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Introduction

Most students point to Walter White as a chemistry anti-hero—using crystalized fulminated mercury, disguised
as crystal meth, as a grenade to blow up a drug lord that wronged him (Hughes, 2008). Yet, over the year,
students often feel bogged down by seemingly random analytical calculations and mountains of
memorization. While students typically do bring a passion for labs, they have a harder time making
connections between what they see, and the quantitative analysis necessary to understand why a particular
phenomenon occurred. It is hard for them to see that for Walter White to cause the mercury fulminate
explosion, he needed to understand the stability of the compound (entropy), at what speed he would need to
throw it to provide enough energy to activate the change (activation energy), and how much heat is released
(enthalpy) so that he himself does not die in the building. While the mercury fulminate bomb represents a
chemical change, the principle of energy, entropy, and enthalpy can also be applied to dangerous physical
changes—such as an over-heating water heater (Dallow & Lentle, 2007). Heat up the water too fast or too
high, and the water heater could explode. By understanding principles of thermodynamics, including the
incorporation of mathematical analyses, students can apply the underlying reasons for chemical and physical
change to create products and solve problems. The focus of this unit to keep the chemistry relevant and
exciting to students while keeping the mathematical skills present and strong.

Rationale

I am a high school science teacher at Cortland V.R. Creed Health and Sports Science School (previously known
as The Hyde School for Health Sciences and Sports Medicine). Our school is a small magnet, made up of
approximately 75% New Haven Students, and 25% Magnet students. Our students come from a diverse
background, and bring a diverse set of skills to the classroom.
I currently teach junior level Chemistry, in which students learn the principles of chemistry with the intentions
of understanding the implications for the greater world. While chemistry oﬀers many opportunities for crosscutting concepts, students have diﬃculty integrating diﬀerent subjects with science and connecting the dots
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between chemical principles on the minute level, and large scale phenomena. The course spends signiﬁcant
amounts of time focusing on understanding chemical and physical principles, with reﬂections on connections
to daily life.
In addition, students struggle with the quantiﬁcations of science, and the curriculum currently has no focus on
applying equations, or quantifying scientiﬁc data and measurements. Many of the students are college-bound,
yet currently have low math scores. Applying math in science can help their critical thinking skills. This is
further supported by the new changes in the SAT math and reading sections to have more of a focus on
science. In addition, the job market involving the interpretation and analysis of scientiﬁc data is ever-growing,
and is a great ﬁeld for our students to enter if given the proper tools to develop their understanding of
quantifying scientiﬁc data.
This unit aims to cover energy and the transformation of energy in physical and chemical changes. The unit
will provide students an opportunity to learn science concepts while also enhancing problem solving skills.
Furthermore, this unit will engage students by connecting the topics to community issues, with a culminating
project centered on developing a safe air-bag using the skills from this unit.

Content

Overview
This unit focuses on thermodynamics, and can be placed early in the curriculum, following introductory units
on inquiry skills and describing matter. As one of the ﬁrst content-speciﬁc units in chemistry, this unit lays a
strong foundation in understanding the underlying principles of physical chemistry. Students will develop skills
in inquiry and data to discover scientiﬁc knowledge by basing their conclusions on the data, and also
recreating the laws of thermodynamics. Students will use this knowledge to model physical change during
phase transitions and chemical changes during chemical reactions. The entire unit will have an overarching
application that directly applies to the community, with each lesson addressing an aspect of the issue. As a
foundationary unit, I expect to refer back to the skills from this unit in future units, particularly in the kinetics
and equilibrium units.
This unit walks students through the laws of thermodynamics and energy, and then the manner in which these
laws apply to chemical and physical changes. First, students will explore the concepts of energy, entropy, and
enthalpy in closed systems. This will include discussions of the conservation of energy, and the diﬀerences
between heat and temperature. Then students will apply these concepts to physical changes, including how
changes to energy, enthalpy, and entropy changes cause and can be quantiﬁed during a phase change.
Students will then cover chemical change and the prerequisites required for chemical change to occur. Each
essential question below requires a certain number of lessons to focus on content. However, it should be
noted that some lessons may require additional practice in math content, whether they are added on to focus
on an individual concept, or the math concepts are rolled into the following lessons depends on the preference
of the teacher. Lessons are recommended to spend 45 minutes focusing on content exploration and
explanation, and 45 minutes focusing on expanding and practicing skills—either split into two class periods, or
as one block. This unit should take approximately 4 weeks: 1 introductory lesson, 7-9 content lessons, and 2
wrap up lessons.
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Energy and the Laws of Thermodynamics
1. What Is Energy, and Can It be Created or Destroyed? (1 Lesson)
Colloquially, the word energy is used to describe a person’s level of enthusiasm, or ability to complete a task.
Not too diﬀerently, energy is deﬁned in science as “the capacity to do work or to produce heat” (Zumdahl &
Zuhmdahl, 2010). Energy can be manifested in many forms, but typically within two branches: Potential and
kinetic energy, or alternatively, given oﬀ as heat. Potential energy is energy that is stored, whether by
position or by composition. For example, a ball at the top of a very tall hill possesses a lot of potential energy
relative to an identical one at the bottom of the hill due to its height (and the fact that gravity is pulling
downward). Similarly, a compound with a complex structure holds a great deal of potential energy in its
chemical bonds. This stored energy, whether due to composition or position, can be converted into kinetic
energy, or energy due to motion, but also dependent on the mass. For example, the ball’s potential energy at
the top of the hill is converted into kinetic energy once it starts rolling down the hill. Kinetic energy can be
converted back into potential energy, such as when a ball rolls up a hill and then stops.
While energy can interchange between forms, the total amount of energy stays constant. The law of
conservation of energy states that “energy can be converted from one form to another but can be neither
created nor destroyed” (Zumdahl & Zuhmdahl, 2010). To be clear, the laws of thermodynamics do not
consider nuclear reactions, wherein mass can be converted into energy. This law is also considered the ﬁrst of
three laws of thermodynamics. Energy can be converted from one type into another, for example, the
chemical energy stored in the bonds of a compound can be released in an explosion, causing motion, radiant
energy of electromagnetic waves, and sound energy. Transformation of energy is typically seen in machines,
converting from potential to kinetic or heat, such as in a ﬂashlight, or a car. Stereotypical Rube Goldberg
machines involve a series of complex energy transformations within a series of reactions or events that
culminate in the performance of a simple task.
The internal energy (E) of a system is made up of the sum of kinetic (KE) and potential (PE) energy of its
components (both of which have units of Joules). The ﬁrst law of thermodynamics states that energy of the
universe is constant, although energy can change forms through either work (w) or heat (q), which also have
units of Joules. Thus, the change total internal energy of a system can be represented by the equation:
∆E = q + w
In other words, the change in internal energy of the system is equal to the sum of the work done on it
(compressing a gas, for example), and heat that ﬂows into it. Work is typically seen as kinetic energy, such as
expansion or compression of a piston (Zumdahl & Zuhmdahl, 2010). It is not necessary for students to be able
to calculate the total internal energy of a system at this stage, but rather to understand the concept that
energy is transferred as both work, in the form of kinetic energy, and heat.
2. What is Heat, and How Does It Relate to Enthalpy and Temperature? (2 Lessons)
Sometime energy is not perfectly converted from one form into another via work, but instead transfers energy
into a secondary form, heat. Heat is the transfer of energy due to a diﬀerence in temperature, where
temperature is deﬁned as the movement of particles (Zumdahl & Zuhmdahl, 2010). In a “hot” object, the
particles have large velocities, on average, and in a “cold” object, particles do not move as rapidly. Heat ﬂows
from a hot source, where the kinetic motion is large, into a cold sink, where the kinetic motion is lower. This is
easy to visualize, the fast moving particles move into the areas of slow moving particles, until the two sources
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have an equal amount of movement. This dispels the common student misconception that objects “gain cold,”
rather, the object loses heat by transferring it to the colder object, and in the process the average particle
movement slows down resulting in a lower temperature.
Enthalpy is energy ﬂow as heat transfer, speciﬁcally at constant pressure (Zumdahl & Zuhmdahl, 2010).
Enthalpy is perhaps easiest to understand in terms of its units: Joules, the same as the unit for energy.
Although a somewhat elusive deﬁnition, enthalpy is useful for quantifying changes in heat transfer during
chemical reactions. In fact, the “heat of reaction,” or change in enthalpy, is deﬁned as the change in enthalpy
between products and reactants:
∆H = H products - H reactants
A negative change in enthalpy means heat is released during the reaction, and a positive change in enthalpy
means that energy is absorbed during the reaction. When heat is released, the change is considered to be
exothermic. In exothermic changes, the system cools, while the surroundings heat up. Alternatively, when
heat is absorbed during a reaction, the change is considered to be endothermic. In endothermic changes, the
temperature of the system increases, while the surroundings lose heat, and therefore cool down.
Diﬀerent substances require diﬀerent amounts of heat transfer to raise their temperatures. For example, tile
ﬂooring changes its temperature much quicker than carpet. The carpet requires a lot of heat transfer to raise
its temperature by one degree, whereas, the tile raises its temperature by one degree with much less energy
input. This property is known as heat capacity (C), which speciﬁcally is the amount of heat absorbed per
change in temperature:

Heat capacity is diﬀerent depending on the phase of a substance. For example, ice has a lower heat capacity
than liquid water, meaning that a temperature increase of 1° in ice can occur with less energy than liquid
water. In fact, the diﬀerence is roughly a factor of two, meaning ice can heat up twice as quick as liquid water
can. Heat capacity is also usually deﬁned in terms of amount of substance, called the speciﬁc heat capacity
when measured for 1 gram of a substance, and molar heat capacity when measured for 1 mol of a
substance (Zumdahl & Zuhmdahl, 2010). For example, the speciﬁc heat of water under ambient conditions is
1 calorie/(g o C).
Enthalpy can be very diﬃcult to measure directly, but luckily using speciﬁc heat and temperature, we can
calculate heat transfer much more eﬃciently. From chemical or physical change, we can measure the change
in temperature of a substance, using a thermometer, as well as the mass of the substance, using a balance.
From there, we can manipulate the deﬁnition of speciﬁc heat capacity to calculate the heat released or
absorbed:
Heat = speciﬁc heat capacity × mass × change in temperature
If the measurements are made at constant pressure, then the measure of heat is equivalent to the measure of
enthalpy (Zumdahl & Zuhmdahl, 2010).
3. How Do Reactions Proceed Spontaneously? What Does Change Have to Do With Disorder (Entropy)? (1
Lesson)
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Spontaneous reactions are typically thought of as explosions, however spontaneous processes are deﬁned as
any change that occurs without outside interference—fast or slow. For example, the rusting of a car can occur
over many years, but happens without interference, and is thus spontaneous despite how long it takes.
Changes happen spontaneously when there is an overall increase in entropy (Zumdahl & Zuhmdahl, 2010).
Entropy is a measure of disorder, the more organized something is, the less entropy it has. The second law of
thermodynamics states that the entropy of the universe is always increasing. This means, that it is more likely
to ﬁnd a process in a state of disarray, than highly organized. For example, left unattended, a front lawn grows
wild, it is much more unlikely to ﬁnd grass evenly cut all the time. Spontaneity is moving towards
disorganization, meaning that left unattended, the grass will grow wild because that is the state with more
entropy, and therefore more disorder.
Entropy is dependent on a factor known as positional probability, among other things, which describes the
probability of a speciﬁc arrangement of particles in happening. For example, take an arrangement of particles
in a star shape, this could only have one speciﬁc arrangement, therefore the positional probability of the
particles arranging in that shape are very low. On the other hand, there are many more ways to have particles
arranged evenly spread throughout a room, therefore this arrangement has a much higher positional
probability. The more spread out, the more disorganized particle are, the higher the positional probability for
those arrangements are, and thus the more entropy they have.
Looking at the three phases, solids are typically more arranged than liquids or gases. Therefore, solids have
the least entropy, while gases have the most entropy. Therefore, in a spontaneous change at higher
temperatures, solids are likely to become liquids, and liquids gases.
Heat and temperature tie in closely to spontaneity. When heat is transferred into a system, the temperature
usually rises. Temperature is a measurement of particle movement, and therefore when heat is transferred
into a system, particles begin to move more rapidly. With a higher degree of particle movement, they are
more likely to change their positions and formations. Thus, when heat is transferred into a system, the
entropy in the system increases. The magnitude of the change in entropy also depends on the temperature.
The lower the starting temperature, the more of an impact a given amount heat will have on increasing the
random movement of the particles. Therefore, entropy (S) is directly related to the enthalpy (H; heat transfer
at constant pressure) and inversely related to the temperature (T):
∆S = -∆H/T
Students can calculate the change in entropy by measuring the temperature, and by calculating the enthalpy
change using speciﬁc heat (Zumdahl & Zuhmdahl, 2010).
4. How Can Matter Change (Physical Vs. Chemical Change)? (1 Lesson)
Matter can change in two ways: physically and chemically, depending on the identity of initial reactants and
ﬁnal products. In a physical change, reactants change forms but do not change identities on a molecular level.
In addition, physical changes are usually reversible. The classic example is ice melting into liquid water. Both
the solid and the liquid have the molecular formula H 2 O, the liquid can be refrozen into ice, and the ice can
be melted back into liquid continually. On the other hand, chemical changes involve a rearrangement of
atoms on a molecular level creating products with a diﬀerent chemical composition. In addition, chemical
changes are typically thought of as nonreversible.
In physical changes, particles can change how far apart they are, and how fast they are moving, without
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changing identities. For example, solids move much more slowly than liquids and gases. Furthermore, in
physical changes, intermolecular forces, the weak forces between molecules, but not forces within molecules,
loosen or tighten to hold particles farther or closer together, respectively.
Determining a chemical change requires the presence of a new chemical structure. The stereotypical signs of
chemical change are taught as color changes, odor changes, gas bubble formation, precipitate (solid particles)
formation, and heat change. However, some of these properties are not speciﬁc to a chemical change, for
example liquid water can increase its temperature without changing its chemical composition. Similarly, a gas
bubble formation is a physical change, as is solids falling out of solution to form a precipitate. These tests only
sometimes show the formation of chemically new products, such as a new compound is formed, releasing
hydrogen gas, or creating a new compound that is no longer soluble in the solvent. Thus, tests that show
changes in chemical properties may be a better indicator of a chemical change. This can be done without
advanced machinery such as measuring a change in color or taste (note: do not taste chemicals). A more
advanced test could be measure the change in the bonds ability to absorb light waves, such as using
spectroscopy.
Physical Changes
5. How does matter change phases with regard to energy, enthalpy, and entropy during phase changes? (2
lessons)
A physical change does not change the chemical identity of a substance, just the location and the kinetic
energy of the particles. A phase change is a physical change, as a single substance changes from its form,
such as from solid to liquid or liquid to gas, or the reverse.
Each phase has its own associated enthalpy and entropy. Solids are typically compact and have strong
intermolecular forces to keep them structured and highly organized, and thus low entropy. Because they are
constrained in their position, the particles cannot move quickly, and thus have low levels of kinetic energy and
temperature. As the phase changes from solid to liquid, then liquid to gas, the particles loosen their
intermolecular forces allowing them to move more freely and thus with more kinetic energy. As kinetic energy
increases, so does the temperature. The increasing disorganization in the change from solid to liquid, and
liquid to gas, is paired with an increase in entropy.
It should be noted that there are other phases in addition to solids, liquids, and gases. Plasma is a phase of
extremely high kinetic energy, and almost no intermolecular forces. Given the high amounts of kinetic energy,
the temperature is also very high (Rayder, 2016). On the opposite side of the spectrum is bose-einstein
condenstate—a state of matter where particles have no kinetic energy and have a temperature at -273K,
absolute zero (Raizen, 2011).
When phases go from a highly ordered state (solids) to a less ordered state (gas), the entropy is increasing,
and therefore making the phase change more favorable, and even spontaneous in certain circumstances.
When phase change occurs in the reverse, condensation or freezing, enthalpy decreases as particles speed up
and intermolecular forces are reformed
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Figure 1 As the temperature increases over time, a solid changes into a liquid, then a gas. In diﬀerent
sections, the heat is being used to alternatively increase the kinetic energy or break intermolecular forces.
The diﬀerent quantiﬁcations are used in each section of the phase change.
Phase changes are a great way for students to practice calculation regarding enthalpy and speciﬁc heat
capacity. For example, starting with a solid, the solid must ﬁrst heat up before it can melt into a liquid. During
this phase, the heat absorbed is used to increase the kinetic energy of the particles, as represented by the
temperature increase (as seen in Figure 1). The heat is quantiﬁed with the equation for speciﬁc heat:
q=mC solid ∆T
Where the heat (q) is quantiﬁed in the mass (m), speciﬁc heat capacity of the solid (C), and the change in
temperature (∆T) (Nave, 2016).
Once the solid reaches its max temperature without changing phases, the phase change process begins. This
time the heat is not being used to change the kinetic energy, and the temperature stabilizes (Figure 1).
Instead, the heat is being used to break intermolecular forces. The heat can be quantiﬁed as:
q=∆H fusion x m
This time, heat (q) is quantiﬁed by the enthalpy of fusion (∆H fusion ) and the mass (m). The process then
continues from liquid to gas, this time using the speciﬁc heat of the liquid (C liquid ) and the enthalpy of
vaporization (∆H vaporization ) (Nave, 2016).
Chemical Changes
6. What are the conditions necessary to allow chemical change? (1-2 Lessons)
Free energy is the energy that can be converted into work. For a reaction to occur spontaneously, that is for
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the entropy of the universe to increase, the free energy of a change must decrease (Shipman, 2009). We have
already seen that reactions are more likely to happen when the entropy increases, or when entropy is
positive, and when heat is released, or enthalpy is negative. The change in Gibbs free energy (∆G) is
represented by the following equation:
∆G = ∆H – T∆S
The Gibbs free energy is a measure of how much enthalpy (heat transfer at constant temperature) occurs in a
reaction as well as changes in entropy. Gibbs free energy is then based on two primary factors: Enthalpy (H)
and Entropy (S), supported by Temperature (T).
This results in four possible scenarios (Table 1), in which entropy could be increasing or decreasing, matched
with an enthalpy that could be increasing or decreasing. Spontaneous reactions, which is when ∆G is negative,
will always occur in the scenario that entropy is increasing and enthalpy is decreasing, or is exothermic.
Reactions can never happen spontaneously with the opposite conditions: decreasing entropy, and increasing
enthalpy, or endothermic reactions (Zumdahl & Zuhmdahl, 2010). When only one of the two conditions are
unfavorable, the likelihood of the reaction happening depends on temperature. If enthalpy increases, but
entropy increases as well, the reaction will happen spontaneously only at high temperatures. And if a reaction
decreases in entropy, but also decreases in enthalpy, the reaction will only proceed spontaneously at low
temperatures.
Table 1. Signs of Enthalpy, Entropy, Gibbs Free Energy Direct an Endergonic or Exergonic
Reaction
Enthalpy (∆H) Entropy (∆S) Gibbs Free Energy (∆G) Endergonic or Exergonic?
–

+

–

Exergonic always

+

–

+

Endergonic always

+

+

+ @ low temperatures
– @ high temperatures

Low temp=endergonic
High temp=exergonic

–

–

+ @ high temperatures
– @ low temperatures

High temp=endergonic
Low temp=exergonic

As stated above, reactions that occur spontaneously release free energy (have negative ∆G). These reactions
are referred to as exergonic. When reactions have the unfavorable thermodynamics, and are thus nonspontaneous, it does not automatically mean that the reaction can never occur under any circumstances.
Instead, the reaction can occur, but only with the input of energy or work. Reactions that absorb energy are
called endergonic (Shipman, 2009).
7. How is Release and Absorption of Energy Dependent on Total Bond Energy? What is Activation Energy? (1
Lesson)
Elements are held together within a compound by proximity of their outer electrons, or valence electrons. The
elements share electrons forming bonds, the stronger the electron is held by another element, the more
energy is required to break the bond. Total bond energy is a type of potential energy, storing the energy in
holding electrons between atoms. When energy is absorbed by a substance it can be used to break
intramolecular bonds. Conversely, when new bonds are formed energy is released. When there is more energy
absorbed by a reaction to break bonds, than there is energy released in forming the new ones, the reaction is
endothermic. When more energy is released in the formation of bonds than is absorbed to break the bonds,
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the reaction is exothermic. Nonetheless, all reactions need an input of energy to break bonds and begin the
process (Shipman, 2009).
The energy used to start a reaction is called the activation energy. For a reaction to occur, the reactants need
to align is a speciﬁc way, and collide with enough kinetic energy to set oﬀ a spontaneous change in positional
arrangement into products. The prerequisites for a reaction to occur represent a barrier, and is known as the
activation energy. At the inﬁnitesimal moment at the maximum of the energy barrier is where the transition
state between reactants and products is found. The transition state is incredibly unstable, and only in 2016
was the energy of a transition state ﬁrst measured (Schmidt, 2016). Once over the energy barrier, a reaction
can proceed, absorbing energy to break bonds, or releasing energy to form new bonds.
The progress of a reaction is graphed taking into account the initial energy of the reactants, the ﬁnal energy
of the products, and the activation energy to surmount the energy barrier (ﬁgure 2):

Figure 2 The reaction progress for an exothermic/exergonic reaction and an endothermic/endergonic reaction
The overall change in energy is an expression of the change in enthalpy (assuming changes in entropy are
small). If the products have less energy than the reactants, as seen in the ﬁgure, then the reaction is
exothermic because of the release of heat. When there is more energy in the products than the reactants, but
both less than the activation energy, then the change in enthalpy is positive, and the reaction is therefore
endothermic. The reaction progress can also be plotted with the y-axis depicting free energy, to show
exergonic and endergonic reactions instead of exothermic and endothermic, respectively. Then any changes
in entropy are also accounted for.
8. What aﬀects the rate of reaction? (1-2 Lessons)
Although reactions may occur spontaneously, without outside intervention, the reaction may take years or
centuries or longer, resulting a very slow rate of reaction. Gaining the activation energy to overcome the
Curriculum Unit 16.04.05

9 of 16

energy barrier is the deﬁning factor in the reaction rate. Reactions may take years to reach the necessary
activation energy to transition from reactants to products. For example, a mixture of H 2 (g) and O 2 (g) is
stable indeﬁnitely under ambient conditions, but if there is a spark, the reaction proceeds instantaneously.
Therefore, factors that help reactants overcome the energy barrier between reactants and products increase
the rate of reaction. These factors include: temperature, concentration, surface area, pressure, and the
presence of a catalyst (Shipman, 2009).
Reactants must collide with enough kinetic energy to overcome the energy barrier. Kinetic energy of particles
is measure in temperature, therefore, an increase in the temperature reﬂects an increase in the kinetic energy
of the reactants (Shipman, 2009). With an increased temperature, reactants are more likely to overcome the
activation energy barrier.
Reactants must collide with speciﬁc orientation to be able to make the transition from reactants to products.
This speciﬁc ordering typically has low probability of occurring, which explains why the transition state has
very low entropy. Increasing the concentration of reactants makes it more likely for reactants to bump into
each other with the correct orientation because there are more reactants present with random
orientations (Shipman, 2009). Similarly, increasing the surface area for a reaction involving a solid increases
the positional probability, or the fraction of reactants that have the correct orientation for reaction to take
place.
Manipulations of the pressure and volume of a system increases the rate of reaction for gas phase reactions.
Increasing the pressure can increase the kinetic energy of the reactants, as seen in the gas law theory which
shows that pressure is directly related to temperature for a given amount of gas in a given volume (Zumdahl
& Zuhmdahl, 2010). By increasing the pressure, reactants have an increased force of collisions and at a
greater rate. Meaning that more reactants likely have the energy to overcome the energy barrier. Similarly, by
decreasing the volume, the reactants are more likely to hit each other due to space limitations.
The ﬁnal reaction rate factor is whether or not a catalyst is present. A catalyst is a substance that increases
the rate of reaction, but is not itself used up during the reaction (Shipman, 2009), and does not change the
thermodynamics of the reactants and products. Catalysts, unlike other reaction rate factors, decreases the
activation energy by holding reactants together in preferred orientations for the transition state.

Strategies and Activities

Given the diverse background of my students, I will use a variety of strategies to engage and deepen
understanding across learning modalities. Students will use models to gather data using inquiry skills. These
models will take the form of labs to model and Physics Education Technology (PhET) Interactive Simulations,
or other online demonstrations. PhET interactive simulations are java based online demonstrations (Weiman,
n.d.). These online labs are an excellent way for students to work through online simulations of labs, with the
beneﬁt of seeing the usually “unseen.” For example, students can often visually track atoms, molecules,
electrons, and even energy in lab settings.
The inquiry process is very important for student learning, as it allows for student self-discovery of
fundamental chemistry concepts. Self-discovery reinforces student understanding by challenging conceptions,
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and having students critically think through data to reach their own conclusions. Once students have explored
a chemical concept, they will model the content they have learned via visual, physical, and quantitative
models. They will then work with their peers to expand upon their initial understanding with each additional
lesson and lab. Finally, in order to solve the community issue, students will apply their ﬁnal model in a
culminating project.
Demonstrations, Labs, and Activities.
1. Conservation of Energy and Heat Transfer activities

In the PhET online simulation, “Energy Transformations and Change” students have access to two
labs (Weiman, n.d.). The ﬁrst lab, “energy systems” is on the second tab, and involves students building a
three-part machine with an input, a turbine or solar panel, and an output. As the machine runs, students can
watch energy ﬂow through the machine. The online demo speciﬁcally labels the diﬀerent types of energy
running through the machine, students can determine if each type is potential or kinetic energy. Students
should be able to conclude that the energy from the input is the same amount of energy in the output, and
therefore energy cannot be created or destroyed. Students can build up to describing the energy ﬂow in any
household product, such as a blender (electrical energy to kinetic energy) or a ﬂashlight (chemical energy to
electrical to light energy).
In the second lab “Introduction,” on the ﬁrst tab, students look at the heat ﬂow of energy from ﬁre into three
objects: a bucket of water, a brick or an iron block of equal dimensions. Students can heat up the two blocks
with a ﬁre, or cool them down with the ice. Then students can stack the two blocks and watch the ﬂow of
energy from the hot object, to the cold object. Students will see that the energy stops ﬂowing when the two
bricks are at the same temperature, not necessarily when they have the same amount of energy. Students
can then visualize that the brick does not need as much heat energy to be at the same temperature as the
iron—creating a basic deﬁnition of heat capacity.
Students can perform a hands on version of this lab to practice quantitative calculations. Students will ﬁrst
boil 100 g of water, then place a solid in the beaker with a thermometer. The solid should have a known mass.
while waiting for the temperature of the contents of the beaker to rise, measure the initial temperature of a
beaker of cold water. Once the temperature of the water and solid reaches 70 o C, carefully remove the solid
from the hot beaker and into the cold water beaker. Students should then measure the change in temperature
of the water. Students can now work in pairs to calculate the heat absorbed by the water, and the speciﬁc
heat of the solid, as well as the heat used in the phase change.
2. Entropy “Boltzmann Game”

Entropy is a particularly hard example for students to grasp. For this, give students a plastic bag with 20
puzzle pieces. Each round, have students shake the bag and then lay out the pieces on their desk. Then
students will count how many are face up, and how many are face down. Students will repeat this processes
up to 10 times, counting how many are face up and how many are face down. Either a student volunteer or
the teacher will keep record of how many groups only had 1 ﬂipped, 2 ﬂipped, etc. each round. Afterwards,
students will make a conclusion on what the most likely positions of the puzzle pieces were, citing evidence
from the class data. Students should be able to show that having all the pieces all in one formation is
extremely unlikely, while having the pieces 50/50 ﬂipped is more common. This lab can be used as a jumping
point to start a conversation on entropy as it relates to phase change and reactions.
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3. Phase Changes Play and Lab

To review the vocabulary of phase change, students can participate in an acting game. Students begin this
activity with a warm up, drawing what the particles look like in each of the main phases (solid, liquid, gas).
Students are then split into two groups, and one group takes notes, while the other acts out the diﬀerent
phases. While the half is acting out the diﬀerent phases, the note-takers must ﬁgure out what phase is being
acted, and a relative amount of enthalpy and entropy. Students can then change spots, and reﬂect at the end,
reviewing the diﬀerent components of enthalpy and entropy in phase change by matching their answers to
the acted scenes.
4. Chemical Changes Labs and Word Search

Students can diﬀerentiate between physical and chemical changes by looking at some hands on demos. One
demo could be ripping steel wool into small pieces, versus burning steel wool. Another, melting 1 mg of sugar,
versus burning it. Students work in small groups to draw what they see in each condition on a whiteboard,
then discuss the diﬀerences are on a molecular level between the two conditions. After a set amount of time
groups will perform a gallery walk in which students leave out their work for their peers to look at and provide
comments on sticky notes, as the students rotate around the room. Students will then discuss the diﬀerences
between the two in a large group, and how physical versus chemical changes are measured. Finally, students
will edit their model and write ﬁnal conclusions including ways to diﬀerentiate between the two.
Another activity is a card sort. Students must sort through cards of images that show either a physical change
or a chemical change, separating them into diﬀerent categories. Examples of cards include: baking a cake
(chemical), breaking a window (physical), cutting bread (physical), burning a log (chemical). Students must
share their reasoning for how they sorted, looking for patterns in what diﬀerentiates a physical versus a
chemical change.
5. Rates of Reaction Labs

Students can explore what aﬀects the rate of reaction by measuring the time to completion of a common
reaction, such as alka-seltzer dissolving in acetic acid, and then changing the properties to see how they
aﬀect the completion time of reaction. For example, students can see what happens when they increase the
surface area by crumbling the pack of alka-seltzer, or increasing the temperature of the acetic acid, or diluting
the acetic acid.
Another minilab to test the eﬀect of surface area includes aluminum foil in 1M hydrochloric acid, smoothed or
crumpled (goggles should be worn for this, and other safety precautions observed). A way to test temperature
is by cracking a glow-stick and watching which one lights up faster in a cold, hot, or room-temperature water
bath. To show the power of a catalyst, students ﬁrst mix soap and hydrogen peroxide in a bottle, seeing no
immediate reaction. Then students add the catalyst, yeast, and the mixture quickly changes form, expanding
as a foam out of the bottle. Looking closely, the yeast can still be seen after the reaction as they have not
been ‘used’ up.
To practice diﬀerentiating between endothermic and exothermic, students will measure the change in
temperature of two diﬀerent solutions: baking soda and vinegar, versus baking soda in water and calcium
chloride. The baking soda and vinegar solution should decrease slightly as it is endothermic, while the baking
soda solution and calcium chloride solution would heat up as it is exothermic. After each lab, students should
calculate the change in enthalpy and then draw a graph of the reaction progression correlating numbers from
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their lab; although students will have to predict the activation energy necessary to reach the transition state.
Project Based Learning Strategy
This unit could be tied into Project Based Learning (PBL), in which students can solve a community based
problem in a culminating performance task (What is PBL?, 2014). These culminating tasks typically combine
student understanding of scientiﬁc content with 21 st century skills in communication, collaboration, creativity,
and critical thinking. This structure speciﬁcally engages students in content, lends a hand to diﬀerentiating by
skill and interest, and allows for increased opportunity to work with literacy and problem solving. Furthermore,
students will be engaged by a community problem, asking them to develop their critical consciousness of
society, and to expand their leadership to help their community.
PBL Unit Outline

Anchoring Phenomenon -> Model Development -> Application to Community Issue
Anchoring Phenomenon

Students will be introduced to the anchoring phenomenon in an entry event. It must be relevant to the
student, engaging, and spark student curiosity. In this lesson students are introduced to the phenomenon in a
video or reading. I would recommend the anchoring phenomenon of a spontaneous chemical change, such as
the Breaking Bad clip of Season 1, Episode 6 (Hughes, 2008). One could also introduce the community issue of
exploding Takata airbags (see below) as the anchoring phenomenon (Tabushi, 2014). If including physical
changes in this unit, a second phenomenon could be of a physical change such as a clip of an exploding water
heater (Dallow & Lentle, 2007). Students would then explain what they think is happening in the two clips,
comparing and contrasting the two. This initial model could be a written, verbal, or visual explanation,
although a combination of all three will be required throughout the unit. Students will then generate a list of
questions they would like to answer to be able to explain their model in more detail.
Model Development

Each lesson throughout the unit has the goal of answering an essential question. At the end of each lesson,
students should go back and revise their models to include the new information. This strengthens students’
skills in the engineering process and modeling skills. Models are created in small groups of 2-4 students to
allow for collaboration. Students must explain their understanding to each other, and support their
understanding with evidence from content, research, or experiments—strongly tying into English/Language
Arts (ELA) standards for supporting arguments with evidence (RST.11-12.1).
Essential questions should cover the content but also be speciﬁc to the student generated question list.
Questions that appear on the student created list, but are not already covered in the content, can either be
added in, or student taught. That is, the additional questions are assigned to students and the students
research the answers from a variety of sources (i.e., internet, textbook, teacher, etc) and report their ﬁndings
to the class. This technique is similar to ﬂipped classroom, allowing students to take charge of their learnings,
with the added beneﬁt of strengthening science communication skills.
Application to Community Issue

In the concluding stage of PBL, students ﬁnalize their understanding of the model, and begin to apply and
create a new technology to solve a community issue. The community issue is typically introduced in the entry
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event, or part way through the model development. A suggested project is designing an automobile airbag.
Airbags utilize a chemical reaction that releases a gas to expand the airbag, allowing for enough pressure to
cushion passengers during impact in a crash. In a classic airbag, the mechanical energy of the crash is
utilized to compress a spring, this energy is then transformed into electrical energy that ignites a detonator
and sets oﬀ a decomposition reaction of sodium azide into nitrogen gas that expands the airbag (Shipman,
2009). It should be noted that sodium azide is both extremely explosive and toxic, as are other propellants
typically used in airbags. In fact, airbag company Takata recently came under scrutiny for using a cheaper, yet
even more explosive propellant, ammonium nitrate, in their products (Tabushi, 2014)and a Texas teen died in
early 2016 from an airbag explosion (Press, 2016).
In partners or small groups, students will be asked “How can we design an eﬀective and safe airbag?”
Students would ﬁrst start with modeling the energy changes throughout the process, starting with the
mechanical energy of the impact. Students would then pick between two options to inﬂate their bags: dry ice,
a physical change, or sodium bicarbonate and vinegar, a chemical change—and explain the diﬀerence
between the two. Students then conduct labs to measure temperature changes, and to model a calculation of
Gibbs free energy. Students would be required to market their airbag in a creative way as long as they
incorporate all the scientiﬁc concepts supported with graphs showing the physical or chemical changes.
Marketing should include speciﬁcs on what would speed up the chemical reaction, or the kinetic changes
(quantiﬁed) in the physical change. This project covers the four 21 st century competencies of creativity,
communication, critical thinking, and collaboration.

Standards

This curriculum focuses on multiple student outcomes. Since Connecticut approved Next Generation Science
Standards (NGSS) in late 2015, this unit will be written and executed during the gap between the
implementation of NGSS and the current Connecticut state standards. Therefore, I plan for this unit to cover
both the current Connecticut science standards, as well as core ideas and cross cutting concepts from NGSS.
Similarly, with many of my students planning on attending college, I would like to prepare them for the new
science sections on the SAT. Currently, many of our students have low reading and math skills, as represented
by their PSAT, SAT, and SBAC scores. Our school’s current goals for our School Initiative Plan included
increasing skills in literacy and multi-step problem solving. I plan to speciﬁcally include objectives from
common core to enhance student skills in these areas. Luckily, NGSS was written with Common Core in mind,
so cross cutting concepts appear from common core within NGSS, which lessens the load of covering
standards.
Connecticut State Standards:
The current Connecticut state standards have two main focuses: content knowledge, and Inquiry skills. This
unit will focus on the following Inquiry standards:
DINQ.3 Design and conduct appropriate types of scientiﬁc investigations to answer diﬀerent questions.ss the
reliability of the data that was generated in the investigation.
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DINQ.7 Use mathematical operations to analyze and interpret data, and present relationships between
variables in appropriate forms.
DINQ.8 Articulate conclusions and explanations based on research data, and assess results based on the
design of the investigation.
DINQ.9 Communicate about science in diﬀerent formats, using relevant science vocabulary, supporting
evidence and clear logic.
Next Generation Science Standards (NGSS)
NGSS has speciﬁc core ideas as well as cross cutting concepts that are not speciﬁc to any speciﬁc content
area. For example, this unit is based on Core Idea PS3: Energy, and PS1.2 Chemical Reactions, but also covers
the cross cutting concept of “Energy and Matter”, while also touching on “scale, proportional, and quantity”,
“Systems and System Models”, and perhaps “Stability and Change”. This unit will cover aspects of the
following NGSS Core Ideas:
HS-PS1-2. Construct and revise an explanation for the outcome of a simple chemical reaction based on the
outermost electron states of atoms, trends in the periodic table, and knowledge of the patterns of chemical
properties.
HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical reaction
system depends upon the changes in total bond energy.
HS-PS1-5. Apply scientiﬁc principles and evidence to provide an explanation about the eﬀects of changing the
temperature or concentration of the reacting particles on the rate at which a reaction occurs.
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore mass, are
conserved during a chemical reaction.
HS-PS3-1 Create a computational model to calculate the change in the energy of one component in a system
when the change in energy of the other component(s) and energy ﬂows in and out of the system are known.
Common Core
ELA/Literacy

RST.11-12.1 Cite speciﬁc textual evidence to support analysis of science and technical texts, attending to
important distinctions the author makes and to any gaps or inconsistencies in the account.
WHST.9-12.7 Conduct short as well as more sustained research projects to answer a question (including a selfgenerated question) or solve a problem; narrow or broaden the inquiry when appropriate; synthesize multiple
sources on the subject, demonstrating understanding of the subject under investigation.
Mathematics

MP.2 Reason abstractly and quantitatively.
MP.4 Model with mathematics.
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