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Teachers and educators are strongly advised to review the introductory chapters of this Framework, including the chapter on Instructional Strategies.

Introduction

According to the Next Generation Science Standards:


Students in high school continue to develop their understanding of the four core ideas in the physical sciences. These ideas include the most fundamental concepts from chemistry 

and physics, but are intended to leave room for expanded study in upper-level high school courses. The high school performance expectations in Physical Science build on the middle school ideas and skills and allow high school students to explain more in-depth phenomena central not only to the physical sciences, but to life and earth and space sciences as well. These performance expectations blend the core ideas with scientific and engineering practices and crosscutting concepts to support students in developing useable knowledge to explain ideas across the science disciplines. In the physical science performance expectations at the high school level, there is a focus on several scientific practices. These include developing and using models, planning and conducting investigations, analyzing and interpreting data, using mathematical and computational thinking, and constructing explanations; and to use these practices to demonstrate understanding of the core ideas. Students are also expected to demonstrate understanding of several engineering practices, including design and evaluation. (NGSS Lead States 2013c)

Chemical processes are a part of everyday life in California (Figure 6H‑1). All students in California should have the opportunity to investigate [SEP-3] phenomena caused [CCC-2] when matter interacts, and to create models [SEP-2] of these interactions at the atomic scale [CCC-7]. 
Figure 6H‑1. Chemistry in Everyday Life
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Students can brainstorm the variety of ways that chemistry, and the products of chemical research and development, are relevant to society and their everyday lives. Source: Herr 2008, 285.
The CA NGSS do not specify which phenomena to explore or the order to address topics because phenomena need to be relevant to the students that live in each community and should flow in an authentic manner. This chapter illustrates one possible set of phenomena that will help students achieve the CA NGSS Performance Expectations (PEs). Many of the phenomena selected illustrate California’s Environmental Principles and Concepts (EP&Cs), which are an essential part of the CA NGSS (see Chapter 1 of this Framework). However, the phenomena chosen for this statewide document will not be ideal for every classroom in a state as large and diverse as California. Teachers are therefore encouraged to select phenomena that will engage their students and use this chapter’s examples as inspiration for designing their own instructional sequence. For example, the course could be restructured around contemporary issues of health or ecosystem change faced by a local community. 
This example course is divided into instructional segments (IS) centered on questions about observations of a specific phenomenon. Different phenomena require different amounts of investigation to explore and understand, so each IS should take a different fraction of the school year. As students achieve the PEs within the instructional segment, they uncover Disciplinary Core Ideas (DCIs) from physical science and engineering. Students engage in multiple practices in each IS, not only those explicitly indicated in the PEs. Students also focus on one or two Crosscutting Concepts (CCCs) as tools to make sense of their observations and investigations; the CCCs are recurring themes in all disciplines of science and engineering and help tie these seemingly disparate fields together.

This chapter clarifies the general level of understanding required to meet each PE, but the exact depth of understanding expected of students depends on this course’s place in the overall high school sequence. Teachers could modify the content and complexity so that the course serves as a basic freshman introduction to science, serves as a senior capstone that integrates and applies science learning from all previous science courses, or aligns with the expectations of AP or IB curriculum.

Example Course Mapping for a Chemistry Course


This example course is divided into four instructional segments that group together related component ideas within the DCIs (Table 6H‑1). 
Table 6H‑1. Summary Table for Example High School Chemistry Course
	
[image: image2]
	1

Properties of Matter 

	Students observe and quantify the bulk properties of matter and how they change during chemical reactions. 
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	2

Structure of Matter
	Students recognize patterns in bulk properties and use them to develop of model of the internal structure of atoms. They apply this model atoms and how they interact through electrical attractions to bond together.  
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	3

 Chemical Reactions
	Students use their model of the inner working the atom to explain the rates of chemical reactions and whether energy is stored or released during interactions between atoms. 
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	4

Modifying Chemical Reactions
	In many situations, a dynamic and condition-dependent balance between a reaction and the reverse reaction determines the numbers of all types of molecules present. 

	 SHAPE  \* MERGEFORMAT 



	5
Conservation of Energy and Energy Transfer
	Students perform investigations of the basic laws of thermodynamics and relate these to important societal issues related to fuels and energy supply.  



Sources: Giardino 2006; Rotard and Ertl 2005; Amitchell125 2011; A. Lebow; O’Sullivan 2009
Instructional Segment 1: Properties of Matter (PS1.A)
According to the NGSS storyline, 

The performance expectations in the topic Structure and Properties of Matter help students formulate an answer to the question, “How can one explain the structure and properties of matter?” Two sub-ideas from the NRC Framework are addressed in these performance expectations: the structure and properties of matter, and nuclear processes. Students are expected to develop understanding of the substructure of atoms and provide more mechanistic explanations of the properties of substances….The crosscutting concepts of patterns, energy and matter, and structure and function are called out as organizing concepts for these disciplinary core ideas. In these performance expectations, students are expected to demonstrate proficiency in developing and using models, planning and conducting investigations, and communicating scientific and technical information; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013b)
	Chemistry – Instructional Segment 1: Properties of Matter (PS1.A)

	Guiding Questions:

How can we describe and measure the bulk properties of matter?

What causes different materials to have different bulk properties?

How can we infer the structure of matter at the atomic scale from properties of matter observed at the bulk scale?

	Students who demonstrate understanding can:
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. [Clarification Statement: Emphasis is on understanding the strengths of forces between particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of particles could include ions, atoms, molecules, and networked materials (such as graphite). Examples of bulk properties of substances could include the melting point and boiling point, vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include Raoult’s law calculations of vapor pressure.] (Introduced here but assessed in IS3)

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Planning and Carrying Out Investigations
	Highlighted

Disciplinary Core Ideas

PS1.A: Structure and Properties of Matter 
	Highlighted

Crosscutting Concepts

Patterns 
Cause and Effect 
Structure and Function


Chemistry is the study of matter, the properties of matter, and the way matter interacts to form new substances. Many consider chemistry to be a challenging subject because it deals with infinitesimally small particles and abstract concepts, yet our understanding of chemistry has been derived from observable properties of matter at the bulk scale. HS-PS1-3 requires learners to make inferences about the strength of electrical forces between particles based upon observable properties such as the melting point, boiling point, vapor pressure, and surface tension. Thus, students are asked to make inferences and models about atomic scale objects and forces on the basis of what can be seen and observed, in much the same way that chemists have done throughout history. We introduce this PE in the first Instructional Segment of this high school chemistry course so that students come to learn the power of reasoning and the inductive nature of science. 

For students to succeed in this PE, they must build upon their existing knowledge of matter and its interactions as learned through everyday life, as well as through academic experiences in elementary and middle school. Students have interacted with both physical and chemical properties of bulk matter as long as they have been alive, and have developed naive but important understandings about the nature of matter. For example, when students describe the volume of a soft drink, texture or one’s hair, or color of the sky, they are describing physical properties of matter at the bulk scale. Similarly, when they describe the way wood burns, iron rusts, or silver tarnishes, they are describing chemical reactions at the bulk scale. 

Before attempting performance expectation HS-PS1-3, students should become skilled at observing, describing, categorizing, and measuring physical and chemical properties at the bulk scale through a variety of activities and investigations. One such activity is to make as many observations, descriptions, and measurements as possible about a burning candle, patterned after a classic science lesson introduced by Michael Faraday. The teacher can introduce a list of things to observe (Table 6H‑2). 

Table 6H‑2. List of what to observe in an experiment of a burning candle placed under a beaker
	Components of the system

	flame
	colors, shape, height in open air, initial rate of burning, rate of burning when wax melts, response to wind, response to water droplets, changes in color and height when a beaker is lowered over it, direction flame burns when candle is tilted at different angles, duration of smoke when extinguished, time flame burns under a 500 ml beaker vs. a 1000 ml beaker

	wick
	position, color, structure, flow patterns of wax, rate wick burns when not in wax, rate wick burns when in candle

	wax
	color, texture, shape, rate consumed, appearance when melted, rate consumed if melted wax is drained, rate consumed if not drained

	smoke
	color, quantity, distribution, color bromthymol blue turns in smoke

	condensate
	appearance when placed under a beaker, conditions when it forms, location where it forms, rate of formation

	deposits
	color, texture, location, rate of formation, conditions under which deposits form

	beaker
	shape, size, changes during experiment

	Other observations (including “system properties”)

	odors
	odors of unlit candle, burning candle, and extinguished candle

	sound
	sound produced by burning candle, sound when water is placed in well

	temperature
	top of flame, middle of flame, bottom of flame, at different distances away from the flame


All but the last three items in this list are objects that are components of a system [CCC-4]. Students can also make observations of the relationships between the components, noticing which objects interact directly. These relationships give clues to cause and effect [CCC-2] mechanisms. The bottom portion of the table includes other observations that don’t seem to be readily attributable to any specific component of the system (though an astute student may notice that the odor and the sound are directly related to unseen components of the system, particles and movements in the air). These might include so-called ‘system properties’ that are properties and behaviors of the entire system that manifest only from the fully-functioning interactions between all the components. Students will be studying chemical systems in this course that involve different interacting chemical species. The purpose of this or other such activities is to help students develop the observation and measurement skills necessary to build models [SEP-2] of those systems [CCC-4] and make inferences that relate those models to other behaviors of the natural world. Once they are skilled at observing properties on the bulk scale, then they are better prepared to make the observations and inferences required by HS-PS1-3.

Students entering high school chemistry not only have a wealth of practical experiences with the properties of bulk matter, but they also have received formal instruction in chemistry starting in the second grade. By 5th grade, students identified materials based on their properties (5-PS1-3), performed investigations to show that matter is conserved (5-PS1-2), and make models that describe how matter is made of particles too small to see (5-PS1-1). In the middle grades, students should be experienced making models of molecules with different structures (MS-PS1-1) and start to understand that atomic and molecular structures determine properties at the bulk level.
Scientists have been studying matter for centuries, examining the behavior and interactions of different materials long before they had a working model of atoms at the microscopic level. Through careful measurements before and after chemical reactions, Lavoisier determined the law of mass conservation. Cavendish recognized that materials seemed to combine together in definite proportions. Even after Dalton built on their work to infer the existence of atoms, it was nearly 100 years before Thomson’s investigations with cathode rays suggested that atoms had an internal structure that might govern their behavior. In the intervening time, researchers around the world noticed patterns [CCC-1] in the behavior of materials. Mendeleev, who grew up in a poor household and probably didn’t learn his country’s official language until high school, finally cracked the code by building an incredible knowledge base of the bulk properties and behavior of different elements. The purpose of the first part of this Instructional Segment is to provide students experience with the types of observations Mendeleev was using at the time he developed the basis for our modern periodic table. 

Many of the early investigations in chemistry had the goal of purifying substances (driven in part by alchemists’ ideological belief that discovering the secret to removing the impurities in substances would allow them to remove impurities in their souls). Beginning a chemistry course with investigations [SEP-3] into the bulk properties of matter in pure substances forces students to confront the fact that there must be some sort of process causing these behaviors that operates within the matter itself. This realization is the first stage in forming the bridge between macroscopic properties of matter and models of microscopic interactions between particles that make up that matter.  

A wide range of activities can be used to explore the variety of bulk properties of matter (e.g. crystal shape, hardness, cleavage, freezing point, melting point, boiling point, color, flammability, heat of combustion, malleability, ductility, luster, odor, color, etc.). The special properties of water make it particularly well suited to early investigations. Its high heat capacity, low density in solid form, strong cohesion and adhesion, capillary action, high surface tension, and excellent ability to dissolve polar substances, are particularly important to biological, environmental, and chemical systems, and are determined by its unique structure. Students investigate [SEP-3] how these properties change as a function of heating and cooling, allowing them to apply their model [SEP-2] of matter as interacting particles developed in middle school (MS-PS1-4). Students should rely on the patterns [CCC-1] they observe to form the questions [SEP-1] that will lead to the cause [CCC-2] of such behaviors (“The more I heat water up, the less dense it becomes. What is causing that to happen?”). Students should start making inferences about the spacing between particles/molecules in solids, liquids and gases. They should also begin asking questions [SEP-1] about how that spacing might affect other bulk properties (“Does changing the temperature affect the surface tension of water?”) and be able to plan investigations [SEP-3] to answer some of these questions (comparing warm and cold water in such experiments as the number of drops that can be held on a penny or the height which water climbs in a straw through capillary action). Students’ mental models [SEP-2] of pure substances should include particles that push one another apart when they collide and yet have some other force that attracts them together. In solids, this attraction is quite strong and objects retain their shapes. The strength of attraction in liquids varies substantially based on the substance (students can examine the difference in properties of water and alcohol). In gases, there is very little attraction between particles at all. These attractions are caused by electrical forces between the particles. Much of this course focuses on the nature of these forces, which govern the structural and electrostatic forces within and amongst atoms and molecules.
Water’s unique properties also make it an excellent platform for observing the behavior of other pure substances and simple interactions between substances. After mixing different compounds with water, students observe their solubility, their ability to conduct electricity, and any changes in temperature that might occur. When choosing compounds, students should study multiple types that might include salts, acids, bases, hydrocarbons, and oxides. Some chemistry courses might begin by discussing the types of bonds and have students classify compounds according to those, but at this stage the terms could serve to either confuse or bias the development of mental models [SEP-2] of what is actually happening at the molecular level
. When students conduct an investigation [SEP-3] to measure the conductivity of different solutions, they gather evidence that there must be some relationship between electricity and material properties. When they investigate [SEP-3] the boiling points of water with different concentrations of salt, they gather evidence that the salt must somehow be ‘attracting’ the water and preventing it from escaping as a gas (making this leap requires that students have a mental model of the different states of matter at the molecular level from the middle grades, MS-PS1-4). Rather than memorizing trends in bulk properties, HS-PS1-3 requires students to plan and conduct investigations [SEP-3] that help them develop a mental model [SEP-2] of matter as moving particles attracted together by electrical forces. At this point, students’ models of the causes of these phenomena are likely to be incomplete and disjoint. They will return to HS-PS1-3 in IS3.
Instructional Segment 2: Structure of Matter (PS1.A)
Understanding chemistry allows us to understand many things about the world around us and to make decisions and discoveries to improve the quality of life. Often we do not see the direct influence of chemistry in our lives, but it is all around us. From the neodymium magnets that vibrate our cell phones to the plastics we use to protect and preserve our foods, chemistry is often overlooked and taken for granted. In this Instructional Segment, students will learn about the structure and properties of matter so that they may better understand how chemicals are used in both the natural and man-made worlds around them. 
	Chemistry – Instructional Segment 2: Structure of Matter (PS1.A)

	Guiding Questions:

What is inside atoms and how does this affect how they interact? 

How does the structure of matter at the atomic scale explain patterns in the bulk properties of matter?

	Students who demonstrate understanding can:

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. [Clarification Statement: Examples of properties that could be predicted from patterns could include reactivity of metals, types of bonds formed, numbers of bonds formed, and reactions with oxygen.] [Assessment Boundary: Assessment is limited to main group elements. Assessment does not include quantitative understanding of ionization energy beyond relative trends.]
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. [Clarification Statement: Examples of chemical reactions could include the reaction of sodium and chlorine, of carbon and oxygen, or of carbon and hydrogen.] [Assessment Boundary: Assessment is limited to chemical reactions involving main group elements and combustion reactions.]

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Developing and Using Models

Constructing Explanations

Engaging in Argument from Evidence

Planning and Carrying Out Investigations
	Highlighted

Disciplinary Core Ideas

PS1.A: Structure and Properties of Matter 
	Highlighted

Crosscutting Concepts

Patterns 
Cause and Effect 
Structure and Function


Through years of intense study, scientists have developed models that are very useful in explaining and predicting the properties and behavior of matter. Middle grade students are introduced to models [SEP-2] of atomic and molecular structure (MS-PS1-1), and are familiar with basic properties of matter such as density, melting point, boiling point, solubility, and flammability (MS-PS1-2). Now, students develop a deeper understanding of these models [SEP-2] and learn how to apply them to explain [SEP-6] and predict chemical properties (HS-PS1-1), chemical reactions (HS-PS1-2), bulk properties (HS-PS1-3), and chemical energetics (HS-PS1-2).

In the middle grades, students learn that the structure and properties of matter observed on the macro-scale result from the structure and interaction of component particles too small to be seen. HS-PS1-1 requires that high school students build upon this understanding by applying the periodic table as a model [SEP-2] to “predict the relative properties of elements based on the patterns of electrons in the outermost (valence) energy level of atoms”. The National Research Council’s A Framework for K-12 Science Education states that: 

By the end of grade 12, students should understand that “each atom has a charged substructure consisting of a nucleus, which is made of protons and neutrons, surrounded by electrons. The periodic table orders elements horizontally by the number of protons in the atom’s nucleus and places those with similar chemical properties in columns. The repeating patterns of this table reflect patterns of outer electron states. The structure and interactions of matter at the bulk scale are determined by electrical forces within and between atoms. The stability of matter is increased when the electric and magnetic field energy is minimized. A stable molecule has less energy, by an amount known as the binding energy, than the same set of atoms separated, and one must provide at least this energy in order to take the molecule apart. (National Research Council 2012)

The PEs in middle school do not require students to develop a model of the atom’s internal workings, This sequence differs from the 1998 California Science Content Standards where the internal workings of the atom were introduced in 8th grade, and it is conceivable that students highly proficient in the CA NGSS PEs for middle school have never heard the words protons, neutrons, and electrons. The CA NGSS learning progression has been designed so that this material is introduced at a time when it is developmentally appropriate and integrates with their learning in other disciplines (in this case, a formal description of electrical attraction with Coulomb’s Law in high school Physics). Students do, however, have significant experience recognizing patterns [CCC-1] and asking questions [SEP-1] about them. They have analyzed data [SEP-4] about the bulk properties of matter and are ready to begin relating them to the components that make up atoms. 
Memorizing rules about the periodic table is not sufficient to meet HS-PS1-1. Instead, students must understand and apply underlying models [SEP-2] of atomic structure and interaction along with the principle of cause and effect [CCC-2]. They use these models to explain [SEP-6] why the properties of the elements repeat in a periodic fashion [CCC-1] and can use the periodicity to predict bulk properties of elements, their reactivity, and the types and numbers of bonds they will form with other elements.


Dmitri Mendeleev, who developed the predecessor of the modern periodic table, realized that the physical and chemical properties of elements were related to their atomic mass in a 'periodic' way, and arranged the 63 known elements so that groups with similar properties fell into vertical columns in his table. Students can build a mental model of how the periodic table is arranged by using a physical model [SEP-2] as an analog. They arrange color chips from a paint store into a matrix based on color and hue. Students can understand the power of such models by predicting the existence of color/hue chips that were removed from the final matrix before the chips were distributed, mirroring the process Mendeleev used to predict the existence of elements not yet known. 

Patterns [CCC-1] result from underlying causes. Observed patterns not only guide organization and classification, but also prompt questions about relationships and the factors that influence them, and thereby lead to a discussion of cause and effect [CCC-2]. When chemists organized elements in order of increasing relative atomic mass, they noticed repeating, or periodic patterns. For example, they noticed trends in chemical reactivity were punctuated by elements that were seemingly inert as shown in the high ionization energies of the Noble gasses in Figure 6H‑2. . These patterns led chemists to suppose that there were underlying causes that created these patterns. The recognition of these patterns thus contributed to our understanding of atomic theory, the key model [SEP-2] that students are expected to apply in IS2 and IS3. Using dynamic computer-based periodic tables, students can easily investigate a variety of properties (such as atomic radius, first ionization energy and electron affinity) and observe periodic patterns [CCC-1] that provide evidence of patterns in underlying atomic structure.
Figure 6H‑2. Patterns in the First Ionization Energy of Different Elements
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As students analyze plots of the properties of the elements as a function of atomic number, they should notice and discuss trends and patterns such as the comparatively low ionization energies of the alkali metals versus the high ionization energies of the noble gasses as seen in this plot of first ionization energies. Source: Pearson 2008.
The practice of developing and using models [SEP-2] in the CA NGSS often calls for students to develop their own models based on evidence they obtain directly. It took decades for the scientific community to develop models of the substructure of atoms that explain the patterns in the periodic table. One approach to helping students develop their own model is through a historical presentation of the evidence. A historical summary demonstrates how these models were repeatedly revised following revolutionary discoveries, starting with the billiard ball model and eventually culminating in Bohr’s model and our modern quantum mechanical model. This sequence parallel’s the learning progression outlined in the CA NGSS where students come into high school chemistry with the billiard ball model of atoms and leave with mastery of a more modern version (a quantum mechanical model of the atom is not assessed as part of the CA NGSS, so the ‘working model’ adopted by individual classrooms depends on the local context. Bohr’s model produces sufficient predictive power to meet the PEs in the CA NGSS.). Students can make these models their own by obtaining information [SEP-8] from the internet about various analogies of atomic structure (Goh, Chia, and Tan 1994) and evaluating [SEP-8] the limitations of these models.

Students can then interpret the trends on the periodic table in light of their underlying model for atomic structure. They relate the overall order of the periodic table to the number of protons and electrons in the atom’s outermost energy level. Students can then develop a simple model of interactions between atoms based on their electron configuration (Figure 6H‑3). They should be able to use the periodic patterns of electron configuration in the periodic table to predict properties such as the overall reactivity of metals and the number of bonds an atom can form (HS-PS1-1), as well as being able to predict the outcome of simple chemical reactions (HS-PS1-2). For example, students should be able to predict that sodium is likely to lose electrons when interacting with other elements because it has only one loosely held electron in its valence shell, as indicated by its position in the first family. Similarly, they should be able to predict that sodium will react strongly with chlorine because chlorine tends to gain electrons due to its high electronegativity associated with its nearly filled valence shell as indicated by its position in the seventh family. Finally, they should be able to predict that the resulting sodium cation and chloride anion will be attracted to each other and form an ionic bond by applying the principles of electrostatic attraction.
Figure 6H‑3. Models of Atomic Structure Explain Periodic Trends
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Students should predict trends within the periodic table based upon an application of models of atomic structure such as the Bohr model and octet rule illustrated here. Source: Meddic 2015.
It is not sufficient for students to memorize and blindly apply rules for chemical bonding. Rather, they must develop explanations [SEP-6] for why atoms of main-group elements tend to combine in such a way that each atom has a filled outer (valence) shell, giving it the same electronic configuration as a noble gas (octet rule). To meet this PE, students must describe thermodynamic principles that dictate that atoms will react with one another to transition to a more stable (lower energy) state. Filled orbitals, such as occur in a full octet state, are more symmetrical than other configurations, and such symmetry leads to greater stability. In addition, the electrons present in the different orbitals of the same sub-shell in a full octet can freely exchange their positions, leading to a decrease in exchange of energy and thus a lower net energy. The energy state is also affected by its electrical charge. Since opposites attract, an electrically neutral state has lower energy, and thus is more stable, than an electrically charged state. For example, students should be able to explain that table salt (NaCl) is the result of Na+ ions and Cl- ions bonding. If sodium metal and chlorine gas mix under the right conditions, they will form salt as the sodium loses an electron, and the chlorine gains that electron. In the process, a great amount of light and heat is released, and the resulting salt thus has much lower energy and is relatively unreactive and stable, and won't undergo any explosive reactions like the sodium and chlorine that it is made of. Students will return to this idea again when they discuss bonding energy in IS3.
HS-PS1-2 requires students to construct explanations [SEP-6] and argue from evidence [SEP-7], rather than memorize facts and trends. Students should understand the basis for trends and patterns [CCC-1] shown in Figure 6H‑4 exist, and be able to explain (cause and effect [CCC-2]) the different types of chemical reactions. Once students understand the reasons for the trends observed in the periodic table, they can subsequently predict chemical reactions of significance in both the physical and biological realm. For example, by noting that carbon is in the fourth family, students should conclude that it therefore has four valence electrons that can be shared by such elements as hydrogen and oxygen and explain the existence of hydrocarbons based upon valence electron patterns.
Figure 6H‑4. Patterns and the Periodic Table
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Students should understand the basis for trends and patterns in the periodic table, and be able to explain the types of chemical reactions and resulting bonds that occur between elements. Source: Texas A&M University, Department of Chemistry 2014.
Instructional Segment 3: Understanding Chemical Reactions (PS1.B)
According to the NGSS storyline, 

[The performance expectations in the topic] “Chemical Reactions” help students formulate an answer to the questions: “How do substances combine or change (react) to make new substances? How does one characterize and explain these reactions and make predictions about them?” Chemical reactions, including rates of reactions and energy changes, can be understood by students at this level in terms of the collisions of molecules and the rearrangements of atoms. Using this expanded knowledge of chemical reactions, students are better able to understand a variety of important biological and geophysical phenomena, from cellular metabolism to reactions that form minerals and prepared to be critical consumers of information, so that they can engage in public discussion using evidence-based argumentation not only around science-related issues but across a broad range of topics. Students are also able to apply an understanding of the process of optimization in engineering design to chemical reaction systems. The crosscutting concepts of patterns, energy and matter, and stability and change are called out as organizing concepts for these disciplinary core ideas. In these performance expectations, students are expected to demonstrate proficiency in developing and using models, using mathematical thinking, constructing explanations, and designing solutions; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013b)
	Chemistry – Instructional Segment 3: Understanding Chemical Reactions (PS1.B)

	Guiding Questions:

What holds atoms together to make molecules?

Why do some combination of elements react and others do not?

How do organisms harness energy from the chemical bonds in their food?

	Students who demonstrate understanding can:

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. [Clarification Statement: Emphasis is on the idea that a chemical reaction is a system that affects the energy change. Examples of models could include molecular-level drawings and diagrams of reactions, graphs showing the relative energies of reactants and products, and representations showing energy is conserved.] [Assessment Boundary: Assessment does not include calculating the total bond energy changes during a chemical reaction from the bond energies of reactants and products.]
HS-PS3-5 Develop and use a model of two objects interacting through electric or magnetic fields to illustrate the forces between objects and the changes in energy of the objects due to the interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and texts, such as drawings of what happens when two charges of opposite polarity are near each other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
HS-PS2-4 Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects. [Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with two objects.]



	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Engaging in Argument from Evidence 

Developing and Using Models

Using Mathematical and Computational Thinking 

Constructing Explanations

Designing Solutions
	Highlighted

Disciplinary Core Ideas

PS1.A: Structure and Properties of Matter 
	Highlighted

Crosscutting Concepts

Patterns 

Energy and Matter

Stability and Change

Cause and Effect


Students were introduced to chemical reactions in the middle grades. In particular, they learned that “substances react chemically in characteristic ways”, and that “in a chemical process, the atoms that make up the original substances are regrouped into different molecules, and these new substances have different properties from those of the reactants.” In addition, they have learned that “the total number of each type of atom is conserved, and thus the mass does not change,” and that “some chemical reactions release energy, others store energy”. (PS1.B). Students in the middle grades demonstrated their understanding by analyzing and interpreting data [SEP-4] on the properties of substances before and after the substances interact to determine if chemical reactions have occurred (MS-PS1-2), and by developing and using models [SEP-2] to describe how the total number of atoms does not change in a chemical reaction and thus mass is conserved (MS-PS1-5). 

In this Instructional Segment, students build upon this understanding and their newly acquired understanding of the properties and structure of matter (IS1 and IS2) to learn how elements combine to form new compounds, the forces that hold them together, the forces between particles and molecules, and the energy needed to break or form bonds. Students will develop a conceptual model [SEP-2] of chemical bonding, which requires a shift towards the three-dimensional learning of the CA NGSS (Table 6H‑3).

Table 6H‑3. Instructional Shifts for Chemical Bonding in the CA NGSS
	Less of…
	More of…

	Students are told, and memorize, that ionic bonds result from the transfer of electrons from one atom to another and covalent bonds from the sharing of electrons between two atoms. Students are then presented with differences in the two types of bonding. They conduct experiments to verify these differences.
	Students observe how materials behave on their own and with other substances. They recognize patterns [CCC-1] that allow them to determine that there must be two different categories of materials. They use evidence about the properties to infer the strength and properties of the bonds that hold the materials together. Eventually, they label these categories with the appropriate scientific terms of ionic and covalent bonds.


An understanding of chemical structure is foundational to understanding properties of matter, particularly those involved in chemical reactions that are key to a myriad of physical and biological processes. Energy [CCC-5] is the capacity to perform processes and is necessary to cause the motion and interaction of atoms and molecules. Once students understand atomic structure, and are able to predict simple chemical properties based upon the position of an element in the periodic table, they are ready to investigate chemical energetics. HS-PS1-4 requires students to develop models [SEP-2] that illustrate the release or absorption of energy [CCC-5] from chemical reactions. Students can use graphs, diagrams and drawings to model [SEP-2] changes in total bond energy, such as those shown in Figure 6H‑5 and use these tools to explain energy changes accompanying chemical reactions. The models in Figure 6H‑5, like many pictorial models that appear in textbooks, were drafted by scientists. The models that those scientists produced when they were students were unlikely as simple and complete as these final products, but they refined their models over the years. Revising models [SEP-2] is an integral part of the nature of science.

Figure 6H‑5. Models of Energy Changes in Chemical Reactions
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Examples of a range of graphs, diagrams and drawings developed by scientists as models of changes in total bond energy. Students develop their own mental models for energy changes in chemical reactions that they can express in pictorial models that may look like these. Sources: a, g, h, i: A Level Chemistry 2015; b, c: Birdville Independent School District 2015.
In students’ model [SEP-2] of chemical reactions, original chemical bonds are broken and new bonds form. Each of these changes affects the distribution of energy within the chemical system, so they must extend their model [SEP-2] to include these energy flows. Energy conservation [CCC-5] in chemical processes is, however, an abstract concept and must be discussed and developed with care. Students conduct investigations [SEP-3] to collect and analyze data [SEP-4] (both quantitative and descriptive observations) to discover that some reactions appear to release energy to their environment while others absorb it. In a more detailed model [SEP-2] of the energy flow, however, all chemical reactions both absorb and release energy, just in differing amounts. Chemical bonds are not tangible objects but actually the name given to a situation where two atoms are attracted together by electric forces. Chemical reactions involve separating two atoms (requiring work to overcome their attraction just like lifting a heavy load against the force of gravity) and bringing a different combination of the atoms closer together (which releases energy, much like a falling ball converts gravitational potential energy to kinetic energy as it is attracted to the Earth and moves closer to it). Whether or not a chemical reaction gives off energy overall depends on the relative magnitudes of these two energies. Chemists usually refer to the potential energy related to the relative position of two interacting atoms in a chemical bond as the ‘bond energy.’ By comparing the bond energy of the products with the bond energy of the reactants, students can construct mathematical models [SEP-2] of the energy in the system and predict whether or not energy will be absorbed or released. A simple investigation to verify this model could include dissolving salt in water where the chemical bond between sodium and chlorine is broken (requiring lots of energy). New attractions between water and the sodium and chlorine are weak, so the particles remain relatively far apart (releasing relatively little potential energy). The temperature of water goes down when salt dissolves in it. Another example is the classic set of reactions that comprise photosynthesis and respiration. The complex biochemistry of photosynthetic reactions is not necessary at this stage, but the fact that the formation of biomass from carbon dioxide and water requires energy input is an important understanding that has been stressed in earlier grades. Energy input can now can be understood in greater detail given comprehension of the energetics of chemical bonds. The equations in Figure 6H‑6 are the net result of a number of other chemical reactions along the way (the various cycles involving ATP and other intermediate molecules). The reason these other reactions are required is because of the energy required to break bonds of the reactants apart (often called the activation energy, which some models in Figure 6H‑5 depict as a temporary increase in energy during the chemical reaction). The intermediate stages involve certain proteins encoded by DNA to re-orient the molecules and reduce the activation energy. 

Figure 6H‑6. Developmental Progression of Models of Energy in Chemical Reactions
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 Students can revise their models and make them more detailed over time. In the middle grades, students use simplified equations for photosynthesis and aerobic respiration as a model of energy in chemical reactions (left; note that middle grades students are not assessed on balancing chemical equations). An introductory high school model of energy changes during these chemical reactions includes details about bonding energy (middle). A more advanced model that integrates core ideas from life science shows a series of intermediate chemical reactions inside cells each with a smaller activation energy (right). Source: CC BY-NC-SA by M. d’Alessio.
High School Chemistry Snapshot: Chemical Energetics
Both CA NGSS and the Common Core State Standards in Mathematics include the practice of developing and using models [SEP-2]. CCSS math practice-4 (MP-4) states that high school students should be able to identify important quantities in a practical situation and map their relationships using such tools as diagrams, two-way tables, graphs, flowcharts and formulas. Having taught for a number of years, Mr. S realizes that his chemistry students often memorize diagrams and charts presented in the textbook without being able to apply these models to solving problems or explaining [SEP-6] the complex phenomena that they represent.

Mr. S develops a two-day lesson about modeling the energy in chemical bonds (HS-PS1-4) as part of a larger instructional segment on chemical reactions. At the beginning of class, Mr. S distributes reusable hot and cold packs, used to treat sports injuries, and instructs his students to flex the bags, feel the change in temperature, measure the temperature change using infrared thermometers obtained from the local building supply store, and record these change in a collaborative online database. Despite variations in individual recordings among classmates, students notice similar patterns [CCC-1] in the temperature gains or losses for the hot and cold packs.

CCSS-ELA/Literacy standard L.11-12.4b requires students to apply knowledge of Greek, Latin, and Anglo-Saxon roots and affixes to draw inferences concerning the meaning of scientific and mathematical terminology. Mr. H. writes the words “endothermic” and “exothermic” on the board and asks students to enter as many words as they can know or can find that use the roots: end-, ex- and therm- into an online form. Within a couple of minutes, the collaborative cloud-based list has grown to several dozen words, including: exit, extinct, exotic, exoskeleton, exocrine, extraterrestrial, endemic, endocrine, endosperm; and thermometer, thermistor, thermophilic, thermoregulation. Mr. S then prompts his students to predict the meaning of these roots based upon the meanings shared by the words that contain them. Mr. S monitors their predictions as they enter them in an online input form and calls upon students whose digital responses demonstrate understanding and who have not shared with the class recently. He asks these students to explain the meanings of these roots and predict the meanings of the words “endothermic” and “exothermic”. After clarifying that endothermic means “absorbing heat”, while exothermic means “releasing heat”, Mr. S asks students to identify the hot and cold pack reactions as being either endothermic or exothermic, and once again assesses their responses from the online form.. 

Confident that his students have an intuitive understanding of exothermic and endothermic reactions as well as the vocabulary to describe these reactions, Mr. S projects a slide comparing several different annotated graphs (Figure 6H‑5) and says, “Different people drew these diagrams to describe chemical reactions. What patterns [CCC-1] do you observe? Submit your thoughts to our online form.” Scanning student responses, Mr. S formatively assesses the ability of his class to observe salient patterns, and notices that the majority have noted that multiple drawings include one or more of the following features: two axes, time/progress axis, energy/enthalpy axis, changing molecular models, changing chemical formulas, changing energy values, and/or arrows indicating that energy is absorbed or released. Mr. S then selects Isabella, a student who has not had an opportunity to share in the last few days, to explain her observations. Isabella is confident that she has something significant to share, because she knows that Mr. S pre-screens student responses in the cloud and only calls on students who have demonstrated that they have something worthy of sharing. Isabella comments on the similarities and differences between the diagrams and explains that the model in the upper left may represent the heat pack while one next to it may represent the cold pack. Mr. S asks her to provide evidence to support her argument [SEP-7], which she does. Mr. S then asks other students to share their observations and concludes by emphasizing that there are multiple ways to model or represent natural phenomena, and that each has its strengths and weaknesses. He then emphasizes that some models are better at explaining or predicting phenomena than others, and that we should strive to improve our models [SEP-2] of the natural world to better explain the complex processes they represent. 

Mr. S emphasizes the idea that a chemical reaction affects the energy change of a system and can be modeled [SEP-2] with molecular-level drawings and diagrams of reactions, graphs showing the relative energies of reactants and products, and representations showing energy is conserved (also represented in Figure 6H‑5). After explaining each model, Mr. S assigns as homework an online quiz that assesses student understanding of each type of model. 

On day-2, students plan and conduct investigations [SEP-3] using probes and computer probeware to continuously monitor the temperature change accompanying the following reactions:

(1)  CaO(s) + H2O(l) -→ Ca(OH)2(s)    (lime + water)

(2) NH4NO3(s) +  H2O (l) → NH4+(aq) + NO3-(aq)  (ionization of ammonium nitrate, a fertilizer)

(3) HCl(dilute) + NaOH(dilute) → H2O + NaCl  (neutralization) 

(4) NaCl + H2O → Na+(aq)  + Cl-(aq)  (dissolving table salt)

(5) CaCl2 + H2O → Ca+ (aq) +2Cl-(aq) (de-icing roads)

(6) NaHCO3(s) + HCl(aq) →H2O(l) + CO2(g) + NaCl(aq)  (neutralization)

(7) CH3COOH(aq)+NaHCO3(s) →CH3COONa(aq)+H2O(l)+CO2(g)  (baking soda & vinegar)

(8) C12H22O11 + H2O (in 0.5M HCl) → C6H12O6 (glucose) + C6H12O6 (fructose)  (decomposing table sugar)

(9) KCl + H2O → K+(aq)  + Cl-(aq)  (dissolving potassium chloride)

(10) NaCl + CH3COOH(aq) → Na+(aq)  + CH3COO- + HCl (preparing HCl to clean tarnished metals)

Students take screen captures of the temperature plots, classify each reaction as endothermic or exothermic, and represent it using two or more of the model-types shown in Figure 6H‑5, or an additional model type that they develop on their own. When writing their lab reports, students apply scientific principles and evidence to construct explanations [SEP-6] for the thermal changes [CCC-7] that they have observed in each reaction. 

Most of students’ observations of bonding energy were at the macroscopic scale, though their model of chemical bonds themselves includes an understanding of the role of charges and attractions at the atomic scale [CCC-3]. Students performed investigations into bulk properties in IS1 and IS2 (HS-PS1-3), now they can explain [SEP-6] these differences in terms of chemical bonds. When considering ionic bonds, this model includes attractions between charged particles related to Coulomb’s Law, which is assessed in the High School Physics course (HS-PS2-4 and HS-PS3-5). Students will learn how the nucleus of one atom has enough attractive force to pull one, two, or three electrons away from nuclei that does not have the same attractive force on its own electrons. By applying the principles of electrostatic attraction, students should be able to predict that the resulting cations and anions will be attracted to each other and form ionic bonds. However, if either ion feels a stronger attraction to a different particle, then the existing bond is easily broken. Knowing that when salt dissolves in water, its bonds are broken, what can students infer about the charge of water molecules? 

Materials with high boiling points are more likely to be bonded together more stably than materials with lower boiling points. As two non-metals come very close to one another, the respective orbitals of the atoms overlap, trapping two electrons in the energy field, creating the covalent bond (HS-PS3-5). Differences in how these ionic and covalent bonds are created (Figure 6H‑7) are often overlooked, resulting in oversimplified definitions. To properly explain [SEP-6] the link between bulk effects and microscopic causes [CCC-2] (HS-PS1-3), students must develop robust models of how these bonds form.

Once students have a much more detailed microscopic model of chemical bonds, they can consider bonding energy again in terms of electromagnetic potentials and Coulomb’s Law (HS-PS2-4). They can also investigate [SEP-3] other forms of attraction such as polar attractions and intermolecular forces. The clarification statement of HS-PS1-3 specifies that students do not need to refer to these attractions by name, but they should be able to investigate properties like surface tension and viscosity and provide a model-based explanation of how these properties relate to microscopic electromagnetic attractions.
Figure 6H‑7. Covalent, Polar Covalent, and Ionic Bonding
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Students should be able to develop and explain models of covalent, polar covalent, and ionic bonding. Source: Principles of General Chemistry 2012.

Instructional Segment 4: Modifying Chemical Reactions (PS1.B)
In the middle grades, students developed models to predict and describe changes in particle motion, temperature, and state of a pure substance when thermal energy is added or removed (MS-PS1-4). Building upon this understanding and what they have just learned about chemical reactions in IS3, students are prepared to investigate factors that influence and modify chemical reactions.

	Chemistry – Instructional Segment 4: Modifying Chemical Reactions (PS1.B)

	Guiding Questions:

How can we alter chemical equilibrium and reaction rates?

How can we predict the relative quantities of products in a chemical reaction?

	Students who demonstrate understanding can:

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. [Clarification Statement: Emphasis is on student reasoning that focuses on the number and energy of collisions between molecules.] [Assessment Boundary: Assessment is limited to simple reactions in which there are only two reactants; evidence from temperature, concentration, and rate data; and qualitative relationships between rate and temperature.] 
HS-PS1-6 Refine the design of a chemical system by specifying a change in conditions that would produce increased amounts of products at equilibrium.* [Clarification Statement: Emphasis is on the application of Le Chatelier’s Principle and on refining designs of chemical reaction systems, including descriptions of the connection between changes made at the macroscopic level and what happens at the molecular level. Examples of designs could include different ways to increase product formation including adding reactants or removing products.] [Assessment Boundary: Assessment is limited to specifying the change in only one variable at a time. Assessment does not include calculating equilibrium constants and concentrations.]

HS-ETS1-2 Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering.

HS-PS1-7 Use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using mathematical ideas to communicate the proportional relationships between masses of atoms in the reactants and the products, and the translation of these relationships to the macroscopic scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on assessing students’ use of mathematical thinking and not on memorization and rote application of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex chemical reactions.] 
*The performance expectations marked with an asterisk integrate traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Engaging in Argument from Evidence 

Developing and Using Models

Using Mathematical and Computational Thinking 

Constructing Explanations

Designing Solutions
	Highlighted

Disciplinary Core Ideas

PS1.B: Chemical Reactions

ETS1.C: Optimizing the Design Solution  
	Highlighted

Crosscutting Concepts

Stability and Change

Patterns 

Energy and Matter

Cause and Effect

	Highlighted California Environmental Principles & Concepts:

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.


In this Instructional Segment students expand their model [SEP-2] of chemical reactions as processes where these bonds are broken apart, typically because two or more molecules collide, and the atoms are rearranged, resulting in molecules with new properties. Students will find different ways to express cycles of matter [CCC-5] within chemical systems [CCC-4]. Matter is conserved in that the same set of atoms is present in the final state (product) as was there in the initial state (reactant). By the completion of this Instructional Segment, students are able to use stoichiometric principles as evidence of, and examples of, the conservation of matter. Students must be able to explain the relationship between the mathematics of chemical equations and the conservation of matter.

This Instructional Segment on chemical reactions emphasizes the crosscutting concepts of stability and change [CCC-7]. Stability [CCC-7] refers to the condition in which certain parameters in a system remain relatively constant, even as other parameters change. Dynamic equilibrium is an example of stability in which reactions in one direction are equal and opposite to those in the reverse direction, so although changes are occurring, the overall system remains stable. Dynamic equilibrium illustrates the principle of stability in an environment undergoing constant change. If, however, the inputs are sufficiently altered, a state of disequilibrium may result, causing significant changes in the outputs. Performance Expectation HS-PS1-5 requires students to create a scientific explanation [SEP-6] about cause and effect [CCC-2] by applying “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”. After studying basic principles of chemical kinetics, students are prepared to investigate the response of reaction rates to varying temperatures and concentrations of reactants. For example, students can mix baking soda (sodium hydrogen carbonate, NaHCO3) and vinegar (acetic acid, CH3COOH) in sealed sandwich bags and gauge the speed and degree of reaction by the rate and amount of CO2 gas produced as indicated by the swelling of the bag: NaHCO3 (aq) + CH3COOH (aq) ( CO2 (g) + H2O (l) + CH3COONa (aq). Students can investigate [SEP-3] the role of the quantity of molecular collisions by repeating the activity with differing concentrations of vinegar. They can then investigate [SEP-3] the role of temperature by warming or cooling the reactants while keeping their concentrations constant. By observing the swelling of the bags in response to varying temperatures and concentrations, students should discover that those factors that increase the number and energy of molecular collisions (increased concentration and temperature of reactants) result in increased reaction rates. Combining a conceptual model with experimental evidence, students can thus provide reasoned explanations [SEP-6] for factors influencing chemical reaction rates.
Once students understand the effect of changing the concentration of reactants and products on reaction rates, they are ready to apply their understanding to novel situations. Performance expectation HS-PS1-6 requires students to “refine the design of a chemical system by specifying a change in conditions that would produce increased amounts of products at equilibrium”. By applying Le Chatlier’s principle, students can predict ways to increase the amount of product in a chemical reaction. In order to “refine the design of a chemical system”, students must first be able to measure output and then test the effectiveness of changing the temperature and relative concentrations of reactants and products. For example, gas pressure is reduced and heat is given out when hydrogen and nitrogen combine to form ammonia (Figure 6H‑8). According to Le Chatlier’s principle, the reaction can proceed to produce more ammonia by increasing the pressure and/or by dropping the temperature. Conversely, more ammonia will decompose into hydrogen and nitrogen by lowering the pressure and/or raising the temperature.

Figure 6H‑8. Le Chatlier’s Principle
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Students should be able to apply Le Chatlier's principle to predict ways to increase the product of a chemical reaction. Source: The Worlds of David Darling 2015.
As students tackle HS-PS1-6, they must invoke the engineering strategies specified in HS-ETS1-2 in which they are required to “design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems”. For example, students might be challenged to increase the amount of precipitated table salt in solution [NaCl(s) ↔ Na+(aq) + Cl–(aq)] without adding more salt. By experimenting with the addition of other sodium salts, students may discover that an increase in free sodium ions shifts the reaction in favor of the precipitate. To optimize the production of sodium, students may also experiment with changes in temperature, discovering that decreases in temperature favor the production of precipitate. In doing such investigations, students are applying the engineering skill of optimization as they refine their design to increase productivity. 

The first two PEs in this Instructional Segment deal with chemical kinetics, the study of the rates of chemical processes. Chemical kinetics investigates how the speed and yield of chemical reactions can be influenced by different conditions. The final performance expectation in this Instructional Segment requires students to “use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical reaction” (HS-PS1-7). The most obvious way to accomplish this performance objective is by understanding and applying the basic principles of stoichiometry through laboratory investigations, problem solving, and reinforcement with apps and programs. The word “stoichiometry” derives from two Greek words: stoicheion (meaning "element") and metron (meaning "measure"). Stoichiometry is based upon the law of the conservation of mass and deals with calculations about the masses of reactants and products involved in a chemical reaction. 

The law of definite proportions, sometimes called Proust's Law, states that a chemical compound always contains exactly the same proportion of elements by mass. An equivalent statement is the law of constant composition, which states that all samples of a given chemical compound have the same elemental composition by mass. Students must learn that compounds appear in whole-number ratios of elements and that chemical reactions result in the rearrangement of these elements into other whole-number ratios. Students can develop a deeper understanding of the principles involved in HS-PS1-7 by massing and comparing the reactants and products of simple chemical reactions. For example, if students dehydrate copper sulfate pentahydrate (CuSO4.5H2O) into the anhydrous salt (CuSO4) by heating, they will find that the ratio of the mass of the resulting copper sulfate (dry mass) to water (the mass lost in dehydration) is always the same, regardless of how much copper sulfate pentahydrate is used. Students can infer that because the ratio of the component molecules in such a dehydration reaction remains constant, then the ratio of component elements must also remain constant. By applying mathematical thinking [SEP-5], students learn to balance chemical reactions and predict relative quantities of products. 

High School Chemistry Vignette: Chemical Equilibrium
	Performance Expectations

	Students who demonstrate understanding can:

HS-PS1-6 Refine the design of a chemical system by specifying a change in conditions that would produce increased amounts of products at equilibrium.* [Clarification Statement: Emphasis is on the application of Le Chatelier’s Principle and on refining designs of chemical reaction systems, including descriptions of the connection between changes made at the macroscopic level and what happens at the molecular level. Examples of designs could include different ways to increase product formation including adding reactants or removing products.] [Assessment Boundary: Assessment is limited to specifying the change in only one variable at a time. Assessment does not include calculating equilibrium constants and concentrations.]

HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 

HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 

HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts. 

*The performance expectations marked with an asterisk integrate traditional science content with engineering through a practice or disciplinary core idea.


	Highlighted

Science and Engineering Practices

Constructing Explanations and Designing Solutions
Developing and using models


	Highlighted

Disciplinary Core Ideas

PS1.B: Chemical Reactions

ETS1.A: Defining and Delimiting Engineering Problems
ETS1.B: Developing Possible

Solutions

ETS1.C: Optimizing the Design Solution


	Highlighted

Crosscutting Concepts

Stability and Change

Systems and System Models


	Highlighted California Environmental Principles & Concepts:

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.


Introduction
Understanding chemical reactions prepares students to do more than just predict what will form in the bottom of a test tube. This vignette introduces a story about the role of chemistry in modern agriculture and the goal to eradicate global hunger. Students examine chemical reactions in synthetic fertilizers and ask questions about how they can be produced more efficiently. They play the part of chemical engineers, refining the chemical system so that it produces the most reaction products for the least reactants. 
Length and position in course – This vignette illustrates a sample seven-day learning within a larger curricular Instructional Segment on chemical reactions. Prior to this learning event, students have addressed questions such as, “How can you alter reaction rates?” and “How can you predict the relative quantities of products in a chemical reaction?” 
5E Lesson Design – This sequence is based on an iterative 5E model. See the Instructional Strategies chapter for tips on implementing 5E lessons.
	Day 1: Questioning a Discrepant Event
Students observe a flask of clear liquid turn blue when shaken and ask questions about what happened. 
	Day 2: Exploring a System in Equilibrium
Students create a physical model of a chemical system in dynamic equilibrium by pouring water back and forth between two containers.
	Day 3-4: Equilibrium at the Atomic Level 
Students explain equilibrium in chemical reactions by combining evidence from their physical model and a computer simulation that makes the atomic scale visible. They assess their mental model through an online video tutorial.

	Day 5: Chemical Engineering and Modern Agriculture  
Students obtain and evaluate information about world hunger, how synthetic fertilizers have helped increase agricultural productivity, the essential chemical reactions that enable fertilizers to work, and the possible environmental impacts of fertilizer use.
	Days 6-7: Altering Equilibrium
Students complete a chemical engineering design challenge where they must find a way to disrupt different chemical systems that are in equilibrium and alter them so that they increase the concentration of products. 
	Day 8: Explaining Results
Students explain how they achieved their design goals and then communicate their findings to their peers. Upon reviewing one another’s findings, students refine their chemical systems to see if they can improve the yield of products further.


Day 1 – Questioning a Discrepant Event (Engage)
Mr. S designs a series of quick, introductory activities that will pique their curiosity and help them connect prior knowledge to new learning. Knowing that his students are fascinated with illusions and tricks, Mr. S prepares a “magic” trick that will leave his students asking, “How did he do that?”  Mr. S selects an activity that he refers to as “Feeling Blue”, a discrepant event that generates unexpected results and engenders a “need to know” among his students. Mr. S presents a flask with a clear liquid, and asks his students to write down everything that they observe. He then swirls the flask for fifteen seconds, and the flask “magically” turns blue!  The students are already starting to ask questions, when they notice that the color quickly disappears!  He then asks a student to come up and see if they can repeat the “magic”. Once again, the color turns a vivid blue with swirling and clear upon standing. Additional student volunteers come forward and swirl the flask, but each time the color change is less dramatic than before. 

The students are now begging Mr. S to explain the trick, and he simply asks, “What did you observe?  What might this indicate? What did we learn in the previous Instructional Segment?”  Emma raises her hand and says, “Doesn’t color change generally indicate that a chemical reaction has taken place?  But no one added any chemicals to the flask!” to which Jackson replies, “But there are chemicals in the air, and maybe one of them is reacting with something in the liquid”. Lamarr then says, “Yeah, but what causes the color to disappear after the swirling stops and the flask is left to sit still?” Rather than answering their questions directly, Mr. S employs Socratic questioning to stimulate critical thinking and illuminate ideas. Mr. S asks his students to pull out their mobile devices and respond to these questions, interspersed with further discussion and prompts: “What are five indications of a chemical reaction?  What is a chemical indicator?  When have we used chemical indicators in the past?  What chemicals are in the air?  Which one is the most reactive?  Is there any evidence that this might be a redox reaction?  Are all reactions reversible?  What might cause this reaction to reverse upon standing?”

Students enter their responses into a collaborative online spreadsheet that Mr. S monitors. Mr. S scans the answers to look for ideas that demonstrate understanding of the chemical processes involved. He calls on specific students to explain their ideas and engages as many students as possible, including students generally reluctant to raise their hands. This process affirms the reasoning and ideas of his students and ensures full engagement in the lesson.

Mr. S introduces LeChâtelier’s Principle, or the Equilibrium Law: When a system at equilibrium is subjected to a change in concentration, pressure, volume, or temperature, then the system readjusts itself to counteract the effect of the applied change until a new equilibrium is established. He confirms student hypotheses that the addition of oxygen upon swirling disrupts equilibrium in the liquid, causing the reaction to proceed to the blue state, and then once again asks students to enter a response with their mobile devices to his question “What might cause the color to disappear?”  As he assesses student responses on his computer, Mr. S notes that eighty percent of his students have figured out that the lack of free oxygen in the liquid upon standing must create another stress which favors the reverse reaction, causing the chemical reaction to shift in the direction of the clear reactants.
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Sources: Herr and Cunningham 1999, 416.

Recognizing that his students are progressing well in the construction of their models [SEP-2] of this chemical system, Mr. S discusses the phenomenon and its implications. He explains that the solution was prepared by adding 8 g of potassium hydroxide (KOH) to 300 mL of water in a flask, and then cooled prior to the addition of 10 g of glucose and 2 drops of methylene blue indicator. To connect to their prior understanding of acids and bases, Mr. S asks them to indicate if the solution he has described will be basic or acidic?  Once again he scans student inputs and notices that more than ninety percent remember that hydroxides create basic environments. He then explains that in a basic environment, glucose (represented here as RH), is ionized to the R- anion, which then reacts to reduce methylene blue to the colorless state, 
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When the flask is shaken, oxygen in the air oxidizes methylene blue, turning it blue.
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If the flask is allowed to rest on a table, equilibrium is reached and the flask remains colorless. When the flask is shaken, oxygen from the atmosphere dissolves into the solution, disrupting equilibrium. LeChâtelier's Principle states that if any of the factors determining equilibrium is changed, the system will adjust so that the change is minimized. Thus, as oxygen levels rise as a result of shaking, methylene blue is again oxidized and the blue color returns, but as oxygen levels fall with time upon standing, the reduction reaction prevails and the solution returns to its colorless equilibrium state. Students are reminded of safety precautions and provided materials to test the reaction on their own.
Day 2 – Day 2: Exploring a System in Equilibrium (Explore)
During the “explore-phase” of a 5E lesson sequence, students develop concepts, processes, and skills through exploration and manipulation. To help students conceptualize the invisible molecular processes required to reach chemical equilibrium, Mr. S provides an analogous tangible activity in which students manipulate variables to observe how they affect a physical equilibrium. Students are provided with two 1000 mL containers as well as one 50 mL and one 100 mL beaker. Seven hundred mL of water is placed in container-A, but none in container-B. Food coloring is added to the water to increase visibility. Students record the volumes in both beakers at “exchange zero”. They then use the 100 mL beaker to transfer water from container-A to container-B, while simultaneously using the 50 mL beaker to transfer water from container-B to container-A, while keeping both containers flat on the table. An “exchange” is defined as one transfer from A to B accompanied by a simultaneous transfer from B to A. Students repeat the process, recording the volumes following each exchange. 
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Students explore dynamic equilibrium using a kinesthetic, physical model in which the opposing transfers of liquid between beakers represent forward and reverse chemical reactions. Source: Mrsbuskey 2009.

The exchange process is halted once the levels in the containers do not change noticeably for five or more exchanges, and students subsequently plot their data using online spreadsheets. Mr. S explains that a dynamic physical equilibrium has been reached when the levels no longer change, and that this activity is analogous to chemical equilibrium. Students are then asked to explain the analogy in an online form. Mr. S assesses their understanding and confirms that the water level in container-A indeed represents the concentration of reactants, while the water level in container-B represents the concentration of products, and that the water level in the 100 mL beaker represents the rate of the forward reaction while the water level in the 50 mL beaker represents the rate of the reverse reaction, and that the final water levels in containers-A and B represent the concentrations of reactants and products once dynamic equilibrium has been reached. This activity encourages students to develop and use models [SEP-2] as well as to apply the crosscutting concept of systems and system models [SEP-4]. 
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Students share their data using an online form that inputs data into a collaborative spreadsheet. The data is instantly averaged and plotted and is accessible to all students for analysis and discussion. Source: Prepared by author with Google Sheets.

Mr. S asks his students to predict what the final water levels in the containers will be, given specific ratios of water in the containers at “exchange zero”. Each lab group is assigned a different ratio of water in the “reactants” container to water in the “products” container, and asked to measure the water levels once dynamic equilibrium is reached. Students report their values in a collaborative online database, which they reference when writing a lab report explaining class results for all starting ratios. Many students are surprised to find that equilibrium levels are the same, regardless of the starting water levels in the “reactants” and “products” containers. By the end of this activity, students have developed a tangible system model [SEP-2] to explain chemical equilibrium. In their model [SEP-2], dynamic equilibrium is dependent upon the size of the transfer beakers, not on the initial water levels in the containers. Student models explain that water levels in the transfer beakers are analogous to forward and reverse chemical reaction rates, and that equilibrium levels of water in the containers are analogous to equilibrium concentrations of reactants and products. 

Mr. S finds that this activity is helpful in dispelling a number of misconceptions concerning equilibrium. Students often hold the misconception that “equilibrium” means “equal concentrations of reactants and products”. As students examine the equilibrium conditions, they note that although the water levels in container-A and container B are not changing, the amount of water in both containers at equilibrium is different, and by analogy, the concentrations of reactants and products in a chemical reaction may be quite different from each other once chemical equilibrium has been reached. This activity is also helpful in dispelling misconceptions regarding the directionality of reactions. Chemical equations in textbooks and handouts are often written with one right-pointing single-tipped arrow, creating the impression that reactions proceed only in that direction. This activity illuminates this misconception, as students realize that the equilibrium state can be approached from either direction. In addition, many students hold the misconception that chemical reactions cease once equilibrium has been reached. In this activity, they note that although equilibrium has been reached, liquid continues to flow from container-A to container-B, and from container-B to container-A, and by inference realize that invisible molecular reactions continue even though equilibrium has been reached. At this point, Mr. S explains that “dynamic” equilibrium implies that there is no net change in reactants and products, not that reactions have ceased. 

Mr. S then asks his students, “What will happen if we add 200 mL of water to container-B once dynamic equilibrium has been reached, and continue with the exchanges?”  Students engage in a think-pair-share activity (a collaborative learning strategy in which students individually think about the question before sharing their ideas with their classmates). Once students have explained the rationale for their predictions, Mr. S asks them to resume the activity, adding 200 mL of water to container-B while continuing to make exchanges and record water levels. In the process, students notice that the addition of 200 mL to container-B results in a subsequent rise in the water level in container-A, providing a nice segue to LeChâtelier’s Principle:  When a system at equilibrium is subjected to a change in concentration, pressure, volume, or temperature, then the system readjusts itself to counteract the effect of the applied change until a new equilibrium is established. Thus, a change in the water level in container-B, (representing the concentration of the products), causes a readjustment in the system such that there is a net movement of water from container-B to container-A (representing the dominance of the reverse reaction relative to the forward reaction) until dynamic equilibrium is re-established. 

Days 3-4 – Equilibrium at the Atomic Level (Explain)

Over the next two days, students will develop mental models and use them to explain the phenomena they just explored. The explain stage in 5E lesson design mirrors constructing explanations [SEP-6] because the learners themselves should be constructing the explanation, not having the teacher explain things to them.  

Students will, however need some common vocabulary to discuss the phenomena they just explored. To assist language learners, Mr. S introduces the prefixes, roots and suffixes embedded in key terms, such as dynamic, equilibrium, transfer, exchange, reaction, molecule, reactant, and product. To encourage transfer, Mr. S instructs his students to provide terms from everyday English that contain these prefixes, roots, and suffixes. Mr. S has found that this activity not only assists English language learners in acquiring academic language, but it also benefits native speakers as they learn to analyze structure and see patterns in both scientific and everyday vocabulary.
Students gain further understanding of equilibrium and LeChâtelier’s Principle through online simulations of chemical systems. Students change variables (concentration of reactants, concentration of products, temperature, pressure) one at a time and record changes in the equilibrium conditions. They can directly test out and refine their mental model [SEP-2] of LeChâtelier’s Principle. Students enter their observations into an online collaborative database and write a lab report in which they explain their findings using data collected in the simulator by the entire class. Mr. S assesses student understanding by posing a variety of ‘what if’ scenarios and asks students to predict the outcomes using their mental models instead of the simulator. As they discuss each scenario with partners, they articulate features of their models and learn from one another.
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To understand how stresses affect equilibrium, students change one variable at a time in online simulations, and record and analyze results. Source: PHET Interactive Simulations 2015.

To help students convert their mental model to a conceptual model based on chemical equations, Mr. S develops a “zaption” (http://zaption.com), adding images, text, and quizzes to an exemplary online video concerning LeChâtelier’s Principle. During playback, the video pauses, requiring student responses to teacher prompts. The “zaption” records student inputs to each prompt before proceeding, providing accountability and ensuring that the video is truly an interactive learning experience. Mr. S reviews overall class performance on the embedded questions to isolate common areas that need further discussion.
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Homework includes an annotated video that tracks student understanding of concepts, providing Mr. S with formative assessment data that he will use to adjust instruction to meet student needs. Sources: Bozeman Science 2014; Zaption 2015.

Day5 – Chemical Engineering and Modern Agriculture (Extend, Elaborate)
Before introducing a chemical engineering design challenge, Mr. S introduces the complex real-world problem of feeding the world’s growing population, and then shows how chemistry can help through nitrogen fixation. Using multimedia, lecture, and discussion, Mr. S presents the following information. According to the United Nations Food and Agriculture Organization (2012), more than 800 million people suffer from chronic undernourishment, mostly in developing countries.  
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Source: Food and Agriculture Organization of the United Nations 2012.
Although the reasons for world hunger and undernourishment are complex, one thing is clear, if it were not for agricultural chemistry, the situation would be much worse. Chemistry has revolutionized agriculture and enabled yields far greater than anyone could have imagined a century ago. Of all of the advances in agricultural chemistry, none is as significant as the Haber process for making ammonia. Plants require nitrogen to synthesize proteins, grow, and produce fruit, and although 78% of the Earth’s atmosphere is made of nitrogen, it is not in a form that plants can use. Nitrogen is a fundamental part of chlorophyll, and when leaves contain sufficient nitrogen, photosynthesis can proceed at high rates. Plant growth and crop productivity are greatly enhanced when additional nitrogen is provided in the form of ammonium nitrate, ammonium sulfate, or other nitrogen-rich compounds. The question is, “how does one fix atmospheric nitrogen into a form that can be used by plants?”  Prior to Haber, chemists had established the following equation for the synthesis of ammonia from atmospheric nitrogen:

N2(g) + 3 H2(g) → 2 NH3(g)       ΔH = –92 kJ/mol

Although this reaction was well known, yields of ammonia were very small. Determined to increase yields, Fritz Haber began to study this reaction in great detail, employing LeChâtelier’s Principle to shift the reaction towards the right. Looking at the equation, one will note that there are twice as many molecules of gas on the left side as on the right side. Thus, pressure decreases when proceeding from left to right. LeChâtelier’s Principle suggests that high pressure will force the reaction to the right so as to relieve the applied “stress”. Haber noted that this is an exothermic reaction, as indicated by the 92 kilojoules per mole that are given off (ΔH = –92 kJ/mol), and by applying LeChâtelier’s principle, he determined that yield could be increased if carried out at low temperatures. Applying LeChâtelier’s Principle once more, Haber reasoned that a removal of the product (NH3, ammonia) would shift the reaction towards greater yield. Since the condensation temperature of ammonia is higher than that of nitrogen or hydrogen, Haber was able to increase yields by cooling the reaction mixture until ammonia liquefied and could be removed from the reaction apparatus. Haber also developed an iron-based catalyst to speed the reaction. Eventually, Haber achieved very high yields of ammonia by creating conditions of high pressure and low temperature, accompanied by a catalyst and continuous removal of ammonia. The Haber process of nitrogen fixation revolutionized the production of nitrogen-based fertilizers, providing increased crop yields worldwide. It has been estimated that a third of the earth's 7+ billion people are fed thanks to the Haber process (Smil 1997). 
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An analysis of the Haber process of nitrogen fixation provides students the opportunity to make connections between chemistry, chemical engineering, societal needs and history. Source: Quarkology 2012.

While fertilizers are extremely useful, students obtain and evaluate information [SEP-8] about some of the negative effects [CCC-2] fertilizer use can have on ecosystems in California (CA EP&C II, IV). Could they design a system that minimizes the amount of fertilizer that washes away into nearby streams? Are certain fertilizers less soluble in water than others?

Days 6-7 – Altering Equilibrium (Extend, Elaborate)

Students apply their model of chemical equilibrium and LeChâtelier’s Principle to a chemical engineering design problem where they must manipulate a chemical system so that it produces more products at equilibrium (HS-PS1-6). 
Students begin with an online tutorial where the must explain how they can change pressure, temperature, reactant concentrations and product concentrations to increase the yield of the products in equations below:
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Students apply what they have learned to predict how yields of various reactions may be increased by adjusting pressure, temperature, reactant concentration and product concentration. Source: Public domain data on heats of reaction.

Satisfied with the results of the online work, Mr. S introduces students to a series of chemical reactions and challenges them to predict how to use temperature, pressure, acids, bases, or other salts or ions to disturb the equilibrium to increase product yield. After completing a safety quiz and acquiring safety goggles, lab coats and gloves, students are provided with a series of six test tubes containing solutions at equilibrium. In each case, students must examine the chemical reaction and determine how the reaction may be shifted towards the products. Students are provided with indicators (phenolphthalein, methyl orange) to determine pH, syringes for increasing or decreasing pressure, acids and bases for adjusting pH, hot plates and ice for changing temperatures, and supplemental chemicals to adjust ion concentrations. Students are encouraged to label all test tubes and containers, and to take photographs of each reaction so that they can review and analyze reactions in greater details. Students must write their predictions in their online lab reports, and upload movies (or before and after photographs) of color changes as evidence.

Na+(aq)+HCO3-(aq) ( Na+(aq) + OH-(aq)+CO2(g)     (indicator: phenolphthalein)
NH3(aq)+H2O(l) ( NH4(aq)+OH-(aq)   (indicator: phenolphthalein)
CH3COOH(aq)+ H2O(l) (  H3O+(aq) + CH3COO- (aq)    (indicator: methyl orange)
Co2+(aq) [pink] + 4Cl- +heat (aq) ( CoCl42- (aq) [blue]    

Cu2+(aq)[blue]+ 4Br-(aq) ( CuBr42-(aq) [yellow]

Fe3+(aq) [yellow] + SCN-(aq) (FeSCN2+ (aq) [red]

Day 8 ​– Explaining Results (Evaluate)

During the evaluation phase, learners assess their results and communicate their findings. Mr. S asks students to construct an argument from evidence [SEP-7] that they successfully shifted their chemical reaction to produce more products. Each group presents one chemical system that they are particularly excited about. The first group describes their modification to the first chemical system. They cite the appearance of pink, or an increased intensity in pink color as evidence that they have achieved success, since the hydroxide ion in the product (OH-) turns phenolphthalein pink. The group presenting the fourth equation cites a shift from pink or purple to blue to indicate success in producing more CoCl42-. After reviewing their findings, students must explain how they can improve their yields or produce the same yield with a smaller disturbance. For example, groups that added acid to their compound might be worried about the environmental impact of adding acid to the system (CA EP&C IV) and try to see if they can produce the same result with a temperature change. Comparing these possible interventions and thinking about which would be easier to implement in different conditions is one way to meet HS-ETS1-3. Students then proceed to test their different hypotheses, recording results with their cameras as before. Working within the constraints of resource availability and time, students present their final results in an online lab report that is shared with their class. This process of refining their chemical system is also a chance for students to reflect on their own learning and growth in understanding, recording summarizing thoughts in digital blog posts about the experience.

Vignette Debrief

This activity illustrates 3-D learning as students address performance expectation HS-PS1-6 to illustrate understanding of the disciplinary core ideas related to chemical equilibrium (PS1.B). In addition, students address all three Engineering, Technology, and applications of Science (ETS) DCIs. They define and delimit the engineering problem (ETS1.A) while working towards criteria and within constraints. They develop possible solutions (ETS1.B) and share their findings with the class through online lab reports. Finally, students optimize their design solutions (ETS1.C) using evidence obtained from their experiments.
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As students proceed through this learning event, they engage in all aspects of the NGSS engineering cycle. Source: NGSS Lead States 2013a.

As students proceed through the engineering cycle in this activity, they employ most of the NGSS science and engineering practices. First they define the problem [SEP-1]: to design a chemical system that will result in the greatest yields at equilibrium given the constraints of the resources provided and the time allotted. Next, they develop and employ models [SEP-2] as they apply LeChâtelier’s Principle first to the physical model on Day 2 and then to chemical equations. They then plan and carry out investigations [SEP-3] to determine success as measured by predicted color changes. They then analyze and interpret data [SEP-4] to determine factors related to increased yield. Using this data, they construct explanations and design improved solutions [SEP-6] and engage in arguments from evidence [SEP-7] to defend their new chemical systems. Throughout the activity, students obtain and evaluate [SEP-8] data, and communicate [SEP-8] their findings by posting in their online lab reports.

Students pay particular attention to the interaction between different chemical species in a chemical systems [CCC-4]. They evaluate the system’s stability and response to change [SEP-7] as they design environments that disturb equilibrium to increase product yield. After evaluating such data, students defend their redesigns by providing arguments of presumed cause and effect [CCC-2]. 
Resources for the Vignette

Smil, Vaclav. 1997. “Global population and the nitrogen cycle.” Scientific American 277 (1): 76–81.
Instructional Segment 5: Conservation of Energy and Energy Transfer (PS3.B)
According to the NGSS Storyline, 

The Performance Expectations associated with the topic Energy help students formulate an answer to the question, “How is energy transferred and conserved?” The disciplinary core idea expressed in the Framework for PS3 is broken down into four sub-core ideas: Definitions of Energy, Conservation of Energy and Energy Transfer, the Relationship between Energy and Forces, and Energy in Chemical Process and Everyday Life. Energy is understood as quantitative property of a system that depends on the motion and interactions of matter and radiation within that system, and the total change of energy in any system is always equal to the total energy transferred into or out of the system. Students develop an understanding that energy at both the macroscopic and the atomic scale can be accounted for as either motions of particles or energy associated with the configuration (relative positions) of particles. In some cases, the energy associated with the configuration of particles can be thought of as stored in fields. Students also demonstrate their understanding of engineering principles when they design, build, and refine devices associated with the conversion of energy. The crosscutting concepts of cause and effect; systems and system models; energy and matter; and the influence of science, engineering, and technology on society and the natural world are further developed in the performance expectations associated with PS3. In these performance expectations, students are expected to demonstrate proficiency in developing and using models, planning and carry out investigations, using computational thinking, and designing solutions; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013b)
	Chemistry – Instructional Segment 5: Energy Conservation, Transfer, and Applications (PS3.B)

	Guiding Questions:

How is energy transferred and conserved?

Why do some reactions release energy and others absorb it?

How can energy from chemical reactions be harnessed to perform useful tasks?

	Students who demonstrate understanding can:
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. [Clarification Statement: Emphasis is on explaining the meaning of mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited to basic algebraic expressions or computations; to systems of two or three components; and to thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]

HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 

HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 

HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts. 

HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.

HS-PS3-4. Plan and conduct an investigation to provide evidence that the transfer of thermal energy when two components of different temperature are combined within a closed system results in a more uniform energy distribution among the components in the system (second law of thermodynamics). [Clarification Statement: Emphasis is on analyzing data from student investigations and using mathematical thinking to describe the energy changes both quantitatively and conceptually. Examples of investigations could include mixing liquids at different initial temperatures or adding objects at different temperatures to water.] [Assessment Boundary: Assessment is limited to investigations based on materials and tools provided to students.]

HS-PS3-3 Design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both qualitative and quantitative evaluations of devices. Examples of devices could include Rube Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment for quantitative evaluations is limited to total output for a given input. Assessment is limited to devices constructed with materials provided to students.]

*The performance expectations marked with an asterisk integrate traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Developing and Using Models

Using Mathematical and Computational Thinking 

Planning and Carrying Out Investigations

Analyzing and Interpreting Data

Defining Problems

Designing Solutions
	Highlighted

Disciplinary Core Ideas

PS3.A: Definitions of Energy 

PS3.B: Conservation of Energy Transfer

PS3.D: Energy in Chemical Processes and Everyday Life

ESS2A: Earth Materials and Systems

ETS1.A: Defining and Delimiting Engineering Problems

ETS1.B: Developing Possible Solutions

ETS1.C: Optimizing the Design Solution

	Highlighted

Crosscutting Concepts

Energy and Matter

Scale, Proportion and Quantity

	Highlighted California Environmental Principles & Concepts:

Principle I The continuation and health of individual human lives and of human communities and societies depend on the health of the natural systems that provide essential goods and ecosystem services.

Principle III Natural systems proceed through cycles that humans depend upon, benefit from and can alter.

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.

Principle V Decisions affecting resources and natural systems are complex and involve many factors.


By the end of grade eight, students have developed a basic understanding of potential and kinetic energy, and that temperature is a measure of the average kinetic energy of matter (PS3.A). In addition, they have learned that energy is conserved and spontaneously transfers out of hotter regions or objects into colder ones (PS3.B). Students will build upon this knowledge and their recently acquired understanding of the properties and structure of matter (IS1 and IS2) and chemical reactions (IS3 and IS4), to gain a deeper understanding of energy conservation, transfer, and applications.

Energy [CCC-5] is perhaps the most unifying crosscutting concept in all of science. Energy is a property of both matter and radiation and is manifested as the capacity to perform work, such as causing the motion or interaction of molecules on a micro-scale, or the movement of machines or planets on a macro-scale. Energy can be converted in form, but neither created nor destroyed. On the microscopic scale, energy can be modeled [SEP-2] as the motion of particles, or as force fields (electric, magnetic, gravitational) that mediate interactions between such particles. At the macroscopic scale, energy is manifested in a variety of phenomena, such as motion, light, sound, electromagnetic fields, and heat. 

Chemistry is often described as the “study of matter”, including the identification of the substances of which matter is composed, the investigation of properties of matter, energy flows in matter, and the ways in which matter interacts, combines, and changes. Heat is the form of energy that flows between samples of matter because of differences in temperature. The laws of thermodynamics define the fundamental physical quantities (temperature, energy, and entropy) that characterize matter, and are therefore essential for understanding matter and chemical interactions. The Zeroth Law of Thermodynamics states that two systems that are in thermodynamic equilibrium have the same temperature and will not exchange heat with each other. If, however, two closed systems with different temperatures are brought into thermal contact, heat will flow from the system of higher temperature to the system of lower temperature until the two systems reach the same intermediate temperature in accordance with the Second Law of Thermodynamics.

The First Law of Thermodynamics states that the total energy of an isolated system is constant, and that although energy can be transformed from one form to another, it cannot be created nor destroyed. The conservation of energy [CCC-5] is thus a unifying theme in science because energy must always be accounted for in all exchanges, inviting scientists to study its flow throughout the complex biological, chemical, physical, geological and astronomical systems they study. Energy transfers between organisms in food webs, by wind and ocean currents on Earth, by light from one astronomical body to another, and between molecules in chemical reactions, to name just a few processes.
Science students are expected to use mathematics to represent physical variables and their relationships, and to make quantitative predictions. Performance expectation HS-PS3-1 requires students to use mathematics and computational thinking [SEP-5] to “create computational models 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.” This performance expectation requires students to apply thermodynamic principles in studying the energy changes accompanying chemical reactions. In a chemical reaction, the energy stored in chemical bonds may be converted into other forms of energy such as light and heat. In chemical reactions, bonds in reactant molecules are broken and new bonds are formed. Energy is required to break bonds and energy is released when bonds are formed. HS-PS3-1 requires students to model [SEP-2] such energy changes with algebraic expressions. 

Scientists can model [SEP-2] chemical reactions by programming computers with mathematical expressions that describe the exchanges of matter and energy [CCC-5] accompanying such reactions. Performance expectation HS-ETS1-4 requires students to “use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.” The real-world is much more complex than textbook solutions suggest. To give students a better understanding of such complexity, this PE requires that they evaluate the complexity involved in solving real-world problems given the constraints within which scientists and engineers must work (HS-ETS1-1). These two PEs can be met using a variety of computer applications that model chemical interactions for real-world problems, such as optimizing the design of a battery for an electrical vehicle or designing a fuel cell to minimize energy transformed to heat. As students master these PEs, they learn how scientists use mathematical reasoning [SEP-5] to make predictive models [SEP-2]. Through such experiences, students learn how to generate alternative solutions to a problem, leading them to engage in performance expectation HS-ETS1-3 in which they evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts.

After working with the First Law of Thermodynamics (Conservation of Energy), students are ready to deal with the Second Law, which states that isolated systems always progress toward thermodynamic equilibrium with maximum entropy. Equipped with the algebraic skills necessary to model energy changes in chemical reactions, students will “plan and conduct an investigation to provide evidence that the transfer of thermal energy when two components of different temperature are combined within a closed system results in a more uniform energy distribution among the components in the system” (HS-PS3-4). To accomplish this, students could plan and carry out an investigation [SEP-3] of the Second Law of Thermodynamics by measuring the temperatures and masses of two bodies of water before and after mixing, or the temperatures of metal blocks and water prior to, and following immersion. By repeating these investigations with differing quantities of materials, students can apply the concept of scale, proportion, and quantity [CCC-3] to predict temperature changes, equilibrium conditions, and magnitudes of energy transferred (HS-PS3-1). 
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Engineering Connection: The Chemistry of Global Energy Supplies

A key aspect of three-dimensional learning is that students use science and engineering practices (SEP) to apply crosscutting concepts (CCC) to disciplinary core ideas (DCI) in other fields of study. The flows, cycles, and conservation of energy and matter [CCC-5] is one of the most unifying cross-cutting concepts, providing links between all of the sciences and many other fields of study as well, including the social and behavioral sciences. Figure 6H‑9 illustrates the growth of world population during the last millennium, including a forecast for the 21st century. Students should be able to read such a graph and recognize that there will be twice as many people by 2100 as there were in 2000. Consequently, there will be an increased demand for all resources (CA EP&C I), but particularly energy resources. 
Figure 6H‑9. World Population Growth
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World population growth poses chemical resource challenges that students can analyze. Source: Ruthven 2013.
Figure 6H‑10 graphs trends in world energy consumption, and illustrates that the three major sources of energy worldwide are fossil fuels (oil, coal and natural gas). Students can obtain information about the impacts of fossil fuels on natural systems that arise because harnessing the energy from fossil fuels also disrupts global cycles of matter in the Earth system (ESS2.A; CA EP&C III, IV). Climate change results from rising levels of greenhouse gases (e.g., carbon dioxide, methane, and nitrous oxide). Carbon dioxide is released when fossil fuels react with oxygen during combustion, and students can obtain information [SEP-8] about chemical methods of carbon sequestration that are currently being researched. Natural gas is primarily methane and can leak from old pipelines, and students can obtain information [SEP-8] about cutting edge technologies to monitor leaks in real time. Acid rain results from nitrogen and sulfur oxides commonly released during combustion of sulfur rich fuels such as coal. Students could obtain information [SEP-8] about the chemical technology used to minimize the release of sulfur dioxide. Since these systems were mandated, acid rain has substantially declined in the US. Smog involves reactions between tailpipe emissions of cars and the air (with sunlight adding some of the energy to break chemical bonds).  Students could also obtain information [SEP-8] about how improvements to the combustion efficiency of cars have reduced smog. Students should do more than just explain the chemical reactions in each of these processes. They should consider the criteria and constraints about society’s need for clean air and clean water, along with the need for more energy (HS-ETS1-1; CA EP&C V).  Students should be encouraged to break down the problem into smaller, more manageable problems that can be solved through [chemical] engineering (HS-ETS1-2).
Figure 6H‑10.What Fuels Provide the World's Energy?
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Source: BP 2015.
Throughout history, chemical compounds have served as the primary energy source for civilizations. Primitive societies gathered and burned wood, releasing energy by the oxidation of cellulose to cook food and warm homes. Thousands of years ago, people started mining coal, which became prized because it yields more energy per unit mass and can often be obtained in areas where wood is not readily available. Although petroleum has been known for more than four thousand years, it was not tapped widely as a fuel source until the middle of the nineteenth century. Today, fossil fuels are used to power internal combustion engines to convert the chemical potential energy of fuels to kinetic energy in moving vehicles. Similarly, combustion turbines convert the chemical potential energy within fossil fuels to electromagnetic energy to provide electricity for industry and consumers. 
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Engineering Connection: Designing an Energy Conversion Device
Engineers have designed a range of devices to convert chemical potential energy in organic matter to other forms of energy. Cars, gas furnaces, and wood stoves are all examples. Students can build their own device to convert energy from one form to another by designing [SEP-6] calorimeters that combust food to transform chemical potential energy into light energy and thermal energy [CCC-5] (HS-PS3-3, HS-ETS1-2). By using their calorimeter to measure the caloric density of various foods, students can calculate [SEP-5] the approximate amount [CCC-3] of chemical potential energy in such things as jellybeans, cashews, oily snack foods, and more. They can then refine their design to convert the greatest percentage of chemical potential energy from these foods into heat energy during combustion of the food so that it provides the most reliable estimates of food energy (HS-ETS1-3). The efficiency of such calorimeters may be estimated by dividing the thermal energy captured in the water of calorimeters by the calculated caloric value present in the food prior to burning. Regardless of the selected activities, students should apply scientific and engineering reasoning to define problems [SEP-2], and design and optimize solutions [SEP-6] to real-world devices that convert chemical potential energy into other energy forms. 

Concept Map of Chemistry Disciplinary Core Ideas

In meeting the PEs selected for this course, instructors must introduce some DCIs as well as build on the DCIs introduced in the middle grades. Figure 6H‑11 shows a concept map with the relationships between DCIs introduced during middle school and high school levels. This concept map is not a conceptual flow with a specific order or sequence, nor is it a comprehensive illustration of all ideas that should be taught in the courses. Nor does it illustrate interdisciplinary connections that should be drawn. It may, however, be helpful in identifying how DCIs build from middle school to high school and relate to one another. This map is explicitly placed at the end of the Instructional Segments so that readers view them with a full appreciation of how these DCIs must be explored using the other two dimensions of NGSS as outlined in the course above. The concept map is limited only to DCIs, so even if students had a full appreciation of what is in these maps they also need practice in doing science and engineering (SEPs) and identifying big picture relationships to other disciplines (CCCs).

Figure 6H‑11. Relationship of DCIs in Chemistry, including High School and Middle Grades Content
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�The distinction between ionic and covalent bonds is oversimplified and chemical bonds exist on a continuum of different attractions. The goal is to get students to understand the nature of these attractions and how they govern behavior of atoms. Terminology can be added later to refer to different aspects of students’ models.
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