondary chemistry courses, I have conducted an
investigation into the scientific literature on chemistry and science education, identified a variety
of pedagogical practices, and compared their efficacy in facilitating understanding and interest in
chemistry and science in general. Using the results of this investigation, I have selected effective
practices and integrated them into an instructional unit for a typical second-year (tenth grade)
high school chemistry course, examining the basic units, structure, and properties of matter as
described by the periodic table. This unit includes readings, activities, experiments, and
assessments that have been developed in order to make the abstract introductory concepts of
chemistry accessible to high school chemistry students.
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Chapter 1: Introduction
Chemistry is one of the major scientific disciplines that are focused on in standard
American high school curricula: nearly every American student who has completed their
sophomore year of high school has taken a chemistry course. Though chemistry is taught in
every school district in the United States, it is a discipline that many students have little to no
real comprehension of when they enter higher education or the professional world. This lack of
comprehension is due to a failure to teach the basic principles of chemistry in a way that is
meaningful or able to be learned by students. Students do not experience chemistry in a way that
creates deep understanding, and so they forget everything that they supposedly learned as soon
as they stop using it in the classroom, which is often immediately after the unit reaches its
conclusion. This lack of comprehension leads to confusion and frustration in later units and
courses in both chemistry and other scientific disciplines, and ultimately causes students to
develop apathy or abhorrence for certain chemistry concepts or even science as a whole. This
distaste for chemistry undoubtedly discourages many students who would have otherwise chosen
to pursue the study of the discipline or even the study of other scientific fields. This is a
significant problem facing American society, as many areas on the frontiers of science, such as
medicine, pharmaceuticals, and energy, rely heavily upon our knowledge of chemistry and the
ability to inspire and prepare new generations of chemists. Failure to effectively teach these
young scientists chemistry will ultimately lead to the inability of science to advance and solve
the problems facing the world today.
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While I have not experienced this failure of chemistry education, the less severe
consequences of confusion, frustration, and disdain are ones that I have both seen and heard in
my discussions with my fellow undergraduate students. I have even had these experiences myself
in some of my undergraduate chemistry courses, which is truly a discouraging, as I am a
pursuing a career as a high school chemistry teacher. I have completed courses where I have
been utterly lost and clueless about the material my professor was covering in a lecture or that I
was seeing in a homework assignment, and in many of these instances, I had seen the content in
a previous course or courses. This experience led to aggravation and contempt in my relationship
with chemistry, even though chemistry is a subject I usually enjoy and find useful. When this
situation occurs not only in the academic careers of typical students, but also in the academic
careers of students who appreciate, enjoy, and wish to pursue chemistry as a career, the only
word that accurately describes these events is tragic.
My situation and the situations of my fellow undergraduate students are my inspiration
for this investigation. I am examining the ways in which high school chemistry curricula try to
teach the most basic concepts of chemistry to students, with the intention of creating a
curriculum that addresses some of the current shortcomings of chemistry teaching and addresses
the issues of apathy and contempt towards chemistry. The basic chemistry concepts that I am
concerned with revolve around the structure and interaction of atoms, such as the behavior of the
electrons, protons, and neutrons of atoms. The interaction between these particles is the cause of
all chemical bonding and reactions (this is more so the case for protons and electrons than for
neutrons, as neutrons are not electrically charged). Put differently, chemistry is the study of
matter, its properties, and how these change, and the configurations and actions of electrons,
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protons, and neutrons are the cause of matter’s properties and the changes that these properties
experience. Students learn about these particles and their actions in introductory chemistry
courses, but as students move beyond the first months of their time in a chemistry classroom, the
focus of instruction is taken off of electrons and protons and instead directed towards molecules.
Molecules must be covered in chemistry courses because matter organizes itself and exists as
more than individual protons and electrons floating in empty space, but the properties and
interactions of molecules, whether in acid-base chemistry, electrochemistry, thermochemistry, or
another sub-discipline of chemistry, are governed by the actions of protons and electrons. Giving
more attention to these particles after the introductory units of chemistry courses would increase
student understanding and allow students to predict chemical bonding and reactions, instead of
simply attempting to memorize dozens of complex patterns (Tasker 2014).
However, there is more to making this improvement than simply adjusting the lens
through which students view the later chapters of their introductory chemistry courses. Students
must be firmly grounded in the knowledge that protons and electrons determine atomic and
molecular behavior during the first stages of their chemistry educations. While this is in fact the
focus of the first units in the majority of chemistry curricula, these units are taught so that
students simply memorize the properties of atoms and molecules. If these units provided students
with the opportunity to connect macroscopic properties to the structures of atoms if students
worked through scenarios in which they were presented with these properties and then deduce
their sources in the arrangement and behavior of the particles within an atom. A unit structured
in this way would facilitate the formation of new mental connections within students’ minds and
greater understanding as a result. Such a unit would also cultivate students’ abilities to think
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scientifically and to reason through situations in order to find the root of the phenomena that they
are seeing, instead of their simply being told to remember what happens and why (Jaber &
Hammer, 2016). This practice would also result in deeper understandings of why the phenomena
occur and leave students with a real understanding of and appreciation for the operations of the
natural world around them. Of course, some memorization must occur, as teenagers cannot
deduce on their own the properties of subatomic particles that required centuries of extensive,
technologically advanced, and complex research by brilliant scientific minds to discover.
However, a goal of chemistry education, as with all science education, should be to substitute
reasoning and critical thinking for memorization as much as possible, as these skills are far more
relevant in student’s lives than even the content that science courses are designed to teach.
With this thesis, I intend to develop a curriculum that will cover the most basic and
fundamental principles of chemistry (the structure of atoms, the organization of the periodic
table, the formation and destruction of molecules/chemical bonds, and the interactions between
molecules) that will require students to wrestle with phenomena as professional scientists do.
The hope for this curriculum is that it will better enable students to develop deeper
understandings of how matter behaves and changes, along with valuable scientific reasoning
skills. In the pursuit of this goal, I intend to answer the questions:


What pedagogical methods are the most effective for teaching the introductory concepts
of chemistry?



How can the technology of the twenty-first century be used to improve chemistry
education?
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How can these methods be organized into an instructional unit that gives students a
strong foundation for the rest of their time in chemistry classrooms?
I will answer these questions by examining existing research in science education in

order to determine the most effective way to help students to learn the basic concepts of
introductory chemistry. Once I have researched these pedagogical methods, I will combine my
findings with the Next Generation Science Standards (2011) to develop a curriculum for the first
unit of an introductory chemistry course. This will include lesson plans, assignments, activities,
and assessments that will be targeted at maximizing student understanding of the concepts as
well as fostering reasoning, critical thinking, and problem-solving skills. Once complete, the
effectiveness of the unit plan will be evaluated by professionals in the field of science education
including professors of science education and secondary science educators.
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Chapter 2: Literature Review
Science education has historically been approached as the transmission of knowledge and
procedures from a teacher to his student: knowledge that describes the workings of the natural
world and procedures that investigate that world in order to develop new knowledge. These facts
and methods have traditionally been taught largely through reading and lecturing with the
occasional inclusion of laboratory exercises. This has been the practice in chemistry education as
much as it has been the practice in the instruction of other scientific disciplines. This method of
teaching science has proven ineffective at facilitating engagement and the development of a true
understanding of content in many students, and has thus prompted research into more effective
science pedagogy. Overall, this research has indicated a need for a shift in the mindset of science
educators from one of imparting knowledge to students to one of guiding and enabling students
in making their own scientific discoveries and developing their own understanding of the ways in
which the world operates (NGSS, 2011). Adjustments in the pedagogy used to develop students’
scientific knowledge must accompany this change in perspective, and the technology of the 21st
Century provides a variety of possible forms that these adjustments can take. The following
literature expands on the effectiveness of current mindsets and teaching methods and informs a
number of mental and pedagogical shifts whose implementation could improve the outcomes of
chemistry education.

7
Developing a Mindset for Chemistry Education
Roy Tasker faces the issue of ineffective chemistry education with the perspective that
students, and educators, need a more effective mental approach to chemistry (2014). Tasker
presents the idea that chemistry and chemical phenomena are seen from three viewpoints, which
he calls observational, molecular, and symbolic (Tasker 2014; Johnstone, 1982). The
observational viewpoint focuses on the macroscopic phenomena that humans can see with their
eyes, the molecular viewpoint focuses on how the atoms or molecules involved in a chemical
process are interacting with each other, and the symbolic viewpoint focuses on representing the
phenomenon using mathematics and diagrams. In order to succeed in the chemistry lab or
classroom, chemists and students must be able to switch between the three levels with ease, as a
complete understanding of the discipline can only come from the use of all three viewpoints. The
ability to do so indicates a thorough comprehension of the phenomenon being viewed, while the
inability to do the same demonstrates an incomplete, superficial, or disjointed view of the
phenomenon and can lead to frustration and negative perceptions of chemistry as a discipline
(Tasker, 2014).
The inability of students to approach chemistry from all three viewpoints is almost
certainly a result, at least in part, of the failure of chemistry educators to understand or
acknowledge each of the viewpoints (Tasker, 2014). This promotes a narrow perspective of the
discipline, causing students to see only one or two of the viewpoints, or see all three and not
make the proper connections between them. Either way, students receive an incomplete chemical
education and are often left perplexed and irritated by their interactions with chemistry. An
example of this is the ability of many students to complete mathematical chemistry problems
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concerning a phenomenon paired with an insufficient understanding of the molecular or
macroscopic processes that are part of the phenomenon. Tasker proposes that in order to solve
this problem, students must be able to visualize these processes, especially the invisible
processes that occur at the molecular level (2014).
A change in perspective such as the one proposed by Tasker would likely increase the
chemical understanding of many students, but it would not improve student engagement, a large
factor in students’ learning. Going beyond changing the students’ academic perspectives of
chemistry, Jaber and Hammer (2016) have found that enabling students to share the same
experiences as scientists improves their emotional perspective on and learning of a scientific
discipline. They suggest that epistemic affect plays a large role in students’ engagement in
studying a scientific discipline. Epistemic affect can be defined as the emotional experience that
is common to many scientists as they develop hypotheses, conduct experiments, and formulate
conclusions. This emotional experience includes feelings of curiosity, confusion, frustration,
fascination, and the satisfaction of making a discovery, among others.
Jaber and Hammer (2016) argue that students cannot fully appreciate science and its
developments without entering the emotional arena in which scientists battle with their questions
about the world. They observed students’ interactions with scientific questions and found that
experiencing the emotions of scientists provided motivation for students to investigate a
phenomenon more deeply. One situation that was observed was a classroom discussion in a
fourth-grade classroom that resulted from one student asking about how clouds hold water. After
responses from some of the other students, the question remained unanswered and several
additional students began to seek the explanation in earnest as well. Through the class
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discussion, many students became curious about the phenomenon and then frustrated with their
lack of understanding, causing them to fervently pursue the answer to their question. Effectively,
when students experienced the same emotions as scientists, they acted more like scientists (Jaber
& Hammer, 2016).
Similarly to Jaber and Hammer, Lubrica et. al. (2017) found that working with the same
equipment as scientists lead to a greater appreciation of and attitude towards science and thus a
greater engagement in the study of a scientific discipline. They examined the effect that using a
physics apparatus in the classroom had on the scientific interest in secondary school students at a
school in the Philippines. These apparatus are simple physics kits that can range from mirrors to
wooden tracks with metal balls.
Lubrica and his team brought one of these apparatus to a school in the Philippines in
order to see how working with the apparatus would influence students in a science class at a
secondary school (2017). Students were able to interact with the physics apparatus in their
classroom, and after using the apparatus, the students showed a greater interest in going into a
career in STEM than before using it. This was even the case for students who were planning on
pursuing careers in fields that are not related to STEM. Based on these findings, the inclusion of
professional scientific equipment in secondary school classrooms can increase student interest,
and thus engagement and learning, in that science classroom (Lubrica et. al., 2017). Based on the
findings of these studies, there are indications that creating a classroom environment where
students are able to feel and act like professional scientists may increase interest and engagement
in and learning of scientific concepts.
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Incorporating Technology into Chemistry Education
Once both educators and students have adopted an effective viewpoint of chemistry
education, the next step in making chemistry education effective is improving the methods that
educators use to expose students to chemistry content. The technological advancements of the
21st Century offer nearly endless possibilities of new means by which students can interact with
content, and many researchers have examined the efficacy of these modes of instruction.
Many researchers have examined the use of technology in the classroom with the goal of
using technology to increase students’ capacities to visualize chemical events. The rationale
behind these investigations is that chemistry is the science of matter, its properties, and the
changes that it undergoes, all of which are a result of events at the molecular, atomic, and subatomic levels (Tasker, 2014). Middle and high school students cannot observe these events due
to the expense and availability of technology required to view them, so it is necessary for
students to be able to visualize them. Some professionals argue that given the necessity of
visualization in mastering chemical concepts, teaching visualization should be a priority in the
chemistry classroom. Clarisse Habraken (2004) argues that given the visual and graphical nature
of communication in chemistry and the increasing prevalence of visual media in the 21st Century,
educators should teach using the most recent video and graphical technology.
Habraken argues that educational professionals in chemistry should take advantage of
modern visual technology because of the necessity of visualization in the comprehension of
chemistry concepts (2004). She makes the case that chemistry is a scientific discipline that is
taught with symbols almost as much as words: professional chemists have developed a system of
representing matter as drawings and pictures, and these visual representations are how the
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science is understood by the experts who work with it. Students must understand these visual
representations in order to enter and be successful in the world of academic chemistry.
Today’s children develop the ability to process visual information very early in their
development due to the prevalence of on-screen media with which they interact, such as
computers, television, and touch-screen devices (Habraken, 2004). In fact, children are in many
ways more comfortable learning with screens than without them, as modern American students
are now accustomed to electronic displays. Given the visual media technology of the 21st
Century (touch-screen devices, computer software, videos, video games, television) and
students’ extensive interaction with this technology outside of the classroom, it is only logical to
bring this technology into the classroom to teach a science that requires such a large amount of
visualization. Educators can easily carry out this transition, as chemistry software and media is
becoming increasingly common and easily accessible to educators. On-screen chemistry teaching
cannot replace hands-on educational experiences, but the use of today’s technology can certainly
replace more traditional paper and pencil teaching methods and support and improve hands-on
chemistry education (Habraken, 2004).
Science education had seen the benefits of using visual technology in education before
Habraken drew her conclusions about the technology of the 21st Century. One of the earliest
forms of this technology, educational videos and video series, was used decades before the start
of the millennium. In 1997, an examination into the effects of a video series on student learning
found that students who viewed the chemistry video series, World of Chemistry, had both higher
levels of achievement in assessments and better attitudes about chemistry as a discipline
(Harwood & McMahon, 1997). Students with greater ability to think logically were found to
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benefit from the video series to a greater degree than their peers, but students who viewed the
video series were found to benefit compared to students who did not view them, whether those
students had weaker abilities to think logically or not. In this study, students did not interact with
the videos in any way other than watching them, and so there is no data concerning whether
activities or assignments related to the video would have any effect on student achievement. The
researchers suggest that the video series had this effect on students because it provided students
with the opportunity to experience chemistry phenomena that they would not be able to interact
with otherwise, whether due to proximity, cost, or safety. While this examines an older
technology that is certainly not a new advancement in 2017, video technology is used to a greater
degree today than it was in 1997, so educators can certainly apply the findings of this study to
the technological advancements of the past twenty years.
A more recent development in visual technology that has become extremely widespread
in the developed world over the past decade is touch-screen devices. The use of these devices has
increased dramatically in the public, and as touch-screen devices have increased in popularity,
they have, as would be expected, made their way into classrooms. The movement of these
devices into education has prompted investigation into their potential contributions to science
education. One such study examined how the effect of using touch-screen devices (specifically
iPads) on students’ learning compared to the effects of using paper handouts (McCollum et. al.,
2014). This study specifically focused on how the incorporation of this technology into
classrooms could influence students’ comprehension of the structures of molecules. The study
found that using software on touch-screen devices to create three-dimensional models of
molecules was of greater benefit to student learning than viewing two-dimensional diagrams on a
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sheet of paper, or even drawing molecular models using a pen or pencil (McCollum et. al.,
2014).
The researchers assessed the effectiveness of each means of modeling by teaching
undergraduate students who had not yet completed a general chemistry course learn about
molecular structure using either paper-and-pencil modeling or virtual modeling on an iPad
(McCollum et. al., 2014). The research team then assessed student comprehension of molecular
structure through interviews in which the team either asked students chemistry questions or gave
students chemistry-related tasks to complete (all of which were concerned with molecular
structure). Students who used the iPads to learn consistently scored higher on the comprehension
evaluation, showing that the ability to view and manipulate a three-dimensional model on an
iPad was much more conducive to learning than viewing a two-dimensional model on paper
(McCollum et. al., 2014). This research also compared traditional three-dimensional modeling
kits (wooden or plastic “ball and stick” models) to modeling applications on iPads. The results of
this comparison suggest that technology such as iPads is more favorable than traditional threedimensional models, as modeling apps are more cost effective than physical modeling kits and
provide far more possibilities regarding the size of molecules that users can create and the
different atoms used to create those molecules (McCollum et. al., 2014). Some applications, such
as 3D Molecules Edit and Test, also provide support for 3D printing, so students can experience
the benefits of both virtual and physical molecular models.
Another technology of the 21st Century that has been applied to chemistry education, and
science education in general, is simulations. Simulations, like molecular modeling applications,
are virtual representations of events that can either be viewed, manipulated, or both. One popular
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source for simulations is the Physics Education Technology project (PhET), operated by the
University of Colorado, Boulder. The PhET project develops simulations for teaching physical
science (physics and chemistry) and mathematics using funding from a number of sources
including the National Science Foundation (Adams et. al., 2008). Many of these simulations are
quite sophisticated and students or educators can use them to manipulate phenomena and
situations that would be impossible to interact with in person, such as the interactions between
two charge particles. In addition to providing access to otherwise inaccessible events and
phenomena, other benefits of simulations include the ease with which they can be incorporated
into pre-existing curricula, their ability to engage students, and their accessibility to teachers.
Access to simulations is often either included in the price of a textbook curriculum program or,
in the case of PhET, free for use by the public (Adam et. al., 2008).
In the case of PhET, simulations are designed through collaboration between a
programmer, an expert in the content area on which the simulation is focused, and an expert in
student learning and understanding of computer interfaces (Adams et. al., 2008). The
programmer, scientist, and educational professional at PhET will develop each simulation
through a process of establishing learning goals, developing an initial design, and refining the
design through repeated series of interviews with students and classroom trials before the final
publishing of the completed simulation. Student interviews are conducted with a wide range of
students in terms of gender, race and ethnicity, level of academic performance, and major (PhET
simulations were originally designed for undergraduate students, but have been used extensively
in high schools and even middle schools since their initial development). The students
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interviewed are typically enrolled in non-science majors, except in the case of simulations
depicting higher-level content, such as quantum mechanics (Adams et. al., 2008).
Adams et. al. (2008) assessed the factors that influence the effectiveness of PhET
simulations using student interviews reminiscent of those conducted by PhET development
teams. In the development teams’ interviews, students first discuss their backgrounds with
interviewers to establish a level of comfort and openness. Once this is established, students use
the simulation and provide feedback on their experience as they are using the simulation. After
conducting a round of interviews, the team for a simulation will develop the simulation further
until it is ready for another round of interviews. PhET teams interview the same group of
students over the course of a semester worth of development, and teams often add new students
during the process in order to assess initial conceptions (Adams et. al., 2008).
The results of the interviews conducted by Adams et. al. (2008) found that simulations
promoted student learning when students interacted with simulations in addition to observing
them, when they engaged students in exploration, and when the simulations were both interesting
yet seemingly accessible. The first factor that improved student learning from simulations,
student interaction, means that students were able to change the variables of simulations and thus
the situations depicted. This resulted in greater learning than watching as predetermined event
unfolded in the simulation.
The second factor that increased student comprehension, engagement in exploration,
involves more than simply using the simulation: students must be encouraged to examine the
simulation, develop questions about what is occurring within, and seek out answers to those
questions. Students must be given freedom to alter the events encountered in the simulation
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rather than being given a rigid procedure to follow as they work with the simulation. One method
for executing this is through the inclusion of puzzles for students to solve. Adams et. al. (2008)
found that including puzzles or incomplete explanations caused students to develop questions
about what was happening in the simulation and hunt for answers in response to those questions.
These structures provided students with a clear objective for their exploration of the simulation,
but still provided students with the flexibility and freedom to determine the best way to complete
their objective on their own.
Finally, the use of simulations contributed to learning when the simulations were of the
appropriate level of complexity for the students working with them (Adams et. al., 2008). Overly
complicated simulations discouraged exploration as they seemed daunting and unapproachable,
but overly simplistic simulations did not capture the attention of students and resulted in
boredom. In order to have the greatest benefit on student learning, educators needed to find a
middle ground these two extremes and select simulations for their student accordingly (Adams
et. al., 2008). These findings cannot only be applied to computer simulations of scientific
phenomena, but also to other activities and exercises that provide students with opportunities to
interact with the world around them, such as physical laboratory experiences.
Another study conducted on the use of computer-based simulations had similar findings
to the study on PhET. Chang and Linn (2013) found that the use of different types of scaffolding
when interacting with online simulations resulted in different levels of student learning. In this
study, three groups of students were taught about the transfer of heat from a cup of hot liquid to a
table using the same computer simulation, but each with a different type of scaffolding:
observation, research guidance, and critique. The observation group simply observed a
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programmed simulation without influencing its outcome in any way. The research guidance
group was not only able to observe the simulation, but also control its outcomes. This group
developed their own research questions and then worked with the simulation themselves to
explain the effects of table temperature, table material, cup temperature, and time on the transfer
of heat from the cup to the table. The critique group examined a programmed experiment
conducted by a fictitious student, but were then guided through a critique of the procedure and
the quality of its outcomes by programmed prompts. After analyzing and commenting on the
programmed experiment, this group then conducted their own experiment with the guidance of
prompts. The results of the use of each type of scaffolding showed that students in the research
guidance and critique groups developed a greater appreciation for the variables affecting the
experiment than the observation group did. The critique group also demonstrated a greater ability
to systematically conduct experiments, to conduct more conclusive experiments, and to make
connections between their observations and the behavior of the atoms and molecules in the
system being observed (Chang & Linn, 2013).
Another form of technology that can be used in chemistry education is computer-based
molecular modeling software, such as VisChem (Tasker, 2014). VisChem is a program that
creates animations of molecular structure, movement, and arrangement, allowing students to see
how molecules are constructed and organized in a more accurate and realistic way than can be
seen in printed or physical (i.e. molecular modeling kits) media. These animations are not a
panacea, as they can lead to misconceptions about chemical concepts, but with proper direction,
students can use them to visualize and better understand how matter behaves at the molecular
level (Tasker, 2014). Computer-based molecular models are in many ways similar to modeling
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applications available on touch-screen devices such as iPads, but modeling software on
computers provides even more possibilities than the applications on mobile devices because of
the increased memory and processing abilities of computers.
Molecular modeling software is a variation on simulations like those developed by the
PhET program, and researchers have studied molecular modeling software’s effects on student
learning as well. Stieff (2011) conducted study examining the effect of the use of computerbased modeling software, specifically Connected Chemistry, on students’ abilities to make
connections between the concepts that they are learning and their mathematical and symbolic
representations. The study found use of computer-based simulations of atoms and molecules in
instruction lead to small improvements on student performance on assessments. However, the
use of simulations also lead to large increases in students’ use of visual representations of
submicroscopic particles, specifically those used by chemistry professionals (teachers and
chemists). The study assessed the use of these representations using questions regarding the
particulate nature of molecules and atoms. Stieff (2011) concluded that the use of computerbased simulations improves students’ abilities to model and thus visualize atoms and molecules,
which should lead to improved learning in chemistry.
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Other Instructional Practices
While many researchers study the possible improvements that technology can make to
chemistry education, there are also a number of studies that examine how other instructional
modifications can influence science learning. Mayer (2002) examined the effects of using
multiple forms of media, technological or otherwise, when presenting content in science
classrooms. This examination focused on informational graphics such as those that can be found
in a science textbook, PowerPoint, or website and how variations in the presentation of
information on or with those graphics can add to or detract from student learning. Variations
included the spatial and temporal organization of information delivery, the presence or absence
of additional information, the presentation of auditory information with visual information, the
number of media presented at once, the use of known information in media, the highlighting of
important concepts, and the manner in which textual information is presented (Mayer, 2002).
The study found that students learned the most when the presentation of information
utilized more than one medium of instruction, especially if the presentation included both audio
and visual media (Mayer 2002). The media that Mayer (2002) focused on were text, pictures, and
narration. The study found that using multiple media was most effective when the media were in
close proximity to each other spatially (for visual media) and temporally (for all media).
Including extraneous information (that students will not be assess on) in a presentation has an
adverse effect on student learning, as does using a large variety of media at once. Highlighting
important concepts, referencing previously learned information (prior knowledge), and
presenting textual information in a conversational manner were also found to increase learning.
All media and presentations were more effect when students possessed high levels of prior
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knowledge and greater spatial processing capabilities, but overall, multi-media presentations
were more effective than those that used a single medium (Mayer 2002).
Though certain methods of information presentation have been found to be more
effective than others, recent studies have determined that student learning can be improved to an
even greater degree when students encounter information on their own and the presentation of
information is limited as much as possible (Ryoo and Linn, 2014). Ryoo and Linn (2014), like
many educational researchers of this century, have found that students learn better when they are
guided in the development of their own explanations (using questions) compared to when they
are provided with explanations formulated by scientists or educators. Students’ understanding of
the scientific processes or events that they are explaining and abilities to make mental
connections made between those phenomena and their prior knowledge increase when they are
able to develop their own explanations. Researchers concluded that this effect occurred because
developing explanations required students to identify important information and to reflect on and
refine their previous understanding of the processes or events that they were explaining. Students
who read the explanations that scientists and educator created were not required to make these
reflections or adjustments, and their learning was limited as a result (Ryoo & Linn, 2014).
Other studies have examined visual explanations in science education. Visual
explanations in the form of graphics, drawings, and models are a common element of science
courses and educators often use them in addition or in place of textual explanations. Schwarz et.
al. (2009) conducted a study that found that examined the modeling tendencies and abilities of
5th and 6th grade students. The study found that as the frequency with which students worked
with scientific models increased, their abilities to create more accurate and sophisticated models
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increased. As students worked with models more often, they became able to use models to
describe and predict phenomena more effectively. Students’ abilities to create models also
increased from simply being able to create illustrations to being able to develop explanatory
models. Further interaction with models caused students to develop the ability to evaluate and
revise the models that they created. This ability expanded from evaluating the accuracy of the
entire model to being able to analyze individual aspects of the model’s subject and revise the
details of each component of the model. These modeling abilities are important as models are
often used to express scientific phenomena, especially those that cannot be directly observed
without sophisticated equipment, or at all (Schwarz et. al., 2009).
Going beyond providing explanations to themselves, it has been found that student
understanding is increased even further when students explain scientific concepts to others, as
science educators and researchers must do in their fields (Clark & Sampson, 2007). The process
of developing scientific knowledge requires scientists to make decisions about the experiments
that they will conduct, the data that they will collect, the conclusions that can be drawn from
their observations, and the value and validity of those conclusions to the advancement of their
scientific field. Professional scientists are required to routinely justify their decisions in their
publications and at scientific conferences, and so scientific professionals must have welldeveloped decision-making abilities. The development of thorough decision-making, at least in
science, requires factual support and justification of one’s ideas. Often times, one of the best
ways in which scientists can develop the reasoning behind a decision is through the discussion
and argumentation of their ideas. This study has found that when students are placed in
discussion groups with students who have different ideas and are prompted to critique the ideas
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of others and defend their own, students participate in scientific argumentation and develop their
ides more completely. This strengthens students’ abilities to make decisions, particularly wellreasoned ones, in scientific settings, and thus develops their abilities as scientists (Clark &
Sampson, 2007).
A goal of science education is not only that students would be able to understand and
explain information and develop important scientific skills (like decision-making), but also that
students would be able to apply those skills to day-to-day or professional situations. A common
way in which chemistry content, and all science content, is traditionally applied is in laboratory
experiences within a laboratory course or, at lower levels, a typical classroom environment. A
study examining laboratory courses at the collegiate level has found that concurrent enrollment
in lecture and laboratory courses decreases withdrawal rates and increases grade point averages
(GPAs) (Matz et. al., 2012). This correlation was seen because students who were concurrently
enrolled in lecture and laboratory courses were presented with information and then given the
opportunity to apply it to an experience within a short time period. This gave students multiple
opportunities to make connections between the lecture and laboratory content and their prior
knowledge while all forms of the content were in their short-term memory. While this study
focused on science courses at the university level, high school educators can apply the idea of
relating the concepts presented in class to laboratory experiences as well. A chemistry classroom
in which students are not able to apply experience and work with concepts in a tangible manner
is one in which student learning will be lessened. By including laboratory experiences in close
temporal proximity to the presentation of scientific information, students will have the
opportunity to not only connect both the information and the laboratory experience to their prior
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knowledge, but also to connect the information and the experience to each other and form a
stronger web of mental connections (Matz et. al., 2012).
Another traditional method for applying scientific concepts in chemistry classrooms is
using demonstrations. Though demonstrations are used in chemistry classrooms with a frequency
similar to that of laboratory experiences, demonstrations are more heavily criticized (Milne &
Otieno, 2007). Critics of demonstrations in science classrooms often note their inability to
engage students or to allow students to think for themselves, but one study shows that there are
benefits to demonstrations, if educators use them properly. Demonstrations’ major advantage lies
in their ability to provide a common experience for all students in the classroom, particularly an
experience that students can connect to content that their instructors will present in the future.
For example, if every student witnesses the hydrophobic properties of vegetable oil and the
hydrophilic properties of vinegar, then using these molecules to explain polarity will be much
more effective than it would have been otherwise. Demonstrations can ensure that all students
have had such an experience. Demonstrations also provide a positive emotional experience that
can benefit students when they are participating in a classroom experience that typically has
negative emotions associated with it, such as an assessment. If a question on a large summative
assessment references an enjoyable demonstration, it could likely give students the emotional
assistance that they need to be successful on the assessment. Finally, demonstrations provide an
additional setting for students to learn relevant scientific vocabulary as well as to make
observations and to draw conclusions, if an educator structures the demonstration in such a way
as to introduce new, relevant vocabulary. Educators must use demonstrations with care, as
demonstrations laden with explanation and designed without student interaction can be
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unengaging and may provide no benefit to students’ educations as a result (Milne & Otieno,
2007).
In addition to applying scientific knowledge to teacher-orchestrated experiences such as
demonstrations and laboratory experiences, students’ can apply scientific knowledge by creating
phenomena on their own. Jones makes the case that student learning is increased by classroom
tasks that require students to be creative and develop something on their own (1999). Activities
in which students develop their own course materials (such as games, demonstrations, or
laboratory experiences) resulted in greater learning of chemistry content. When students design,
build, or generate a product, the content that they utilize in their construction becomes more
deeply embedded in their memories (Jones, 1999). This is consistent with widely accepted
theories of education, namely Bloom’s Taxonomy (1956), which posits that the synthesis of a
product using a concept requires a much higher level of understanding than the reiteration,
explanation, or even application of that concept.
Classroom activities and assignments that were shown to result in greater learning of
chemistry concepts included the design of simulated (or real) laboratory experiments, the
construction of molecular models using computer software, and the design of molecules and
solutions (Jones, 1999). First, the design of laboratory experiments is more conducive to learning
than the completion of such experiments because it requires students to consider multiple
outcomes of their experiment and the ways in which different procedures and the interactions of
different chemical species will lead to those outcomes. This is a contrast to completing a
laboratory exercise designed by their teacher, because in such exercises students typically focus
only on the intended outcome the experiment, unless of course an error occurs and the
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experiment results in an alternate outcome. Second, the construction of molecular models and the
design of molecules and solutions are advantageous over their alternatives of viewing models
and learning the composition of molecules and solutions. This is the case for the same reason
seen with laboratory experiences: when students are required to create a product on their own,
they must be able to predict and consider the consequences of their decisions and not simply
come to the correct answer. Achieving the level of understanding necessary to complete these
tasks requires learning the content much more deeply than students would otherwise, making
their chemical education more effective (Jones 1999).
There are researched strategies for improving chemistry that go beyond adjusting the
design and types of activities completed in the classroom: there is research that focuses on the
actions of educators themselves. One such alternative strategy for improving chemistry
education, science education, and education in general is improving teachers’ abilities to react to
their students and adjust instruction accordingly (Jacobs, Philipp, & Lamb, 2010). No two
classes, and no two students for that matter, will respond to instruction in the same way, and so it
is critical for teachers to be able to “notice” how each of their students responds to instruction,
and teachers can trained in this skill. Professionals and experts in all fields develop unique views
of the events and situations around them based on the values and experiences of their field, and
professionals can modify and develop these unique viewpoints in order to maximize their
usefulness. Teachers are no exception. Studies show that it is possible for teachers to cultivate
their abilities to analytically observe (“notice”) their students’ actions and to react to these
actions, usually through professional development (Franke, et. al., 2001). However, this skill
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takes time to cultivate, as it requires teachers to have enough experience to think quickly about
how to use the information that they acquire when observing their students (Jacobs et. al., 2010).
Once teachers have cultivated their abilities to notice what students are thinking, this skill
can lead to improved educational outcomes (Gearhart & Saxe, 2004). They have found that
instruction that is adapted to students’ thinking creates much more effective classroom
environments and leads to greater achievement for students. If teachers are able to notice what
students are doing and saying in class, interpret those actions to examine student thinking, and
then apply those interpretations in the form of modifications to instruction, then this skill can be
valuable to increasing student learning in mathematics (Jacobs et. al., 2010). While they focus on
how noticing can be applied to mathematics education, but the same principles can be applied in
any science, technology, engineering, or mathematics (STEM) field.
The research in the field of chemistry education, and more broadly in science education,
over the past two decades has shown that the integration of technology into chemistry classrooms
can be exceedingly beneficial to students’ learning of chemistry concepts. In addition, there are
additional adjustments that chemistry educators can make in their classrooms, such as changes in
the viewpoints teachers and the types of instructional activities implemented, which research has
shown to improve educational outcomes. Combining technology with these other alterations
would certainly create a learning environment that is far more effective and chemistry than the
environment that currently exists in many of the chemistry classrooms in our schools.
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Chapter 3: Methods
Research was conducted through the examination of scientific journals in the fields of
science and technology education. The investigation into journals consisted of the examination
of recent findings in science, and more specifically chemistry, education. These findings were
inspected for effective developments in science pedagogy, educational technology in chemistry,
and the understanding of scientific learning. The information, teaching methods, and theories
found during the investigation were compiled in order to address the issue of inadequate
chemistry education programs in many American schools. This compilation was used to develop
a research-based strategy for effective chemistry education in the 21st Century. The strategy was
evaluated by Dr. Ravinder Koul Ph.D. and Dr. Scott McDonald Ph.D., associate professor of
science education at the Pennsylvania State University and Associate Professor of Education
(Science Education) and Director of the Krause Innovation Studio at the Pennsylvania State
University, respectively.
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Chapter 4: Introduction to Unit Plan
This unit plan will introduce the periodic table and its properties, how those properties
affect the bonding of atoms to form molecules, and the interactions of those molecules. These
concepts will be introduced through group discussion, modeling, demonstrations, experiments
that students will design, and a variety of other activities.
This unit plan is designed for an introductory-level, high school chemistry course. The
following lessons are designed for delivery to a class of 24 high school sophomores arranged in
small groups of 4 students. Each less has been designed for a 45-minute class period. In lieu of a
discussion section in this thesis, each lesson is followed by an explanation of how educational
literature was applied to the design of the lesson.

Standards
This unit will address the following Next Generation Science Standards:


HS-PS1-1: Use the periodic table as a model to predict the relative properties of elements
based on the patterns of electrons in the outermost energy level of atoms



HS-PS1-3: Plan and conduct an investigation to gather evidence to compare the structure
of substances at the bulk scale to infer the strength of electrical forces between particles
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Learning Objectives
At the time of the final assessment, students will be able to:


Describe the properties of each group of elements on the periodic table (alkali metals,
transition metals, noble gases, etc.)



Identify the trends in properties (specifically electronegativity) as described by the
periodic table and explain how atomic structure results in those trends



Distinguish between ionic, polar covalent, nonpolar covalent, and metallic chemical
bonds and explain why certain groups of elements form certain bonds



Predict the interactions between molecules using molecular structure and the distribution
of the electrons in a molecule’s bonds

30
Chapter 5: Lesson Plans

Lesson 1: Introduction to the Periodic Table

Students will be able to:



Describe and explain the arrangement of elements on the periodic table

Day 1

Introduction: Bell Ringer (5 minutes)
Work with your group to identify the names and properties of as many elements as you
can think of. Once your group’s list is complete, identify as many properties of those elements as
you can.

Activity: Building a Lego House (30 minutes)
The teacher will give students a collection of LEGO bricks and tell them to arrange the
bricks into their correct structure (build what LEGO designers intended for children to build with
that collection of bricks). The teacher will tell students that they are constructing a house, but
will not show the students any pictures. The students must use the pieces that they see in order to
attempt to determine the design of their house. While they are constructing their LEGO houses,
the teacher will circulate around the classroom and provide constructive but vague criticism on
the development of their creation. For example, the teacher might suggest that students make
their house taller or note that they haven’t incorporated any brown bricks into their house. After
giving the students time to construct their product, the teacher will present them with an image of

31
the intended design of the LEGO house (see Figure 1) (KidsFirstTV, 2015). Students will then
discuss the following questions in their groups:


How did your group decide on the design of your LEGO creation?



How does your final product compare to the designed final product?



How could you have better determined how to design your house?

Figure 1: A possible design for the LEGO house

Closing: Group Discussion Question (10 minutes)
Examine the list of elements that your group developed for your bell ringer. How would
you organize those elements in a table, like the periodic table? Explain your arrangement.

Assignment: The Elements of Your Home
Create a list of 12 pieces of furniture or appliances (large or small) in your house.
Develop a table to organize the objects and explain why you chose this organization pattern.
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Day 2

Introduction: Bell Ringer (5 minutes)
Share your list and table with your group members. Discuss how each member of your
group chose to arrange their objects and why they chose that arrangement.

Activity: Creating the Periodic Table (35 minutes)
The teacher will give students a collection of 30 notecards, each with the properties of an
element on them (see Figure 2). Each element will be assigned a random letter, so that students
do not know the identity of the element. Students will work as a group to arrange the elements
into a table, like the periodic table, and to answer the following questions:

1. How did your group decide on the arrangement of the elements in your table?
2. How does your table compare to the periodic table?
3. Based on the properties listed on your cards, how did chemists arrange the elements in
the periodic table?
Students will be shown the full periodic table once they have finished with their design in
order to compare their arrangements.

Figure 2: "Creating the Periodic Table" Notecard (front and back)
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Closing: Group Discussion Question (5 minutes)
How can you determine the properties of an element based using its location in the
periodic table?

Assignment: The Order of the Elements (Homan, 2010)
Students will watch an hour-long BBC documentary on the development of the periodic
table. This documentary explains the process by which chemists discovered the elements and
their properties and debated the most logical arrangement of those elements into a visual form.

Rationale

I designed the activities in this lesson in order to provide students with the same
experiences as scientists as they struggled with the difficult task of assembling LEGOS,
household objects, or elements into their correct arrangements. This is what chemists
experienced as they struggled to organize the elements into the best possible arrangement,
without knowing what that arrangement was. These tasks also provided students with
opportunities to analyze the arrangements of elements and other objects critically and to develop
explanations for the rationale behind those arrangements. Additionally, the closing discussion on
the first day of the lesson and the Creating the Periodic Table activity both gave students
experience with developing and evaluating scientific models. Finally, the video, The Order of the
Elements, exposes students to chemical processes and phenomena that they are unable to
experience in the classroom, and so provides a valuable, research-based addition to this lesson
(Homan, 2010).
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Lesson 2: The Arrangement of Electrons

Students will be able to:



Predict the number and configuration of valence and inner-shell electrons of an atom
using the periodic table



Describe and model the arrangement of electrons around an atom’s nucleus

Day 3

Introduction: Bell Ringer (5 minutes)
Why did Dmitri Mendeleev choose his arrangement of the elements on the periodic
table?

Group/Class Discussion: The Order of the Elements (20 minutes)
Discuss the video, The Order of the Elements, with your group. Address the following
questions during your discussion:

1. How was the arrangement of the periodic table supported by later scientific findings?
2. Why was the development of the periodic table important for chemistry?
3. How can we predict the properties of elements using the periodic table?
4. Describe the parts of an atom.
5. How does the number of protons change as you move across the periodic table? The
number of electrons?
6. How are the locations of protons and electrons in the nucleus different?
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During the class discussion, the columns and rows of the periodic table will be introduced
as groups and periods, respectively.

Activity: Electron Scavenger Hunt (15 minutes)
The teacher will give students a notecard with a coordinate (Figure 3) and a worksheet
with a blank periodic table (Appendix A). The coordinate will provide the location of an
“electron” within the school, and each group will begin with a different coordinate. The
coordinates will take the form ‘1x2’, where ‘1’ is the number of the floor (ground, first, second)
of the school on which the electron can be found, ‘x’ is the cardinal direction of the hallway or
the wing in which the electron can be found, and ‘2’ is the last digit in the number of the room
outside of which the electron can be found. Teachers can modify these coordinates for the
layouts of different school buildings. Students will work with their group in order to determine
the meaning of the coordinate. Once they believe that they have determined the location of their
coordinate, they confirm the location with their teacher. If the group is correct, they will then
move to the location of the “electron”, where they will find an envelope containing a description
of the location of a block on the periodic table and another coordinate. Students will mark the
block on their worksheet and answer then travel to the next coordinate.

Figure 3: Coordinate Card for “Electron Scavenger Hunt”
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Once students have visited all four coordinates, they will return to the classroom.
Coordinates and descriptions will be as follows:


1n5 – The s block of the periodic table contains the elements of groups 1 and 2.



2s3 – The p block contains all of the elements in groups 13-18.



3e1 – The d block, the largest block on the periodic table, stretches from group 3 to group
12.



0w2 – The f block is detached from the rest of the periodic table and contains elements
form periods 6 and 7.

Closing: Exit Ticket (5 minutes)
Identify three elements in each of the four blocks of the periodic table.

Assignment: “Bohr’s Model of Hydrogen”
Students will read the Khan Academy article “Bohr’s Model of Hydrogen” and write a
one-sentence summary for each section (heading) of the article (Zinck, 2016). Students will then
write a two-paragraph summary of the article.
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Day 4

Introduction: Review of Electron Scavenger Hunt (3 minutes)
Summarize the Electron Scavenger Hunt from yesterday

Group/Class Discussion: The Arrangement of Electrons (continued) (25 minutes)
Groups will discuss the following questions based on the Electron Scavenger Hunt from
the previous day:
1. If you are in a room in the school, on which floors is it possible to be?
2. Each room in the school has a door that you use to enter it. In which hallways can a door
be?
3. How many rooms can you be in in each hallway?
4. How far are you above the ground (outside of the school) when you are on the ground
floor? The first floor? The second floor? The roof?
5. How much energy would it take to get from main office to the ground floor? The first
floor? The second floor? The roof?
6. If the ground is an atom’s nucleus, how does the distance between your four electrons
and the nucleus compare? How does the amount of energy that they used to get to their
rooms compare?

Activity: Energy Level Suicides (15 minutes)
The class will walk downstairs to the gymnasium, where there will be concentric circles
on the floor. Each group of students will take turns running suicide drills. These are athletic
training drills in which an athlete will start at one line on the gym floor, run to a second line, then
run back to the first line. The athlete would then run to a third line beyond the second, then
return to the first, and continue the pattern, constantly increasing the distance between the lines
(see Figure 4) (Google, 2016). Return travel is marked with dashed lines.
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In this activity, the lines will be each of the concentric circles (see Figure 5) (Google,
2016). Students will run from the center of the innermost circle to the edge of that circle, then
return to the center. They would then run to the edge of the second circle, then return to the
center, and so on. The circles could be marked with masking tape, painters tape, or some other
tape that could be easily removed without damage the gymnasium floor. After finishing the
suicide drill, each group will answer the following questions:

1. How did the radii of the circles compare?
2. How difficult was it to perform the suicide drill for the first circle? The second? The
third?
3. How much energy did it require to perform the suicide drill for the first circle? The
second? The third?
4. If the center of the circles is an atom’s nucleus and you are an electron, how do your
answers to questions 1-3 relate to atoms?

Figure 4: A typical suicide drill
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Figure 5: Modified suicide drill

Closing: Explanation of Assignment (2 minutes)

Assignment: Floors in the Empire State Building – Appendix B
In this assignment, students will apply their experience with electrons on different floors
of their school to the Empire State Building.
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Day 5

Introduction: Bell Ringer (3 minutes)
Which floor of the Empire State Building requires the least energy to reach? If you need
to use energy to climb the stairs every time that you want to go up one floor, which floor are you
most likely to stay on?
Discussion of this question will lead to introducing the word “stability” with regards to
electrons’ energy levels.

Review: Electron Scavenger Hunt (5 minutes)
Discussion questions:
1. Explain the symbols that you used to find the electrons around the school.
2. Identify the four blocks of the periodic table.

Class discussion: Electron Configuration (15 minutes)
During this discussion, students will be connect the Electron Scavenger Hunt, the Energy
Level Suicides, and the Floors of the Empire State Building to the electronic structure of atoms.
This discussion will also relate the coordinates from the scavenger hunt to electron
configurations.


Coefficient = main energy level (loosely linked to periods on periodic table)



Letter = energy sublevel (block)



Superscript = number of electron (element) in that sublevel (block)
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Making Models: A Model of the Atom (10 minutes)
At the conclusion of the discussion, students will work with their groups to develop a
model of the energy levels of electrons around an atom. The teacher will circulate around the
classroom and give critical commentary on the students’ models. For example, the teacher might
note that there are different energy sublevels for each main energy level, and that those sublevels
were not included in a group’s model.

Activity: Electron Configuration Coloring Lab – Appendix C (Fye, 2016) (7 minutes)
In this activity, students will explore the different components of electron configurations
by drawing and coloring on tables and a copy of the periodic table.

Closing: Exit Ticket (5 minutes)
1. How many electrons are there in neon’s outermost energy level?
2. How many electrons are there in each f subshell?
3. How many electrons can an atom have in its third energy level?

Assignment: Complete “Electron Configuration Coloring Lab”
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Rationale

I designed the activities in this lesson in order to expose students to the concepts of
electron configuration and the possible energy levels of electrons through a variety of media and
experiences, ranging from physical activities to online reading to coloring. This lesson also gave
students opportunities to develop and revise models of atoms and to experience the content at
both the molecular level and the symbolic level (writing electron configurations). Students also
received many opportunities to develop explanations of the phenomena that they were seeing or
experiencing and to share those explanations with their peers.
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Lesson 3: The Properties of the Elements, Part I

Students will be able to:



Describe the properties of each group of elements (transition metals, halogens, etc.) on
the periodic table



Explain the properties of a group of elements using the electronic structure of those
elements

Day 6

Introduction: Bell Ringer (5 minutes)
How are electrons distributed in atoms?

Group Discussion: Reviewing “Electron Configuration Coloring Lab” (10 minutes)
Groups will discuss the following questions concerning their homework assignment.
1. How many energy levels are there in an atom’s electron cloud? How can you determine
this by looking at the periodic table?
2. How many “sublevels” are there in each of an atom’s energy levels? How can you
determine this by looking at the periodic table?
3. How does the number of electrons in an atom’s outermost energy level change in
different blocks of the periodic table?
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Activity: Which Block Are You? – Research (30 minutes)
The teacher will divide the class into four groups. Each group will research one block of
the periodic table, and each member of the group research an element from that block, assigned
to them by the teacher. For his or her element, each student will research the:


The state of matter in which that element is found at room temperature and normal
atmospheric pressure



Electron configuration



Properties of that element

Once each member of the group has researched his or her element, members will share
and discuss their results with each other. Group members will then use their combined research
to write a one-paragraph summary of their block and its properties. Groups will be assigned
elements as follows:
Group 1 – s block

Group 2 – p block

Group 3 – d block

Group 4 – f block

Lithium

Boron

Titanium

Cerium

Potassium

Carbon

Iron

Praseodymium

Cesium

Nitrogen

Copper

Uranium

Beryllium

Oxygen

Zinc

Plutonium

Calcium

Fluorine

Platinum

Barium

Bromine

Gold

Neon and Krypton
Arsenic

The groups will not be equal in size, but this is so that each group can get a true sense of
the properties and tendencies of their block (this is much more difficult for the p block than the
other blocks due to the wide range of properties experienced by elements in the p block)
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Assignment: Which Block Are You? – Comparisons
Students will research the element directly below their assigned element on the periodic
table (example: the student who researched carbon in class will research silicon at home). Each
student will then write a short paragraph (5 sentences) comparing and contrasting their two
elements. The students assigned with researching uranium and plutonium will research
neodymium and europium, respectively.
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Day 7

Introduction: Bell Ringer (10 minutes)
Discuss your research findings from your homework with your research group. How do
these findings impact your summary of your block?

Activity: Which Block Are You? – Presentation (30 minutes)
Each research group will present their findings to the class. Each group member will
provide a one-minute explanation of his or her two elements and how they compare to or differ
from each other. Once each group member has given their summary, a representative from the
group will provide a one-minute summary of that block of the periodic table. While each group
is presenting their findings, the other groups will fill out a table with information on each block
of the periodic table (Appendix D).

Closing: Group Discussion Question (5 minutes)
How does your group’s block of the periodic table compare or contrast to the other
groups blocks of the periodic table?

Assignment: Comparing the Blocks of the Periodic Table
Students will write three paragraphs comparing the properties of the blocks of the
periodic table.
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Day 8

Introduction: Introduction to Demonstrations (2 minutes)
The teacher will performs a series of demonstrations for the students and show them a
video to display the reactivity of different groups of the periodic table. Before each
demonstration, students will record a prediction describing their anticipated outcome for the
demonstration. Students will record observations after each demonstration. During the
demonstrations, the teacher will ask students questions such as:


In which block of the periodic table can you find this element?



In which group of the periodic table can you find this element?



How many outer shell/valence electrons does this element have?

Demonstrations: Properties of Elements (40 minutes)


Flame tests – A series of pure elements will be placed in a fire in order to examine their
reactivity with air. Students will be told that in each reaction (where a reaction occurs),
the element being tested is reacting with oxygen, not nitrogen, even though the
atmosphere is composed primarily of nitrogen. The elements tested will include the
following:
o Magnesium
o Iron
o Copper
o Aluminum
o Carbon (Graphite)
o Hydrogen (in a balloon)
o Helium (in a balloon)
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The teacher will perform the flame tests by placing the element of interest over the flame
of a Bunsen burner. The gases (while in balloons) will be tested using a flaming wooden splint.
The teacher will place a tinted piece of Plexiglas between the students and the demonstration for
the testing of magnesium, due to the intensity of the light produced by the metal’s reaction with
oxygen.


Reactions with water – Most of the elements tested using the flame tests will be placed in
water to further examine their reactivity. After the testing of these elements, the teacher
will demonstrate a small voltaic cell using iron and copper to show their reactivity, albeit
more limited than that of alkali and alkaline earth metals. The elements tested will
include:
o Sodium
o Potassium
o Magnesium
o Iron
o Copper
o Aluminum
o Carbon (graphite)

The teacher will perform the reactions with water by placing a solid sample of the
element in a beaker of water. The teacher should be certain that students are standing back
during the reactions of sodium and potassium with water.
During the voltaic cell demonstration, the teacher will place a strip or rod of iron in a
beaker containing 1.0M iron (II) sulfate and a strip of copper in an adjacent beaker containing
1.0M copper (II) sulfate. The teacher will connect the strips of metal with alligator clips and the
solutions with a salt bridge. The reaction will take time, but after 15-20 minutes, students will be
able to see solid copper form on the copper strip and the dissolution of the iron strip.
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The reaction of iodine with aluminum – For this reaction, the teacher will mix 0.4g of
iodine powder and 0.1g of aluminum powder. The teacher will then add 2-4 drops of
water to catalyze the reaction. Purple vapors (iodine gas) will be produced, showing the
reactivity of iodine (the students did not see aluminum react in either of the other
experiments). This reaction must be performed in a fume hood in order to contain the
iodine vapors.



Video: Fluorine – Periodic Table of Videos (Haran, 2010) – This video shows the
reaction of fluorine gas with iron metal, the reactivity of which students have already
witnessed. The video provides students with access to a demonstration that would be very
difficult to perform in a high school classroom. The reaction of fluorine with iron can be
found in the video starting at 2:33 and ending at 3:22.

Closing: Description of Assignment (3 minutes)

Assignment: Findings and Discussion of Demonstrations
Students will write two paragraphs discussing the properties of the elements that they
witnessed during the demonstrations and comparing and contrasting the elements in the s, p, and
d blocks and their groups.
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Rationale:

I designed this lesson to provide students with a chance to explore the properties of
elements on their own through the research activity and the demonstrations. The research activity
provides students with greater freedom to explore than the demonstrations, but the
demonstrations allow students to witness phenomena for themselves and to gain a positive
classroom experience to which they can relate the chemistry concepts of this unit. Both activities
allow students to encounter the properties of elements that they would not have examined
otherwise and to work with other students to describe the similarities and differences between
elements and their properties. The demonstration also reinforces the distinctions between the
blocks and groups of the periodic table and gives students a situation in which they can relate to
professional scientists more than they would be able to during a discussion-based classroom
activity. The content covered in this lesson will be expanded on in the next lesson with students’
developing explanations for the properties of the different groups of elements on the periodic
table.
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Lesson 4: The Properties of the Elements, Part II

Students will be able to:



Describe the trends in properties of atoms (specifically electronegativity) as shown on the
periodic table



Explain the periodic trends using the composition of an atom’s nucleus and the structure
of its electron shells

Day 9

Introduction: Bell Ringer (5 minutes)
Discuss your observations and comparisons from the demonstrations in your group.

Group Discussion: Properties of Elements (15 minutes)
Examine your observations from yesterday and the comparisons that you made. Work
with your group to explain why different elements had different properties. For example, if you
observed that copper was more reactive than iron, you would explain why you came to that
conclusion.

Making Models: Electron Shell Diagrams (15 minutes)
Students will work with their group members in order to develop a model of the nucleus
and electron cloud for carbon, nitrogen, oxygen, fluorine, neon, sodium, magnesium, and
aluminum. They will use what they know about the periodic table and electron configuration to
develop and revise their models.
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Group Discussion: Reactivity and Atomic Structure (10 minutes)
Based on what you know about electron configuration and your group’s model of atomic
structure, why did you see elements react the way that they did?

Assignment: Predicting Atomic Properties (Appendix E)
Give students a list of elements. They must draw a diagram of each atom and then
explain what properties they would expect to see from each element.
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Day 10

Introduction: Bell Ringer (5 minutes)
How does the atomic structure of fluorine compare to the atomic structure of sodium

Activity: Reactivity and Atomic Structure (Appendix F) (25 minutes)
Students will look at the elements in the second periodic in order to answer discussion
questions about atomic structure and its relationship to the properties of elements

Group Discussion: Attracting Electrons (10 minutes)
1. An electron is floating near each of the elements listed in the table on the worksheet.
Which element would be the most likely to pull the electron into its valence shell?
2. If there were no extra electrons (like the one in question 1), from where would this
element acquire an electron?
3. Based on the answer to question 2, why would two atoms react with each other (like in
one of the chemical reactions seen in class earlier this week)?

Closing: Group Discussion (5 minutes)
Explain what physically happens when two atoms form a chemical bond (a connection
between two atoms)

Assignment: Question to Consider
Table salt is made up of equal parts sodium and chlorine. Why do sodium and chlorine
atoms bind together to form salt instead of remaining separated?
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Rationale:
I designed this lesson with activities and discussions in which students collaborated with
their peers to develop models of atomic structures and explanations linking those structures with
the atomic properties that they observed during the preceding lesson. Allowing students to
develop explanations in groups gave them the opportunity to think for themselves to develop
these models explanations and to critically analyze the models and explanations of their peers as
well as their own models. This lesson, by prompting students to develop connections between the
demonstrations that they experienced and the atomic models that they created, provided an
occasion for students to form a link between the observational, molecular, and symbolic
viewpoints of chemistry. According to the research, this should lead to a more complete
understanding of the chemistry content covered in this lesson.
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Lesson 5: Ionic Bonding

Students will be able to:



Model the structure of ionic compounds



Explain the properties of ionic compounds using the structures of ionic compounds and
the transfer of electrons

Day 11

Introduction: Bell Ringer (5 minutes)
Why do sodium and chlorine atoms bind together to form salt?

Group Discussion: Why does salt form? (5 minutes)
1. How can sodium atoms become more stable?
2. How can chlorine atoms become more stable?
3. How can these atoms work together in order to become more stable?

Simulation: PhET – Charges and Fields (Rouinfar et. al., 2016) (20 minutes)
Students will use this PhET simulation, which allows the user to examine the electrical
fields created by up to 32 charged particles, to examine the effect that particles with different
electrical charges have on each other. After being given time to experiment with the simulation,
they will discuss the following questions with their group:
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1. Turn on the “Electric Field” setting if you haven’t already. How do particles with the
same charge affect each other?
2. How do particles with different charges affect each other?
3. How would the charge of sodium atom change if it lost an electron?
4. How does the charge of a chlorine atom change if it gained an electron?
5. How would these charged atoms (ions) interact with each other?
6. How would sodium and chlorine ions (like the ones in questions 3-5) arrange themselves
if you had 16 of each? Draw a diagram to answer the question. Use the simulation if you
need assistance.

Class Discussion: Ionic Bonds (10 minutes)
The class will discuss ionic bonding using the following questions as prompts:
1. Why would sodium and chlorine ions form a bond? Why would these ions be attracted to
each other?
2. How would sodium and chlorine ions arrange themselves once they formed a bond?
3. Do you think that the bond between sodium and chlorine atoms would be weak or strong?
Explain.

Closing: Group Discussion (5 minutes)
What properties would you expect from compounds that are formed from ionic bonding?
Create a list and explain or predictions.

Assignment: A Question to Consider
A water molecule consists of two hydrogen atoms and one oxygen atom (H2O). Why do
these three atoms bind to one another instead of remaining as three separate atoms?
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Rationale:
This lesson was designed to involve the use of a simulation and to prompt students to
develop their own explanations of the concepts being discussed. The simulation used in this
lesson is one of the ore recently developed simulations produced by the PhET project and it
demonstrates how electric fields are affected by the presence of different charges in a way that is
very easy to see and understand. While this unit is not concerned with students understand
electrical fields, an examination of the forces present in the electrical field shows how positive
and negative particles interact with one another. Understanding of this will deepen students
understanding of how protons and nuclei interact with electrons. The use of the simulation was
designed so that students had the opportunity to explore the simulation autonomously. When
guidance was finally introduced, students were guided almost entirely using questions for them
to answer, not directions for the them to follow. According to the literature in science education,
this structure should provide more effective learning than providing directions.
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Lesson 6: Covalent Bonding

Students will be able to:


Model the sharing of electrons in covalent compounds using Lewis Structures



Explain the distribution of electrons in a covalent bond using the electronegativity of
atoms

Day 12
Introduction: Bell Ringer (3 minutes)
Why do sodium and chlorine atoms form bonds?

Experiment: Salt vs. Water – Appendix G (30 minutes)
In this lab, students will examine some of the properties of salt and water and discuss
why the properties of salt and water are different.

Instruction: Electron Dot Structures (8 minutes)
There will be a brief lecture and demonstration on drawing electron dot structures. These
structures will help students to visualize an atom’s valence shell and will lead into Lewis
structures (Day 14), which are very useful in visualizing atomic structure.

Closing: Exit Ticket (4 minutes)
Students will draw the electron dot structures for each of the elements in the third period.

Assignment: None
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Day 13

Introduction: Bell Ringer (5 minutes)
The different properties of compounds result from different types of bonding in those
compounds. Predict how the bonding in water and salt is different.

Simulation: Covalent Bonding (ChemThink & WGBH, 2008) (35 minutes)
Students will interact with this simulation on covalent bonding and Lewis structure up
through slide 24. Students will then answer the questions on the accompanying worksheet
(Appendix H).

Closing: Discussion Question (5 minutes)
How are electrons distributed in a covalent bond? How is this different from an ionic
bond?

Assignment: Drawing Covalent Bonds (Appendix I)
This worksheet will give students more practice with drawing Lewis structures, and
introduce them to the name.

60
Day 14

Introduction: Bell Ringer (5 minutes)
Work with your group to draw the Lewis structure for C4H6Cl2O2

Class Discussion: Lewis Structures (15 minutes)
This discussion will clarify the process of drawing Lewis structures, focusing specifically
on the homework from the previous night.

Activity: Experiment Design – Properties of Solids (25 minutes)
In this activity, students will work in their groups to develop an experiment in which they
will examine several solids and compare their properties. Students will design a procedure to
examine six properties of seven solids. Students will have the remainder of Day 14 to design
their experiment. They will then finish their experimental design for homework. Students will
have fifteen minutes on Day 15 to discuss their procedure with their groups and make any lastminute changes before beginning the experiment. In the experiment students will examine the
following properties:


Melting point



Solubility



Conductivity as a solid



Conductivity in a solution



Flexibility/brittleness
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The solids for which these properties will be examined are as follows:


Sodium chloride



Magnesium sulfate



Paraffin wax



Ice



Sucrose



Aluminum foil



Copper wire

As part of the activity, students will organize their data in a table or chart of their design
and answer post-lab questions, found in Appendix J.
While students are collaborating, the teacher will rotate around the classroom and offer
guidance and feedback on the students’ experiments. The teacher’s job is to keep the students’
experiments safe and realistic, not to provide ideas as to how students can test the properties of
the solids.

Closing: None

Assignment: Complete Experiment Design
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Rationale:
This lesson is the most structure lesson in the unit. Lesson 6 is the only lesson in the unit
that includes direct instruction and includes the use of a simulation in which students are given
directions rather than being guided with questions. Direct instruction is included because this
lesson introduces students to drawing models of atoms and molecules (electron dot and Lewis
structures) in one of the same ways as professional chemists. Students are not exposed to any
conceptual information in this direct instruction, but simply a new way of symbolizing the
microscopic world of atoms and molecules. The concepts behind Lewis structures are introduced
through the simulation. The simulation includes more directions that is ideal to maximize student
learning, but the simulation clearly shows how electrons interact to create a covalent bond and so
is still a valuable inclusion to this unit plan. The simulation is followed by questions in which
students can develop their own explanations with their peers.
The experiment and discussions that comprise the remainder of this lesson are designed
for student development of explanations and procedures. The experiment on day 12 is described
to students generally, but students must develop their own procedure to analyze salt and water, as
well as their own explanations of the phenomenon that they see. The other days also include
student discussion and development of explanations.
The experimental design on day 14 is discussed as part of Lesson 7.
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Lesson 7: Properties of Solids Lab

Students will be able to:


Predict and justify the type of bonding present in a compound based on the properties of
that compound

Day 15

Introduction: Bell Ringer (15 minutes)
Collaborate with your group to finish your experimental design

Lab: Properties of Solids (20 minutes)
Students will execute their experimental designs

Closing: Reflection (10 minutes)
Students will reflect on their experiments and the successes and failures that they
observed during while conducting their experiments

Assignment: Experimental Modifications
Students will revise their experiments based on their observations. Students will have
time to discuss their revisions with their groups before resuming the experiment.
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Day 16

Introduction: Bell Ringer (10 minutes)
Collaborate with your group to revise your experimental design

Lab: Properties of Solids (35 minutes)
Students will execute their experimental designs

Closing: None

Assignment: None
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Day 17

Introduction: None

Lab: Properties of Solids (20 minutes) - Finish
Students will complete their experiments with the solids.

Group Discussion: Post-Lab Questions (20 minutes)
The post-lab questions for this lab (Appendix J) will probe into students’ understandings
of the types of bonding found in the solids that they analyzed. These questions will also begin to
probe into the arrangement of electrons in metallic bonds and how the bonds between metal
atoms differ from ionic and covalent bonds.

Closing: Class Discussion (5 minutes)
How did the properties of the solids compare?

Assignment: Experimental Reflection
Students will complete the post-lab analysis questions for their experiment (Appendix J).
These questions include reflection on the experimental outcome and possible improvements to
the experimental procedure.
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Rationale:
This lesson is perhaps the most student-directed lesson of the unit. Students are given
general guidelines for an experiment and then the freedom to determine all of the details of the
experimental procedure with their peers. They are also given opportunities to critically analyze
and revise their procedures after examining their results from their laboratory work. This
structure provides students with extensive opportunities for higher-level thinking and learning in
collaboration with their peers. Students are also able to develop explanations with their peers
with the guidance of the post-lab questions.
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Lesson 8: Metallic Bonding

Students will be able to:



Explain the properties of metals using the concept of a “sea of electrons”

Day 18

Introduction: Bell Ringer (2 minutes)
How are electrons distributed in ionic and covalent bonds?

Group Discussion: Metallic Bonds (15 minutes)
Compare the electron clouds of metals to those of nonmetals. If you are having trouble,
then focus specifically on the differences between the transition metals and nonmetals.
How would this difference lead to typical metallic properties (malleability, conductivity)?

Group Discussion: Properties of Bonds Review (Appendix K), (25 minutes)
Students will complete a Venn diagram, answer questions, and develop models in order
to compare the properties of ionic, covalent, and metallic bonds. This will serve as an extension
of the post-lab questions from the “Properties of Solids” experiment and will serve as a
formative assessment of students’ understanding of bonding.

Closing: Group Discussion (3 minutes)
Which atom in a water molecule would attract the bonding electrons the most? Why?
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Assignment: Introduction to Bond Polarity
Students will revisit the “Drawing Covalent Bonds” Assignment and identify the atom in
each of the bonds that will pull on the electrons in the bond the most strongly, if there is one.
They will then explain why some atoms pull more on electrons than other atoms do. They will
write their explanations on the back of the last page of the assignment.

Rationale:

This lesson continues the use of group discussion and student development of
explanations as the primary method of content delivery in the unit. In addition, this lesson
affords students with the opportunity to form connections between their observations from
Lesson 7, the arrangement of electrons around nuclei, and the representation of atomic-level
phenomenon through Lewis structures. As a result, this lesson ties the three viewpoints of
chemistry together so that students can fully understand the effect that the arrangement of
electrons in chemical bonds has on the observable properties of a chemical.
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Lesson 9: Molecular Geometry

Students will be able to:



Predict and model the three-dimensional structure of molecules using the repulsion of the
electrons in the atom



Explain the distribution of electrons in a covalent bond using electronegativity

Day 19

Introduction: Bell Ringer (10 minutes)
Develop a prediction as to how the electronegativity of each atom in a bond affects the
bond. How would a bond where each atom had a different electronegativity be different from an
bond with two identical atoms?

Activity: Marshmallow Molecules (30 minutes)
In this activity, the teacher will give some mini marshmallows, some uncooked spaghetti,
and a list of molecules to each pair of students in the class (not each four-person group). Students
will work in their pairs to create each of the molecules on the list using the materials given to
them. They will then fill out the information on the “Making Marshmallow Molecules”
worksheet (Appendix L).

Closing: Discussion Question (5 minutes)
Summarize the process that you used to determine the shape of each molecule.
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Assignment: Reading – Geometry of Molecules (LibreTexts, 2016)
Students will read this article on molecular geometry to help them to develop an
understanding of the different three-dimensional shapes that molecules can take. Students will
write a one-paragraph summary of the reading and create a list of possible molecular geometries
to use as a reference in class.

Day 20

Introduction: Bell Ringer (5 minutes)
Examine your models from yesterday. Assign each central atom one of the molecular
shapes that you read about last night.

Activity: Marshmallow Molecules (7 minutes)
Students will finish the Marshmallow Molecules activity from Day 19. They will also
identify the molecular shape for the molecules that they did not finish on Day 19 (the rest will
have been completed during the bell ringer.

Group Discussion: Making Marshmallow Molecules (13 minutes)
When the activity has concluded, both pairs in a four-person group will share and discuss
their results using the following questions:
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1. How did you determine the structure of your models?
2. Describe any patterns that you noticed in the structures of your models. How do these
patterns compare to patterns that you saw while drawing Lewis structures?
3. Compare and contrast three-dimensional molecular models and Lewis structures. How
useful are Lewis structures in describing the shape of a molecule?
4. How does electronegativity influence the distribution of electrons in a molecule?

Activity: Modeling Molecules (15 minutes)
Students will use iPads with the application “3D Molecules Edit and Test” to create
virtual versions of three of the molecules from the Marshmallow Molecules activity. They will
then compare their virtual models to their marshmallow models.
Use “Molecule Shapes” from PhET

Closing: Group Discussion (5 minutes)
How can you determine the geometry of a molecule?

Assignment: Determining Molecular Geometry
Students will complete the “Determining Molecular Geometry” worksheet (Appendix
M). This is a slight modification of the “Drawing Covalent Bonds” worksheet, but with a focus
on molecular geometry rather than Lewis structures.
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Rationale:
The first activity in this lesson, the “Marshmallow Molecules” activity provides students
with a unique way to access the symbolic viewpoint of chemistry. In addition to engaging
students in manipulating physical models, students must explain why molecules develop into
their specific shapes in order to construct an accurate model of each molecule. Once students
have developed these explanations, both through the procedure of the activity and the discussion
questions following the activity, students are able to view and manipulate professionallyengineered models of the molecules that they constructed. In addition to providing students with
another opportunity to view a visual representation of each molecule, this also provides students
with the opportunity to analyze their own models and constructively criticize them. According to
the literature, this should further increase student understanding of molecular structure.
In addition to modeling and discussion, this lesson includes an assigned reading on
molecular geometry for students to complete at home. This reading is not intended to be
students’ source for information on molecular geometry, but rather to reinforce the explanations
created in class and to provide names to the shapes of the molecules that students experienced.
These names, like other scientific terminology, are necessary to know in higher-level chemistry.
Note that I was able to test-run these activities in my classroom
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Lesson 10: Intermolecular Forces

Students will be able to:



Predict the interactions between molecules in a solution using molecular geometry and
the distribution of electrons



Explain the properties of commonly-encountered chemicals (and water in particular)
using molecular geometry and the distribution of electrons

Day 22

Introduction: Bell Ringer (5 minutes)
Determine the geometry of C8H18. How are electrons distributed throughout this
molecule?

Demonstration: Cleaning a Greasy Frying Pan (25 minutes)
For this demonstration, the teacher will have two greasy frying pans (perhaps one that
was used to fry bacon earlier that day), a basin of water, a bottle of dish soap, and two
washcloths. The teacher will show the pan to the class and then attempt to wash the pan in the
water and one of the cloths. The teacher will attempt to wash the other pan with soap and the
other cloth. Both strategies will prove ineffective. Finally, the teacher will add soap to the water
and use one of the cloths to wash the pan, which will be successful. The students will work in
their groups to develop an explanation for the phenomenon, using the “Grease, Soap, and Water”
worksheet (Appendix N).
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Demonstrations: Properties of Water (10 minutes)
The teacher will perform two brief demonstrations with water, one showing the surface
tension of water by placing water droplets on a penny, and the other using a capillary tube to
show capillary action. After watching these demonstrations, students will explain these
properties of water using the conclusions that they drew from the previous demonstration.

Closing: Group Discussion (5 minutes)
Why does sodium chloride dissolve in water?

Assignment: Taking Science Home
When you go home, perform the “Cleaning a Greasy Frying Pan” and the “Water
Droplets on a Penny” demonstrations for a friend or family member (preferably a parent or other
adult). Ask them why you need soap and water to clean a greasy pan or why water has such a
high surface tension. Explain the answer to them if they do not know. If they do, then find
someone who does not know and teach them!
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Rationale:
This lesson connects the abstract concepts of chemical bonding and molecular geometry
to an observable phenomenon, specifically one that students are likely to interact with on a
weekly basis. The demonstration and ensuing discussion in this lesson are designed so that
students can, as they have in every lesson in this unit, develop their own explanations of the
phenomenon that they see. During the process of explanation, students are prompted to consider
and model the (simplified) molecular structures of the compounds being examined, and are
through this experiencing the observational, molecular, and symbolic viewpoints of chemistry in
rapid succession. The closing demonstrations on the properties of water also accomplish this.
Finally, the assignment of explaining this phenomenon to others provides an additional
opportunity for students to interact with the content as well as to develop their explanations to
the point where they can be understood by someone with more limited experience (or at a
minimum, recent experience) with the concepts and models of molecular geometry that the
student has become familiar with.
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Final Assessment

Students will be able to:



Describe the properties of each group of elements on the periodic table (alkali metals,
transition metals, noble gases, etc.)



Identify the trends in properties (such as electronegativity) as described by the periodic
table and explain how atomic structure results in those trends



Distinguish between ionic, polar covalent, nonpolar covalent, and metallic chemical
bonds and explain why certain groups of elements form certain bonds



Predict the interactions between molecules using molecular structure and the distribution
of the electrons in a molecule’s bonds

Test – The Periodic Table, the Properties of Elements, and Bonding

See Appendix O for the final assessment
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Chapter 6: Conclusion
Chemistry education, as with education in many scientific disciplines, is imperfect and in
some ways ineffective. Despite this, many educators continue to teach chemistry in the same way
as it has been taught for decades, resulting in the confusion, frustration, and hatred that many
students feel towards the subject. Making changes to curriculum design, pedagogy, and the
principles of science education that are applied to chemistry education will improve student
learning and interest in the discipline, benefitting chemistry-related fields and society as a result.
Implementation of the unit plan developed in this thesis and the conclusions reached in the
research on which it is based could address these concerns.
The reform strategy proposed in this thesis (in the form of a unit plan) is by no means
exhaustive, as it is a reflection of only a fraction of the scholarly research in science education.
The literature in the field of science education examined was limited by the time and resources
available to an undergraduate secondary education major at the Pennsylvania State University,
and the conclusions drawn in the strategy should be applied with this in mind. Many more
studies have been conducted in science classrooms, and the studies that have been conducted are
still far from examining all aspects and variations of science education: many questions have yet
to be answered.
Going forward from here, chemistry education can be further improved through the
application of the reforms enumerated in this thesis and the examination of these findings and
conclusions by others in the field of scientific education. Professionals and experts in the field of
science education are encouraged to exam this investigation and its findings and evaluate each in
order to refine the presented reform strategy and improve its ability to make chemistry education
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more effective. It is also encouraged that the reform strategy be implemented in classrooms and
that those classrooms be studied. This will catalyze reform and facilitate innovation in these
classrooms, as well as further develop the conclusions of this thesis to make them as effective
and widely applicable as possible.
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Appendix A: Blank Periodic Table

(Moss, 2016)
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Appendix B: Floors in the Empire State Building

The Floors of the Empire State Building
The Empire State Building is one of the most well-known buildings in the United States.
It is also one of the tallest, with 102 floors. Imagine that you are standing in the lobby of the
Empire State Building, on floor 1. Answer each of the following questions on the back of this
paper.
1. How many flights of stairs would you have to climb to reach the eleventh floor? (Assume
that there is one flight of stairs between each floor)
2. How many flights of stairs would you have to climb to reach the 21 st floor? (Remember,
you’re still on the first floor)
3. How many flights of stairs would you have to climb to reach the 31 st floor?
4. Assuming that the elevator is not working and you have to use the stairs, which floor
would be more difficult to reach: the 11th, the 21st, or the 31st? (You’re still on the first
floor)
5. Why is the floor more difficult to reach?
6. You climb the stairs to get to a meeting on the eleventh floor. Once you reach the
eleventh floor, you have to walk to the room where the meeting is taking place. The
stairs are at the southwest corner of the building. Room 1 is right next to the stairs,
while room 50 is at the northeast corner of the building (remember that the building is
an entire city block wide). Which room takes more energy to reach? Why?
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Appendix C: Electron Configuration Coloring Lab

Electron Configuration Coloring Lab
Purpose:
To find the relationship between electron configuration and organization of the periodic table.

Procedure:
Part I:
1. For each electron configuration, circle the energy level with the highest number. This energy level
represents the HIGHEST/OUTERMOST (VALENCE) ENERGY LEVEL and may involve either one or
two energy sublevels.
2. Write the number of outer energy level (valence) electrons in the empty column.

Part II:
3. On a new sheet of paper, make eight columns. Label them 1-8 for the valence (outer energy level)
electrons.
4. For each element, where the configuration ends in s or p only, place the atomic number and
symbol under the appropriate column depending on what you circled in Step 1.
5. For each element that you have placed in columns 1 & 2; color their boxes on the periodic table
red.
6. For each element that you placed in columns 3-8; color their boxes on the periodic table blue.

Part III:
7. In a separate table make two horizontal rows, label them 3d and 4d.
8. In the 3d row, place all elements that have only 3d electrons but NO 4p ELECTRONS
9. In the 4d row, place all elements that have only 4d electrons but NO 5p ELECTRONS
10. For each element that you have placed in 3d and 4d, color their boxes on the periodic table
purple.
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Part IV:
11. For each of the sections that you have already colored (columns 1 & 2, columns 3-12, columns 1318) extend the shading to the bottom of each column. Example: color elements 55, 56, 87, &88
the color as the ones above them.
12. There should only be on section of the periodic table that is uncolored, at this point, at the very
bottom of the table. Color these two rows of boxes on the periodic table green.

Questions:
1. How many horizontal rows (periods) are there on the periodic table? How many energy levels are
there in an atom’s electron cloud?

2. How many columns (groups) did you make on the first chart? How many “A” groups are there on
the periodic table?

3. How many elements are in any period that you created on your chart? How many elements are
there in any row of the “d block”?

4. How many groups are there in the “s block”?

5. How many groups are there in the “p block”?

6. Add the answers from questions 3-5 together. What is the significance of this number?

7. In which group from your first chart would you place Cesium?

8. Write the electron configuration for Cesium.

9. Look at the “f block” at the bottom of the periodic table. How many elements are there in the row
that contains Lanthanum?
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1.

H

1s1

2.

He

1s2

3.

Li

1s22s1

4.

Be

1s22s2

5.

B

1s22s22p1

6.

C

1s22s22p2

7.

N

1s22s22p3

8.

O

1s22s22p4

9.

F

1s22s22p5

10.

Ne

1s22s22p6

11.

Na

1s22s22p63s1

12.

Mg

1s22s22p63s2

13.

Al

1s22s22p63s23p1

14.

Si

1s22s22p63s23p2

15.

P

1s22s22p63s23p3

16.

S

1s22s22p63s23p4

17.

Cl

1s22s22p63s23p5

18.

Ar

1s22s22p63s23p6

19.

K

1s22s22p63s23p64s1

20.

Ca

1s22s22p63s23p64s2

21.

Sc

1s22s22p63s23p64s23d1

22.

Ti

1s22s22p63s23p64s23d2

23.

V

1s22s22p63s23p64s23d3

24.

Cr

1s22s22p63s23p64s23d4

25.

Mn

1s22s22p63s23p64s23d5

26.

Fe

1s22s22p63s23p64s23d6

27.

Co

1s22s22p63s23p64s23d7

28.

Ni

1s22s22p63s23p64s23d8
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29.

Cu

1s22s22p63s23p64s23d9

30.

Zn

1s22s22p63s23p64s23d10

31.

Ga

1s22s22p63s23p64s23d104p1

32.

Ge

1s22s22p63s23p64s23d104p2

33.

As

1s22s22p63s23p64s23d104p3

34.

Se

1s22s22p63s23p64s23d104p4

35.

Br

1s22s22p63s23p64s23d104p5

36.

Kr

1s22s22p63s23p64s23d104p6

37.

Rb

1s22s22p63s23p64s23d104p65s1

38.

Sr

1s22s22p63s23p64s23d104p65s2

39.

Y

1s22s22p63s23p64s23d104p65s24d1

40.

Zr

1s22s22p63s23p64s23d104p65s24d2

41.

Nb

1s22s22p63s23p64s23d104p65s24d3

42.

Mo

1s22s22p63s23p64s23d104p65s24d4

43.

Tc

1s22s22p63s23p64s23d104p65s24d5

44.

Ru

1s22s22p63s23p64s23d104p65s24d6

45.

Rh

1s22s22p63s23p64s23d104p65s24d7

46.

Pd

1s22s22p63s23p64s23d104p65s24d8

47.

Ag

1s22s22p63s23p64s23d104p65s24d9

48.

Cd

1s22s22p63s23p64s23d104p65s24d10

49.

In

1s22s22p63s23p64s23d104p65s24d105p1

50.

Sn

1s22s22p63s23p64s23d104p65s24d105p2

51.

Sb

1s22s22p63s23p64s23d104p65s24d105p3

52.

Te

1s22s22p63s23p64s23d104p65s24d105p4

53.

I

1s22s22p63s23p64s23d104p65s24d105p5

54.

Xe

1s22s22p63s23p64s23d104p65s24d105p6
(Fye, 2016)
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(Moss, 2016)
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Appendix D: “Which Block Are You?” – Chart
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Appendix E: Predicting Atomic Properties

Predicting Atomic Properties
For each element listed, you will draw a diagram of an atom for that element (like the
ones you drew with your group in class). Then, you will describe the properties you would
expect that element to have and explain why you expect that the element will have those
properties.

1. Rubidium

2. Nickel

Structure:

Structure:

Properties and explanation:

Properties and explanation:

3. Arsenic

4. Chlorine

Structure:

Structure:

Properties and explanation:

Properties and explanation:
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Appendix F: Reactivity and Atomic Structure

Reactivity and Atomic Structure
With your group, discuss each of the following questions about the elements in the
table. Fill in the table with your answers.

1. How many protons does the atom for each element have?
2. Each proton has a charge of +1. What is the charge of each atom’s nucleus?
3. How many electrons can each atom have in its valence shell (outermost energy level)?
4. How many electrons does each atom have in it valence shell?
5. On a scale of 1-8 with 8 being the highest, rank each element by how far its valence shell
is from the nucleus? Think back to the floors of the school or the Empire State Building.
6. Positive and negative charges attract each other, and the greater the charge, the
stronger the attraction. Each electron has a charge of -1. On a scale of 1-8, rank each
element by how much its nucleus attracts one of its electrons.
7. On a scale of 1-8, rank each element by how tightly its nucleus holds on to its valence
electrons.
8. Explain why you gave each element its ranking. You aren’t required to explain every
individual ranking, but you must explain the pattern.
9. How does the information in the table relate to reactivity?
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Element

Li

Be

B

C

# of Protons
Charge of the Nucleus
# of possible Valence
Electrons
# of Valence Electrons
Distance between Valence
Shell and Nucleus
Attraction between Nucleus
and Electrons
How tightly the Nucleus
holds its Electrons

8. Explain why you gave each element its ranking

9. How does the information in the table relate to reactivity?

N

O

F

Ne

94
In this activity, you have been examining the ability of an atom’s to nucleus to exert a
force on the electrons in its valence shell. Chemists refer to this property as electronegativity.
The electronegativity of an atom/element (all atoms of a given element have the same number
of protons in their nucleus and thus the same ability to pull on their valence electrons) is
described using values on a scale ranging from 0.7 to 4.0. A value of 4.0 means that the nucleus’
pull on an atom’s valence electrons is as strong as possible, and thus that atom has the highest
possible electronegativity.
Fluorine has the maximum electronegativity value of 4.0, while francium has the lowest
possible value of 0.7. All other elements for which the electronegativity is known fall between
these extremes, as seen in the periodic table below. You may have noticed that most of the
noble gases do not have electronegativity values. This is because electronegativity is measured
using the chemical bonds that atoms form with each other, and most of the noble gases do not
form chemical bonds (remember that noble gases are very unreactive).

(Periodic Table of the Elements, 2003)
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Appendix G: Salt vs. Water Mini-Lab

Mini-Lab: Salt vs. Water
Salt and water are two very important compounds that we need to live and, as a result,
that we interact with every day. In this experiment, you are going to examine the properties of
salt and water, compare those properties, and develop an explanation to explain your
comparisons. The properties that you will test in this experiment are each substance’s:


State of matter at room temperature



Melting point (low or high)



Ability to conduct electricity as a solid (low or high)



Ability to conduct electricity when dissolved in water (low or high)

You will work with your group to design the best procedure for examining each of these
properties. You will have the following materials available to you to complete this experiment:


Sodium chloride



Ice



De-ionized water



Test tubes



Bunsen burner



Conductivity tester

Once you have measured each of the properties, you will create a table in the space
below to organize your findings. You will then answer the questions on the next page.
Remember to wear safety goggles when you are working in the lab!

96
Data Table 1:

How were the properties of salt and water similar or different?

Use what you know about ionic bonding in salt molecules to explain salt’s properties
(state of matter, melting point, ability to conduct electricity).

Water molecules consist of one oxygen atom bonded to two hydrogen atoms. Why
would these atoms form bonds with each other instead of remaining as individual atoms?

A Question to Consider: when we looked at sodium chloride, sodium and chlorine each
lost or gained electrons in order to have the same number of electrons as a noble gas (sodium
became like neon and chlorine became like argon). In order for oxygen and hydrogen to do this
(they would become like neon and helium, respectively), they would both need to gain
electrons. How is this possible?
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Appendix H: Covalent Bonding Simulation Worksheet

Covalent Bonds
Students will interact with this simulation on covalent bonding and Lewis structure up
through slide 24. Students will then answer the questions on the accompanying worksheet
(Appendix H).
1. Draw a hydrogen molecule (H2)
a. How do electrons and nuclei interact in a covalent bond? Explain using the
hydrogen molecule and indicate this interaction in your drawing.

b. How does this relate to bond length? (Explain using the hydrogen molecule)

c. How does this relate to bond strength/energy? (Explain using H2)

2. How are electrons distributed in the bond between two hydrogen atoms?
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3. Just like in sodium chloride, the two atoms in a hydrogen molecule prefer to bond to
each other rather than remaining alone.
a. Why do hydrogen atoms prefer to form bonds with one another over remaining
alone?

b. How does this relate to a hydrogen atom’s valence electrons?

4. Use the space below to draw a diagram of the bond between an oxygen and hydrogen
atom. Indicate the interactions between the atoms’ valence electrons and nuclei.

a. Add a second hydrogen atom to your diagram. This hydrogen atom will form a
bond with the oxygen atom. Indicate the interactions between the atoms’
valence electrons and nuclei. Identify this molecule.

b. Draw a diagram of this molecule like the ones on slide 24 of the simulation.
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5. The type of bond seen in hydrogen and water molecules is called a covalent bond.
Covalent bonds are different from ionic bonds because instead of one atom taking
electrons from another, the two atoms share electrons between them. These electrons
spend most of their time in the space between the two atom’s nuclei, within the valence
shells of both of the atoms (thus co-valent). Covalent bonds are present in many
compounds that we interact with every day. Draw diagrams like the one on slide 24 for
the following molecules:
a. CH4 – all H atoms bond to the C atom

b. NH3 – all H atoms bond to the N atom

c. CH2Cl2 – both H atoms and both Cl atoms bond to the C atom

100
Appendix I: Drawing Covalent Bonds

Drawing Covalent Bonds
Today you learned about how atoms can share electrons in order to form covalent
bonds, and you drew some diagrams of covalent bonds, like the diagrams below:

H
I
H – C – H
I
H

O=O

In covalent bonds, each atom donates an electron the bond. In the methane molecule
(CH4), each hydrogen has one electron to donate and carbon has four, so all of the electrons are
used in the four hydrogen-carbon bonds.
However, this is not always the case in oxygen molecules, each oxygen atom has 6
electrons and donates two to the double bond. This leave four electrons left over on each
atom. These electrons group themselves in pairs, and we draw them as dots like we did for
electron dot structures. An example can be seen below:

.. ..
O=O
.. ..

Lewis structures are diagrams of molecules that show bonding electrons as lines and
additional electrons as pairs of dots, like the diagram of the oxygen molecule above. Lewis
structures allow us to visualize the location of all of the valence electrons in a molecule and
help us to predict a molecule’s behavior as a result.
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To practice drawing Lewis structures, you will draw the Lewis structure for each of the
molecules below. When you are drawing Lewis structures, follow these guidelines to help you
to draw the correct structure.
1. Each atom in a Lewis structure wants to have the same number of valence electrons as
a noble gas. That would mean hydrogen would want two electrons and every other
element would want eight. If an atom forms a bond, both electrons in the bond are
considered to be in its valence shell.
2. Each atom can only have as many electrons adjacent to it as it would have on its own.
For example, an oxygen atom would normally have six valence electrons. If it forms two
bonds and then has two pairs of electrons, then there are six electrons adjacent to it
(each bond counts as one electron here).
3. You can only have as many electrons in a Lewis structure as the elements in the
molecule would normally have. For example, oxygen would normally have 6 electrons
and hydrogen would normally have 1 electron, so H2O can only have 8 electrons total.
4. If carbon or another group 14 element is present, place that atom at the center of the
molecule. If neither is present, nitrogen or another group 15 element will be in the
center. If those are not present, then oxygen or another group 16 will be in the center.
Hydrogen and the halogens will always be on the outside.
5. Pay attention to the order in which the elements are written in the chemical formula.
If a formula is written as CH3COOH instead of C2H4O2, then the structure of the molecule
will reflect the formula. Try to put the atoms in that order while still following guidelines
1-4.

Draw the Lewis structure for the following molecules:
1. H2O

2. NH3

3. N2H4
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4. SCl2

5. N2

6. SbCl3

7. CCl4

8. C2HI

9. PH3

10. GeCl4

11. TeBr2

12. C2H4

13. CCl2O

14. CH3COOH

15. CH3OCOH

16. HI

17. C3H4Cl4

18. CHCl2CH2CHCl2
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Appendix J: Properties of Solids Post-Lab Questions

Properties of Solids – Post-Lab Questions
1. Compare the melting points of the solids tested. Explain the differences that you
observed.
2. In order for a substance to conduct electricity, it must have free-moving charged
particles so that electricity (moving electrons) can flow through it.
a. Explain the conductivity of sodium chloride (both solid and dissolved) using this
information.
b. Would you expect molten (liquid) sodium chloride to conduct electricity?
Explain.
c. Explain the conductivity of aluminum and copper.
3. How do the solubility of sucrose and paraffin wax compare? Explain why this is the case.
4. Compare the brittleness of aluminum and sodium chloride. Explain why these solids
exhibit the properties that you observed.
5. Examine the patterns that you saw for the properties of the solids. Develop a summary
of how to predict each of the properties tested for a given solid.
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Appendix K: Properties of Bonds Review

Properties of Bonds Review
Venn Diagram: Fill in the Venn diagram using the properties of ionic, covalent, and metallic
compounds that you discovered in your experiment.
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Developing Models: Develop a model for each type of bonding (ionic, covalent, metallic) and
draw your model in the space provided. You may base your models on the bonding in sodium
chloride, water, and copper.

Ionic Bonding:

Covalent Bonding:

Metallic Bonding:
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Group Discussion: Discuss the following questions about bonding with the other members of
your group.
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Appendix L: Marshmallow Molecules Drawing Worksheet

Making Marshmallow Molecules
For each of the molecules, you and your partner will start will by drawing the Lewis
structure. You will then use your marshmallows and spaghetti to create a 3D model of the
molecule. Once you have created the 3D model, you will draw your model and write an
explanation of why you made each molecule its specific shape. Finally, you will identify the
electronegativity of each atom in the molecules, shade each drawing to show where electrons
are the most concentrated, and then explain your shading. You will fill in all of this information
on this worksheet.
Molecule 1: Water (H2O)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
H:
O:

Explain your shading:
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Molecule 2: Ethane (C2H6)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:

Explain your shading:

Molecule 3: Butane/isobutene (C4H10)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:

Explain your shading:
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Molecule 4: Butene (C4H8)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:

Explain your shading:

Molecule 5: Ammonia (NH3)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
N:
H:

Explain your shading:
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Molecule 6: Ethylamine/dimethylamine (C2H7N)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:
N:
Explain your shading:

Molecule 7: Ethanol/dimethyl ether (C2H6O)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:
O:
Explain your shading:
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Molecule 8: Formaldehyde (CH2O)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:
O:
Explain your shading:

Molecule 9: Acetic acid (C2H4O2)
Draw the Lewis Structure:

Explain why your model is the shape that it is:

Draw your marshmallow model:
Electronegativity of:
C:
H:
O:
Explain your shading:
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Appendix M: Determining Molecular Geometry

Determining Molecular Geometry
Draw the three-dimensional molecular geometry for each of the following molecules.
Identify the geometry of each molecule using the list that you developed from the “Geometry
of Molecules” online reading.

1. H2O

2. NH3

3. N2H4

4. SCl2

5. N2

6. SbCl3

7. CCl4

8. C2HI

9. PH3

10. GeCl4

11. TeBr2

12. C2H4
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13. CCl2O

14. CH3COOH

15. CH3OCOH

16. HI

17. C3H4Cl4

18. CHCl2CH2CHCl2
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Appendix N: Grease, Soap, and Water Worksheet

Grease, Soap, and Water
You will work with your group to explain the observations that you made during the
demonstration. You will record your observations in the space provided on this worksheet.
Then, you will use the formulae provided to draw the Lewis structure for each compound and
then create each compound on the modeling app (3D Molecules Edit and Test). Finally, you will
answer the questions on this worksheet and then develop an explanation of your observations.

Compound 1: Water – H2O
Draw the Lewis structure of the compound:

Draw the three-dimensional geometry of the compound:
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Compound 2: Grease – CH3(CH2)8COOCH2CH2CH
Draw the Lewis structure of the compound:

Draw the three-dimensional geometry of the compound:

Compound 3: Soap – CH3(CH2)3OCH2OSO3
Draw the Lewis structure of the compound:

Draw the three-dimensional geometry of the compound:
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Group Discussion Questions:
1. How are the electrons in each of the compounds distributed? Shade your drawings of
the three-dimensional models to show this?

2. How would the distribution of electrons in these compounds affect their electrical
properties?

3. Explain why both water and soap must be used in order to clean a greasy frying pan.
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Appendix O: Final Assessment

The Periodic Table, the Properties of Elements, and Chemical Bonding – Test
Part I: Using the Periodic Table
1. Write the chemical symbol of the element in group 15 and period 4 of the periodic
table. _____________
a. How many electrons does this element have? _____________
b. How many electrons will this element gain or lose in order to maximize its
stability? _____________
c. Which element has the highest-energy valence shell: the element in question 1
or element number 76? _____________________________________________

2. Write the chemical symbol of the element in group 2 and period 2 of the periodic table.
_____________
a. How many electrons does this element have? _____________
b. How many electrons will this element gain or lose in order to maximize its
stability? _____________
c. Which element has the highest-energy valence shell: the element in question 2
or element number 76? _____________________________________________

3. Write the chemical symbol of the element in group 7 and period 6 of the periodic table.
_____________
a. How many electrons does this element have? _____________
b. How many electrons will this element gain or lose in order to maximize its
stability? _____________
c. Which element has the highest-energy valence shell: the element in question 3
or element number 76? _____________________________________________
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4. With regards to the elements in questions 1-3:
a. Which element has the most valence electrons? _____________
b. Which element has the valence shell with the largest radius? _____________
c. Which element has the valence shell with the highest energy? _____________
d. Which element has the highest electronegativity? _____________

Part II: Types of Bonding
5. Create a graphic organizer comparing and contrasting the distribution of electrons in
ionic, covalent, and metallic bonds and the properties of substances with each of these
bond types.

6. Predict the types of bonding present in each of the following compounds. Explain your
predictions.
a. PbBr2

b. Cu-Sn

c. C6H8O7
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Part III: Determining the Structure of Molecules
7. For the molecule with the formula, CH3CH2OH
a. Draw the Lewis structure for the molecule

b. Predict and draw the three-dimensional geometry of the molecule

c. Predict whether or not this substance will dissolve in water and explain why

8. For the molecule with the formula, C5NH5
a. Draw the Lewis structure

b. Predict and draw the three-dimensional geometry of the molecule

c. Predict whether or not this substance will dissolve in water and explain why
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9. For the molecule with the formula, C2H5NHC2H5
a. Draw the Lewis structure for the molecule

b. Predict and draw the three-dimensional geometry of the molecule

10. For the molecule with the formula, CH3(CH2)2COOH
a. Draw the Lewis structure

b. Predict and draw the three-dimensional geometry of the molecule

11. Oil (like olive oil) and water are widely known as two compounds that do not mix well.
Oil has a chemical structure very similar to butter. Explain why oil and water do not mix.
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Part IV: Determining the Properties of Compounds
Develop a procedure to determine the types of bonding present in strontium chloride
(SrCl2), glucose (C6H12O6), and brass (a mixture of copper and zinc). You will need to examine
properties such as melting point, conductivity, solubility, and brittleness in order to identify the
types of bonding present in each of these compounds. For you experiment, you must develop a
purpose, a list of materials, a procedure, a data table, and three post-lab questions.

Purpose:

Materials Needed:

Procedure:

122
Procedure (continued):

Data Table:

Post-Lab Questions:
1.

2.

3.
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