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~ REVLON NAIL POLISH

Next time you attend a smart house
party where younger people pre-
dominate, make this fest.

Ask every woman there what
brand of nail polish she is wearing.
It is almost a certainty that the ma-
jority use Revlon.

But that is only natural. Revion
was first o discover that nail polish
is no longer a mere cosmetic. It's a
style accessory.

And 5o fashionable women every-
‘where look to Revlon for new nail
polish shades as surely and naturally
as they look to Paris for styles in clothes.

Revlon retains its lustre longer. And as everyone knows, it
wears and wears.

Try Windsor, Savoy and Ascot. All new. Fashion right.

REVLON

125 West 45th Street, New York
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Student Questions 
(from the articles)
(Under)Arm Yourself with Chemistry!
1. Write the name and the chemical formula of the compound responsible for the smell in human sweat.
2. According to the article, how are perfumes and deodorants alike? How are they different?

3. Name two chemicals that were used originally in deodorants.

4. In the answer to the previous question, what do the two substances have in common?
5. Why is formaldehyde no longer used in deodorants?
6. How does zinc oxide kill bacteria?
7. What’s the difference between deodorants and antiperspirants?

8. What group of compounds do almost all antiperspirants contain?

9. Name the two different types of sweat glands in your underarms.

10. What role do solvents play in a successful underarm deodorant?

11. How do natural “deodorant crystals” work?

A Solar Future

1. Identify the two basic uses for solar energy described in the article.
2. According to the article, solar power currently provides what percent of the world’s energy?
3. What is a semiconductor?
4. Describe the energy conversion in a solar cell.
5. Describe the energy conversion in a solar thermal flat-plate collector.
6. Identify two environmental effects of solar-powered cars.
7. Describe the operation of the solar power plant mentioned in the article.
Skin Color: A Question of Chemistry
1. What is the function of melanin in our skin?
2. Why do we want protection from the sun’s ultraviolet (UV) radiation?
3. Why is it a problem to have unpaired electrons in our DNA?

4. What is one mechanism by which it is thought melanin molecules protect our cells, particularly the DNA inside the cells?
5. What are the differences in melanin content between dark skin, light skin, and the skin of albinos?
6. If all people (except albinos) have the same number of melanocytes (that produce melanin), why do people with different skin color have different amounts of melanin in their skin?

7. How are the amounts of melanin in the skin and the production of vitamin D related?

8. Why do we need vitamin D?
Sinkholes: Chemistry Goes Deep

1. What percent of the land area in the U.S. is susceptible to sinkhole formation?
2. What are the major features of karst topography where sinkholes often form?
3. What is the chemical name and formula for limestone?
4. What is the source of most calcium carbonate in limestone deposits?
5. Name three things that are made of calcium carbonate, in addition to limestone.
6. What would you observe if you place an egg shell in a container of vinegar?
7. What is the pH of rain, and is that acidic or basic?
8. Name the acid that forms when water and carbon dioxide react. Is it a strong or weak acid?
9. What are the warning signs that a sinkhole may be forming?
Nail Polish: Cross-Linked Color on the Move
1. What is the purpose of a film-former in nail polish? What chemical compound is most commonly used as a film-former?

2. What is the purpose of a solvent in nail polish? What chemical compounds are the most common nail polish solvents?

3. What is the purpose of a resin in nail polish? What type of material are resins?

4. What is the purpose of a plasticizer in nail polish? Describe how its chemical action achieves this purpose.

5. What is the purpose of a pigment in nail polish? List several common pigments used in polish.

6. How is gel nail polish different from regular nail polish?

7. Name some compounds commonly used as nail polish removers.

8. Describe how nail polish remover works to take off nail polish.

Answers to Student Questions 
(from the articles)

(Under)Arm Yourself with Chemistry!
1. Write the name and the chemical formula of the compound responsible for the smell in human sweat.

The compound responsible for the smell in human sweat is trans-3-methyl-2-hexenoic acid and its chemical formula is C7H12O2.
2. According to the article, how are perfumes and deodorants alike? How are they different?

According to the article, perfumes and deodorants are alike in that the goal in using them is to eliminate (or at least hide) body odor. They are different in that perfumes merely cover up the odor, while deodorants actually kill the bacteria responsible for the odor.

3. Name two chemicals that were used originally in deodorants.

The article mentions that baking soda and formaldehyde were used originally in deodorants.
4. In the answer to the previous question, what do the two substances have in common?

The common property that baking soda and formaldehyde have is that they both kill bacteria.
5. Why is formaldehyde no longer used in deodorants?

Studies have shown that formaldehyde is toxic and can cause cancer.

6. How does zinc oxide kill bacteria?

Zinc oxide does not kill bacteria by itself, “…but, similar to baking soda, it neutralizes the fatty acid microbial waste products responsible for body odor. 

7. What’s the difference between deodorants and antiperspirants?

Deodorants kill the bacteria that cause body odor, while antiperspirants block the pores through which sweat passes, thus preventing sweating and maintaining a dry environment in which bacteria cannot thrive.
8. What group of compounds do almost all antiperspirants contain? How do these compounds work?
Most antiperspirants contain aluminum-based compounds. Aluminum compounds form aluminum ions (Al3+) in solution. These ions plug your sweat ducts so that you don’t perspire.
9. Name the two different types of sweat glands in your underarms.

The two types of sweat glands in underarms are eccrine glands and apocrine glands.
10. What role do solvents play in a successful underarm deodorant?

Most of the actual active ingredients of deodorants are solids, so they must be dissolved or suspended in liquids or gels to allow them to be applied easily. The solvents must evaporate easily so that they don’t leave a wet or greasy feeling and to leave behind the solid ingredient that actually deodorizes the armpit.
11. How do natural “deodorant crystals” work?

Natural “deodorant crystals” contain alum. When rubbed on damp skin, the alum on the surface of the crystal dissolves and is spread across the skin, leaving behind a slightly acidic solution that creates a hostile environment for bacteria.
A Solar Future

1. Identify the two basic uses for solar energy described in the article.

The technology exists to convert the sun’s energy into electricity and heat. The article describes solar cells which convert solar energy into electricity. And the article describes solar collectors which convert the sun’s energy to useable heating and cooling.
2. According to the article, solar power currently provides what percent of the world’s energy?
The article says 1% of the world’s energy is provided by solar power. Since virtually all of the Earth’s energy can be traced to the sun, you might want to note that this 1% figure represents the percent of the sun’s energy that is directly converted to heat or electricity using the technologies described in the article.
3. What is a semiconductor?

The article describes a semiconductor as follows: “A solar cell is made of two types of semiconductors, called p-type and n-type silicon: p-type silicon contains impurities that have fewer electrons than silicon, and n-type silicon has impurities that contain more electrons than silicon. When sunlight strikes a solar cell, electrons in the silicon are ejected, which results in the formation of a so-called electron-hole pair, where the “hole” is the vacancy left behind by the escaping electron. Electrons between the n-type and p-type layers move from the n-type to the p-type layer. Then, a metal wire collects these electrons and returns them to the back of the n-type layer through an external circuit, creating a flow of electricity.”
4. Describe the energy conversion in a solar cell.

Energy conversion in a solar cell consists of light, primarily in the ultraviolet range, striking the cell and being converted to electrical energy.
5. Describe the energy conversion in a solar thermal flat-plate collector.

In a solar thermal flat-plate collector, light from the sun enters the collector and is converted to infrared thermal energy, which is then absorbed by the fluid flowing through the collector. Since this energy raises the temperature of the fluid we can add one more conversion—thermal to kinetic energy.
6. Identify two environmental effects of solar-powered cars.

Cars that use solar energy leave a much smaller environmental footprint than conventional cars, since they emit no pollutants and no carbon dioxide.
7. Describe the operation of the solar power plant mentioned in the article.

In the Ivanpah plant, mirrors reflect sunlight toward a tank of water. The sun’s energy boils the water and the plant uses the resulting steam to power a turbine to produce the desired electricity.
Skin Color: A Question of Chemistry
1. What is the function of melanin in our skin?
Melanin protects our skin from ultraviolet (UV) radiation.
2. Why do we want protection from the sun’s ultraviolet (UV) radiation?
When UV photons strike our cells, they eject electrons from the DNA inside our cells.

3. Why is it a problem to have unpaired electrons in our DNA?
Having an unpaired electron in the DNA molecule makes the molecule unstable and the instructions in the DNA cannot be read correctly for execution, possibly creating cellular havoc leading to such things as skin cancer.
4. What is one mechanism by which it is thought melanin molecules protect our cells, particularly the DNA in the cells?
When melanin absorbs UV light, it is transformed into heat rather than having the DNA absorb the UV, causing the loss of electrons and subsequent molecular instability.
5. What are the differences in melanin content between dark skin, light skin, and the skin of albinos?
Dark skin possesses the most melanin, light skin lesser amounts, and albino skin is devoid of melanin.
6. If all people (except albinos) have the same number of melanocytes (that produce melanin), why do people with different skin color have different amounts of melanin in their skin?

The amount of melanin produced in the melanocytes is determined genetically. Genetic instructions differ from person to person so skin color, under genetic control, also varies.
7. How are the amounts of melanin in the skin and the production of vitamin D related?
Vitamin D is produced through the absorption of UV light by a special molecule called 7-dehydrocholesterol which initiates a series of steps needed to synthesize the vitamin D molecule. The more melanin in the skin, the more UV light is blocked, not reaching the 7-dehydrocholesterol to start the vitamin D synthesis. Thus, the more melanin, the less vitamin D is produced.
8. Why do we need vitamin D?
We need vitamin D for producing healthy bones and a strong immune system. (The article does not explain the fact that vitamin D promotes the uptake of calcium and phosphorus which are essential in the growth and maintenance of bone tissue.)

Sinkholes: Chemistry Goes Deep

1. What percent of the land area in the U.S. is susceptible to sinkhole formation?
About 20% of the land area in the U.S. is susceptible to sinkhole formation, with these states at the most risk: Florida, Pennsylvania, Kentucky, Tennessee, Missouri, Alabama, and Texas.
2. What are the major features of karst topography where sinkholes often form?

Karst terrain is a region where limestone is the bedrock. Limestone will react with weak acids, and as acidic groundwater seeps into the bedrock, crevices are slowly formed. As these enlarge over time, sinkholes form.
3. What is the chemical name and formula for limestone?
Limestone’s chemical name is calcium carbonate, and its formula is CaCO3. 
4. What is the source of most calcium carbonate in limestone deposits?
Most limestone, CaCO3, comes from the shells of dead marine organisms like corals. As the organisms die their shells build up layer by layer to form the limestone deposit. Marine organism shells are most often made up of calcium carbonate.
5. Name three things that are made of calcium carbonate, in addition to limestone.
The article mentions four things made of calcium carbonate—marble, chalk, Tums antacid tablets, and eggshells.

6. What would you observe if you place an egg shell in a container of vinegar?
You would observe bubbles emanating from the egg shell surface if placed in vinegar. The bubbles would be carbon dioxide, one of the products of the chemical reaction between the egg shell and vinegar.
7. What is the pH of rain, and is that acidic or basic?
The pH of rain is about 5.6. That makes it acidic.
8. Name the acid that forms when water and carbon dioxide react. Is it a strong or weak acid?
The acid that forms when carbon dioxide mixes with water is carbonic acid, H2CO3, and it is a weak acid.
9. What are the warning signs that a sinkhole may be forming?
The article mentions several warning signs of a sinkhole forming: “dying vegetation, sudden appearance of standing water, muddy well water, cracks in the ground, and fence posts or signs that appear to be slumped over. In your home, look for crumbling foundations, or doors and windows that do not shut properly.” 
Nail Polish: Cross-Linked Color on the Move
1. What is the purpose of a film-former in nail polish? What chemical compound is most commonly used as a film-former?
The purpose of a film-former in nail polish is to leave a thin, hard layer on the nail to coat, protect, and glamourize it. The chemical compound most commonly used as a film-former is nitrocellulose.

2. What is the purpose of a solvent in nail polish? What chemical compounds are the most common nail polish solvents?

The purpose of a solvent in nail polish is to dissolve and help mix the other ingredients together evenly, and then evaporate as the nail polish dries. Butyl acetate and ethyl acetate are the most common nail polish solvents.

3. What is the purpose of a resin in nail polish? What type of material are resins?

The purpose of a resin in nail polish is to help the film-former stick strongly to the nail surface. Resins are natural or synthetic sticky materials that often come from coniferous trees and plants.

4. What is the purpose of a plasticizer in nail polish? Describe how its chemical action achieves this purpose.

A plasticizer helps to make the nail coating flexible so it can shift with moving fingers. Plasticizers are small molecules that can slide between the links in the polymer chain of the polish and keep them farther apart. This reduces the forces of attraction between them and makes the material more flexible. 

5. What is the purpose of a pigment in nail polish? List several common pigments used in polish.

The purpose of a pigment in nail polish is to add the desired color. Common pigments used in polish include mica, fish scales, and various colored minerals. 
6. How is gel nail polish different from regular nail polish?

Gel nail polish is different from regular nail polish in that it also contains acrylics, and sunlight can begin the drying (curing) process, even while it’s still in the bottle.

7. Name some compounds commonly used as nail polish removers.

Some compounds commonly used as nail polish removers are acetone and ethyl acetate.

8. Describe how nail polish remover works to take off nail polish.

Nail polish remover works to take off nail polish by getting in between the polymer chains in the nail polish and separating them. After the chains are separated, the result is a solution of nail polish dissolved in the remover, which can be wiped off.

ChemMatters Puzzle: Sudoku by the (Chemical) Numbers
Sudoku puzzles are commonplace these days. Here is a variant, with a chemical twist!
Shown in the familiar 9x9 grid are 34 integers, 1 through 9. Your task is to find all 81, with each digit appearing exactly once in every row column, and 3x3 box .

Eighteen of those numbers can get entered by the clues shown below. Each clue is a number between 1 and 9, and each digit will be present exactly twice. They are shown in the grid by an alphabet letter a-t. (We are not using l or o to avoid any confusion.). If you think you know the answer to a given clue, enter it in its designated cell and check to see if it conforms. Just be warned that a misplaced number can sometimes make a puzzle unsolvable!

Deliberately, the 18 clues cover a wide range of chemical topics. Some are digits in constants, such as the speed of light. Others deal with groups and periods in the periodic table and their electron configurations. Still others are related to acid-base theory or redox reactions or organic chemistry. Enjoy!

THE CLUES
a. The density of nitrogen gas at standard temperature and pressure (STP)

b. The (positive) charge of the cuprous ion

c. The pH of 0.001 Molar HNO3 

d. The Celsius equivalent of 276 K

e. The number of orbitals in any filled d subshell

f. The number of moles of C2H6 in a 150-gram sample

g. The atomic number of the smallest atom in Group 15

h. The number of carbon atoms in a molecule of 3-methyl 2-ethyl butanol-1

i. In the international system of units (SI), the metrix prefix Giga implies 1 followed by ? zeros

j. The first digit in the Faraday constant (the charge on one mole of electrons)

k. The number of neutrons in the nucleus of a tritium atom

m. The third digit in Avogrado’s number

n. The number of electrons gained per chlorine atom as HClO2 is reduced to hydrochloric acid

p. The biggest value in electronegativity (Pauling scale) in the periodic table. (Hint: It is held by a halogen.)

q. The number of unpaired electrons in the ground state of an atom of chromium

r. The number of alkali metals in the periodic table. (Should we count hydrogen?)

s. The ideal Gas Law constant R (when units are L-atm/mol K) is .0?2. What is the missing digit?

t. The next noble gas beyond radon will have an atomic number of 11?. What is the missing digit?

Grid for the ChemMatters puzzle: “Sudoku by the (Chemical) Numbers”
	 
	
	
	
	d


	
	 
	
	9



	 6
	
	
	8
	
	2
	
	
	

	
	8
	i
	
	
	
	f
	2
	

	  
	
	r


	
	m
	
	c
	
	

	 
	j
	3
	 
	
	
	4
	1


	

	 s
	1
	5


	
	n
	
	6
	g


	2

	
	
	7
	 
	
	
	9


	
	

	  
	3


	b


	5
	
	h
	k
	t
	

	p 
	q


	
	
	a
	
	
	e
	3




Answers to the ChemMatters Puzzle
 a. Formula: N2. Density at STP = 28 g/mol / 22.4 L/mole = 1.25 g/L; 1 to nearest whole number.

b. Copper is either +1 or +2. The less positive one (-ous) carries +1 charge.
c. HNO3   is 100% ionized. So [H+] is .001 = 1x10-3. The negative log of this number is 3.

d. 276 K is 3 degrees above the freezing point of water, so 3 o C.

e. A filled d subshell holds 10 electrons arranged in 5 pairs; each pair occupies one orbital.

f. The molar mass of C2H6 is 30 g/mol; 150 g / 30 g/mol = 5 moles.

g. Nitrogen (Z=7) has the smallest atomic radius in its column. 

h. One carbon in methyl, 2 in ethyl, 4 in butanol; the sum is 7.
i. Giga implies 109, or 1 followed by 9 zeroes… or one billion.

j. That constant is 96,485 Coulombs/mol of electrons, so the first digit is 9.

k. Tritium (3H) has one proton (like all hydrogen isotopes) and 3 – 1 = 2 neutrons.

m. Avogadro’s number is 6.02 x 1023, and 2 is the third digit.

n. In HClO2, chlorine has an oxidation number of +3, while in hydrochloric acid, it is –1. So 4 electrons must be transferred.

p. Fluorine has a value assigned to be 4.0—the strongest attraction for a shared pair of electrons.

q. Chromium has four d electron to put into its 3d subshell, all unpaired (the Hund rule). It “demotes” a 4s electron as well, so total is 6.      

r. There are 6 alkalis: Li, Na, K, Rb, Cs, and Fr. Most texts do not consider hydrogen to be an alkali.

s. The value of R in PV = nRT with these units is .082. The missing digit is 2.
t. It should have 32 more electrons than radon: 86 + 32 = 118. The missing digit is 8.

Grid with answers to the ChemMatters puzzle: “Sudoku by the (Chemical) Numbers”
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National Science Education Standards (NSES) Correlations
	National Science Education Content Standard Addressed

As a result of activities in grades 9-12, all students should develop understanding 
	Deodorants and Antiperspirants 
	A Solar Future  
	Skin Color 
	Sinkholes
	Nail Polish

	Physical Science Standard A: about scientific inquiry.
	
	(
	(
	(
	

	Physical Science Standard B: of the structure and properties of matter.
	(
	(
	(
	(
	(

	Physical Science Standard B: of chemical reactions.
	(
	
	
	(
	(

	Physical Science Standard B: of the interaction of energy and matter.
	
	(
	(
	
	

	Life Science Standard C: of matter, energy, and organization in living systems.
	
	
	(
	
	

	Earth Science Standard D: of geochemical cycles
	
	
	
	(
	

	Science and Technology Standard E: about science and technology.
	(
	(
	
	
	(

	Science in Personal and Social Perspectives Standard F: of personal and community health.
	(
	
	(
	
	(

	Science in Personal and Social Perspectives Standard F: of natural resources.
	
	(
	
	(
	

	Science in Personal and Social Perspectives Standard F: of environmental quality.
	
	(
	
	(
	

	Science in Personal and Social Perspectives Standard F: of natural and human-induced hazards.
	(
	
	
	(
	

	Science in Personal and Social Perspectives Standard F: of science and technology in local, national, and global challenges.
	(
	(
	
	(
	(

	History and Nature of Science Standard G: of science as a human endeavor.
	
	(
	
	
	

	History and Nature of Science Standard G: of historical perspectives.
	(
	(
	
	
	


Next-Generation Science Standards (NGSS) Correlations

	Article
	NGSS

	(Under)Arm Yourself with Chemistry!  
	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.

Crosscutting Concepts: 

· Patterns

· Structure & Function

Science and Engineering Practices: 

· Constructing Explanations and Designing Solutions

Nature of Science:  

Scientific knowledge is based on empirical evidence.



	A Solar Future
	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.

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.

Crosscutting Concepts: 

· Energy & Matter

Science and Engineering Practices: 

· Constructing Explanations and Designing Solutions

Nature of Science:  

Many decisions are not made using science alone, but rely o social and cultural contexts to resolve issues.



	Skin Color: A Question of Chemistry  
	HS-LS4-4. 

Construct an explanation based on evidence for how natural selection leads to adaptation of populations.

Crosscutting Concepts: 

· Cause and Effect

· Structure and Function

Science and Engineering Practices: 

· Constructing Explanations and Designing Solutions

Nature of Science:  

Scientific knowledge has a history that includes refinement of, and changes to, theories, ideas, and beliefs over time.



	Sinkholes: Chemistry Goes Deep
	HS-ESS2-2.

Analyze geoscience data to make the claim that one change to Earth’s surface can create feedbacks that cause changes to other Earth systems.

Crosscutting Concepts: 

· Cause and Effect

· Stability and Change

Science and Engineering Practices: 

· Analyzing and Interpreting Data

· Constructing Explanations and Designing Solutions

Nature of Science:  

Scientific knowledge is based on the assumption that natural laws operate today as they did in the past and will continue to do so in the future.



	Nail Polish: Cross-Linked Color on the Move  
	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.

Crosscutting Concept: 

· Patterns

· Structure & Function

Science and Engineering Practices: 

· Constructing Explanations and Designing Solutions

Nature of Science:  

New technologies advance scientific knowledge.




Common Core State Standards Connections
(for all the articles in this issue (April/May 2014)

RST.9-10.1 Cite specific textual evidence to support analysis of science and technical texts, attending to the precise details of explanations or descriptions.

RST 11-12.1 Cite specific textual evidence to support analysis of science and technical texts, attending to important distinctions the author makes and to any gaps or inconsistencies in the account.

In addition, the teacher could assign writing to include the following Common Core State Standards:
WHST.9-10.2 Develop the topic with well-chosen, relevant, and sufficient facts, extended definitions, concrete details, quotations, or other information and examples appropriate to the audience’s knowledge of the topic.

WHST.11-12.2  Develop the topic thoroughly by selecting the most significant and relevant facts, extended definitions, concrete details, quotations, or other information and examples appropriate to the audience’s knowledge of the topic.

Anticipation Guides

Anticipation guides help engage students by activating prior knowledge and stimulating student interest before reading. If class time permits, discuss students’ responses to each statement before reading each article. As they read, students should look for evidence supporting or refuting their initial responses.

Directions for all Anticipation Guides: Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

(Under)Arm Yourself with Chemistry!
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Human sweat is odorless.

	
	
	2. Our underarms are mostly bacteria-free.

	
	
	3. Deodorants work only if they have perfume added.

	
	
	4. Deodorants were invented in the 20th century.

	
	
	5. Baking soda can act as a deodorant because of its chemical properties.

	
	
	6. There is no difference between deodorants and antiperspirants. 

	
	
	7. The solvents used in deodorants and antiperspirants have a high boiling point.

	
	
	8. A type of alum crystal used for deodorant for hundreds of years works as a natural antiseptic.

	
	
	9. So far, there is no scientific evidence linking deodorant or antiperspirant use with cancer.

	
	
	10. There is only one kind of sweat gland in our armpits.


A Solar Future
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Currently, solar energy supplies about 10% of our energy needs worldwide.

	
	
	2. The most common type of solar energy collector is the solar cell.

	
	
	3. Semiconductors have a conductivity between conductors and insulators.

	
	
	4. The conductivity of semiconductors can be altered.

	
	
	5. Solar cells have only one type of semiconductor.

	
	
	6. Solar battery chargers can charge your electronic device using a USB connection.

	
	
	7. Solar watches have been around since the 1940s.

	
	
	8. A solar car race exclusively for high school students is planned for the future.

	
	
	9. A manned aircraft completed a 26-hour flight using only solar energy.

	
	
	10. A solar power plant that will supply electricity to 140,000 homes in California in 2014 uses solar cells.


Skin Color: A Question of Chemistry
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Twins always have the same amount of melanin in their skin.

	
	
	2. Exposure to UV radiation can change the DNA in our skin cells, which can lead to skin cancer.

	
	
	3. Melanin protects us from UV radiation by blocking the sun’s rays.

	
	
	4. The complete chemical structure of melanin has been determined.

	
	
	5. The more melanin you have in your skin, the better the UV protection.

	
	
	6. Melanin does a better job than sunscreens at converting UV radiation to heat.

	
	
	7. Melanin and most typical sunscreens have aromatic rings in their chemical structures.

	
	
	8. Everyone, regardless of skin color, has about the same number of cells that make melanin.

	
	
	9. People with a high amount of melanin produce a lot of Vitamin D in their skin.

	
	
	10. People with darker skin have a higher risk of bone fractures than people with light-colored skin.


Sinkholes: Chemistry Goes Deep
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Most sinkholes in the United States occur in the Midwest.



	
	
	2. Sinkholes occur all over the world.

	
	
	3. Sinkholes are often caused by human activity.

	
	
	4. Sinkholes may form if the pressure above the soil is lowered.

	
	
	5. Areas with limestone bedrock are more susceptible to sinkholes.

	
	
	6. Acid rain can contribute to sinkhole formation.

	
	
	7. Carbonic acid is made from water and carbon dioxide.

	
	
	8. Decaying organic material can produce carbon dioxide, which dissolves in groundwater to make it basic.

	
	
	9. There is no way to predict where a sinkhole might form.

	
	
	10. Carbonated soft drinks contain carbonic acid.


Nail Polish: Cross-Linked Color on the Move
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Regular nail polish and gel nail polish have similar ingredients.

	
	
	2. Wood pulp or cotton seeds are used to obtain cellulose used in nail polish.

	
	
	3. Cellulose is a polymer.

	
	
	4. Cellulose consists of only carbon, oxygen, and hydrogen.

	
	
	5. Water is formed in a condensation reaction.

	
	
	6. Nitrocellulose molecules are small.

	
	
	7. Sunlight can damage acrylic nail polish when it is in the bottle.

	
	
	8. Acetone is the most efficient nail polish remover for regular nail polish.

	
	
	9. Water-based nail polish sets quickly.

	
	
	10. Water-based nail polish is easy to remove.


Reading Strategies  
These graphic organizers are provided to help students locate and analyze information from the articles. Student understanding will be enhanced when they explore and evaluate the information themselves, with input from the teacher if students are struggling. Encourage students to use their own words and avoid copying entire sentences from the articles. The use of bullets helps them do this. If you use these reading strategies to evaluate student performance, you may want to develop a grading rubric such as the one below.

	Score
	Description
	Evidence

	4
	Excellent
	Complete; details provided; demonstrates deep understanding.

	3
	Good
	Complete; few details provided; demonstrates some understanding.

	2
	Fair
	Incomplete; few details provided; some misconceptions evident.

	1
	Poor
	Very incomplete; no details provided; many misconceptions evident.

	0
	Not acceptable
	So incomplete that no judgment can be made about student understanding


Teaching Strategies:

1. Links to Common Core Standards for writing: Ask students to revise one of the articles in this issue to explain the information to a person who has not taken chemistry. Students should provide evidence from the article or other references to support their position.

2. Vocabulary that is reinforced in this issue:

· Solvent

· Amphoteric compounds

· Semiconductor

· Structural formulas 

· Polymerization

3. To help students engage with the text, ask students which article engaged them most and why, or what questions they still have about the articles.

(Under)Arm Yourself with Chemistry!
Directions:  As you read the article, complete the graphic organizer below comparing deodorants and antiperspirants.

	
	Deodorants
	Antiperspirants

	Early history
	
	

	How they work on your body
	
	

	Chemicals involved
	
	


A Solar Future
Directions: As you read the article, complete the graphic organizer comparing different ideas for using solar energy.

	Product

	Type of solar collector
	Stage of development

	Solar battery charger
	
	

	Solar backpack
	
	

	Car
	
	

	Airplane
	
	

	Houseboat
	
	

	Solar power station
	
	


Directions: In the graphic organizer below, compare the semiconductors in a solar cell.

	
	Semiconductors


	
	p-type
	n-type

	Materials
	
	

	Depletion zone
	
	

	With sunlight
	
	


Skin Color: A Question of Chemistry
Directions: As you read, complete the graphic organizer below describing what you learned about melanin when reading the article. 

	3
	Write three new things you learned about melanin from reading this article that you would like to share with your friends.

1.

2.

3.

	2
	Share two things you learned about chemistry from the reading the article.

1.

2.

	1
	Did this article change your views about the importance of melanin? Explain in one sentence.

	Contact!
	Describe a personal experience about melanin that connects to something you read in the article—something that your personal experience validates.


Sinkholes: Chemistry Goes Deep
Directions: As you read the article, use your own words to complete the graphic organizer regarding sinkholes.

	Where they are often found
	1.

2.



	Unusual sinkholes
	1.

2.

3.



	Chemistry of sinkhole formation
	

	How to detect sinkholes
	1.

2.

3.


Nail Polish: Cross-Linked Color on the Move
Directions: As you read, use your own words to describe the main ingredients in nail polish.

	
	What it does
	Raw materials
	Chemicals involved

	Film former
	
	
	

	Solvent
	
	
	

	Resin
	
	
	

	Plasticizer
	
	
	

	Pigment
	
	
	

	Acrylics 

(Gel nail polish only)
	
	
	


(Under)Arm Yourself with Chemistry
Background Information (teacher information)
More on deodorant
The U.S. Food and Drug Administration (FDA) classifies and regulates most deodorants as cosmetics, but it classifies antiperspirants as over-the-counter drugs. This might seem strange, since both are concerned with keeping us smelling good, but they do so in distinctly different ways. FDA’s “Food, Drug and Cosmetic (FD&C) Act” of 2003 legally defines products by their intended uses. This helps to explain why deodorants are considered cosmetics, while antiperspirants are considered drugs:

What kinds of products are “cosmetics” under the law?

The FD&C Act defines cosmetics by their intended use, as "articles intended to be rubbed, poured, sprinkled, or sprayed on, introduced into, or otherwise applied to the human body...for cleansing, beautifying, promoting attractiveness, or altering the appearance" (FD&C Act, sec. 201(i)). Among the products included in this definition are skin moisturizers, perfumes, lipsticks, fingernail polishes, eye and facial makeup, cleansing shampoos, permanent waves, hair colors, and deodorants [Editor’s note: but not antiperspirants] , as well as any substance intended for use as a component of a cosmetic product. It does not include soap. ...

But, if the product is intended for a therapeutic use, such as treating or preventing disease, or to affect the structure or function of the body, it’s a drug (FD&C Act, 201(g)), or in some cases a medical device (FD&C Act, 201(h)), even if it affects the appearance. Other “personal care products” may be regulated as dietary supplements or as consumer products. To learn more, see “Is It a Cosmetic, a Drug, or Both? (Or Is It Soap?)” and “Cosmetics Q&A: Personal Care Products.”
(http://www.fda.gov/Cosmetics/GuidanceComplianceRegulatoryInformation/ucm074162.htm)

Considering that antiperspirants are designed to reduce or stop sweat from being secreted from the body, these products “affect the structure or function of the body”, and so the FDA sees them as drugs and not merely as cosmetics.

Here’s an “FYI”, in case you’re interested: in April 2008 Julia Roberts admitted to Oprah Winfrey on the Earth Day Episode of Oprah’s daily television talk show that she doesn’t use deodorant. (I didn’t think you would be.)

More on “natural” deodorant

Many online “stores” sell “natural” deodorants that contain no aluminum (which, if they did, technically would make them antiperspirants, not deodorants). At least they advertise that they contain no aluminum. Reality is somewhat different. The passage below from the online site hyperhidrosis.com contains several questionable, if not outright incorrect statements.

What is a natural deodorant? 

Natural deodorants are an environment-friendly answer to the problem of body order [sic]. In most natural deodorants ammonium alum is the chief ingredient. It is an organic compound abundantly found in nature and it encourages bacterio-static action reducing bacterial growth. Since alum molecules weigh almost 36 times more than water it is impossible for our skin to absorb them physically.
You can obtain these natural deodorants in the form of crystallized rock but they are also available in spray and roll-on forms. 

Natural deodorants are strictly free of toxic components such as alcohol and aluminum. 
Benefits of natural deodorants
· Several studies in applied toxicology have found links between breast cancer in women and chemical ingredients used as preservatives in some synthetic deodorants. But alum the chief ingredient of natural deodorants is an organic element and its molecules are too large to permeate through the skin

· They address the problem of odors by hindering the process of bacterial growth without blocking the pores on the skin and without interfering with the process of cooling the body through perspiration

· Tests have confirmed their hypoallergenic nature

(http://www.hyperhidrosisweb.com/natural-deodorants.html)
“Since alum molecules weigh almost 36 times more than water it is impossible for our skin to absorb them physically.” This statement is very misleading. While the molecule of alum may be 36 times more massive than water, the entire molecule doesn’t have to be absorbed by the skin—only be the aluminum ion, which is obviously the same size as an aluminum ion from any of the other “non-natural” aluminum compounds in other antiperspirants, which are absorbed by the skin.

“Natural deodorants are strictly free of toxic components such as alcohol and aluminum.” This statement is obviously untrue, since we know alum contains aluminum.
“They address the problem of odors by hindering the process of bacterial growth without blocking the pores on the skin and without interfering with the process of cooling the body through perspiration.” Here, again, aluminum ions will block sweat pores, whether they come from aluminum chlorohydrate or alum.

This is a statement about natural deodorants from Livestrong.com:
Deodorant manufacturers often use aluminum because it blocks the pores that produce sweat. If you have sensitive skin or are easily irritated by chemicals, you might experience problems with this type of deodorant. Aluminum-free deodorants are sometimes referred to as organic deodorants or natural deodorants. Products labeled as natural or organic should contain only natural materials. Crystal Deodorant, an alternative to aluminum-based deodorants, uses alum. Alum works the same way as aluminum but won't irritate the skin. You may prefer using a product with mineral salts or minerals. 
Stone deodorants use all-natural ingredients that block the pores and keep the body from sweating. [not sure what these ingredients are …]
(http://www.livestrong.com/article/254360-the-best-deodorants-with-no-aluminum/)

Here are two examples of “natural” deodorants for sale online, along with their claims: 
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Natural Crystal Deodorant Spray for Him 
“Crystal Deodorant, a Chemical Free Deodorant that is an Aluminum Free Deodorant for Men with Organic Ingredients and Without Preservatives”
Reasons Why You Should Use this Aluminum Free Deodorant for Men

1)
This is an aluminum free deodorant for men comprised of the earth’s mineral crystal combined with natural botanicals. Aluminum in antiperspirant prevents you from sweating and may pose danger to your health. Most people think that they need to block the sweat to prevent odor however all you need is a neutralizer; 
2)
Effectively works with the safe potassium alum molecules which are large size particles and therefore do not absorb like the aluminum molecules; 
3)
It neutralizes strong body odor without blocking your sweat glands … 
Ingredients:

Purified water (pure water), herbal blend (gluten free vodka (organic), bilberry leaf (organic), thyme (organic), sage (organic), calendula (organic), burdock (organic)), crystal of potassium alum [emphasis mine] (natural earth mineral), lavender (organic), sweet orange (organic), bay leaf blend (jamaican rum (naturally brewed), bay leaf (organic)), cedarwood (organic), lemongrass (organic), olive oil (organic), ylang ylang (organic), cinnamon (organic). 
(http://www.herbalchoicemari.com/hcm/crystal-deodorant.html)
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Crystal Body Deodorant

Natural Science: Understanding Mineral Salts

Mineral salts are present in the water we drink, in almost all the foods we eat, and in the air we breathe. At the foundation of Crystal deodorant is natural mineral salt called 'Alum'.
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Aluminum is the third most abundant element in nature, after oxygen and silicon. It has been part of our environment since the beginning of time and is one of the basic building blocks of our universe.
Mineral salts (Alum) should not be confused with Aluminum Chlorohydrate or Aluminum Zirconium which plug the pores so as to stop perspiration.
Ingredients: Natural Mineral Salts (Ammonium Alum) [emphasis mine]
(http://www.thecrystal.com/crystal_insights.cfm)

The problem with these claims is that these types of “deodorants” still contain aluminum and are really antiperspirants. It’s hidden (but not very secretively) there in the word “alum”. Alum is actually one of several compounds, potassium aluminum sulfate (potassium alum) or ammonium aluminum sulfate (ammonium alum), that contain aluminum. So, these “natural” deodorants, above, still act as antiperspirants, blocking sweat pores and preventing the body from eliminating “toxins” via sweating.

And, according to many scientists, alum in deodorants/antiperspirants is just as bad as all the other “non-organic” or ”non-natural” aluminum compounds that occur in most commercial antiperspirants. 

Some of the most popular natural deodorants are the “crystal” deodorant stones and sprays. But most people don’t know that these crystal deodorant products contain aluminum. The crystal deodorant stones are made from alum. The most widely used form of alum used in the personal care industry is potassium alum. The full chemical name of potassium alum is potassium aluminum sulfate. Let’s get this straight. Even though aluminum is widely distributed in the earth’s crust, it is NOT needed in ANY amounts in your body. 
All evidence to date points to aluminum as a poison that serves no beneficial role in your body and should be avoided. Aluminum is widely recognized as a neurotoxin, which has been found in increased concentrations in the brains of people with Alzheimer’s disease. Unfortunately, if you use antiperspirants or some deodorants, you are most likely exposing yourself to aluminum. Aluminum salts can account for 25 percent of the volume of some antiperspirants. A review of the common sources of aluminum exposure for humans found that antiperspirant use can significantly increase the amount of aluminum absorbed by your body. According to the review, after a single underarm application of antiperspirant, about .012 percent of the aluminum may be absorbed. Multiply this by one or more times a day for a lifetime and you can have a massive exposure to aluminum — a poison that is not meant to be in your body. Antiperspirants work by clogging, closing, or blocking the pores that release sweat under your arms — with the active ingredient being aluminum. Not only does this block one of your body’s routes for detoxification (releasing toxins via your underarm sweat), but it raises concerns about where these metals are going once you roll them (or spray them) on.” 
And this, from the same site:

Regarding purportedly safe ‘alum’ based antiperspirants found in most health food stores [deodorant crystals], the companies that produce these claim that the mineral salts are too large to be absorbed and thus provide no danger. However, we have been unable to uncover any solid evidence that supports this claim so it would seem prudent to avoid using them.

(http://articles.mercola.com/sites/articles/archive/2010/02/16/aluminum-lurks-in-crystal-deodorants.aspx)

More on sweating, sweat glands and armpit chemistry

Sweating—producing fluids secreted by sweat glands in the skin—is a natural function of the human body. Its purpose is to cool the body (thermoregulate) by evaporation of sweat, primarily water, brought to the skin’s surface through surface pores in the skin. As the sweat evaporates from the body, it takes some of the heat from the skin with it. This cools the skin, and blood vessels in contact with that skin also cool, allowing the blood inside to cool. This venous blood then returns to the body’s core and reduces core body temperature.

Sweat glands are most abundant on our palms, forehead, armpits and the soles of our feet. There are more than 2.5 million eccrine sweat glands all over the body

Your skin has two main types of sweat glands: eccrine glands and apocrine glands. Eccrine glands occur over most of your body and open directly onto the surface of the skin. Apocrine glands develop in areas abundant in hair follicles, such as your armpits and groin, and they empty into the hair follicle just before it opens onto the skin surface.
When your body temperature rises, your eccrine glands secrete fluid onto the surface of your skin, where it cools your body as it evaporates. This fluid is composed mainly of water and salt.

Apocrine glands, on the other hand, produce a milky fluid that most commonly is secreted when you're under emotional stress. This fluid is odorless until it combines with bacteria found normally on your skin.

(http://www.mayoclinic.org/diseases-conditions/sweating-and-body-odor/basics/definition/CON-20014438?p=1&DSECTION=all)
It is estimated that between one and three per cent of the general population suffer from hyperhidrosis—excessive sweating. For these people, if extra-strength antiperspirants don’t work, stronger methods must be used—including electric current, Botox and finally, surgery, for really extreme cases. Recent research into new ways to keep underarms dry in people with hyperhidrosis has shown that microwaves can also be used to do just that. This comes from the National Library of Medicine National Institutes of Health Web site: 

The miraDry® system is a novel microwave energy device that can be used to treat axillary hyperhidrosis through selective heating of the lower layer of skin, where the eccrine and apocrine glands are located. Patient satisfaction with the procedure is high, and adverse events are typically transient and well tolerated. This system provides a durable, noninvasive alternative therapeutic modality for patients with this common and frustrating problem.

(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3489040/)

This short passage describes a bit of the chemistry going on in the molecules produced in our sweat glands, including discussion of the bacteria responsible for the odoriferous changes.

[image: image30.jpg]CHEMMATTERS



One of the compounds secreted by armpit sweat glands is 3-hydroxy-3-methylhexanoyl-glutamine (C12H22N2O5). This compound has no odor; however, it's not left intact by the most abundant armpit bacteria Corynebacterium jeikeium, a harmless member of a genus that also includes a species responsible for diphtheria. With the help of zinc-dependent enzyme, C. jeikeium cleaves off the glutamine component and leaves behind the cheesy and rancid compound 3-hydroxy-3-methylhexanoic acid:
[image: image31.png]Odtor compound Odor precursor Enzyme Ongeniom

Y L
e Y e g
. o Pt
P ! e
e | s

Nescpguramine | Cenmepacterom sp

5P -

Tl | T | e |
s |
ettt

: N

A il R U

acchsemrogeme | CoPPebocem 5.

o Fad, . ad Fah | pecatborzing
(o (rowtston nsymes) | Conmebacteromspo.

55 Alternative fermentation | Facultative anaerobic.
D \('» M -
I m e scd. st ‘Wood-Werkman cycle Microserophilic




They don't have exclusive control over this semi-closed and moist environment -- prime real estate for bacteria. Staphylococcus haemolyticus also hangs out here and converts a different precursor into 3-methyl-3 sulfanylhexan-1-ol. This molecule is not as repulsive as the C. jeikeium's byproduct. It has a fruity, onion-like smell. Not surprisingly, female armpits produce more of the latter. They have, on average, lower ratios of C. jeikeium to S. haemolyticus bacteria. If you look closely at the data of the ratio of the will-turn-to-cheesy-smell to will-turn-to-onion-smell secretions, you can see a wide variety of compositions in men, but none of the women tested showed the high peaks that appear in more than half the male samples.
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Most deodorants use the right strategy: their ingredients curb the growth of bacteria. Speedstick, for example, uses propylene glycol, soap (sodium stearate), salt and stearyl alcohol. Some more innovative deodorants include pleasant-smelling molecules similar in shape to the organic acids so that they compete for spots on nasal receptors. Unfortunately for women, their discriminating noses aren't as easily fooled as those of men. Other additives in some preparations attempt to block active sites on enzymes that bacteria use to generate the offensive smells.”

(http://www.science20.com/chemical_education/monsters_armpits-97756)
More on body odor

In the table below, researchers list the offensive organic molecules responsible for body odor:

[image: image3]
In the table above, the odor-causing molecules are listed along with their precursors, as well as the bacteria and enzymes responsible for transforming these precursors into fetid fumes.
The sulfur-containing molecules (panel A) are the worst, giving armpits their characteristic nauseating, onion-like smell. In panel B, 3-hydroxy-3-methylhexanoic acid has a cumin spice-like odor, while 3-methyl-2-hexenoic acid has been described as hircine, which means "of or characteristic of a goat." (So, when somebody tells you, "Take a shower because you smell like a goat," they are being quite scientific in their description.) Panel C depicts two possible pheromones, androstenol, which is musky, and androstenone, the smell of which differs depending on whom you ask. Isovaleric acid (panel D) has a cheesy, sweaty foot smell, as does propionic acid (panel E). Acetic acid is vinegar.

(Berezow, Alex: “Which Molecules Make Our Armpits Stink?” http://www.realclearscience.com/journal_club/2013/06/17/which_molecules_make_our_armpits_stink_106563.html)

More on sweat content and trans-3-methyl-2-hexenoic acid

Many chemicals are present in odoriferous human sweat. Professor Dorothy Kimbrough of the University of Colorado-Denver provides a list of just a few of the chemicals responsible for armpit and foot odors. “The smelliest are butanedione, isovaleric acid [3-methylbutanoic acid], 4-ethyloctanoic acid, 5-androst-16-en-3-one, and 5-androst-16-en-3-ol. Butanedione smells ‘cheese-like’, and isovaleric acid has a sweaty odor (big surprise there!). The smells of the last two have been described as resembling stale urine and goats, respectively.”
(Kimbrough, D. R. How We Smell and Why We Stink. ChemMatters December, 2001, 19 (4), pp 8-11)
Notice that trans-3-methyl-2-hexenoic acid (TMHA) is not included in this list. TMHA was established as the primary chemical responsible for armpit odor in 1990 by Dr. George Preti and his team of researchers at the Monell Chemical Senses Center in Philadelphia, PA.

	trans-3-Methyl-2-hexenoic acid

	



	IUPAC name
(E)-3-Methylhex-2-enoic acid


	Properties

	Molecular formula
	C7H12O2

	Molar mass
	128.17 g mol−1

	Density
	0.97 g/cm3

	Melting point
	−3.4 °C; 25.9 °F; 269.8 K

	Boiling point
	225.2 °C; 437.4 °F; 498.3 K


(http://en.wikipedia.org/wiki/Trans-3-methyl-2-hexenoic_acid)
From work with schizophrenic patients in the early 1970s, health care workers noted that these patients had a particular body odor. Research done by chemists determined that TMHA was secreted by these patients. Up to that time, secretion of TMHA by “normal” people was undetected. Studies were then performed to establish if this might be a way to identify people with schizophrenia and possibly arrive at a cause for this condition. 

A study completed in1973 determined that this was not the case. This biochemical study determined that TMHA was a product of schizophrenic and non-schizophrenic people alike. So the cause of schizophrenia remained a mystery at that time. And it was not established at this time that TMHA is the primary chemical associated with/responsible for body odor. (That happened in 1990.) The complete report of this study can be found here: http://www.jlr.org/content/14/4/495.full.pdf.

More on differences in odors between Asians and Caucasians


It has long been noted that many Asians tend to exhibit less body odor than those of European descent.

East Asians (Chinese, Koreans, and Japanese) have fewer apocrine sweat glands compared to people of other descent, and the lack of these glands make East Asians less prone to body odor. The reduction in body odor and sweating may be due to adaptation to colder climates by their ancient Northeast Asian ancestors. The ABCC11 gene is known to determine axillary body odor, but also the type of earwax. Most of the population secrete the wet-type earwax, however, East Asians are genetically predisposed for the allele that codes the dry-type earwax, associated with a reduction in axillary body odor.... The non-functional ABCC11 allele is predominant amongst East Asians (80–95%), but very low in other ancestral groups (0–3%). It affects apocrine sweat glands by reducing secretion of odorous molecules and its precursors. It is also associated with a strongly reduced/atrophic size of apocrine sweat glands and a decreased protein (such as ASOB2) concentration in axillary sweat. 

(http://en.m.wikipedia.org/wiki/Body_odor)


But this is not the end of the story. More recent research has discovered some conflicting evidence.

A 2006 study by Japanese scientists seems to dispute the claim of the lack of body odor among Asians. From studies done in the 1980s and ‘90s, scientists believed that armpit odor came from volatile steroids (androstenol, androstenone, and androstandienone), which have musky and urinary odors, and isovaleric acid, having an acidic odor. In the 1990s further research showed these odors were caused by linear saturated and linear unsaturated, and branched saturated and branched unsaturated C6–C11 fatty acids, particularly trans-3-methyl-2-hexenoic acid (IUPAC name: (E)-3-Methylhex-2-enoic acid, or E3M2H for short). So this is the compound researched in this study, “Individual Comparisons of the Levels of (E)-3-Methyl-2-Hexenoic Acid, an Axillary Odor–Related Compound, in Japanese [people].” 

“The (E)-3-methyl-2-hexenoic acid (E3M2H), an axillary odor–related compound, is known to occur in Caucasians. The aims of this study were to clarify whether E3M2H contributes to axillary odor in Asians and to quantify and compare individual levels of E3M2H.” The study, published in the journal Chemical Senses published by Oxford University Press, involved 30 Japanese subjects, 21 males and 9 females. 

After synthesizing pure trans-3-methyl-2-hexenoic acid (E3M2H) and analyzing it via gas chromatography/mass spectroscopy (GC/MS)—just to prove it could be synthesized and detected—the researchers collected axillary (armpit) sweat from several subjects which they then used as baseline data. They hydrolyzed the compound and extracted it via solid phase extraction processes. They then used this material in the GC/MS to test sweat for E3M2H. The mass spectrograph obtained and the structural formula of the standard E3M2H follows:
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Figure 2 

Mass spectrum of synthesized E3M2H-spiked blank sweat

The mass spectrograph of the subject with the highest amount of E3M2H is shown below. Note the striking similarities to the synthesized compound, assuring identification of the same compound in both tests.




Figure 4 

Mass spectrum of E3M2H detected in axillary sweat of a Japanese subject (number 30).


The results of their study showed that 13 of the 30 subjects (“about half”) had produced detectable amounts of E3M2H, while six of the subjects had quantifiable amounts (determined to be greater than 5.0 nmol/mL). Interestingly, none of the nine females had detectable amounts of the odor-producer. (It has been shown in other studies that females typically have very low levels of E3M2H, if any.)


Here is a synopsis of the results of the study in the words of the researchers:

The results showed that the spiked E3M2H in sweat was extracted selectively at a high recovery rate by … solid-phase extraction…. We succeeded in the quantitative analysis of E3M2H from axillary sweat collected individually. E3M2H could be detected in nanomole quantities in axillary sweat. 

In the present study, it has been demonstrated that E3M2H, which is known to be an axillary odor–related compound in Caucasians, was also detected in the axillary sweat of Asians. In addition, our method succeeded in the quantitative analysis of E3M2H from axillary sweat collected individually. E3M2H might contribute to axillary malodor in Asians as well as Caucasians. 

The entire report, including the figures above, can be found here: http://chemse.oxfordjournals.org/content/31/6/557.full.

More on amphoteric compounds
A substance that is amphoteric is able to act as both acid and base. Many metals (e.g., aluminum, beryllium, lead, tin and zinc) form amphoteric oxides or hydroxides.

With regard to Brønsted-Lowry acid-base theory, amphoteric compounds are those that can either donate a proton (acid) or accept a proton (base). Amphiprotic compounds like proteins and amino acids that contain both amines and organic acid group components can either donate or accept protons. So, too, can multi-protic mineral acids, like sulfuric, carbonic and phosphoric acids. Their intermediate acid ions (after they’ve lost one proton) are amphiprotic—they can either donate a second proton to become more basic, or accept a proton to return to their original acid state. Baking soda’s bicarbonate (hydrogen carbonate) ion is a prime example, as it can either accept a proton to become carbonic acid or donate a proton to become the carbonate ion.

With regard to Lewis acid-base theory, amphoteric compounds are those that can accept an electron-pair (acid) or donate an electron-pair (base). While all the examples listed in the paragraph above regarding Brønsted-Lowry acids and bases are also examples of Lewis amphoteric compounds, others, such as the metal oxides and hydroxides mentioned above. Aluminum oxide, for example, can react with acid or base to produce different complex ions: 

with acid: Al2O3  +  3 H2O  +  6 H3O+  →  2 [Al(H2O)6]3+
with base: Al2O3  +  3 H2O  +  2 OH-  →  2 [Al(OH)4]-

Even aluminum hydroxide, obviously a base, can be amphoteric:

as a base (neutralizing an acid): Al(OH)3  +  3 HCl  →  AlCl3  +  3 H2O

as an acid (neutralizing a base): Al(OH)3  +  NaOH  →  Na[Al(OH)4]
Transition metals are typically Lewis acids, accepting electron pairs from base donors, e.g.,

in acid: ZnO  +  2H+  →  Zn2+  +  H2O

in base: ZnO  +  H2O  +  2 OH-  →  [Zn(OH)4]2-
(equations above from http://en.wikipedia.org/wiki/Amphoteric)
In the case where zinc oxide reacts in acid, the oxide itself is the Lewis base, donating electron pairs to the hydrogen ions. Where zinc oxide reacts with base, the zinc ion is the Lewis acid, accepting electron pairs from the hydroxide ions to form the complex [tetrahydroxozincate(II)] ion.

Thus, both baking soda (with HCO31- ions), a Bronsted-Lowry acid/base, and zinc oxide, a Lewis acid/base, are amphoteric and can react with smelly microbial waste products in armpits, whether they’re acidic or basic.

More on ingredients of commercial deodorants/antiperspirants

The ingredients in the various deodorants and antiperspirants in the Axe product line were not readily available on the Axe.com Web site, but the LiveStrong Web site, http://www.livestrong.com/article/129200-axe-deodorant-ingredients/, provides this information:

“Axe deodorants are made with different fragrances and the invisible types have more ingredients. Otherwise, you'll find one active ingredient plus seven additional ingredients in all of the Axe Dry solid antiperspirants and deodorants.” The active ingredient is aluminum zirconium tetrachlorohydrex gly, and the seven additional ingredients are cyclopentasiloxane, PPG-14 butyl ether, stearyl alcohol, PEG-8 distearate, hydrogenated castor oil, talc, and BHT. The site provides a bit of information about the role of each ingredient.
Ingredients in Old Spice deodorants were readily available on its Web site at the click of an “Ingredients” tab, found on each different type of deodorant/antiperspirant they manufacture. Examples: 

· Pure Sport High Endurance Deodorant: Dipropylene Glycol , Water , Propylene Glycol , Sodium Stearate , Fragrance , PPG-3 Myristyl Ether , Tetrasodium EDTA , Violet 2 , Green 6

· Pure Sport High Endurance Anti-perspirant and Deodorant: Aluminum Zirconium Tetrachlorohydrex Gly (17% anhydrous) Cyclopentasiloxane, Stearyl Alcohol, Phenyl Trimethicone, Hydrogenated Castor Oil, PEG 8 Distearate, Fragrance, Mineral Oil, Silica, Behenyl Alcohol

· Old Spice Classic Deodorant: Alcohol Denatured, Propylene Glycol, Water, Sodium Stearate, Fragrance, Yellow 10, Green 5
· Old Spice Classic Anti-perspirant and Deodorant: Aluminum Zirconium Tetrachlorohydrex Gly (16%), Cyclopentasiloxane, Stearyl Alcohol, Talc, Dimethicone, Hydrogenated Castor Oil, Fragrance (Parfum), Polyethylene, Silica, Dipropylene Glycol, Behenyl Alcohol
(http://oldspice.com/en-US/products/)


Note the presence of aluminum zirconium tetrachlorohydrex gly in each of the antiperspirants, and its absence in the deodorants.

This editor could not find the ingredients in Secret deodorants/antiperspirants anywhere on the secret.com Web site. The information in the following paragraph is the answer to this FAQ (frequently asked question) from secret.com about Secret antiperspirant: “How do Secret antiperspirants help prevent underarm odor and wetness?”
Since perspiration in the underarms doesn't readily evaporate, a feeling of wetness results and bacteria thrive in that wetness, creating underarm odor. Secret works by slowing the flow of perspiration to the surface of the skin. It does so by being pH (measure of alkalinity) balanced. When the active ingredient in Secret comes in contact with your perspiration, it dissolves into the sweat ducts. As you continue to perspire, the perspiration makes the pH of the solution rise. When the solution reaches a high enough pH, the active ingredient forms superficial plugs in those sweat ducts, reducing the flow of perspiration to keep you feeling dry. Thus, Secret protects you from underarm wetness (antiperspirant) and also helps prevent underarm odor (deodorant).
(http://secret.com/deodorant-facts)
Although no mention is made that the ingredient is an aluminum-containing compound, at least the response is honest about how the active ingredient works. 
The table below shows various aluminum compounds—the active ingredients in antiperspirants—along with their formulas, selected antiperspirants containing them, and their relative ability to stop sweat.

Active Ingredients in Antiperspirants and Their Relative Effectiveness

	Aluminum-containing Active Ingredient

	Found in These Antiperspirants
	Properties of 
Active Ingredient

	Aluminum Zirconium Tetrachlorohydrex Gly

(CAS 134910-86-4)

Al4Zr(OH)12Cl4•Glyx•nH2O

Al3.6Zr(OH)11.6Cl3.2•xH2O•Glycine

	Adidas, Dove, 
Lady Speed Stick
	Mildest, safest of the aluminum ompounds

	Aluminum Zirconium Octachlorohydrex Gly

(CAS 90604-80-1)

AlyZr(OH)3y+4-xClxmGly·nH2O
Al8Zr(OH)20Cl8•xH2O•Glycine

	Dry Idea, 
Secret Outlast, Miracle Dry OTC
	A bit stronger than AZTG

	Aluminum Zirconium Trichlorohydrex Gly

(CAS 134375-99-8)

AlyZr(OH)(3y+4-x)Clx• mGly•nH2O

Al3.3Zr(OH)11.3Cl2.6•xH2O•Glycine


	Degree, 
Secret, 
Sure
	Stronger than AZOG

	Aluminum Sesquichlorohydrate

(CAS 11097-68-0, 173763-15-0)

Aly(OH)3y-zClz•nH2O

	Almay, 
Mitchum
	Strong drying, good for extra-strong antiperspirants

	Aluminum Chlorohydrate

(CAS 12042-91-0)

Al2(OH)nCl6-n•xH2O

Al2(OH)5Cl•xH2O

	Arrid XX, Ban, 
Soft & Dry, Suave
	Stronger than AS, not as strong as AlCl3, recommended for hyperhidrosis

	Aluminum Chloride

(CAS 7446-70-0)

AlCl3

	Drysol, DryDerm, Certain Dri
	Strongest, good for hyperhidrosis, 
can be irritating


(adapted from http://chem.answers.com/compounds/aluminum-compounds-in-antiperspirant-deodorant)

(some formulas from http://www.yotech.com/prod1_e2.html#06, http://novawavesoftware.com/info13/aluminum-zirconium-trichlorohydrex.html
and http://www.newdruginfo.com/pharmacopeia/usp28/v28230/usp28nf23s0_m2285.htm)


And WebMD.com provides this information about the inactive ingredients found in antiperspirants “… you need to combat excessive sweating and feel fresh all day.”

Parabens. These preservatives help keep cosmetic products free of bacteria. However, several small studies found traces of parabens in breast cancer tumors, suggesting that they may have weak estrogen-like effects if absorbed through the skin. But the study didn't find that parabens caused breast cancer, or that the parabens were from antiperspirants.
Most major brands of antiperspirants are paraben-free these days, though the preservative is still found in some products such as makeup, moisturizers, shaving products, and hair products. If you'd prefer to avoid parabens, check your antiperspirant's ingredients list for words ending in "-paraben," such as methylparaben or propylparaben.

Fragrance. Perfumes are often used in antiperspirants and antiperspirant-deodorant combos to mask body odor. Plus, studies suggest we associate pleasant fragrances with feelings of cleanliness.

Emollient oil. Without some sort of moisturizer like castor, mineral, or sunflower oil mixed into antiperspirant ingredients, the product wouldn't roll or glide on smoothly. These emollients also keep the product from flaking once it dries on your skin.

Alcohol. Aluminum compounds and other active antiperspirant ingredients are often dissolved in alcohol because it dries quickly and feels cool when applied to skin. Alcohol is typically found in roll-ons and aerosols, as well as some gels.

PEG Distearates. Polyethylene glycol (PEG) distearates are emulsifying agents found in many cosmetic products including antiperspirants. This antiperspirant ingredient makes it easier to wash off the product.

Butylated hydroxytoluene (BHT). BHT prevents or slows the deterioration of antiperspirant ingredients once they're exposed to oxygen.

Talcum powder. Absorbs moisture and oil, protects the skin by reducing underarm friction and chaffing, and helps skin feel dry.

(http://www.webmd.com/skin-problems-and-treatments/antiperspirant-ingredients)

More on parabens

The December 2012 ChemMatters article “Mascara: That Lush Look You Love” provides background information on parabens.

Parabens are preservatives that keep mascara—and other cosmetics—free of molds and microbes. But parabens have been found in breast cancer tumors, and they can slightly mimic estrogen, a hormone that plays a role in breast cancer. As a result, many cosmetic manufacturers have removed parabens from their products. 

Parabens are esters of para-hydroxybenzoic acid (HCOOC6H4OH), which is why they are called parabens (Fig. 1). An ester is a compound with the structure RCOOR’, where R and R’ are carbon chains. In the case of parabens, R’ is C6H4OH. Parabens include various compounds, which differ by their R group (Fig. 2).



(a)



(b)
Figure 1. Chemical structures of (a) para-hydroxybenzoic acid 
and (b) paraben
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Figure 2. Chemical structures of (a) methyl-, (b) ethyl-, (c) propyl-, and 
(d) butyl-parabens

Synthetic parabens have long been the favorite preservative in mascara, because they resist molds and bacteria and are considered safe in foods and drugs. But some studies have found that parabens may cause cancer and hormonal imbalance. However, no direct connection between the occurrence of cancer and hormonal imbalance and any one cosmetic or cosmetic ingredient has been established.
(Haines, G. Mascara: That Lush Look You Love. ChemMatters 2012, 30 (4), pp 15–16)
This section, also from the December 2012 ChemMatters Teacher’s Guide, discusses parabens as related to mascara, but the information also pertains to the use of parabens in underarm deodorants. The U.S. Food and Drug Administration, the federal agency that has jurisdiction over cosmetic products like mascara, issued this statement about parabens:

What are parabens? Parabens are the most widely used preservatives in cosmetic products. Chemically, parabens are esters of p-hydroxybenzoic acid. The most common parabens used in cosmetic products are methylparaben, propylparaben, and butylparaben. Typically, more than one paraben is used in a product, and they are often used in combination with other types of preservatives to provide preservation against a broad range of microorganisms. The use of mixtures of parabens allows the use of lower levels while increasing preservative activity. 

Why are preservatives used in cosmetics? Preservatives may be used in cosmetics to protect them against microbial growth, both to protect consumers and to maintain product integrity. 

What kinds of products contain parabens? They are used in a wide variety of cosmetics, as well as foods and drugs. Cosmetics that may contain parabens include makeup, moisturizers, hair care products, and shaving products, among others. Most major brands of deodorants and antiperspirants do not currently contain parabens. [Editor’s emphasis] Cosmetics sold on a retail basis to consumers are required by law to declare ingredients on the label. This is important information for consumers who want to determine whether a product contains an ingredient they wish to avoid. Parabens are usually easy to identify by name, such as methylparaben, propylparaben, butylparaben, or benzylparaben. …

Are there health risks associated with the use of parabens in cosmetics? The Cosmetic Ingredient Review (CIR) reviewed the safety of methylparaben, propylparaben, and butylparaben in 1984 and concluded they were safe for use. … On November 14, 2003, the CIR began the process to reopen the safety assessments of methylparaben, ethylparaben, propylparaben, and butylparaben in order to offer interested parties an opportunity to submit new data for consideration.… In December 2005… the Panel determined that there was no need to change its original conclusion that parabens are safe as used in cosmetics. …
A study published in 2004 (Darbre, in the Journal of Applied Toxicology) detected parabens in breast tumors. The study also discussed this information in the context of the weak estrogen-like properties of parabens and the influence of estrogen on breast cancer. However, the study left several questions unanswered. For example, the study did not show that parabens cause cancer, or that they are harmful in any way, and the study did not look at possible paraben levels in normal tissue. FDA is aware that estrogenic activity in the body is associated with certain forms of breast cancer. Although parabens can act similarly to estrogen, they have been shown to have much less estrogenic activity than the body’s naturally occurring estrogen. For example, a 1998 study (Routledge et al., in Toxicology and Applied Pharmacology) found that the most potent paraben tested in the study, butylparaben, showed from 10,000- to 100,000-fold less activity than naturally occurring estradiol (a form of estrogen). Further, parabens are used at very low levels in cosmetics. In a review of the estrogenic activity of parabens, (Golden et al., in Critical Reviews in Toxicology, 2005) the author concluded that based on maximum daily exposure estimates, it was implausible that parabens could increase the risk associated with exposure to estrogenic chemicals. FDA believes that at the present time there is no reason for consumers to be concerned about the use of cosmetics containing parabens. However, the agency will continue to evaluate new data in this area. If FDA determines that a health hazard exists, the agency will advise the industry and the public, and will consider its legal options under the authority of the FD&C Act in protecting the health and welfare of consumers.

[http://www.fda.gov/cosmetics/productandingredientsafety/selectedcosmeticingredients/ucm128042.htm]

(December 2012 ChemMatters Teacher’s Guide accompanying “Mascara: That Lush Look You Love”, pp 79–81)

More on triclosan

Here are the structural formula, the name and the space-filling model for triclosan:








5-chloro-2-(2,4-dichlorophenoxy)phenol

Triclosan’s IUPAC name is 2,4,4'-trichloro-2'-hydroxy-diphenyl ether.

And here are some physical and chemical properties for the compound:

	Properties

	Molecular formula
	C12H7Cl3O2

	Molar mass
	289.54 g mol−1

	Appearance
	White solid

	Density
	1.49 g/cm3

	Melting point
	55-57 °C

	Boiling point
	120 °C; 248 oF; 393 K


http://en.wikipedia.org/wiki/Triclosan
The following excerpt from the October 2002 ChemMatters article “Antibacterials—Fighting Infection Where it Lives” discusses the role of triclosan, as well as alcohols, in hand sanitizers.
Beyond soap and water, there are new products available for keeping our hands as free of unwanted germs as possible. Bacteria-killing products—currently marketed as antibacterials—for hand sanitizing come in two main categories: those containing ingredients like alcohols, which kill bacteria upon contact, and those containing ingredients like triclosan or triclocarban, which leave a bacteria-killing residue on the hands to prevent recontamination for several hours. Thus, both kill bacteria, while differing in the way they act.

Products like alcohol-based gels do not require water to rinse off the product, making them especially convenient when water is not around. … Ethyl alcohol (CH3CH2OH) is the most common active ingredient in hand sanitizer gels, killing bacteria by blasting open their cell walls. However, the bacteria-killing action stops when the alcohol evaporates from your hands.

For consumer antibacterial soaps, the most common active ingredients are triclosan and triclocarban. One of the ways in which these chemicals kill bacteria is by inhibiting an enzyme needed for growth. As an added advantage, triclosan remains on the skin to kill bacteria for four to six hours.

(Baxter, R. Antibacterials—Fighting Infection Where it Lives. ChemMatters 2002, 20 (3), p 11)
Triclosan is just one of many, many chemicals—primarily unused, unwanted, and outdated pharmaceuticals—that find their way into our waterways via their being dumped down sink drains and toilets. Many of these substances exit wastewater treatment plants relatively unscathed, while others are reacted, adsorbed and otherwise trapped in sludge produced at the plant. The effect of compounds like triclosan in our drinking (and cooking, bathing, etc.) water remains unknown, although it is under study. The ecological ramification of a product is especially worrisome when it is ubiquitous in consumer products, as is the case with triclosan.
You may be surprised by the number of products that contain the antibacterial agent triclosan (Fig. 1), a chemical that slows bacterial growth (antibacterial soaps); prevents dental disease (toothpaste); controls growth of odor-causing bacteria (socks); prevents bacterial degradation (baby pacifiers); and acts as a preservative (cosmetics [including deodorants]).

 (a) 



        (b)





      


Triclosan 


         Dioxin

Figure 1. Chemical structures of (a) triclosan and (b) dioxin 
(or 2,3,7,8-tetrachlorodibenzodioxin)
[(source: Wikipedia)]
Even in low concentrations, triclosan increases thyroid production of hormones that control development of the body, brain, and immune system. When it gets into wastewater, only 4% is removed at the treatment plant, leaving the rest to impact our aquatic environment. In water exposed to sunlight, 1–12% of triclosan converts into extremely toxic dioxins.


[image: image17]
Figure 2. Chemical structures of two functional groups: 
(a) ether and (b) phenyl
[(source: Wikipedia)]

Both contain ether (oxygen atom bonded between two carbon atoms) and phenyl (benzene ring) functional groups. As predicted by its structure, triclosan is only slightly soluble in water (.012g/L at 20 °C) but is fat-soluble, so it accumulates in human body fat.

The use of antibacterial cleaners also impacts the environment. In a 2008 study by the Centers for Disease Control and Prevention (CDC), triclosan was found in the urine of 75% of the population. The American Medical Association advises against household use, and the Environmental Protection Agency plans a triclosan review in 2013.

(Sitzman, B. and Goode, R. “Open for Discussion”: Hand Sanitizers, Soaps and Antibacterial Agents: The Dirt on Getting Clean. ChemMatters 2011, 29 (4), p 5)

This abbreviated table of solubilities of triclosan in various solvents supports the claim in the excerpt above that triclosan has very low solubility in water and aqueous solutions, but very high solubility in various organic solvents. Thus, it is soluble in body fat and once it gets into our system is likely to accumulate there.

	Solvent
	Solubility at 
25 °C
(g Triclosan/ 100 g solvent)

	Distilled water (20 °C)
	0.001

	Distilled water (50 °C)
	0.004

	1 N caustic soda
	31.7

	1 N sodium carbonate
	0.40

	1 N ammonium hydroxide
	0.30

	Triethanolamine
	>100

	Acetone
	>100

	Ethanol 70% or 95%
	>100

	Isopropanol
	>100

	Propylene glycol
	>100

	Polyethylene glycol
	>100

	Dipropylene glycol
	~40

	Glycerine
	0.15

	n-Hexane
	8.5

	Olive oil
	~60

	Castor oil
	~90


(http://copublications.greenfacts.org/en/triclosan/figtableboxes/table-3.htm)
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More on cyclomethicone

Cyclomethicone is a cyclic siloxane with this repeat unit: [–(CH3)2SiO–]n. Different cyclomethicones exist, depending on the number “n”. The subscript “n” can be 4, 5 or 6. Cyclomethicone 5RS has the structure to the right.

[image: image41.png]


The IUPAC name for cyclomethicone 5RS is 2,2,4,4,6,6,8,8,10,10-decamethyl-1,3,5,7,9,2,4,6,8,10-pentaoxapentasilecane. Its molecular formula is C10H30O5Si5.
Cyclomethicone is used as a base solvent to blend with fragrance oils and perfume oils. Cyclomethicone is a clear, odorless silicone. It leaves a silky-smooth feel when sprayed on the skin. Ideal for body sprays, lotions creams, bath salts, hair care, linen sprays etc. Cyclomethicone stays completely blended and crystal clear without shaking. 
Cyclomethicones are unmodified silicones that possess a cyclical structure rather than the chain structures of dimethyl silicones. Low heat of vaporization and the ability to select a desired vapor pressure has led their use as cosmetic vehicles. Unmodified silicones stay on or near the surface of the skin. Not only are the molecules too big to physically enter past the upper living cells, they associate with the upper layer of drying skin but they also cannot penetrate cell membranes due to their large size. 

Cyclomethicones evaporate quickly after helping to carry oils into the top layer of epidermis. From there, they may be absorbed by the skin. Cyclomethicones perform a similar function in hair care products by helping nutrients enter the hair shaft. 
(http://www.3dchem.com/molecules.asp?ID=315#) 

More on antiperspirants

As described above, antiperspirants differ from deodorants in that they contain aluminum compounds like aluminum chlorohydrate, with the goal to reduce or eliminate underarm sweating.

Antiperspirants … do a double duty of killing bacteria while constricting and blocking your sweat glands. Most antiperspirants contain aluminum and/or zirconium salts, which form an insoluble hydroxide gel for blocking sweat pores.

AlCl3•6H2O  +  H2O  (  Alx(OH)y•nH2O  +  other salts

Aluminum 

   Insoluble
chlorohydrate

hydroxide gel

The metal salts also act as astringents, substances that shrink pores, allowing less perspiration to flow. Actually salts of most of the metals in the periodic table would work well as antiperspirants. Unfortunately, many would be so toxic that there would be few customers coming back for more!
(Kimbrough, D. R. How We Smell and Why We Stink. ChemMatters December, 2001, 19 (4), pp 8–11)

Aluminum chlorohydrate can be synthesized either from aluminum metal or from compounds of aluminum, such as aluminum hydroxide.

Aluminium chlorohydrate can be commercially manufactured by reacting aluminium with hydrochloric acid. A number of aluminium-containing raw materials can be used, including aluminium metal, alumina trihydrate, aluminium chloride, aluminium sulfate and combinations of these. The products can contain by-product salts, such as sodium/calcium/magnesium chloride or sulfate.

Because of the explosion hazard related to hydrogen produced by the reaction of aluminium metal with hydrochloric acid, the most common industrial practice is to prepare a solution of aluminium chlorohydrate (ACH) by reacting aluminium hydroxide with hydrochloric acid. The ACH product is reacted with aluminium ingots at 100 °C using steam in an open mixing tank. 
(http://en.wikipedia.org/wiki/Aluminium_chlorohydrate)

HCl  +  2 Al(OH)3  (  Al2Cl(OH)5  +  H2O

More on aluminum and Alzheimer’s disease
Internet rumors abound about a cause-and-effect relationship between aluminum in the human body (enhanced by exposure to aluminum from antiperspirants) and the development of Alzheimer’s disease. Initial scientific research hinted that such a relationship might exist. Further scientific studies done since then do not support this belief. This clarifying information comes from the Alzheimer’s Society of the U.K.

Aluminium [Aluminum] – Very low levels of many metals are present in the brain. Aluminium is a toxic metal that is common in our everyday environment. Small amounts of it are found in water and food. Although initial studies linked aluminium toxicity with Alzheimer's disease, the link has not been proven despite continuing investigation. Importantly, there is no evidence to suggest that aluminium exposure increases your risk of dementia.

Current medical and scientific opinion of the relevant research indicates that the findings do not convincingly demonstrate a causal relationship between aluminium and Alzheimer's disease. Therefore no useful medical or public health recommendations can be made at present.

(http://alzheimers.org.uk/site/scripts/documents_info.php?documentID=102)
More on aluminum and breast cancer
Similar misinformation keeps resurfacing on the Internet regarding the relationship between aluminum in the body and the development of breast cancer. This relationship also has to-date not been supported by scientific research. The National Cancer Institute Fact Sheet on the topic offers clarification. Their key findings: 

· There is no conclusive research linking the use of underarm antiperspirants or deodorants and the subsequent development of breast cancer.

· Research studies of underarm antiperspirants or deodorants and breast cancer have been completed and provide conflicting results. 
You can read the complete fact sheet, which provides information about the clinical studies that have been done and the results of those studies at http://www.cancer.gov/cancertopics/factsheet/Risk/AP-Deo.
“Some speculate that the myth [re: aluminum causing breast cancer] could have been started by women being told not to wear antiperspirants or deodorants before a mammogram. They were told this, not for safety reasons, but because residue from these products appearing in the X-ray is often mistaken for an abnormality in the breast.” (http://permanent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2005/405_sweat.html)
Connections to Chemistry Concepts (for correlation to course curriculum)
1. Organic chemistry: nomenclature and structure—trans-3-methyl-2-hexenoic acid is a great excuse to bring in IUPAC nomenclature to your advanced chemistry classroom; see if students can create the structure (on paper or with models) and match it to the formula given in the article.
2. Inorganic nomenclature—Students could work to figure out the formula of aluminum zirconium tetrachlorohydrate from its name, or vice versa; this is a good place to bring in more complex inorganic structures and their formulas.

3. Acid-base chemistry—Aluminum compounds like AlCl3 are acidic salts, while ZnO, like other metal oxides, is a basic anhydride. Both acidic salts and metal oxides react with water to produce the acid or base, respectively.

4. Amphoterism—Baking soda is amphoteric, as are many aluminum compounds. This allows these compounds to react with both acids and bases.
5. Secondary bonding—Low boiling points, low heats of vaporization and high rates of evaporation all reflect weak intermolecular forces holding the deodorant’s solvent molecules together.

6. Chemicals in the environment—Parabens and aluminum salts are examples of chemicals we use on a daily basis that could affect our health, although no direct evidence has been found linking these chemicals in particular to our health problems.
Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Boy, sometimes sweat can really stink!” Actually, no, sweat doesn’t stink. It’s not the sweat, it’s the bacteria that feed on chemicals in sweat and then excrete foul-smelling compounds that cause the odors associated with sweat.
2. “Deodorants and antiperspirants are different names for the same thing.” While both deodorants and antiperspirants have the same goal—to stop underarm odor—they do it in very different ways, as pointed out in the article. Deodorants use either organic or inorganic antiseptics that kill the bacteria that cause body odor, while antiperspirants contain aluminum salts that dissociate into aluminum ions that are drawn into cells containing sweat glands, and they drag water in with them. The cells swell, effectively blocking the sweat ducts so sweat can’t be secreted. No sweat, no food and moisture for the bacteria. 
3. “Antiperspirants containing aluminum compounds are responsible for Alzheimer’s disease.” One study showed elevated levels of aluminum in the brains of patients with Alzheimer’s, but further studies have not corroborated that finding. And even if aluminum were related to Alzheimer’s disease, we typically are exposed to much larger concentrations and amounts of aluminum from aluminum cans and cookware than we get from antiperspirants.
4. “Washing with hot water alone will kill the germs that cause body odor.” Actually, bacteria CAN be killed with hot water, but the temperature of that hot water would have to be much higher than humans can tolerate. We’re able to stand temperatures as high as 
110 oF for short periods of time, but that’s about it. Most bacteria thrive in temperatures around body temperature (obviously) and slightly above, and most of them aren’t adversely affected until their temperatures reach 140 oF [60 oC] or higher, dependent upon the type of bacteria (e.g., to kill food-borne pathogens, the USDA recommends that beef be cooked to a minimum of 140 oF [60 oC], and for chicken, 160 oF [71 oC]). And some bacteria called thermophiles (“heat-loving”) actually thrive at high temperatures between 120 oF [50 oC] and 180 oF [80 oC]. And extreme thermophiles (hyperthermophiles) can thrive in temperatures between 180 oF [80 oC] and 220 oF [105 oC] (e.g., bacteria found in deep sea hydrothermal vents and hot springs like those in Yellowstone National Park). (Note that we are not likely to encounter hyperthermophiles in our everyday lives.)
5. “Antiperspirants cause toxic waste products to build up in our bodies because they clog our underarm pores, allowing the toxins from our lymph nodes to build up.” Actually, the pores that the antiperspirants clog up originate from our sweat glands, not our lymph glands. Sweat glands are near the surface of our skin, while lymph nodes are deeper. Also, although a few toxins may be removed from our bodies via our lymph nodes, they are not the cancer-causing type, and those toxins do not pass through the sweat ducts anyway. Most toxins are removed by the kidneys or liver and are excreted through our urine or feces. The only build-up that might result from blocked sweat pores is heat; since we can’t sweat, we can’t regulate our body temperature efficiently.
Anticipating Student Questions (answers to questions students might ask in class)
1. “Does everybody’s sweat smell bad?” Actually, no. Two percent of European people do not have “BO”, and most Asian people do not exhibit BO. Many of the 2% of Europeans that do not have body odor still use deodorants. See “More on body odor” in the “Background Information” section above.
2. “Can’t doctors just laser the pores shut that are connected to the sweat glands in the armpits so they are permanently closed? That way we couldn’t sweat there and bacteria wouldn’t make us smell bad.” While this may be possible, it may not be desirable to have all the sweat glands closed up. We rely on perspiration as a means of thermal regulation, and if the armpit sweat glands are closed off, we may not be able to sweat enough to cool us down when active. This could result in heat stroke or other temperature-related conditions.
3. “So, are ‘deodorant crystals’ relatively safer to use than commercial antiperspirants?” That is not an easy question to answer. First, commercial antiperspirants, containing aluminum zirconium tetrachlorohydrate are deemed safe by the FDA, as no studies have shown a cause-and-effect relationship between these antiperspirants and any known disease. Second, both commercial antiperspirants and deodorant crystals contain aluminum, so the relative safety of these is in question. They are sold as “natural” deodorants and, as such, people are more likely to accept their relative safety, despite a lack of evidence. The aluminum components in both commercial and “natural” deodorants dissolve, so they both produce aluminum ions, which are responsible for pore-blockage.
In-class Activities (lesson ideas, including labs & demonstrations)
1. Sweat is readily visualized by a topical indicator such as iodinated starch (the Minor test) or sodium alizarin sulphonate, both of which undergo a dramatic color change when moistened by sweat. (http://en.wikipedia.org/wiki/Hyperhidrosis)
Minor’s iodine-starch test for axillary hyperhidrosis (excessive armpit sweating) is shown here: http://emedicine.medscape.com/article/1296530-workup#a0721. This test uses the old iodine-starch blue complex ion as the indicator of sweat. Note that this is not suggested as a student activity, as such, but rather as a visual that could be used in class to show how researchers test for hyperhidrosis.
2. After talking with students in class about alum as one of the major ingredients in antiperspirants, you could have them do a lab activity to make alum. One such experiment can be found on the 30-year ChemMatters DVD. The October 1990 ChemMatters Classroom Guide describes in detail how to make alum from an aluminum soda can, potassium hydroxide and sulfuric acid. Safety precautions MUST be followed.

And Flinn Scientific offers this free “Chem-Fax!” with a list of ways of making the synthesis-of-alum lab more inquiry-based: http://www.flinnsci.com/media/962081/cf11205.pdf. They also offer for sale an AP Chemistry Kit, “Analysis of Aluminum Potassium Sulfate—AP Chemistry Classic Laboratory Kit.”

3. Individual students or teams of students can collect deodorant samples and test them for ability to kill germs, ability to cover other odors and other properties identified by students. This can be an excellent opportunity for students to design an experiment, record and organize data and draw conclusions based on this data. This activity can also be done outside of class.

4. There are myriad blogs and advertisements on the World Wide Web that tout specific “aluminum-free” deodorants, and even “chemical-free” deodorants. While some of these may really contain only “natural” ingredients, many are talking about deodorant crystals, which contain alum. Realizing that these “natural” alum or “deodorant crystals” actually contain aluminum compounds, students could investigate the claims of some of these ads. Some come from reputable organizations. Several examples are listed here:

http://www.herbalchoicemari.com/hcm/crystal-deodorant.html
http://www.livestrong.com/article/254360-the-best-deodorants-with-no-aluminum/
http://www.sweatology.net/armpit-sweating/deodorant-without-aluminum/ (This one contains myriad misconceptions.)

5. The author of the article mentions that “[A]s predicted by its structure, triclosan is only slightly soluble in water… but is fat-soluble…”, but she gives no explanation of the chemistry behind statement. You can use the structural formula for triclosan and list of its solubility in various solvents from this table, http://copublications.greenfacts.org/en/triclosan/figtableboxes/table-3.htm, to ask students to relate solubility to molecular structure and explain why triclosan has its characteristic solubilities in polar and nonpolar solvents.
Out-of-class Activities and Projects (student research, class projects)
1. Students can research the contents of commercial deodorants (see “More on ingredients of commercial deodorants/antiperspirants”, above) and analyze the list of ingredients for toxicity. They can compare typical commercial products to those advertised to be “chemical free”. Here’s a Web site to begin their search: http://www.achooallergy.com/article-toxic-chemicals.asp. (Note that information contained on this type of Web site must be evaluated and validated—and that the site sells its own brand of deodorant crystal, which isn’t obvious until you’ve read all the way through the article.)

2. Deodorants “work” by killing the bacteria that result in the production of offensive odors. Students might design an experiment to test the effectiveness of different commercial deodorants at killing bacterial grown in Petri dishes. Be certain to read their experimental design carefully with regard to safety considerations and scientific validity. (from December 2001 ChemMatters Teacher’s Guide)

3. Labels on personal products such as deodorants, soaps, and shampoos contain lists of chemical compounds. Using reference books like the Merck Index, students can research each listed compound. They can find out its chemical structure and its properties, and finally, suggest its role in the optimal functioning of the product. (adapted from December 2001 ChemMatters Teacher’s Guide)

4. Students might cooperate in researching historical benchmarks in the development of germ theory. Individuals who played major roles include Joseph Lister, Louis Pasteur, John Snow, and Robert Koch. They could then relate this history to the history and timeline of deodorants provided in the article (and beyond). Oral presentations enhanced by PowerPoint and posters can complete the group research. (adapted from October 2002 ChemMatters Teacher’s Guide)
5. You might want students to evaluate information re: deodorants. Some seemingly reputable Internet sites provide information that may not be entirely correct. You could direct students to the “Armpit Odor Treatment” section of this Web site to investigate some of their statements (several are incorrect, misleading, or based on unsubstantiated information): http://www.allhealthsite.com/armpit-odor-causes-and-treatment.html.
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Kimbrough, D. R. How We Smell and Why We Stink. ChemMatters 2001, 19 (4), pp 
8–11. The author discusses olfactory receptors in the nose, the smells that originate in armpits, hands and feet, and what we need to do to counteract those smells. She also discusses a bit of the history of deodorants and antiperspirants. The last page is devoted to an array of sources of odors—good and bad (and ugly)—and their chemical structures. (very useful if you cover organic chemistry) 


Wood, C. Soap. ChemMatters 1985, 3 (1), pp 4–7. Author Wood provides an in-depth look at the substance we use before we put on our deodorant—and its role in preventing body odor. The article includes a brief ½-page history of soap.

Smith, W. Skin Deep. ChemMatters 1987, 5 (4), pp 4–7. In this article, Smith discusses the function(s) of the skin, its structure, and the methods humans use to maintain their skin’s health.

Baxter, R. Antibacterials—Fighting Infection Where it Lives. ChemMatters 2002, 20 (3), pp 10–11. One way to keep from smelling … no, stinking, is to wash our body frequently. Author Baxter discusses the benefits and the risks of using antibacterial agents to cleanse and rid our bodies of bacteria. Triclosan is one of the topics covered.
Graham, T. Mystery Matters, Scanning Electron Microscopy Solves the Mystery! ChemMatters 2003, 21 (4), pp 17–19. Author Graham describes a problem in the automotive industry involving paint defects in new sports cars. He discusses the use of scanning electron microscopy to solve the mystery. While seemingly unrelated to the present article about deodorants, rest assured there is a connection!


Washam, C. Drugs Down the Drain: The Drugs You Swallow, the Water You Drink. ChemMatters 2011, 29 (1), p 11–13. Author Washam discusses the problems we face today as a result of the disposal down the toilet into the wastewater stream of unused pharmaceuticals, including triclosan.


Sitzman, B. and R. Goode. “Open for Discussion” Hand Sanitizers, Soaps and Antibacterial Agents: The Dirt on Getting Clean. ChemMatters 2011, 29 (4), p 5. In this one-page dialogue, the two authors discuss the advantages and disadvantages of using various cleaning agents. The role of triclosan is included.

Haines, G. Mascara: That Lush Look You Love. ChemMatters 2012, 30 (4), pp 15–16. This article discusses another cosmetic that a large portion of the U.S. population uses—mascara. Discussion includes the use of parabens and their chemistry.
Web Sites for Additional Information (Web-based information sources)
More sites on deodorants and antiperspirants
C&E News, from the American Chemical Society publishes a series of articles “What’s That Stuff?” that provide a full-page of information about common household products. This one describes “Deodorants and Antiperspirants”: http://cen.acs.org/articles/90/i27/Deodorants-Antiperspirants.html.
This site provides a lot of information about sweating, hyperhidrosis, deodorants and antiperspirants: http://anti-perspirant.info/.

This somewhat comedic 1:12 video clip “Enjoy the Ride—Chemical Free Deodorant” touts the benefits of using Crystal Rock Deodorant. (http://www.youtube.com/watch?feature=player_embedded&v=_Du5mKuhs5g)

Dr. Lani Simpson stars on this 3:35 video “How to Make a Safe Chemical-Free Deodorant” using baking soda and rubbing alcohol. She also discusses the possible (but as yet unsubstantiated) relationship between commercial deodorants and breast cancer. To be fair, she mentions a few “natural ingredients” that also have been related to breast cancer. (http://www.youtube.com/watch?feature=player_embedded&v=cNjOzrsLUYI)

The “Skin Deep” page from the Experimental Working Group’s Web site http://www.ewg.org/skindeep/browse.php?category=antiperspirant%3B%3Bdeodorant&&showmore=products&start=950 compares almost 1000 different commercial deodorants and antiperspirants and ranks them according to their scoring system (which isn’t obvious).

This page from the Federal Food & Drug Administration (FDA) lists the upper limits of various aluminum-containing compounds as the active ingredient in antiperspirants: http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=350.10&SearchTerm=antiperspirants.

More sites on sweat and sweating

This is one of the selected references listed in the article: http://www.smithsonianmag.com/history-archaeology/How-Advertisers-Convinced-Americans-They-Smelled-Bad-164779646.html. It provides a more detailed history of deodorant in society.

In the July-August 2005 FDA Consumer Awareness magazine, the article “Antiperspirant Awareness: It's Mostly No Sweat” discusses why we sweat, what antiperspirants do, the role of the FDA in regulating antiperspirants, hyperhidrosis, and “the cancer myth”: http://permanent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2005/405_sweat.html.

Here is basic information on sweating from Wikipedia: http://en.wikipedia.org/wiki/Perspiration.

Here is a one-minute video clip discussing eccrine and apocrine sweat glands in the body: http://www.nlm.nih.gov/medlineplus/ency/anatomyvideos/000127.htm.

This page from the Mayo Clinic Web site has a 4-slide interactive presentation that shows a microscopic view of the skin and sweat glands and how they help keep us cool: http://www.mayoclinic.org/diseases-conditions/sweating-and-body-odor/basics/causes/con-20014438.


This site from Wikipedia discusses body odor, at length: http://en.m.wikipedia.org/wiki/Body_odor.

More sites on triclosan

The Wikipedia page on triclosan provides the usual in-depth coverage of the topic: http://en.wikipedia.org/wiki/Triclosan.
This pdf document from the U.K., “The Fate and Removal of Triclosan During Wastewater Treatment” discusses how triclosan gets into wastewater and what happens to it as it passes through the wastewater treatment plant. (http://www.wef.org/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=2618)

This article from WebMD discusses the report of an FDA Advisory Panel that was tasked with studying the effectiveness of antibacterial soaps—many, if not most, of which contain triclosan. They found no advantage to using antibacterials over regular soap. (http://www.webmd.com/news/20051020/fda-panel-no-advantage-to-antibacterial-soap)

“Environmental Exposure of Aquatic and Terrestrial Biota to Triclosan and Triclocarban” is an article published in 2009 in the Journal of The American Water Resources Association. It describes the “... potential adverse ecological effects in aquatic environments....” that might be experienced as a result of triclosan and its close relative triclocarban use in antibacterials, and their eventual flow into wastewater. (http://onlinelibrary.wiley.com/doi/10.1111/j.1752-1688.2008.00284.x/full)


Here is a list of various commercial products—by brand name— that contain triclosan: http://www.beyondpesticides.org/antibacterial/products.php.

This 56-page report, “Opinion on Triclosan: Microbial Resistance” from the European Commission’s Scientific Committee on Consumer Safety details scientific research to-date (2009) regarding triclosan’s potential for encouraging microbial resistance to antibacterials: http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_023.pdf. Their findings: data is insufficient for a decision, but that doesn’t preclude the possibility.

This article describes various methods to make triclosan more water-soluble, the goal being increased antibacterial activity: http://journal.scconline.org/pdf/cc2003/cc054n06/p00537-p00550.pdf.

More sites on hyperhidrosis

From Your Virtual Doctor at FreeMD.com, here’s a page that will take students through a step-by-step check-up on excessive sweating: http://www.freemd.com/excessive-sweating/visit-virtual-doctor.htm.

This site from the National Institutes of Health discusses the diagnosis and treatment of focal hyperhidrosis (excessive sweating on specific areas of the body (e.g., hands or feet): http://www.ncbi.nlm.nih.gov/pmc/articles/PMC543948/.

More sites on parabens

The Center for Disease Control issued this fact sheet for parabens: 

http://www.cdc.gov/biomonitoring/Parabens_FactSheet.html. 

The U.S. Food and Drug Administration issued this statement on parabens: http://www.fda.gov/cosmetics/productandingredientsafety/selectedcosmeticingredients/ucm128042.htm.

More sites on misleading/false claims: the good, the bad and the ugly
The good

The American Cancer Society Web site has this page which debunks several internet rumors about the cause-and-effect relationship (or lack thereof) between antiperspirants and breast cancer: http://www.cancer.org/cancer/cancercauses/othercarcinogens/athome/antiperspirants-and-breast-cancer-risk.

The National Cancer Institute Web site contains a cancer topic fact sheet that also discusses antiperspirants and breast cancer: http://www.cancer.gov/cancertopics/factsheet/Risk/AP-Deo.


And here is a short article from WebMD, also about antiperspirants and breast cancer, that offers a bit of both sides of the research story: http://www.webmd.com/breast-cancer/news/20060228/antiperspirant-link-to-breast-cancer.


Even snopes.com got into the controversy by debunking the email that kept the rumors going: http://www.snopes.com/medical/toxins/antiperspirant.asp.

One more about parabens and breast cancer, from Chemistry Views magazine: “Underarm Hygiene Does Not Cause Breast Cancer”: 

http://www.chemistryviews.org/details/ezine/1452093/Underarm_Hygiene_Does_Not_Cause_Breast_Cancer.html.
The rest


This site states that aluminum-containing “deodorant”, which doesn’t usually contain aluminum compounds (should be “antiperspirant”, which typically DOES contain aluminum), “…affects the body severely causing- breast cancer and also affect the lymph glands.” (http://www.sweatology.net/armpit-sweating/deodorant-without-aluminum/) You might also have students check out the statement made on the site about recyclable packaging. (I’m not sure I understand what they’re saying there.) The site also mentions crystal rock deodorants, saying “Deodorant without aluminum is safe such as crystal rock (natural deodorant).” It also claims that “[d]eodorant without aluminum, mostly the natural deodorants consists of natural ingredients and no chemicals.” 
This blog informs readers that alum (“natural crystal deodorant stone”) is really potassium aluminum sulfate (or ammonium aluminum sulfate; either way, it’s not the aluminum-free deodorant some people are seeking. (http://chemicaloftheday.squarespace.com/most-controversial/2010/1/21/aluminum-in-crystal-deodorant-stones.html)


You can also return to the “More on ‘natural’ deodorant” section to see more examples of misleading or false claims.

A Solar Future
Background Information (teacher information)
More on the sun’s energy output to Earth


If we are going to convert energy from the sun into heat or electricity as the article describes, perhaps we should first consider how much energy is available from the sun and how much we need here on Earth. The sun has a mass of 2 x 1030 kg, mostly hydrogen and helium, and a radius equivalent to 109 Earths. Its surface temperature is about 5780 K and its power output is 3.9 x 1026 watts. The amount of energy from the sun that falls on Earth's surface, called total solar insolation, is enormous. All the energy stored in Earth's reserves of coal, oil, and natural gas is matched by the energy from just 20 days of sunshine. 
However, there are factors that prevent all of the energy or power from being useful on the surface of the Earth. We can get a better picture of the solar irradiance—the amount of solar power arriving on Earth from the sun—in these excerpts from NASA’s Window on the Universe Web site:

The Sun emits a tremendous amount of energy, in the form of electromagnetic radiation (EM), into space. If we could somehow build a gigantic ball around the Sun that completely enclosed it, and lined that ball with perfectly efficient photovoltaic solar panels, we could capture all of that energy and convert it to electricity... and be set in terms of Earth's energy needs for a very long time. Lacking such a fanciful sphere, most of the Sun's energy flows out of our solar system into interstellar space without ever colliding with anything. However, a very small fraction of that energy collides with planets, including our humble Earth, before it can escape into the interstellar void. The fraction of a fraction that Earth intercepts is sufficient to warm our planet and drive its climate system. … 

… At Earth's distance from the Sun, about 1,368 watts of energy in the form of EM radiation from the Sun fall on an area of one square meter. Yes, these are the same watts we use to describe the energy usage of light bulbs and other household appliances…
… If Earth were a flat, one-sided disk facing the Sun ... and if it had no atmosphere... every square meter of Earth's surface would receive 1,368 watts of energy from the Sun. Although Earth does intercept the same total amount of solar EM radiation as would a flat disk of the Earth's radius, that energy is spread out over a larger area. The surface of a sphere has an area four times as great as the area of a disk of the same radius. So the 1,368 W/m2 is reduced to an average of 342 W/m2 over the entire surface of our spherical planet. ...


… Note that the values for average solar insolation (the term scientists use for the solar EM energy delivered to an area) reaching Earth that have been discussed so far are at the top of the atmosphere. As you can imagine, as sunlight passes through our atmosphere, some of it is scattered and absorbed, reducing the amount that actually reaches the ground. 

http://www.windows2universe.org/earth/climate/sun_radiation_at_earth.html 


Note that those 342 W/m2 are a measure of the sun’s irradiance—the power of the sun’s energy per unit of area. It tells us that on every square meter of the Earth’s surface, 342 joules of energy are arriving every second. For more details on insolation—the amount of energy from the sun—and the sun’s irradiance, see http://www.windows2universe.org/earth/climate/sun_radiation_at_earth.html. Not only does not all the Sun’s energy reach the Earth’s surface, it does not reach it equally at all times. Think seasons and also think night and day. When you take these factors into account the average effective insolation is about 240 W/m2. 

Note that 1 watt of power is equal to 1 joule/second. Watts are units that measure energy per unit of time. Watts are a rate unit. For reference, 4.18 joules of energy are required to raise the temperature of 1.0 g of water 1.0 oC. Another comparison: the now outmoded incandescent light bulbs were rated in watts—40, 60, 75 and 100. These are the same watts as those used in the article. An important note here—watts are units of power and joules are units of energy. However, in discussions of the sun’s energy, power units and energy units are often used to represent energy. 
And in what form is that incoming energy? You may want to use this opportunity to review (or preview) with your students the electromagnetic spectrum. Because we can see a small part of the spectrum we often think about the spectrum as forms of light, but that is not always true. There are multiple kinds of energy represented in the spectrum, and they vary according to their wave length or frequency. Below is a table with EM energies and their wave length ranges listed from longest wave length to shortest. The diagram below provides a visual of this information.


EM Energy

Wave Length 


Radio waves

few centimeters to hundreds of meters

Microwaves

1 mm to 30 cm

Infrared

700 nm to 1 mm

Visible


400 to 700 nm

Ultraviolet

10 to 400 nm

X-rays


10 pm to 10 nm

Gamma rays

< 10-11 m
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(http://imagine.gsfc.nasa.gov/docs/science/know_l1/emspectrum.html)

The part of this electromagnetic energy flowing into the Earth’s atmosphere ranges from ultraviolet to the visible spectrum and infrared range.

You can refer to any standard high school chemistry textbook for the relationship between the wavelength and frequency of a particular kind of electromagnetic energy. But just a few basics adapted from the Teacher’s Guide for the Kimbrough article cited near the end of this Teacher’s Guide:
The basic characteristic of electromagnetic radiations is that they travel at a velocity of 3 x 108 m/s in a vacuum. The identifying characteristics of any wave are its velocity (C), frequency (ν) and wave length (λ). The equation that relates the three characteristics is: 

C = (ν) (λ) 
Any form of electromagnetic radiation, then, can be identified by its wave length or its frequency. From the equation we know that frequency and radiation vary inversely. Different forms of electromagnetic energy have different wave lengths (and frequencies), and regions of the spectrum are variously named. 
On the diagram above, wave length increases from left to right so the frequency will decrease. For example, radiation in the microwave region has a longer wave length and lower frequency than radiation in the X-ray region. 

So, electromagnetic energy comes to Earth from the Sun in the form of UV, visible and infrared energy. We can see that there is no electrical energy coming from the sun so what we need is technology that can convert the sun’s energy to electricity. How is this done? The article describes the technology, as do the next sections of this Teacher’s Guide.
More on photovoltaics and semiconductors


Photovoltaics is the direct conversion of light into electricity at the atomic level. The wave behavior of light explains a lot, but an understanding of photovoltaics requires that we view light as discrete particles of energy. This is also often described in high school chemistry texts, but a little more detail follows here.


The ability of light particles to knock electrons from a substance was first advanced by Max Planck and solidified as a concept by Albert Einstein in the early 1900s. He called it the photoelectric effect, and it is this concept that underpins photovoltaics. Details of this development are taken from the Teacher’s Guide for the Kimbrough article, referenced near the end of this Teacher’s Guide.

In his first 1905 paper, Einstein explained the photoelectric effect for which he eventually won the Nobel Prize in physics. He said, “According to the assumption considered here, when a light ray starting from a point is propagated, the energy is not continuously distributed over an ever increasing volume, but it consists of a finite number of energy quanta, localized in space, which move without being divided and which can be absorbed or emitted only as a whole.”

In this way Einstein re-defined how science thought of light. Until this time it was assumed to behave like a wave, which Einstein agreed was a sufficient explanation for purely optical events. But in order to explain events like the emission of electrons from a metal surface when light strikes the metal, it is necessary to think about light as discrete bundles of energy, later called photons.

The idea of particles of light was not original with Einstein. In a paper published in 1900, Max Planck advanced the idea that electromagnetic energy (light) could exist in discrete packages, or quanta, that had unique values. The energy values, E, for any bundle of light were in proportion to the frequency, ν (the Greek letter nu), of the light. The constant of proportionality would be a universal constant, h. Its value of 6.626 x 10–34 J x s is well known to current students of chemistry from the equation: E = h ν. Planck’s idea, called the quantum theory, was not immediately accepted widely. Only when Einstein employed the idea in his 1905 paper to explain what were then discrepancies [in] the behavior of light did quantum theory begin to gain acceptance. Actually not until 1913 and Bohr’s concepts of quantized energy states for electrons in atoms was the quantum theory widely accepted. 

Einstein showed that it was the frequency of light falling on the metal surface that dislodged electrons. Below a certain frequency, called the threshold frequency, the light had no effect on electrons. Light with frequencies higher than the threshold value caused electrons to be emitted faster. The intensity of the light was only a factor if the frequency was above the threshold value, and then increasing the frequency caused more electrons to be emitted. The threshold value is the minimum frequency that will cause an electron to be emitted. 


The photoelectric effect, then, is a phenomenon in which particles of light (photons) have sufficient energy to cause electrons to be ejected away from their original atoms. If the frequency of light is less, electrons are not emitted. The important thing to note here is that in the photoelectric effect electrons are unbound from their atoms. 


Suppose the incoming photons have sufficient energy to raise an electron to a higher energy level but not enough to totally remove it from its atom? This is possible, and it is what distinguishes the photovoltaic effect from the photoelectric effect. In solid-state physics, electrons in atoms of solids are said to exist in energy bands—the insulation band, the valence band and the conductive band. The first two bands roughly correspond to electron energy levels that chemists know. Bands are extensions of energy levels in solids since in solids the atoms are close enough to each other for the energy levels in a given atom to be influenced by the energies of the electrons in adjacent atoms. Thus in solids bands of similar energies emerge over and above the energy levels of individual atoms. A simplified structure looks something like this:
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(http://webs.mn.catholic.edu.au/physics/emery/hsc_ideas_implementation.htm)
The diagram shows the energy bands and gaps in (a) conductors, (b) semiconductors and (c) insulators. The key here is the size of the gaps, or forbidden energies between the outmost electrons in the valence band and the conduction band. Electrons—called delocalized electrons—in the conduction bands can move through the solid lattice and thus carry charge, forming a current. In solids that are insulators there is a large energy gap between the valence band and the conduction band so it is unlikely that electrons in the valence band of these materials could jump to the conductive band, and thus they are unlikely to conduct a current. The gap is very small in conductors. In semiconductors the gap is large enough that lower energy photons cannot cause electrons to move from valence to conduction bands but small enough that higher energy photons can do so. 


This is the fundamental theory that drives photovoltaic cells. Note also that the photoelectric effect is different from the photoelectric effect in that in the latter event electrons are removed from their original atoms and in the photovoltaic effect the electrons are moved to a higher energy band that allows them to move within the solid. 

Semiconductors, then, are also key to understanding photovoltaics. Silicon, the semiconductor with which most students are familiar, exists as a crystal lattice in which each silicon atom is covalently bonded to four other silicon atoms. Since all of the valence electrons are involved in the bonding, silicon itself does not conduct an electric current. But if other elements are added to the silicon crystal in a process called doping then silicon becomes a conductor. 
These impurities, or dopants, are most often elements near silicon on the periodic table. Here’s why. Frequently used dopants are arsenic (in the column immediately to the right of silicon on the periodic table) and gallium (in the column to the immediate left of silicon). Arsenic has five valence electrons, one more than silicon. Binding the arsenic to the silicon in the lattice requires only four of arsenic’s five valence electrons, leaving the extra one free to move within the crystal. The reverse is true for gallium. Gallium has three valence electrons, one less than silicon. So within the gallium-silicon structure there is an incomplete bond or a “hole” which allows room for electrons to move through the crystal lattice.

The way in which semiconductors function in a solar cell is described in the Teacher’s Guide for the Baxter article referenced below:

Photovoltaic cells are made in two layers. One layer of predominantly silicon has mixed in with it (“doped”) some arsenic. Arsenic has 5 valence electrons and silicon has 4. With these two elements mixed together in a crystalline lattice, there are 9 valence electrons between two atoms, an excess of electrons (think of the octet rule) or mobile electrons. A second layer of primarily silicon with some doping by aluminum or gallium means that the octet rule is not satisfied and there is a deficiency of electrons (only 7 total between a silicon atom and an aluminum or gallium atom) or “holes”. 
As a result, electrons from the Si/As layer move to the Si/Al or Si/Ga layer, which makes the two layers charged (positive and negative). With such a situation, adding light of enough energy displaces the electrons that have migrated to the Al or Ga side (which has become negative from the extra electrons). The displaced electrons will migrate toward the positive layer containing the arsenic (it lost electrons to the Al or Ga layer initially). This means that a current is generated if an electrical conductor connects the two layers in the right way. A more technical reference is found at www.howstuffworks.com/solar-cell.htm/.
[image: image44.jpg]


To sum up the process that takes place in a solar cell—when light energy strikes the solar cell, electrons are knocked loose from the atoms in the semiconductor material. If electrical conductors are attached to the positive and negative sides, forming an electrical circuit, the electrons can be captured in the form of an electric current—that is, electricity. This electricity can then be used to power a load, such as a light or an appliance. 

Each cell can produce only 1–2 watts. However, a number of solar cells electrically connected to each other and mounted in a support structure or frame called a photovoltaic module can produce power desired for a household or commercial project. Modules are designed to supply electricity at a certain voltage, such as a common 12 volt system.

Multiple modules can be wired together to form an array (see diagram at left). In general, the larger the area of a module or array, the more electricity it will produce. Photovoltaic modules and arrays produce direct-current (DC) electricity. 
(http://science.nasa.gov/science-news/science-at-nasa/2002/solarcells/ )
More on photovoltaic panels
Solar panels used to power homes and businesses are typically made from solar cells combined into modules that hold about 40 cells. A typical home will use about 10 to 20 solar panels to power it. The panels are mounted at an angle facing south, or they can be mounted on a tracking device that follows the Sun. Many solar panels combined together to create one system is called a solar array. For large electric utility or industrial applications, hundreds of solar arrays are interconnected to form a large utility-scale photovoltaic system. The photos below show several arrangements.
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(Photos from http://www.nrel.gov/learning/re_photovoltaics.html)
Traditional solar cells are usually flat-plate, and generally are the most efficient. Second-generation solar cells are called thin-film solar cells because they are made from amorphous silicon or non-silicon materials such as cadmium telluride. Thin film solar cells use layers of semiconductor materials only a few micrometers thick. Because of their flexibility, thin film solar cells can double as rooftop shingles or other building structures.

Third-generation solar cells are being made from variety of new materials besides silicon, including solar inks using conventional printing press technologies, solar dyes, and conductive plastics. Some new solar cells use plastic lenses or mirrors to concentrate sunlight onto a very small piece of high efficiency material. This material is more expensive but because so little is needed, these systems are becoming cost effective. However, because the lenses must be pointed at the sun, the use of concentrating collectors is limited to the sunniest regions on Earth.

More on solar thermal panels 
Although the article is focused on converting the Sun’s energy into electricity, many students will know about solar thermal panels—using solar energy to heat and cool buildings. So we are including here a brief section on solar thermal panels.

Solar thermal technology uses the Sun’s energy, rather than fossil fuels, to generate low-cost, environmentally friendly thermal energy. This energy is used to heat water or other fluids, and can also power solar cooling systems. A description of how solar thermal works appeared in the Teacher’s Guide for the Baxter article, referenced below:

If a house is equipped with an array of solar panels for heating air or water, light passes through glass (a ‘greenhouse”) and is absorbed on the dark surface of copper pipes that are coated with something like chromium oxide, which is black. The visible light (along with IR and some UV) is converted to heat and transferred by conduction through the metal to a circulating liquid, usually non-toxic propylene glycol which has a higher boiling point and density than water (though water is used in climates where freezing does not occur). Heat exchange between the propylene glycol and water in a tank occurs in copper tubing or fins. For warmer climates, water in a storage tank can be circulated to the solar panel, heated and returned to a storage tank with continuous cycling of the water between the tank and the solar panels. 
For space heating, solar panels can be used to directly heat air rather a liquid. The heated air can also be passed through some kind of heat storage material such as water or stone for heat retrieval later. Ideally, one can “fine tune” a heat pump to extract heat from solar-heated air. The fine tuning is meant to have the heat pump operate in a very narrow heat range and not requiring back-up of resistance heating (electrical) for the colder winter temperatures. The alternate is to heat water or propylene glycol in a solar system that would circulate though a hot “water” heating system in the house. But the cost of this latter arrangement (more solar panels vs. those needed for hot water) usually does not justify this kind of system.
It is interesting to note that solar thermal collectors depend on the “greenhouse effect” to operate. A flat plate collector is essentially a rectangular box with a dark-colored bottom surface to absorb energy and with tubing running above it. Energy from the sun enters the collector. That energy is in the form of UV and visible radiation. The energy is absorbed by the dark surface and re-radiated as infrared thermal energy which is then transferred to the liquid in the tubing. That transition from UV-visible to infrared thermal is the greenhouse effect. 

Solar thermal collectors are classified by the United States Energy Information Administration as low-, medium-, or high-temperature collectors. Low-temperature collectors are flat plates generally used to heat swimming pools. Medium-temperature collectors are also usually flat plates but are used for heating water or air for residential and commercial use. High-temperature collectors concentrate sunlight using mirrors or lenses and are generally used for electric power production. Two typical solar thermal configurations are shown in the diagram below.
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(http://solartribune.com/solar-thermal-energy/)
The properties of the heat transfer fluids that move the heat from collector to the house interior—usually into a storage tank—are also interesting. Among the properties that must be considered are the coefficient of expansion and viscosity because both of these properties determine how well the liquid moves in the system. Most important is the heat capacity of the fluid. And the freezing point, boiling point and flash point must be considered for practical reasons. Water, then, is a good fluid to use here because of its high heat capacity. However, it cannot be used where there is the threat of freezing. The “fix” for this is to use a glycol-water mixture—antifreeze—in either 40/60 or 50/50 ratio. Air is a good fluid to use but it has a very low heat capacity. Other fluids used include hydrocarbon oils, methyl alcohol and silicones.

Some companies are experimenting with molten salts as heat transfer media. In Spain, a solar power plant (producing electricity) uses a mixture of potassium and sodium nitrate to store and transfer heat collected from the sun by parabolic mirrors. The high melting points of the nitrates—308 oC for sodium nitrate and 334 oC for potassium nitrate—allows them to store heat well. The molten salts are then passed through a heat exchanger where the salt’s heat boils water and the resulting steam turns a turbine to produce electricity. The process nets 93 % of the energy used to melt the solids.

More on applications of solar energy


In addition to the uses of solar energy described in the article, here are a few more details:

Solar cooling—Solar energy can also be used to generate cool air. There are two kinds of solar cooling systems: desiccant systems and absorption chiller systems. In a desiccant system, air passes over a common desiccant or “drying material” such as silica gel to draw moisture from the air and make the air more comfortable. The desiccant is regenerated by using solar heat to dry it out. Absorption chiller systems, the most common solar cooling systems, use solar water heating collectors and a thermal-chemical absorption process to produce air-conditioning without using electricity. The process is nearly identical to that of a refrigerator, only no compressor is used. Instead, the absorption cycle is driven by a heated fluid from the solar collector. For a description of solar refrigerators see http://home.howstuffworks.com/solar-powered-refrigerator.htm. 
Solar chargers—These are usually small photovoltaic devices used to charge cell phones and other electronics. To date, many of these chargers are inefficient, ranging from 10–20 % efficiency. Larger units are used for charging the devices for more people. These were provided by television stations and other companies in the mid-Atantic and New England regions of the country during the crippling snow storms of the winter of 2013–14. Some of these units come equipped with batteries which the PV cells charge if no other device is connected.
Solar trash compacters—The article describes these briefly and provides a diagram. Here is a little more from the U.S. Environmental Protection Agency on how these compactors are saving money and the environment:

In 2009, Philadelphia replaced 700 public wire trash baskets with 500 BigBelly-brand solar trash compactors. These bins lower the number of trips needed to collect public waste by using solar energy to compact waste while it is in the bin. This allowed the City to save money from reduced collection costs and fuel use. The City had been making 17 trips each week to empty 700 wire baskets throughout Center City, at an annual cost of about $2.3 million. After replacing those 700 receptacles with 500 solar-powered compactors and 210 recycling units, the City collects only five times a week, at an annual operating cost of about $720,000-representing a 70 percent savings. The installation of solar compactors also enabled the Streets Department to deploy on-street recycling for the first time in Philadelphia.
(http://www.epa.gov/jius/projects/philadelphia/bigbelly_trash_compactors.html)
Solar vehicles—The article says that solar energy can be used to power cars, buses, boats and planes. Although cars are being made that run on electricity, there are no commercially available cars in which the electricity is provided by photovoltaic cells. The Chevy Volt, for example, is battery-operated and must be charged at a station like a gas station for gasoline-powered cars. Solar cars are being made on an individual or experimental basis, and in the cars the solar cells deliver electricity either to a motor directly or to a battery which then delivers electricity to the motor. Several manufacturers have employed solar power to assist with individual features on gas-powered cars. In 2006, Ford installed solar panels in the headlights of its concept car the Reflex, and the 2005 Mazda Senku used solar panels on its roof to help charge its battery. 
Other applications—In addition to the uses described in the article, solar cells are currently used: to power outdoor lighting for both residential and commercial installations; for remote surveillance, remote data sensors and monitors; and for supplying electricity when connecting to the power grid is not economically feasible. New applications are being developed regularly.

To access a web site that lists ten “cool” (do not think a pun was intended) uses of solar power, see http://www.buzzfeed.com/thegeshow/top-10-coolest-uses-of-solar-panels. 

More on solar power stations 
Solar power stations, as described in the article, are being built at a more rapid rate currently. These plants essentially concentrate the Sun’s energy in one of two ways—either by concentrating the Sun’s energy and focusing it on PV cells or by using mirrors to concentrate the Sun’s energy, converting it to heat and transferring the heat to a conventional electric generator which is tied to the general electric power grid. They are, in fact, usually referred to as “concentrating photovoltaics (CP)” or “concentrating solar power plants (CSP).” 
There are four basic solar power plant designs. In a photovoltaic solar power plant an array of cells concentrates energy and delivers DC current. These arrays of cells are connected to an inverter which changes DC current to AC current for use in the grid. Parabolic trough design employs a large number of parabolic mirrors which collect the sun’s energy to heat a fluid in pipes that run along the mirrors. The fluid delivers the heat to a steam generator that powers a turbine. In a power tower system, heliostats, which are mirrors that move with the movement of the sun, reflect energy to the top of a tower. From there a fluid transfers heat as in the parabolic design. Solar dish systems employ reflecting dishes similar to those found in satellite thermal concentrating (TC) systems. Each dish concentrates energy at a focal point, and a heat engine mounted on the dish produces electricity.

In a February 2014 press release, the United States Department of the Interior

… announced the approval of two solar energy projects located near the Nevada-California border that are expected to supply 550 megawatts of renewable energy, enough to power about 170,000 homes, and support more than 700 jobs through construction and operations. They will be constructed by First Solar, a solar photovoltaic panel manufacturer, which is also building similar projects in the region. In California, the Stateline Solar Farm Project will generate 300 MW and require 1,685 acres of public land. … Together, the projects could support more than 20,000 construction and operations jobs and, when built, generate nearly 14,000 megawatts of electricity, or enough to power 4.8 million homes. Thirteen of the projects are already in operation, including the Ivanpah Solar Electric Generating System, a 377-megawatt solar thermal plant that started commercial operations and delivering power to California’s electric grid last week. 
(http://www.doi.gov/news/pressreleases/secretary-jewell-announces-two-solar-projects-approved-in-california-nevada.cfm) 
All of these plants can have capacities suited to need—for small local uses (10 kilowatts) or power grid applications (up to 100 megawatts). Some systems use thermal storage during cloudy periods or at night. 
Connections to Chemistry Concepts (for correlation to course curriculum)
1. Electromagnetic spectrum—Solar thermal and photovoltaics draw on different types of EM energy. Students will need to understand the spectrum.

2. Dual nature of light—In order to understand the Earth’s energy budget and the photovoltaic effect students should be familiar with both the wave and particle theories of light.

3. Activation energy—Semiconductors in the photovoltaics section need photons that have minimum energies in order to force electron-ejection. 
4. Atomic structure with emphasis on electrons—Both the photoelectric effect and the photovoltaic effect are the result of the interaction of electrons with light. Energy levels, orbitals and solid-state band theory are also involved.

5. Valence electrons—The ability of semiconductors to move a current depends on the behavior of valence electrons in atoms.
6. Covalent bonds—The bonding in materials that make up semiconductors is covalent bonding. Valence electrons are held strongly in elements like silicon and so there is a need for dopants to provide both electrons that can be moved and also spaces for them to move.

7. Periodic Table—The role of dopants in semiconductors relies on the use of elements near each other on the periodic table. This is an excellent opportunity to review trends in properties of atoms on the table.

Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “The photovoltaic effect operating in a solar cell will only occur with visible light.” It is actually UV radiation from the sun that is at work in photovoltaics. In general, it is the frequency (or wave length) of the radiation that determines the effect on PV cells. 
2. “You can generate both heat and electricity using the same solar panels.” This is not possible. The technology to convert solar energy into electricity is very different than the technology to collect heat. The article focuses on converting solar energy to electricity, but this Teacher’s Guide includes a section on solar thermal panels to help you make the comparison between the two processes. See “More on solar thermal panels”.

Anticipating Student Questions (answers to questions students might ask in class)
1. “What happens if a solar array on a building produces more electricity than the building needs at the time?” It is possible to connect solar cells with batteries, but they are very expensive. The better solution is net metering. The Solar Energy Industries Association describes net metering this way: 
Net metering is a billing mechanism that credits solar energy system owners for the electricity they add to the grid. For example, if a residential customer has a PV system on the home's rooftop, it may generate more electricity than the home uses during daylight hours. If the home is net-metered, the electricity meter will run backwards to provide a credit against what electricity is consumed at night or other periods where the home's electricity use exceeds the system's output. Customers are only billed for their "net" energy use. On average, only 20–40% of a solar energy system’s output ever goes into the grid. Exported solar electricity serves nearby customers’ loads.
2. “I thought solar cells had to be pure, but dopants seem to be impurities.” In order to conduct electricity, silicon has to be “doped” with atoms of elements near it on the periodic table in order to supply electrons that can move and also spaces for the electrons to move at the atomic level. While it is true that the silicon and each of the elements used as dopants must be pure, these dopants are both planned and necessary impurities.
3. “The article describes solar photovoltaic technology. Are there other solar technologies?” There are actually three types of solar technologies—photovoltaics (described in the article), solar thermal collectors (see “More on solar thermal panels”), and in the section on solar power stations the article describes how reflectors can be used to concentrate thermal energy which then can be used to make steam which, in turn, is used to make electricity. Each of these is an active technology. There is also a wide range of passive solar technologies like sun rooms, “smart” window shades, awnings, walls and ceilings designed to control air circulation, and others.

In-class Activities (lesson ideas, including labs & demonstrations)
1. North Carolina State provides four activities on the Earth’s energy budget: http://www.nc-climate.ncsu.edu/edu/k12/.eeb. 

2. This series of activities from U.S. Department of Energy is designed for middle grade students but can be adapted for high school. The culminating activity has students designing their own photovoltaic system. http://www1.eere.energy.gov/education/pdfs/solar_photovoltaicenergy.pdf 

3. Another series of nine student activities from U.S. DOE on photovoltaic technology can be found here: http://www1.eere.energy.gov/education/pdfs/solar_photovoltaiccells.pdf.

4. There are many solar lesson plans on this page that have been developed for specific states in the U.S. The most appropriate ones here are those for New York and Texas. Among the best lessons are building a solar battery charger, positioning solar panels, calibrating a radiation meter, and introduction to photovoltaic systems. (http://solar.ucsd.edu/education/lessons.html)

5. British Columbia developed this lesson plan on solar racing cars: http://www.solarbc.ca/sites/solarbc.ca/files/pdf/solarcarraces.pdf.

6. Another series of activities from British Columbia that includes converting a battery-operated toy to solar is found here: http://www.solarbc.ca/sites/solarbc.ca/files/pdf/thepowerofpv_nov25.pdf.

7. This page has multiple solar energy activities, many for high school, including the U.S. DOE Solar Decathlon: http://www.solardecathlon.gov/education_teachers.html.

8. The U.S. Department of Energy has a brief procedure to make a solar oven from a pizza box: http://www1.eere.energy.gov/education/pdfs/solar_pizza_oven_box.pdf.

9. Purchase commercially manufactured photovoltaic cells and have students use them in a lab setting to do useful work, like run a small electric motor or a small fan. Lesson plans in detail are here: http://www.ccmr.cornell.edu/education/modules/documents/PhotovoltaicCells.pdf.
10. You can demonstrate the use of a salt to store heat by following this procedure: http://ncsu.edu/project/chemistrydemos/Thermochem/SatNaOAc.pdf.

11. Sodium acetate is used in heat pads. A video clip of a working heat pad can be found at http://static.howstuffworks.com/mpeg/q290.mpg. Sodium acetate has also been used in the walls of homes for solar/thermal storage. Heat is stored in the salt as it dissolves, an endothermic process, and released as the salt crystallizes. The effectiveness of the system degrades over time unless certain additives (certain salts and some polymers) are added to the sodium acetate to keep it from layering (crystals sink to the bottom of the acetate solution). 

12. The U.S. Department of Energy has a lesson plan for making a solar cooker: http://www1.eere.energy.gov/education/pdfs/solar_oven.pdf.
13. Students can build a solar hot water collector using this procedure from Teach Engineering: http://www.teachengineering.org/view_activity.php?url=collection/cub_/activities/cub_housing/cub_housing_lesson01_activity1.xml.

14. The University of Oregon Solar Radiation Monitoring Lab provides a lesson plan for doing the chemistry and physics of solar cell operations. It provides information that can be used as a student handout. 


(http://solardat.uoregon.edu/download/Lessons/PVLessonPlan1SolarCells.pdf) 

Out-of-class Activities and Projects (student research, class projects)
1. Teams of students can organize an audit of the solar installations either in the homes of class members or in the neighborhoods of class members. The class can collect and compile this information and issue a “state of the solar neighborhood” report to the community.
2. Students can research the number of days of sunshine in their area or in every state of the United States and decide where solar power is appropriate. Data can be accessed here: http://www.currentresults.com/Weather/US/average-annual-state-sunshine.php.

3. Photovoltaics and solar thermal are just two of a number of alternate energy sources. Student research on the major energy sources in the United States along with alternate sources will help students place this article in context. Assign students research on energy sources and require that each group of students report to the other groups. Create a presentation format that shows how these sources are related to the others.

4. You can assign students to make either models of solar cells or actual working cells in order to demonstrate that they understand how the technology works. 

5. Student can perform an energy audit on your school and recommend how PV cells or solar thermal collectors might be employed to save money. Incentive here might be to offer students some percent of the savings for a student fund for sports, clubs or activities. The Green Schools Initiative has some suggested procedures here: http://greenschools.net/article.php?id=99. The Alliance to Save Energy provides training for teachers and students: http://www.ase.org/projects/student-energy-audit-training.

References (non-Web-based information sources)


Baxter, R. Computer Chips—Loaded Bits. ChemMatters 1997, 15 (4), pp 7–9. Baxter describes the role of silicon in the construction of computer chips, including n-type and p-type dopants.

Kimbrough, D. 1905: Einstein’s Miraculous Year. ChemMatters 2005, 23 (4), pp 4–6. This article describes papers that Einstein wrote during 1905 involving the existence of atoms, the photoelectric effect (and the dual nature of light) and special relativity. To understand photovoltaics in the current article, read the section in this article on the photoelectric effect.
Baxter, R. Chemistry Builds a Green Home. ChemMatters 2006, 24 (3), pp 9–11. In this article on home energy efficiency, alternative energy, and the environment, there is a section on photovoltaics that is worth reading. 

Baxter, R. Metals’ Hidden Strengths. ChemMatters 2009, 27 (3), pp 11–12. This second article by Baxter has a brief section on photovoltaic cells.

Tinnesand, M. Harnessing Solar Power. ChemMatters 2011, 29 (3), pp 8–9. This article, also on solar energy, covers the topic of photovoltaics and has excellent diagrams about solar cells and silicon doping.

Tinnesand, M. Graphene: The Next Wonder Material? ChemMatters 2012, 30 (3), pp 6–8. Although the primary focus of this article is graphene, it includes recent developments in photovoltaics.
Web Sites for Additional Information (Web-based information sources)
More sites on the sun’s energy 


NASA’s Earth Observatory web site has information on the energy coming to earth from the sun at http://earthobservatory.nasa.gov/Features/EnergyBalance/page4.php.


Solar energy basics are explained in the University of Oregon site: http://zebu.uoregon.edu/disted/ph162/l4.html. 

The Encyclopedia of the Earth has some solar radiation basics here: http://www.eoearth.org/view/article/156098/. 


NASA’s Windows to the Universe explains how and how much energy gets from the Sun to the Earth. (http://www.windows2universe.org/earth/climate/sun_radiation_at_earth.html)


One chapter from an online book provides solar data and concepts: http://www.powerfromthesun.net/Book/chapter02/chapter02.html. 


This page from the American Chemical Society’s Climate Science Toolkit supplies a lot of information about the sun’s energy: http://www.acs.org/content/acs/en/climatescience/energybalance.html. 


You can get data about solar radiation from the National Solar Radiation Data Base: http://rredc.nrel.gov/solar/old_data/nsrdb/. 


An array of solar maps is available at the National Renewable Energy Lab Web site: http://www.nrel.gov/gis/solar.html. 

More sites on photovoltaics


This cover story from ACS’ Chemical & Engineering News describes the state of photovoltaics: http://pubs.acs.org/cen/coverstory/8225/8225solarenergy.html. 


The Union of Concerned Scientist has a site that gives a nice summary of both photovoltaics and thermal energy. (http://www.ucsusa.org/clean_energy/our-energy-choices/renewable-energy/how-solar-energy-works.html#Solar_Heat_Collectors)

 
Research and Development, an online magazine has an article that highlights recent research in photovoltaics: http://www.rdmag.com/videos/2014/01/how-tap-sun%E2%80%99s-energy-through-heat-well-light?et_cid=3721262&et_rid=443505599&location=top.


This chapter in the book Sustainable Energy by David McKay focuses on both photovoltaics and solar thermal: http://www.withouthotair.com/c6/page_38.shtml. 

This page from NASA Science News profiles a solar voltaic cell: http://science1.nasa.gov/science-news/science-at-nasa/2002/solarcells/. 


The always dependable How Stuff Works has multiple pages on solar cells: http://science.howstuffworks.com/environmental/energy/solar-cell1.htm.


And this site from How Stuff Works details the workings of semiconductors: http://electronics.howstuffworks.com/diode.htm.


This site provides a comparison between the photoelectric effect and the photovoltaic effect: http://sargosis.com/articles/science/how-pv-modules-work/the-photoelectric-and-photovoltaic-effects/. 

The National Renewable Energy Lab lists recent developments in solar energy: http://www.nrel.gov/pv/.
How Stuff Works gives this description of solar cells: http://science.howstuffworks.com/environmental/energy/solar-cell.htm.


A 2014 edition of Chemical & Engineering News featured an article on recent developments in photovoltaics with emphasis on perovskite solar cells, a much more efficient technology made of organometallic trihalides. (http://cen.acs.org/articles/92/i8/Tapping-Solar-Power-Perovskites.html)
More sites on solar thermal energy 


The Arizona Solar Center provides an explanation of solar thermal collectors here: http://www.azsolarcenter.org/tech-science/solar-for-consumers/solar-hot-water/solar-hot-water-a-primer.html.

A basic description of how solar thermal technology works is contained in this site from the Solar Energy Industries Association. (http://www.seia.org/policy/solar-technology/solar-heating-cooling)
More sites on solar applications 


Entec Solar lists various solar technologies and their advantages: http://www.entecsolar.com/Applications.asp.

From a variety of original sources, Buzzfeed compiled this list of interesting solar uses with photos: http://www.buzzfeed.com/thegeshow/top-10-coolest-uses-of-solar-panels.

Solar Power World lists more applications: http://www.solarpowerworldonline.com/2013/05/7-cool-solar-energy-applications/.
More sites on solar power plants 


Another site from How Stuff Works describes solar power plants. (http://science.howstuffworks.com/environmental/green-tech/energy-production/solar-thermal-power.htm)

This Washington Post online article describes the Ivanpah solar plant that opened in early 2014: http://www.washingtonpost.com/business/technology/huge-thermal-plant-opens-as-solar-industry-grows/2014/02/13/111cb52a-946f-11e3-9e13-770265cf4962_story.html.


Another article, this one from Smithsonian Magazine, describes the Ivanpah plant in the Mojave Desert: http://www.smithsonianmag.com/science-nature/take-a-look-at-the-worlds-largest-solar-thermal-farm-91577483/.

SkinColor: A Question of Chemistry
Background Information (teacher information)

More on evolution of skin color

The question arises as to why or how skin color of very different shades has come to be. The first point is that the question of “why” is actually related to the “how”, which in turn is related to the basic mechanism of evolution called “natural selection”. For skin color, what force has been acting to select humans with different skin color? To begin with, there is much evidence to suggest that the human stock originated on the African continent. More than likely, this population was very dark skinned which was suitable to the intense sunlight of this environment, particularly near the equator. One of the benefits of having darker skin is to prevent the absorption of too much UV light which in turn can destroy an important biochemical, folic acid, which is an essential nutrient for the development of healthy fetuses. While UV rays can cause skin cancer, it probably had little effect on the evolution of skin color because evolution favors those changes that improve reproductive success. Preventing the destruction of folic acid in darker skinned people means survivability of the next generation of that line of humans. As people migrated out of Africa to both the Asian and European continents above the equator, they located in areas with lower light intensity (including seasonal variation which is not a part of the equator region).

Having darker skin in those areas north of the equator was now a disadvantage, particularly in relation to producing vitamin D since they would have to have longer periods of daily exposure to sunlight in order to produce enough vitamin D (which is not readily available in most food sources). Any individuals with lighter skin in these lower light environments would be favored over darker skinned people because of their ability to produce more vitamin D. But, if these people have a diet rich in seafood (fatty fish such as salmon and mackerel), they have a good source of vitamin D. For some Arctic peoples (natives of Alaska and Canada for instance), their dark skin is not a disadvantage in a region considerably north of the equator because of their vitamin D food source (i.e., fatty fish—salmon and mackerel). And in the summer months, they are protected from excess UV exposure that comes from UV rays reflected from the snow and ice. That is biological success! (See TED lecture by Nina Jablonski, Penn State University professor, at http://www.ted.com/talks/nina_jablonski_breaks_the_illusion_of_skin_color.html, and her written article on the same subject at http://scienceline.org/2012/02/the-skin-were-in/.)
More on melanin and skin color

“Scientists have figured out that several genes are involved in skin color. One of these genes is the melanocortin 1 receptor (MC1R). When MC1R is working well, it has melanocytes convert pheomelanin into eumelanin. If it's not working well, then pheomelanin builds up.

Most people with red hair and/or very fair skin have versions of the MC1R gene that don't work well. This means they end up with lots of pheomelanin, which leads to lighter skin.” (For more information on MC1R and red hair, see http://genetics.thetech.org/ask/ask288.)

Two other skin color genes are SLC24A5 and Kit Ligand gene (kitlg). East Asians get their skin color mostly from a non-working version of kitlg. Northern European people with lighter skin often have a poorly working version of SLC24A5. A small number of pale northern Europeans get their skin color from a non-working MC1R gene.

There are three types of UV light with different functions: UV-A (315 to 400 nm), UV-B (280 to 315 nm), and UV-C (100 to 280 nm). Of the solar UV energy reaching the equator, 95% is UV-A and 5% is UV-B. UV-A activates melanin pigment already in the upper skin (dermis) cells, creating that quick tan. Because UV-A penetrates into the deeper skin layers, it can cause loss of skin elasticity and eventually, wrinkles! Thus, large doses of UV-A cause premature aging of the skin and probably enhance the development of skin cancers.

UV-B stimulates the production of new melanin as well as new skin cells that develop a thicker epidermis. But UV-B rays are also the ones that usually burn the superficial layers of the skin.

UV-C has the shortest wave lengths of all the UV rays, hence is the most energetic. But it is not damaging to our skin because UV-C is absorbed ty the ozone layer in the upper atmosphere.
More on importance of vitamin D on various aspects of health

There is evidence that vitamin D plays an important role in a variety of biological functions in humans. Vitamin D is needed to facilitate the absorption of calcium and phosphorus from the gut and into the blood stream. There is statistical data that indicates a significant portion of the population does not have enough vitamin D in their bodies on a daily basis. It is estimated that a billion people worldwide have inadequate levels of vitamin D in their blood—a situation that cuts across all ethnicities and ages. In the U.S. there are a variety of reasons for this situation. One is that people simply do not get outside long enough to generate some vitamin D. Additionally, African-Americans and others with dark skin have much lower levels of vitamin D, as well as the elderly and the obese.

There is medical research that supports the belief that this deficiency or low levels of vitamin D may impact on the health of individuals, including the increased risk of contracting a number of chronic diseases such as osteoporosis, heart disease, some cancers, as well as infectious diseases such as tuberculosis and possibly seasonal flu. What people are debating is how much vitamin D is really needed daily. A report in 2010 recommended tripling the daily vitamin D intake for children and adults to 600 IU per day and changing the upper limit from 2,000 to 4,000 IU per day. Some experts feel that even this increase in recommended minimums is still not enough for bone health and chronic disease prevention.

Sources of vitamin D besides vitamin supplements include dairy products and breakfast cereals fortified with vitamin D, along with fatty fish such as salmon and tuna. Ten non-dairy calcium-rich foods include bok choy, kale, sea vegetables, broccoli, almonds, Brazil nuts, tofu, figs and sesame seeds.

Vitamin D, regardless of origin, is an inactive prohormone and must first be metabolized to its hormonal form before it can function. Once vitamin D enters the circulation from the skin or from the lymph, it is cleared by the liver or storage tissues within a few hours.
The chemical steps in synthesizing vitamin D from 7-dehydrocholesterol follows, below.
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(http://www.vivo.colostate.edu/hbooks/pathphys/endocrine/otherendo/vitamind.html)

More on the multiple functions of the skin


Skin is the largest organ in our body, weighing twice as much as our brain.

Functions of the skin:
· Provides a protective barrier against mechanical, thermal and physical injury and 
hazardous substances
· Prevents loss of moisture

· Reduces harmful effects of UV radiation

· Acts as a sensory organ (touch, detects temperature)

· Helps regulate temperature

· As an immune organ, detects infections, etc

· Produces vitamin D
Regulating body temperature is an important function of the skin. For an interactive diagram showing physical changes in skin to regulate body temperature when the environmental temperature changes, consult http://www.abpischools.org.uk/page/modules/skin/skin3.cfm?coSiteNavigation_allTopic=1.

The skin’s structure includes special glands called sweat glands. Normally, the body cools itself by dilating blood vessels close to the skin’s surface to allow for heat transfer into the atmosphere. At the same time, sweat glands secrete moisture onto the surface of the skin (through pores), from which evaporative cooling provides heat transfer into the atmosphere. On humid days, evaporative cooling is not as efficient and less cooling takes place. It is the loss of these sweat glands in burn victims that contributes to the victim’s body overheating, which is a dangerous situation. And, with the loss of the epidermis and dermis in burn victims, it means that the tissue is subject to drying, loss of evaporative cooling and, of greatest concern, risk of developing infections that cannot be easily treated.

More on artificial skin
In the 1970s, artificial skin was developed to provide a cover to protect badly damaged skin (severe burns) as it regenerates itself. This product was developed by Dr. John Burke, a Harvard surgeon and Ioannas Yannis, a materials engineer at MIT. Their collaboration produced a skin cover for burn victims that would hydrate the burned area (actually the burned skin is removed, an important step), protect it from drying, and reduce the threat of infection. The material that Burke and Yannis developed is called Integra Dermal Regeneration Template (Integra DRT). Using an artificial product rather than skin, from whatever source, has advantage—including the fact that the product will not be rejected by the recipient (if the grafted skin is not from the patient), and that is free of viruses and bacteria. Again, the main function of the DRT is to induce dermal regeneration, providing a scaffold onto which the patient’s own skin cells can regenerate the dermal layer. The DRT consists of two layers. The bottom layer consists of a matrix of interwoven collagen (from cow protein) and sticky carbohydrate molecules—glycosaminoglycan. This matrix is attached to a flexible silicon sheet. The resulting product looks like a translucent plastic wrap. After the material is placed on a wound, the patient’s own cells infiltrate the sheet, (over a two to four week period), and the top layer of the DRT is removed, to be replaced by a very thin sheet of the patient’s own epithelial cells. Normal epidermis (without hair follicles) develops and the matrix disintegrates over time.

The majority of biomaterials in use today are based on natural or extracted collagen. The basic point of artificial skin is to induce dermal regeneration and supply a protective covering and a pliable scaffold onto which the patient's own skin cells can "regenerate" the lower, dermal layer of skin that was damaged or destroyed.

A current procedure relates to “a method of skin regeneration of a wound or burn in an animal or human. This method comprises the steps of initially covering the wound with a collagen glycosaminoglycan matrix, allowing infiltration of the grafted GC matrix by mesenchymal cells and blood vessels from healthy underlying tissue and applying a cultured epithelial autograft sheet grown from epidermal cells taken from the animal or human at a wound free site on the animal's or human's body surface. The resulting graft has excellent take rates and has the appearance, growth, maturation and differentiation of normal skin.”

(http://www.google.com/patents/US5489304)
One of the more well-developed skin covers (epidermal covers) has the commercial name of “Myskin”. This is a synthetic polymer of acrylic acid that is coated with medical grade silicon. Cultivated keratinocytes (from the patient) readily attach themselves to this polymer. (Keratinocytes make up 95 % of the epidermis, basically acting as a barrier to the environment, preventing excess drying of the skin and blocking penetration of toxins and pathogens into the interior of the skin. They also perform a structural function by keeping the nerves of the skin in place.) When the sheet is placed on a wound bed, the keratinocytes leave the sheet and become incorporated into the wound bed, eventually forming new epidermis. This sheet also provides moisture retention for the damaged skin. (See a video that shows actual skin cultivation [from keratinocytes] onto a protective sheet at http://www.youtube.com/watch?v=WERRXcBRSs4.)
Currently there continues to be research into the techniques for quickly cultivating new skin that can be applied to a burn victim and is not rejected by the recipient, depending on the source (embryonic stem cells, the patient’s non-embryonic stem cells, or layers of skin from the patient).

What are the goals for cultivated or lab-grown skin? “Tissue-engineered skin needs to:
(a) provide a barrier layer of renewable keratinocytes (the cells that form the upper barrier layer of our skin), which is (b) securely attached to the underlying dermis, (c) well vascularized, and (d) provides an elastic structural support for skin.” (http://www.sciencedirect.com/science/article/pii/S1369702108700877)
While lab grown skin is often discussed in the context of burn victims, it has multiple applications. People with unhealed wounds or ulcers could benefit from the product, as could animals used in laboratory testing. L'Oreal holds a patent for lab-grown skin derived from cells discarded during plastic surgery that can be formed into a skin substance. The substance can then be used instead of animals to test reactions to cosmetics.” (See article plus a video at http://science.howstuffworks.com/innovation/everyday-innovations/lab-grown-skin.htm.)
A newer technique for growing skin is spraying skin cells directly onto the wound area rather than first growing them in the lab on a foundation material. This treatment is meant only for second degree burns (third degree burns still require skin grafts) in which the top two layers of skin (epidermis and dermis) are damaged, but the subcutaneous layer is still okay. There is actually a “kit” that has been developed for use by surgeons that essentially makes instant spray-on skin cells. The source of the cells would be from what are known as skin progenitor cells found between a person’s epidermal and dermal layers in an area close to the wound. Cells from this region are harvested in the operating room, placed in an incubator the size of a large sunglasses case that contains an enzyme solution. This solution “loosens” the cells between the epidermal and dermal layers of the skin swatch, after which the surgeon can scrape off the cells into another solution where they are suspended. The cell mixture contains the three important types of cells for growth—keratinocytes for healing, fibroblasts for skin structure, and melanocytes for skin color. The mixture can then be sprayed onto a wound for growth and repopulation of the burn site. (See a video about this process at http://www.youtube.com/watch?v=em_I33KSEKQ.)

Being able to grow new skin outside the body in order to make use of it on various body locations to replace skin that has been damaged by burns remains a very important goal. Burn victims with areas of skin that no longer function are in a state that can prove fatal primarily due to the onset of bacterial infection.

One approach is to use embryonic stem cells. Previously, skin stem cells were collected from a patient’s body and cultivated in a biologically supportive growth medium to produce enough to cover the burn area. But this takes at least three weeks. To cut the growing time, a different approach utilizes embryonic stem cells which are grown on a scaffold at least 40 days in advance of any utilization. Growing the cells on a scaffold, in the right pharmacological mixture of chemicals and proteins, produces multiple-layered tissue. The interesting thing is that by having the bottom layer of cells on the scaffold exposed to the growth medium and the top layer exposed to air, the stem cells form a multiple-layered epithelium that resembles skin and has the same biological properties. Depending on the source of the stem cells, newly reproduced epithelial cells would normally be rejected by the recipient if the proteins on the surface of the new cells are not identical to the recipient’s cell surface proteins. Stem cells from embryos lack the protein that is involved in tissue rejection. Clinical studies are in progress to evaluate this approach to growing new skin.

Finally, a surprisingly simple approach to growing new skin in third-degree burn situations involves nothing more than applying a hydrogel that contains only water and dextran, a polymer made from glucose. The investigators, Goming Sun and Sharon Gerecht of Johns Hopkins University, do not know why this hydrogel, when applied to burn areas, grows new skin in 21 days, complete with hair follicles, blood vessels and skin oil glands. Some ideas as to what might be happening include that fact that the hydrogel may be attracting bone marrow stem cells that are circulating in the blood stream. These stem cells are then “signaled” (chemical stimulus) by the hydrogel to form into skin cells and blood vessels. The investigators have found that inflammatory cells first penetrate and degrade the gel, allowing the infiltration of special cells such as endothelial progenitor cells (derivatives of stem cells) that form blood vessels. The presence of blood vessels supports new tissue growth.

One of the remaining major problems with artificial skin is its vulnerability to infection. It can take a week or two for blood vessels, which carry the immune system’s infection-fighting machinery, to connect to the newly growing dermis. Without blood vessels, bacteria can grow and cause infection, and may destroy the graft and open the wound once more.
More on animal camouflage, a different skin situation

Although skin color is more a static situation in humans, some animals can actively manipulate their skin color for camouflage purposes. The skin color can change according to the environment, as is the case for certain cephalopods such as cuttlefish and squid. There is interest in understanding the mechanisms for skin color in these animals in order to make use of the technique for military camouflage. There are both mechanical and chemical components to some of these camouflage mechanisms.

In the case of the squid, the strategy is to be completely reflective. Like a piece of metal foil …

… the skin of a squid is mirrored to reflect back as much of its surrounding environment as possible. Reflective light includes both visible and infrared. But the way in which the squid’s skin is reflective is not simple metallic reflectivity.
Rather there is a combination of reflective skin layers and pigment sacs for creating color. And in the featureless environment of the ocean, those mirrors become almost invisible.
But what is it that enables the squid to do this? Its secret lies in soft optical materials and, more specifically, in the layer of cells called iridophores that lurk below the colored pigment sacs (acting as filters) in the squid's skin. These contain proteins with a very particular structure responsible for producing an iridescent sheen much like the structures in some birds' feathers and butterfly wings. [Iridescent comes from the Greek word, “iris” which means rainbow.] …

So does structural color or iridescence work for camouflage as it does for the brightly colored displays of butterflies? Sönke Johnsen, a biologist at Duke University, Durham, NC, who last year received a US navy grant of $7.5 million to study cephalopod camouflage, explains what's special about the squid – they can do it dynamically; they realign the protein structures responsible for their iridescence in order to match their surroundings. In the rapidly fluctuating light fields near the sea surface, this can mean constant readjustment. “They can change it on a dime.” says Johnsen. “They switch from one optical characteristic to another, so they could be reflecting blue light and then they can tell their cells to change and all of a sudden they're reflecting green light.” This ability to adapt instantaneously to environmental changes requires softer, more flexible materials than the hard chitin found in butterfly scales and is clearly one that would be of interest to military funders.

(http://www.rsc.org/chemistryworld/Issues/2010/June/HowToDisappearCompletely.asp )

Alison Sweeney, a collaborator with Johnsen, further explains the squid’s ability to adapt,

'There are iridescent cells and then darkly pigmented cells on top of those, and the two of those working in concert are responsible for these dynamic camouflage changes,' explains Alison Sweeney, currently at the University of California at Santa Barbara. In the skin of the squid, she explains, the arrangement of the proteins in the iridescent cells is completely disordered. (This is fairly unusual since cell proteins tend to have definite architectures such as helices or sheets). But chemical stimulation by a neurotransmitter causes the polymers, which are otherwise repelled from each other by their positive charge, to gain negative phosphates that allow them to agglomerate. In more neutral conditions, aromatic interactions begin to dominate and the proteins organize themselves into stacked, plate-like structures - essentially, they 'switch on' iridescence.”

(http://www.rsc.org/chemistryworld/Issues/2010/June/HowToDisappearCompletely.asp )

Iridescence, also known as goniochromism) is the property of certain surfaces that appear to change color as the angle of view or illumination changes. This is essentially refraction or thin film interference as seen in soap bubbles, the surface of a CD or DVD, crumpled cellophane as examples. When light that passes onto or through a medium is reflected back, the different wavelengths in the light come off the reflective surface at different angles producing a separation of these different wave-lengths, thus the “rainbow” effect.”
“More recently, [investigators have] proved that varying the thickness of the platelets could produce color shifts right across the visible spectrum. They also went on to suggest that soft protein materials such as these could have biomedical applications, for instance in smart artificial lenses with self-correcting focal lengths. But this is not the first time the potential of so-called 'reflectin' proteins has been recognized. In a 2007 Nature paper, scientists at the Air Force Research Laboratory in Dayton, US, cast reflectin proteins - engineered to be manufactured in bacteria - in films of varying thickness, resulting in a range of different structural colors. They also showed it was possible to induce dynamic iridescence by exposing reflectins to water vapor, which makes them swell and changes their reflectance - shifting from one wavelength to another.”

(http://www.rsc.org/chemistryworld/Issues/2010/June/HowToDisappearCompletely.asp )

Then there is the color change in the skin of a chameleon. These animals change skin color but not in response to environmental colors (as with squid). Rather, color change is a reflection of the animal’s “mood”. Changing color is a signal, a visual signal of mood and aggression, territory and mating behavior.

A chameleon’s colorful beauty is truly skin deep. Under the transparent outer skin are two cell layers that contain red and yellow pigments, or chromatophores. Below the chromatophores are cell layers that reflect blue and white light. Even deeper down is a layer of brown melanin (which gives human skin its various shades). Levels of external light and heat, and internal chemical reactions cause these cells to expand or contract. A calm chameleon, for example, may exhibit green, because the somewhat contracted yellow cells allow blue-reflected light to pass through. An angry chameleon may exhibit yellow, because the yellow cells have fully expanded, thus blocking off all blue-reflected light from below.

(http://www.pbs.org/edens/madagascar/creature3.htm)
Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Electromagnetic Radiation (EMR)—Biological material interacts with various parts of the spectrum of electromagnetic radiation (EMR) including both the visible and the invisible, such as IR and UV portions of the spectrum. Several vitamins are involved with light interaction. The article mentions vitamin D formation but vitamin A (retinol, an unsaturated primary alcohol) is part of a visual pigment molecule found in the light sensitive cells of our eyes that transforms EMR energy into nerve impulses, destined for our brain so that we see.

2. Exothermic—For various energy transformations, there is always some energy that becomes heat energy, an exothermic reaction. In the case of the skin absorbing EMR of different wavelengths, in particular infrared (IR) and ultraviolet (UV), that which does not become chemical potential energy from bond formation will become kinetic energy or heat.

3. Aromatic Compounds—Organic compounds such as a portion of the melanin molecule and 7-dehydrocholesterol (the molecule that is converted into a vitamin D compound) contain aromatic rings which interact with light, with different outcomes. In the case of the melanin molecule, the molecule is stable when interacting with UV radiation, possibly because of π-electron delocalization that is associated with a resonant structure which seems to confer some kind of stability. Although 7-dehydrocholesterol does contain some aromatic rings, it is not as stable as the melanin molecule and does change its molecular structure when interacting with UV radiation. (See “More on importance of vitamin D …” for a diagram of the steps involved in the chemical changes to 7-dehydrocholesterol initiated by exposure to light.)

4. Photoionization—This effect is responsible for the change in biological molecules such as DNA when enough energy in the form of photons (minimum amount necessary) is absorbed by a molecule, causing the loss of an electron, creating an unstable molecule (ion, really) due to an unpaired electron. Such a molecule is known as a free radical. The absorption by chlorophyll molecules of specific wavelengths of light in the blue and red regions provides enough energy to raise the energy levels of some electrons in the hydrogen of water molecules, producing hydrogen ions (and an oxygen molecule). The electrons of higher energy become part of a reduction process as the excited electrons join several different molecules including ATP, an energy transfer molecule.

5. Vitamins—These are organic substances which are absolutely necessary for an animal’s growth and health. They are also substances that cannot be synthesized (vitamin D the exception) and must be supplied through an animal’s diet. Vitamins are of two categories: fat-soluble and water-soluble. An overdose of vitamins (vitaminosis) occurs with the fat-soluble types because they accumulate in the fat tissue (particularly the liver) unlike water-soluble vitamins that are regularly excreted if not used.
Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Dark skinned people do not have to worry about either sunburn or developing skin cancer—lucky them!” Dark skinned people can develop sunburn but not at the rate of light-skinned people. And contrary to what people might believe, dark skinned people can develop various types of skin cancer because of overexposure to sunlight. This is particularly true if a dark-skinned person overexposes the lighter pigmented areas of the hands and feet to the sun.
Anticipating Student Questions 
(answers to questions students might ask in class)
1. “Why can’t you get a suntan (or burn) when sitting behind a glass window?” Glass normally blocks the transmission of UV light which is important for tanning.
2. “Why is it better or safer to wear sunglasses with glass lenses rather than plastic lenses?” Sunglasses with plastic lenses allow UV light to pass through to the eye. And more light, which includes UV, gets into the eye in the first place with plastic lenses, because the pupil dilates more with the darkening effect of the sun glasses than without the sunglasses. (The same is true with glass lenses but the UV would still be blocked.)
3. “What is the basis for naming vitamins by letters?” The vitamins have been assigned letters based on the order in which they were discovered. The exception to this rule is that vitamin K was assigned its “K” from the word “Koagulation” (a Danish word) by the Danish researcher, Henrik Dam. Vitamin K is known as the coagulation or antihemorrhagic vitamin because it is essential for the production of prothrombin, the precursor of the blood-clotting enzyme, thrombin.
4. “Why can some vitamins be taken in large, even excessive amounts and others are dangerous when taken beyond recommended doses?” It all comes down to what type of vitamin we are talking about. Water-soluble vitamins can be taken in larger doses than is recommended, while fat-soluble vitamins should not be taken in amounts beyond what is recommended. The reason for this is that water-soluble vitamins (the B-complex vitamins and C) are excreted when they build up in the blood system beyond what is taken into the cells. Fat-soluble vitamins (A, D, E, and K) in excess become deposited in the fat tissue, particularly liver fat, where they can become toxic beyond a certain amount. The most recent research suggests that taking vitamin supplements does not provide any benefit and is a waste, that a balanced diet provides adequate amounts of needed vitamins.
5. “Do people with dark skin suffer from sunburn because of an overextended exposure after not being in the sun for a period of time, like being indoors most of the winter months?” Yes, people with dark skin can get sunburn but not as easily (in terms of how long they are exposed) as lighter-skinned persons. An extended period of time away from direct sunlight reduces their protection because they lose their “tan”. Further, darker-skinned people can also develop a variety of skin cancers but in particular, melanomas. Darker-skinned persons have lightly pigmented areas such as the palms and soles of their extremities which can develop melanomas when exposed for a longer time than is “healthy” and/or without adequate protection such as sunblock or clothing.
6. “Specifically, how does vitamin D relate to healthy bones and teeth? Where does calcium fit into the picture? ” Vitamin D is known as a hormone that facilitates the uptake of calcium from the gut. Vitamin D stimulates the expression of a number of proteins involved in transporting calcium from the lumen of the intestine, across the epithelial cells and into blood. It is the calcium that is needed both for strong bones and teeth, as well as a properly functioning immune system.
7. “As a light-skinned person who develops a good, deep tan, am I protected from developing skin cancer?” Depending on how often and how long you are exposed to UV rays, you may still develop skin damage was well as skin cancer in spite of a deep tan. The reason these changes take place is because the effects of UV light on the skin are dependent on the total time of continuous exposure, similar to the way that the danger of exposure to radioactivity is, in part, related to the total time of exposure.

8. “Does exposure to UV light have any effect on the eye?” UV light transmission through the pupil of the eye can affect the lens of the eye, producing cataracts in people with extended exposure to intense sunlight containing UV-B rays. According to the World Health Organization (WHO), “Every year some 16 million people in the world suffer from blindness due to a loss of transparency in the lens. WHO estimates suggest that up to 20 per cent of cataracts may be caused by overexposure to UV radiation and are therefore avoidable. … Cataracts are the leading cause of blindness in the world.” (http://www.who.int/uv/faq/uvhealtfac/en/index3.html)

9. “If the cells of our skin are regularly replaced, why do scars and tattoos persist indefinitely?” The cells in the superficial or upper layers of skin (the epidermis) are constantly replacing themselves. But the deeper layers of skin (dermis) do not go through this cellular turnover and do not replace themselves. Foreign bodies such as tattoo dyes, implanted in the dermis, will remain.
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. There are a number of well-documented lab exercises that test the effectiveness of various sunblock products with different SP ratings. See

a. http://www.sciencebuddies.org/science-fair-projects/project_ideas/MatlSci_p015.shtml and http://www.sciencebuddies.org/science-fair-projects/project_ideas/MatlSci_p015.shtml#procedure.

b. A source for an inexpensive UV meter to determine the degree of UV transmission in the sunblock experiments can be found at http://www.amazon.com/gp/product/B00481APE8/ref=as_li_ss_tl?ie=UTF8&tag=sciencebuddie-20&linkCode=as2&camp=1789&creative=390957&creativeASIN=B00481APE8
c. A third approach to this type of experiment, but using so-called UV beads, which are not as quantitative, is found at http://www.stevespanglerscience.com/lab/experiments/uv-reactive-beads.

2. Students can design their own experiment to measure the difference in the transmission of UV light through glass vs. plastic. The UV meter mentioned in #1 would be a useful tool for making quantitative measurements through each medium.

3. If students want to make their own light-sensitive (UV) paper, using Prussian Blue and test their product, consult this reference: http://www.cwu.edu/~petersj/chem101labf08/cyanotype.pdf. For a commercial source of the light-sensitive paper, and for another explanation of how the water-soluble chemical, Berlin Green [iron(III) hexacyanoferrate(III)] is converted to the insoluble Iron(III) hexacyanoferrate(II), better known as Prussian Blue, visit a page from Steve Spangler’s Web site: http://www.stevespanglerscience.com/lab/experiments/sun-sensitive-paper-experiment#sthash.ViCjmMDt.dpuf. He also provides a series of suggested exercises to test sunscreen SPF ratings using the light-sensitive paper at http://www.stevespanglerscience.com/lab/experiments/sun-screen-spf-test.
Out-of-class Activities and Projects (student research, class projects)
1. A student project to create a sunblock lotion is found at http://www.virtualsciencefair.org/2012/dosunt. Note that this Web site (Introduction) contains other sections of the project, including procedure, which you can click on to activate.
2. Students could research the techniques for lightening skin—a practice in many societies such as Egypt where women with darker tan skins desire lighter or even white skin.
3. Students could research the causes and outcomes for two types of skin cancer—basal and squamous cell skin cancers versus melanoma skin cancer. What are the treatments for each type of skin cancer? Can they be avoided or are they genetically determined? A starting Web reference from the American Cancer Society is found at http://www.cancer.org/cancer/cancercauses/sunanduvexposure/skin-cancer-facts.
References (non-Web-based information sources)
In the April 1998 issue of ChemMatters, the article “Sun Alert” delves into all aspects of sun (and tanning salon) exposure, including how an SPF (Sun Protection Factor) is calculated for a particular sunblock lotion. Students might find this of interest. In addition, the structural formulas of the more common chemicals in sunblock are illustrated. Note all those aromatic rings! (Baxter, R. Sun Alert. ChemMatters 1998, 16 (2), pp 4–6)

Web Sites for Additional Information (Web-based information sources)
More sites about the structure and function of skin

A complete PowerPoint presentation that can be used in class to illustrate various aspects about skin includes its microstructure and function, various skin conditions that can develop. The slides include the several categories of skin cancer (basal and squamous cell skin cancer and melanoma skin cancer). There is also information about some of the more popular beauty treatments for skin, including collagen and Botox injections. Refer to the following Web site: http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCUQFjAA&url=http%3A%2F%2Fdrmagrann.com%2FAnatomy%2F4%2520skin.ppt&ei=_PfvUvSzCdSssAT4u4HYCQ&usg=AFQjCNHCKPXrUx0GdykN8Bc7CnvdGWuavg&sig2=1QNzdckrNxfvp_ZWaCT7ng&bvm=bv.60444564,d.cWc.

A second reference discusses extensively how the evolution of skin color may have come about. Included is a discussion of some experimental data related to the role of folate, its interaction with strong light, and survivability of humans with different degrees of pigmentation. It also provides very graphic illustrations of the interaction of UV light (A, B, and C) with the different structural components of skin. Refer to the following: http://physics.scsu.edu/~dscott/gen/ScientificAmerican/Skin%20Deep.pdf.

More sites on evolution of skin color and inheritance patterns

 A useful Web site for students, if they are interested in the genetics of skin color and inheritance patterns, is found at http://www.saasta.ac.za/Media-Portal/download/bio_fs14.pdf. (Interestingly enough, the Web site comes from South Africa.) There is also reinforcement of the basic ideas behind the right amount of exposure to sunlight for production of vitamin D but avoiding overexposure to sunlight by a pregnant woman thereby destroying the important biochemical folate, needed for a developing fetus.

More sites on culturing new skin
All the details of how artificial skin is made (with illustrations) can be found at http://www.burnresearchcenter.org/brcpublicwebsite/artificialskin.htm. This reference includes the work of Dr. John Burke, a surgeon (Harvard), and Ioannas Yannis, a materials engineer (MIT), who collaboratively developed the first effective artificial skin called Integra DRT in the 1970s.

A text and video from the Discovery Channel answers the question as to how new skin is grown in the lab. Included in the video is a discussion about the evolution of skin color. Refer to http://curiosity.discovery.com/question/scientists-grow-new-existing-skin.

A detailed article about the biomaterials used in tissue-engineered skin is found at http://www.sciencedirect.com/science/article/pii/S1369702108700877. An important part of this article is the details of the various components of skin and their functions.
More sites on how radiation affects cells

An article that clearly explains how ionizing radiation affects cells (and the damage that might occur) is found at http://www.rerf.jp/radefx/basickno_e/radcell.htm.

A complementary article with more detailed explanations, particularly with respect to DNA damage (with some diagrams), is found at http://teachnuclear.ca/contents/cna_bio_effects_rad/direct_indirect/.
More sites on all aspects of skin function

A very comprehensive PowerPoint reference on the structure and function of skin is found at http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCUQFjAA&url=http%3A%2F%2Fdrmagrann.com%2FAnatomy%2F4%2520skin.ppt&ei=_PfvUvSzCdSssAT4u4HYCQ&usg=AFQjCNHCKPXrUx0GdykN8Bc7CnvdGWuavg&sig2=1QNzdckrNxfvp_ZWaCT7ng&bvm=bv.60444564,d.cWc. This reference is well illustrated—good for class use.
More sites on the details of vitamin D

All you wanted to know about vitamin D is found in this extensive technical discussion about the vitamin. It includes sources, metabolism, functions and physiological actions, and vitamin D action over a human’s life cycle. Refer to

 http://www.ncbi.nlm.nih.gov/books/NBK56061/.

Another site that provides extensive information about the relationship between vitamin D and various health issues is found at http://www.hsph.harvard.edu/nutritionsource/vitamin-d/.

The worldwide status of vitamin D nutrition in different populations is found at http://www.ncbi.nlm.nih.gov/pubmed/20197091. There are also nutritional guidelines and food sources of various vitamins, particularly vitamin D, for people without readily available dairy products—as is the case on the African continent.

Non-dairy sources for calcium (for those who are lactose intolerant) are listed in the following short article: http://www.thenational.ae/lifestyle/food/food-for-thought-10-best-non-dairy-sources-of-calcium#ixzz2sTkuPYTI.
An interesting alternative to a vitamin D source uses specially treated mushrooms which generate vitamin D in much the same way as in our skin when it is exposed to sunlight. Refer to http://www.thenational.ae/business/industry-insights/retail/suntanned-mushroom-answer-to-uae-vitamin-d-deficiency.

The problem of vitamin overload is put into context by the medical establishment in this reference: http://www.thenational.ae/lifestyle/well-being/vitamin-overload. Recent medical research news (2014) has concluded that any vitamin supplements are a waste and ineffective, except in those cases where specific vitamin deficiencies are known to exist.

Sinkholes: Chemistry Goes Deep 
Background Information (teacher information)
More on sinkholes and their geology 


The article describes the phenomenon of sinkholes and the way they form. From a science point of view sinkholes are interesting because the processes that cause them are hidden from view under the surface of the Earth. Sinkholes, then, might be considered “black boxes.” For the scientist a black box is a phenomenon that is known to exist but the processes that cause the process to occur are hidden from view. Many chemical processes might be considered black boxes because we can see the evidence of change at a macroscopic level but the microscopic changes going on at the atomic level cannot be observed directly. 


In the case of sinkholes, the chemistry that causes them to occur takes place slowly and out of sight, and only when the sinkhole actually occurs can we see some evidence of what went on underground. Only at this point are we able to open the “black box.” So the event we call a sinkhole can be thought of as the macroscopic event that is caused by a series of microscopic events—chemical changes. 

 
The United States Geologic Survey describes sinkholes macroscopically this way:

A sinkhole is an area of ground that has no natural external surface drainage--when it rains, all of the water stays inside the sinkhole and typically drains into the subsurface. Sinkholes can vary from a few feet to hundreds of acres and from less than 1 to more than 100 feet deep. Some are shaped like shallow bowls or saucers whereas others have vertical walls; some hold water and form natural ponds. Typically, sinkholes form so slowly that little change is noticeable, but they can form suddenly when a collapse occurs. Such a collapse can have a dramatic effect if it occurs in an urban setting.

(http://ga.water.usgs.gov/edu/sinkholes.html)


Sinkholes are one phase of a more general geologic phenomenon called subsidence, which is a gradual or sudden sinking of the Earth’s surface due to movement of earth materials below the surface. It occurs all over the world, and in the U.S. more than 17,000 square miles are affected. Included in the causes, in addition to sinkholes, are the compacting of aquifers, drainage of organic soils, and underground mining. Most subsidence is related to human attempts to utilize underground water for development of residential, commercial or industrial projects. 


If we take a somewhat broader view of underground water, we see that it is part of the hydrologic cycle. But because we are not able to see the movement of underground water, this phase of the cycle is not as well known as the “evaporation-condensation-precipitation” phases that are described in many textbooks. However, the behavior of underground water is extremely important because many people depend on underground water for their lives and living.

There are two water-bearing zones underground—the unsaturated zone and the saturated zone. In the unsaturated zone, which is closer to the surface above the actual water table, the spaces between grains of gravel, soil and clay and cracks, crevices and voids within rocks are filled with both water and air. The water is held here by adhesive forces, and water is also moved through the voids by these forces which are the causes of capillary action. This is the water that is absorbed directly by plant roots. 

On the other hand, in the saturated zone water fills all the spaces. This region is called an aquifer and the upper surface is called the water table. This water is free to move but does so at varying rates. Water moves through aquifers into streams, rivers and low-lying areas at rates depending on the permeability of the aquifer rock. It may also be removed from the aquifer via wells. Most groundwater eventually moves out of its aquifer. Groundwater may move several meters in a day or only a few centimeters in a century, depending on the rock that forms the aquifer. For more on groundwater movement see http://pubs.usgs.gov/circ/circ1139/htdocs/boxa.htm. Rainwater recharges aquifers, and if the rainwater is acidic and if the aquifer is limestone, as described in the article, it will react with the rock, eroding it away slowly.
The article indicates that sinkholes occur typically in parts of the country with what is called karst terrain. Here is the description of karst terrain offered by the United States Geologic Survey:

Karst is a terrain with distinctive landforms and hydrology created from the dissolution of soluble rocks, principally limestone and dolomite [another carbonate rock]. Karst terrain is characterized by springs, caves, sinkholes, and a unique hydrogeology that results in aquifers that are highly productive but extremely vulnerable to contamination. In the United States, about 40% of the groundwater used for drinking comes from karst aquifers.
Some karst areas in the United States are famous, such as the springs of Florida, Carlsbad Caverns in New Mexico, and Mammoth Cave in Kentucky, but in fact about 20 percent of the land surface in the U.S. is classified as karst. Other parts of the world with large areas of karst include China, Europe, the Caribbean, and Australia.
(http://water.usgs.gov/ogw/karst/pages/whatiskarst)


Refer to the map below to see the location of major karst terrain regions in the United States. The colors on the map simply identify major limestone aquifers by name. To see the names, click on the link.


 (https://water.usgs.gov/ogw/karst/) 

The article says that the material making up bedrock in karst areas is either limestone or dolomite, both of which are carbonate rocks. Limestone is calcium carbonate, CaCO3, and dolomite is calcium magnesium carbonate CaMgCO3. Both of these minerals are insoluble in water but soluble in slightly acidic solution. This behavior is critical to an understanding of sinkhole formation. This chemistry will be explored below (see “More on sinkhole chemistry”).

There are three types of sinkholes—dissolution, cover-subsidence and cover collapse. Dissolution is the process of dissolving, so dissolution sinkholes form when water that is weakly acidic percolates down into the soil, slowly dissolving carbonate rock as it goes, carrying the dissolved carbonate away as the solute. Over time the spaces created in the rock enlarge and when the space is so large that the topsoil above can no longer be supported, a sinkhole occurs. See diagram below.
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(http://ga.water.usgs.gov/edu/sinkholes.html)
Cover-subsidence sinkholes develop gradually where the topsoil sediments are very porous, like sandy soil. These sinkholes form because the sandy topsoil is carried into the bedrock creating typically shallow depressions as in the diagram below.
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(http://ga.water.usgs.gov/edu/sinkholes.html)
Cover-collapse sinkholes occur where the topsoil contains a lot of clay. Over time, surface drainage, erosion, and deposition cause a sinkhole that produces a shallow bowl-shaped depression.
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(http://ga.water.usgs.gov/edu/sinkholes.html)

New sinkholes are often caused by human land-use practices, especially from groundwater pumping and from construction and development. Sinkholes can also form when natural water-drainage patterns are changed and new water-diversion systems are developed. Some sinkholes form when the land surface is changed, such as when industrial and runoff-storage ponds are created. The substantial weight of the new material can trigger an underground collapse of supporting material, thus causing a sinkhole.

More on sinkhole chemistry


Let’s turn our attention now to the microscopic causes of sinkholes and look at the chemistry behind them. Recall that karst terrain where sinkholes are most likely to form is characterized by aquifers consisting of carbonate rock. One main type of carbonate rock is limestone, which is the chemical substance calcium carbonate, CaCO3, the first key chemical in understanding sinkhole formation. Limestone is a sedimentary rock in which the carbonate may be sourced from the skeletons of marine organisms like coral, or it may be derived from the physical erosion of other carbonate geologic materials. The properties of calcium carbonate are:


Molar mass  =  100.09 g/mol


Appearance  =  fine white powder


Odor  =  odorless


Density  =  2.7 g/cm3

Melting point  =  825 oC 


Boiling point  =  decomposes  [CaCO3  (  CaO  +  CO2]


Solubility in water  =  0.0013 g/100mL water at 25 oC


Solubility in dilute acids  =  soluble


Crystal structure  =  trigonal


The other key chemical in sinkhole formation is carbonic acid solution. As described below, the acid H2CO3 is formed when carbon dioxide dissolves in water. A relatively small percent of CO2 molecules actually dissolve. The degree of dissolving depends primarily on the partial pressure of carbon dioxide which under ambient conditions is 0.000355atm (0.00244 kPa). Consequently, the hydration equilibrium constant for carbonic acid is:


CO2  +  H2O  (  H2CO3
Ka  =  [ H2CO3 ] / [ CO2 ]  =  1.7 x 10-3
This process of dissolving occurs both in the atmosphere, as rain falls through the atmosphere which contains carbon dioxide, and in the soil, as rainwater seeps through the soil where carbon dioxide exists as a result of the decomposition of organic materials.


The acid is diprotic, and the hydrogen ions dissociate in two steps, the first of which produces the bicarbonate ion, HCO31- (also known—more universally—as the hydrogen carbonate ion).
a) H2CO3    HCO31-  +  H+
Ka1  =  4.6 x 10−7 mol/L

The bicarbonate ion further dissociates to form the carbonate ion, CO32-, according to this equation:

b) HCO31-     CO32-  +  H+
Ka2  =  4.69 x 10−11 mol/L

Both acids, H2CO3 and HCO31-, are weak acids, which means that they dissociate to a small degree as indicated by the acid dissociation constant (Ka) values immediately above. For a more detailed explanation of these relationships, see http://ion.chem.usu.edu/~sbialkow/Classes/3650/Carbonate/Carbonic%20Acid.html. 

The two most important chemical substances, then, in sinkhole formation are calcium carbonate and carbonic acid solution. The chemical reaction between these two substances is the fundamental mechanism of sinkhole formation. 


Critical to the discussion of sinkhole formation is calcium carbonate’s very limited solubility in water (see data above). It is actually considered insoluble in water. In water solution, solid calcium carbonate forms an equilibrium with its ions:

(1)
CaCO3 Ca+2  +  CO3-2


The solubility product (Ksp) for CaCO3 is 3.7 x 10-9 at 25 oC, which indicates its relative insolubility. How, then, can rainwater filtering through the limestone aquifer create a sinkhole if the limestone is relatively insoluble in water?


The article provides the reason. The article reminds us that rainwater is not neutral but mildly acidic as a result of the interaction between rainwater and carbon dioxide and other gases like oxides of sulfur and nitrogen in the atmosphere. “Normal” rainwater has a pH of about 5.6–5.7 due to the natural presence of carbon dioxide in the atmosphere. As rain falls through the atmosphere, some of the gas dissolves to make a weak acid solution of carbonic acid:

(2)
CO2  +  H2O    H2CO3

As mentioned previously, the H2CO3 then partially dissociates to form a hydrogen ion and a hydrogen carbonate ion, 
(3)
H2CO3 H+  +  HCO31–

thus forming a weak acid which will now be able to react with the calcium carbonate according to this net reaction:

(4)
CaCO3  +  H2CO3 Ca2+  +  2HCO31-
In this last reaction the calcium carbonate is the solid substance that forms the karst terrain bedrock. The H2CO3 is the result of carbon dioxide dissolving in precipitation and seeping into the ground. 

The two ions produced in equation (4), Ca2+ and HCO31-, are soluble in water and are carried away from the reaction site by the movement of water in the aquifer. If the process occurs in one region over a long period of time, the limestone is worn away chemically and a sinkhole may be the result. It is important to note that the acid is a weak acid and, therefore relatively few ions are produced, thus limiting the rate of the chemical reaction. That is why it may take many years for a sinkhole to develop in a given region.


Note that reactions above are interrelated equilibria and are connected in a reaction system in nature. We can think about the relationship between these reactions. 

 (2–3)
    CO2 (g)  +  H2O (l)  [image: image24.png]


  H2CO3 (aq)  [image: image25.png]


  H+ (aq)  +  HCO31- (aq)

(4)

     CaCO3 (s)  +  H2CO3 (aq)  [image: image26.png]


  Ca2+ (aq)  +  2 HCO31- (aq)
The degree to which equation (2-3) shifts to the right depends on the concentration (or partial pressure) of carbon dioxide in the air. As CO2 reacts with water, an acidic solution is formed. The greater the concentration of CO2, the more acidic is the resulting solution. In a more acidic carbonic acid solution, calcium carbonate will dissolve to a greater degree, resulting in soluble ions in solution. And these ions will be carried away as the water moves through the aquifer. The result will be an erosion of the aquifer rock and perhaps the formation of a sinkhole. 

And if we apply LeChâtelier’s principle we see that an increase in atmospheric carbon dioxide will shift equation (2) to the right, increasing the amount of carbonic acid produced, which, in turn, will increase the rate of dissolution of limestone in equation (4). Current data indicates that atmospheric concentrations of CO2 have been increasing. This increasing concentration also results in the pH levels of precipitation decreasing below 5.6 due to the increased availability of CO​2 in the atmosphere and, therefore, increasing the possibility of sinkhole formation. On the other hand, a decrease in CO2 concentration shifts equation (4) to the left producing more of the insoluble carbonate. In the following paragraphs about cave formation we will see why this is important.


The above reasoning is not quite straightforward, however. As a result of increased concentrations of greenhouse gases like carbon dioxide, the temperature of the atmosphere is increasing. We know that gases like carbon dioxide are less soluble in water as temperature increases. This leads us to suggest that temperature increases will, in fact, decrease the solubility of calcium carbonate due to lower concentrations of carbonic acid in rain water caused by the lower solubility of CO2 into water from the atmosphere. At the depths at which we find the water table, however, temperature fluctuations are negligible, so temperature is not much of a factor in sinkhole formation. But later in this section we will see a set of circumstances where temperature plays a role in the solubility of calcium carbonate.


Sinkholes are only one part of the chemical erosion process described above. As water moves through limestone aquifers, it is possible that the bulk of the rock being eroded is far enough below the surface that rock above is sufficiently thick so as to remain in place rather than forming a sinkhole. In this case, the opening that results is called an underground cave. And if several caves are joined, then the combination is called a cavern. There are many well-known limestone caves and caverns throughout the United States. See http://en.wikipedia.org/wiki/Category:Limestone_caves for a list of limestone caves and caverns.


Caves tend to form at about the level of the water table. It is here that carbonic acid solution is able to dissolve limestone most easily. It takes thousands of years for limestone caves to form. When we visit one of these caves we often see various formations on the walls and floors of the cave. These formations are called speleothems. In order for speleothems to form the rocks surrounding and forming the cave must be at least 80% calcium carbonate. The bedrock must be highly fractured so that water can move through it easily. 

The best known of these speleothems are stalactites and stalagmites. A stalactite begins to form when a single drop of dissolved limestone solution begins to drip from a fracture inside a cave. As it hangs in place briefly some of the dissolved carbon dioxide escapes from solution and causes some of the dissolved calcium carbonate to precipitate from solution, beginning the stalactite formation. As more drops enter the cave at the same spot, the stalactite enlarges at a rate of about one half inch every 100 years.

When drops of limestone solution fall to the bottom of the cave they leave behind only some of their dissolved calcium carbonate as stalactites. As they hit the bottom of the cave more carbon dioxide leaves solution and, as a result, more calcium carbonate is deposited on the cave floor, forming a stalagmite. We often find stalactites and stalagmites in pairs, and occasionally they join to form a column.

Suppose the water moving through an aquifer does not end up in a cave. Suppose land owners drill a well to remove water from the aquifer for irrigation or for domestic use. That water will contain the dissolved calcium ions (and bicarbonate and carbonate ions) from the chemical erosion of carbonate rock. Even if the water supplied to a home comes from a municipal water treatment plant, calcium ions will still likely be present. And that water will be considered hard water.

Hard water is water that contains cations with a +2 charge, especially Ca+2 and Mg+2. Hard water has only mild and indirect health effects, but the dissolved ions make it difficult to form lather with soap. Hard water can also damage a home’s water heater, water pipes and pots and pans used to heat water. The damage is caused by the formation of calcium carbonate (or magnesium carbonate) deposits on surfaces that are used to heat water. As the water is heated, carbon dioxide becomes less soluble. This shifts the equilibrium in equations (2-3) above to the left and the effect on equation (4) is the formation of solid calcium carbonate. It deposits on heating elements in water heaters, on the inside surface of hot water pipes, on dishwashers, in bath tubs, in coffee makers and other appliances that contain hot water. 

Another somewhat related effect involving carbonic acid and carbonates is the fact that as atmospheric concentrations of carbon dioxide increase, more of the gas is dissolved in the oceans, therefore making the oceans more acidic. One result of this is that coral and other organisms that have carbonate shells or skeletons have more difficulty making and maintaining their shells. This, in turn weakens corals reefs, habitat to a diverse collection of marine organisms. 

This deposition of calcium carbonate from hard water is the result of the same process by which cave formations are created. In general, the carbon dioxide-carbonate-bicarbonate relationship is important in multiple ways in the environment. Students should understand that these chemical reactions and chemical pathways go on all the time, naturally and unseen, with consequences like sinkholes, cave formations and hard water. It is worthwhile, then, to point out to students that the series of chemical reactions described in this section of the Teacher’s Guide, acting over long time periods, are the mechanisms by which sinkholes form. 

Connections to Chemistry Concepts (for correlation to course curriculum)
1. Solubility—The relative insolubility of calcium carbonate in water and its increased solubility in acids is a key concept in sinkhole formation. In addition, the solubility of carbon dioxide in water to form a weak acid completes the conditions needed for sinkhole formation.

2. Equilibrium—Formation of a weak acid, carbonic acid, and the carbonate-bicarbonate interaction are both examples of equilibrium concepts in this article. Changes occur because of shifts in these equilibria.

3. Hydrologic cycle—The fact that in this article groundwater plays an important role provides a reason to expand student understanding of the hydrologic cycle, which often omits the role of groundwater.

4. Geochemical cycles—the chemical processes that produce sinkholes are examples of the relationships between chemistry and geology.
5. Acids and pH—The pH-dependence of calcium carbonate solubility and formation of weak acids in the formation of sinkholes provides an opportunity to reinforce these concepts with students.

Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Groundwater is separate from the water cycle.” Many times we think of the hydrologic cycle as surface water and atmospheric water, but groundwater is an important part of the water cycle.
2. “Groundwater flows quickly in underground rivers. That’s what washes away the rock, leaving the sinkhole.” The article describes the fact that the acidic groundwater flows very slowly through small openings between particles of silt, sand gravel and clay and fractures in limestone rock, requiring many years before a sinkhole is formed.

Anticipating Student Questions (answers to questions students might ask in class)
1. “Are there other gases that can dissolve in water to form acids and cause sinkholes?” Yes. Other gases include oxides of sulfur and oxides of nitrogen. These oxides are readily soluble in water and so form acid solutions in the atmosphere known as acid rain. As that precipitation falls to Earth and enters the groundwater system, the acid can erode limestone bedrock in the same way that carbonic acid does.
2. “What happens to the acidic water after it erodes the limestone?” As noted above, water in an aquifer moves at varying rates depending on the porosity of the rock. Eventually it may empty into existing bodies of water like lakes or streams, or it may be withdrawn from the aquifer to be used for irrigation or drinking water. Note that it will carry the dissolved calcium and bicarbonate ions with it throughout its journey.
3. “The article mentions the largest known sinkholes. Where are others? ” Sinkholes occur almost daily. For photos and descriptions of hundreds of sinkholes, see http://thesinkhole.org/2014/01/.

In-class Activities (lesson ideas, including labs & demonstrations)

1. Imagination Station gives a simple procedure and explanation for the eggshell-vinegar experiment mentioned in the article: https://imaginationstationtoledo.org/content/2011/04/how-to-make-a-naked-egg/.

2. The article mentions that some antacid tablets contain calcium carbonate. Here’s a procedure to analyze antacids by titration: http://www.cod.edu/dept/chem/poc/Experiments/Antacid-02/Antacid.htm.
3. Here’s another antacid titration procedure: http://faculty.css.edu/bjsjohns/CHM%201020/Lab%20Experiments/Antacid%20Tablet%20Titration.pdf. 

4. Geology.com provides a procedure for the acid-carbonate mineral test and background on carbonates. Students can follow this procedure to observe the effect of carbonic acid on limestone rock. (http://geology.com/minerals/acid-test.shtml)

5. The U.S. Environmental Protection Agency created a lab activity about carbon dioxide, indicators, pH and ocean acidification that students can do. (http://www.epa.gov/climatestudents/documents/corals-and-chemistry.pdf)

6. The American Chemical Society’s Middle School Chemistry page has a series of lab activities for students about carbon dioxide and acids. (http://www.middleschoolchemistry.com/lessonplans/chapter6/lesson10)

7. Students can simulate sinkhole formation in the lab by following this simple procedure: http://www.earthsciweek.org/forteachers/sinkholes.html.

8. The United States Geological Survey created templates for sinkhole geography models that can be cut out of paper and assembled. (http://www.usgs.gov/education/animations/karst97-536/karst.pdf)

9. This lab activity on the solubility of calcium carbonate is part of Northwestern University’s Climate Curriculum: http://osep.northwestern.edu/sites/default/files/Solubility%20of%20Calcium%20Carbonate_ALL.pdf.

10. This series of lab activities from the Phet program at the University of Colorado develops the concept of equilibrium: file:///C:/Users/Don/Downloads/Equilibrium%20lesson.pdf.

Out-of-class Activities and Projects (student research, class projects)
1. Assign students or teams of students to research incidents of sinkhole formation in their region or state. The best place to start is the state department of environmental resources.
2. Students can collect photos and descriptions of sinkholes in their part of the country and prepare a class display.

References (non-Web-based information sources)
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Poscover, G. What’s That Fizz. ChemMatters 1984, 2 (1), pp 4–5. This article considers the dissolving on carbon dioxide in water in carbonated beverages, not in acid rain. However, some important relationships are discussed.

Kimbrough, D. Caves: Chemistry Goes Underground. ChemMatters, 2002, 20 (2), pp 7–9. Like the 1984 article referenced above, this article describes the chemistry of stalactites and stalagmites and includes a sidebar on sinkholes.

Web Sites for Additional Information (Web-based information sources)
More sites on sinkhole geography

The state of Florida Department of Environmental Protection has multiple resources on sinkholes. (http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm)

A very long and detailed examination of ground water and surface water, including sections on karst terrain and the hydrologic cycle is included on the United States Geologic Survey site. (http://pubs.usgs.gov/circ/circ1139/)

This is the section on karst terrain from the previous citation: http://pubs.usgs.gov/circ/circ1139/htdocs/boxl.htm. 

Many individual states have Web pages on sinkholes. Here is a sampling:

Florida: http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm 

Pennsylvania: http://www.dcnr.state.pa.us/topogeo/hazards/sinkholes/
Arizona: http://www.azgs.az.gov/arizona_geology/winter09/article_devilskitchen.html 

Missouri: https://www.dnr.mo.gov/geology/geosrv/envgeo/sinkholes.htm 

Virginia: https://www.dmme.virginia.gov/dgmr/sinkholes.shtml 

Wisconsin: http://wisconsingeologicalsurvey.org/sinkholes.htm 

Utah: http://geology.utah.gov/surveynotes/geosights/sinkhole.htm
Kentucky: http://www.uky.edu/KGS/gis/sinkpick.htm 

Maryland: http://www.mgs.md.gov/geology/geohazards/engineering_problems_in_karst.html 

Kansas http://www.kgs.ku.edu/Publications/Bulletins/162/10_app_d.html 

More sites on sinkhole geology

The state of Florida Department of Environmental Protection has multiple resources on sinkholes. (http://www.dep.state.fl.us/geology/geologictopics/sinkhole.htm)


The U.S.G.S. provides a site on the geology of sinkholes here: http://www.usgs.gov/blogs/features/usgs_top_story/the-science-of-sinkholes/. 


Another U.S.G.S. site on sinkholes describes types of sinkholes: http://water.usgs.gov/edu/sinkholes.html.


This is a U.S.G.S. site on karst terrain and aquifers: http://water.usgs.gov/ogw/karst/karstphotos.html.


An overview of sinkhole formation is included on this page from National Geographic: http://news.nationalgeographic.com/news/2013/08/130812-florida-sinkhole-disney-world-explainer-urban-science/.


The topic for this U.S.G.S. site is carbonate rock aquifers, including a map and links to specific aquifers: http://water.usgs.gov/ogw/aquiferbasics/carbrock.html. 
More sites on sinkhole chemistry 

This page lists equilibrium equations for the carbon dioxide-carbonic acid equilibrium:

http://ion.chem.usu.edu/~sbialkow/Classes/3650/Carbonate/Carbonic%20Acid.html.

 
See the state of Florida Department of Environmental Protection cited above. 


How Stuff Works has a page on sinkholes, including types and causes—but not much on sinkhole chemistry. (http://science.howstuffworks.com/nature/natural-disasters/sinkhole.htm)


Princeton University gives some data on calcium carbonate and its properties here: http://www.princeton.edu/~achaney/tmve/wiki100k/docs/Calcium_carbonate.html.


This site also gives properties of calcium carbonate and applies ideas to sinkholes and cave formations: http://www.sciencelearn.org.nz/Contexts/A-Fizzy-Rock/Science-Ideas-and-Concepts/Carbonate-chemistry.
More sites on caves

 Basic speleothem chemistry and examples of unusual cave formations are featured on this site: http://www.jenolancaves.org.au/about/geology-of-limestone-caves/cave-formations-speleothems/.

This PBS Nova site has an interactive simulation on cave formation: http://www.pbs.org/wgbh/nova/earth/how-caves-form.html. 


This commercial site gives information on cave formation and has links to specific limestone caves in the United States: http://www.adventure-caves.com/limestone-cave.html.

Nail Polish: Cross-Linked Color on the Move
Background Information (teacher information)
More on nail polish 

History

While modern nail polish has been around for almost 100 years, the process of people using different methods to decorate and beautify their fingernails has been around for thousands of years more. At times in some areas polish users selected specific colors to wear to indicate their social standing and even their place as royalty. It’s even said that the act of wearing nail polish in royalty’s colors, without being royalty, was punishable by death. The book Chemical Composition of Everyday Products describes the early history:


Nail polish can be historically traced back approximately 5,000 years, to at least 3000 BC, when it originated in China. During the Ming Dynasty, Chinese nail varnishes and lacquers were synthesized from a combination of beeswax, egg whites, gelatin, vegetable dyes, and gum arabic. The Egyptians were known to use orange henna to stain their fingernails. In China as well as in Egypt, color symbolized particular social classes. During the Chou Dynasty (600 BC), gold and silver were the royal color choices, and later, royalty preferred black and red and thus applied these colors to their nails to indicate their status.

(Toedt, J.; Koza, D.; Van Cleef-Toedt, K. Chemical Composition of Everyday Products; Greenwood Press: Westport, CT, 2005; p 49. See http://books.google.com/books?id=UnjD4aBm9ZcC)

A vintage nail polish advertisement (see right) even played on the connection to this past history.

(http://www.beautifully-invisible.com/2011/05/nail-lacquer-blood-red-nails-fingertips-history-nailpolish.html)
The modern formulation of fingernail polish was inspired by glossy car paint, which became available in 1920. The Chemical & Engineering News “What’s That Stuff?” feature included an article on nail polish that briefly outlines the history of car paint and its connection to nail polish.

The key ingredient in nail polish is nitrocellulose, a long-lasting, film-forming agent derived from cellulose. But before nitrocellulose was put into nail polish, it was used as a component of automobile paint by chemists at DuPont. Shortly after the car paint's 1920 debut, nail enamel formulations containing nitrocellulose appeared in patent literature. The patents detail the deposit of a pigment-impregnated film on finger- and toenails just as on car surfaces. The nitrocellulose-containing paint was initially so popular that within four years it covered all of General Motors' cars. The auto industry has long since moved on to other coatings, says DuPont spokesman Rick Straitman. But nitrocellulose, which is also a component in fireworks known as "gun cotton," remains a constituent of many nail polishes today.

Nail polish was not a new idea in the 1920s, although in terms of technology, the period marked a "quantum leap in both formula and production," says history of science expert Gwen Kay at the State University of New York, Oswego. Records from 17th- and 18th-century European royal courts document the appearance of shiny, varnished nails, she says. In addition, 19th-century recipe books from both Britain and the U.S. contain instructions for making nail paints alongside recipes for bread.

(Drahl, C. Chem. Eng. News 2008, 86 (32), p 42. See https://pubs.acs.org/cen/whatstuff/86/8632sci2.html.)


Many locations on the internet credit the original idea to adapt the car paint formula for use on nails to a French make-up artist named Michelle Manard. She worked for The Charles Revson Company. Readers familiar with the names of make-up companies may see “Revson” and wonder if it’s a typo for the company name “Revlon.” Nope—it’s part of the company’s nail polish history, to include the initial of the person who helped produce the polish. The blogger with the pen name “Beautifully Invisible” writes in the blog post “A History of Nail Lacquer: Blood Red Nails on Your Fingertips”: “Owners Charles and Joseph Revson partnered with a man named Charles Lachman and, using Manard’s original idea, created an opaque, non-streaking nail polish based on pigments instead of dyes. In 1932, the company changed its name to Revlon and began selling the very first modern nail polish!” (http://www.beautifully-invisible.com/2011/05/nail-lacquer-blood-red-nails-fingertips-history-nailpolish.html)

An image of a vintage Revlon nail polish advertisement is shown at right.

(http://www.amazon.com/gp/product/B005DH03PM/ref=as_li_ss_tl?ie=UTF8&camp=1789&creative=390957&creativeASIN=B005DH03PM&linkCode=as2&tag=squidoostuff-20)
Polish Components and Chemistry


Fingernail polish may seem like a simple product, but a lot of chemistry is squeezed into those little bottles. As described in the Haines article, each of the typical components—film-former, solvent, resin, plasticizer, and pigment—plays a critical role. The ingredients must all also be deemed safe for use when the polish is used as it is intended. In the United States, the Food and Drug Administration (FDA) regulates nail polishes used in both the home and salons. The FDA site mentions, “Many nail products contain potentially harmful ingredients, but are allowed on the market because they are safe when used as directed. For example, some nail ingredients are harmful only when ingested, which is not their intended use.” (http://www.fda.gov/Cosmetics/ProductandIngredientSafety/ProductInformation/ucm127068.htm) The roles played by each of the polish components, as well as typical examples of the chemicals used, are described in the book Chemical Composition of Everyday Products.
The formulation goal of most manufacturers is to provide as much film as possible in a single application coat while retaining application ease, quick drying time, maximum hardening, chip resistance, and a natural pearl essence. Usually, the application of two coats is necessary to obtain adequate film thickness and sufficient opacity. The three major ingredients in most nail polish brands are organic solvents, resins (thickeners or hardening agents), and color pigments. The most common organic solvents are ethyl acetate and butyl acetate (both also used as solvents in nail polish removers). As volatile solvents, these esters (synthesized by reacting a carboxylic acid with an alcohol; the general formula is R-COO-R’) evaporate quickly, leaving the resin/pigment mixture attached to the nail surface as a thin coating. Other commonly used solvents include acetone, toluene, methyl chloroform, dipropylene, ethyl alcohol, and isopropyl alcohol. Solvents are responsible for the strong odor of nail polishes.

Resins, types of polymers, are the thickening and hardening agents that, without pigments, serve as colorless nail protectors resembling clear furniture lacquer. These agents include nitrocellulose (collodion) and different acrylate and polyester/polyurethane copolymers. Copolymers include chemicals such as methacrylic acid, isobutyl methacrylate, toluenesulfonamide formaldehyde resin, phthallic anhydride/trimellitic anhydride/glycol copolymer, tosylamid/formaldehyde resin, and dimethicone copolyol.

Nail polish pigmentation (coloring) tends to be the essence of the polish and of paramount importance to the consumer. A variety of D&C laked dyes (drug and cosmetic dyes approved by the FDA) are used in combination to achieve the desired color. Coloring may also be attributable to the presence of chemicals such as chromium oxide greens, chromium hydroxide green, ferric ferrocyanide, ferric ammonium ferrocyanide, stannic oxide, titanium dioxide, iron oxide, carmine, ultramarines, and manganese violet. Sparkling and reflective particles such as mica, bismuth oxychloride, natural pearls (guanine), and aluminum powder are used to make “frost” and “shimmer” polishes appear glittery or pearl-like.

Other ingredients in nail polish include plasticizers (e.g., dibutyl phthalate, camphor, citrates, adipates, and glycol dibenzoate) that serve as molecular lubricants, allowing the resin to remain flexible after drying, and increase resin resistance to oil and water. Dispersants (e.g., organically modified clays such as stearalkonium bentonite and stearalkonium hectorite) are additives that control flow by helping the pigments mix with the resin and solvent, thereby preventing sinking of the color particles. Ultraviolet stabilizers (e.g., benzophenone-1) may be added to prevent the polish from changing color after excessive UV sunlight exposure. In addition, chemicals such as colorant consistency regulators (e.g., palmitic acid) and antioxidant preservatives (e.g., citric acid) may be added.
(Toedt, J.; Koza, D.; Van Cleef-Toedt, K. Chemical Composition of Everyday Products; Greenwood Press: Westport, CT, 2005; pp 49–50. See http://books.google.com/books?id=UnjD4aBm9ZcC)

Chemicals used in nail polish have remained fairly constant over the years. Certain ingredients have been replaced or removed to create more environmental- and consumer-friendly products. Some of these changes are described:

A high-profile change to the recipe came in 2006, when manufacturers eliminated the plasticizer dibutyl phthalate. The change came in response to concerns voiced by environmental groups and European legislators about the ingredient; studies indicate that dibutyl phthalate could interfere with the endocrine system (C&EN, Aug. 4, page 8). Many companies have also eliminated the solvent toluene in response to safety concerns, Bryson [Paul Bryson, director of research and development at professional nail care company OPI Products] says.

Water-based nail polishes represent the biggest departure from the classic formulas. The basic elements are the same: "We need a solvent, a pigment, and something to make a film," says Mark Deason, a spokesman at Acquarella Nail Polish, which specializes in polishes and removers that do not contain petrochemical solvents. But the similarity ends there, he says. Acquarella's polishes replace nitrocellulose with a variant of a styrene-acrylate copolymer. Instead of depending entirely on solvent evaporation to dry the polish, Acquarella's technology relies on the fact that the keratin in nails allows some water to pass through them, Deason explains. The product, he says, appeals to consumers who have sensitivity to old formulas or who are simply looking for more environmentally friendly cosmetics.

(Drahl, C. Chem. Eng. News 2008, 86 (32), p 42. See https://pubs.acs.org/cen/whatstuff/86/8632sci2.html.)
Some polish formulations may also be tweaked to give them properties that are seen as advantageous by consumers. For example, some polishes are marketed as “quick-drying.” One way manufacturers achieve this is to use the same ingredients, but with additional solvent added. Other products are also available. This type of polish is described:

The solvent evaporates quickly, reducing your drying time.

Faster drying comes at a price. Since there is more solvent than usual, quick-drying formulations tend to be more runny than regular polish and leave behind a thinner coat of polish. Usually a second film forming ingredient (copolymer) is added to quick drying formulations so that they will form a coat in a short amount of time. Some people feel the quick polishes produce a duller or weaker coat than you would get from regular polish.

Quick drying nail polish isn't the only route to a fast finish. There are other quick-dry products, such as sprays or drops that you apply over the polish to make it dry almost instantly. These products typically contain volatile silicones which evaporate fast, taking the polish solvent along with them. The top film of the polish forms almost immediately, so you're less likely to smudge your nails. Depending on how thick the polish is, you may still need a few minutes to get a good hard 'set' that won't dent under pressure.

(http://chemistry.about.com/od/healthbeauty/a/How-Quick-Dry-Nail-Polish-Works.htm)
Additional Polish Types


The Haines article briefly mentions gel nails. This particular type of nail polish contains the other components already mentioned, plus acrylics. “Acrylics are a special family of monomers and/or oligomers and/or polymers used to create nail enhancement products, including UV gel nails.” (http://www.nailsmag.com/article/91808/the-science-of-gels?page=2) However, there is a difference between the polymers in these gel nail polishes and the polymers present in regular fingernail polish. “… gel is a homogenous product in which the monomers and oligomers (strings of monomers) stay in a semi-liquid/semi-solid state because it hasn’t polymerized.” (http://www.nailsmag.com/article/91808/the-science-of-gels) The gel contains a photoinitiator that can be activated by light of a specific wavelength to start the polymerization process. This polymerization is what the article labels as the curing/drying process. The process is exothermic, which can actually make your fingernails feel warm as they undergo the polymerization. The wavelengths typically needed to activate the photoinitiator fall in the UV-A range, approximately 315 to 400 nanometers. The wavelengths needed for gel polish can vary, depending on the formulation. Salons purchase gel nail lights to work with the specific polishes they use. Gel nail polish may seem as though it came to nail salons somewhat recently, but they actually appeared a bit earlier but had some difficulty becoming widely accepted. 
Gel nails first appeared in the U.S. in the early 1980s, but were met with limited success. At the time, the manufacturers of gel lights and the gel itself had not joined forces, not yet recognizing the need to precisely match the intensity of the light to the photoinitiators in the gel. Nail techs and clients soon found out that using the wrong light or applying too much gel caused a burning sensation on the client’s fingertips. Additionally, education on gel application was limited, leaving nail techs in the dark about the product, and home-use systems were introduced around the same time, damaging the reputation of salon-use systems by association. By the end of the ‘80s, many companies had pulled their gel products from the market.

But by the end of the ‘90s, gel nails were back on the U.S. nail scene, now with much-improved formulas that were designed to work with a precise light wavelength and intensity. These new formulations also delivered better clarity and durability.
(http://www.nailsmag.com/article/91808/the-science-of-gels)


Chemistry is behind how ordinary fingernail polishes work, but additional polish types take the science even further, in very interesting ways. One of these polish types is magnetic polish. Magnetic polish and the science behind it are described at a physics Web site:

A common way to visualize a magnetic field, which describes how a magnet affects nearby magnetic materials (and electric currents, but that's another story), is to sprinkle long, thin pieces of iron in the area around a magnet.

When you sprinkle these iron filings around a magnet, each of the filings becomes a small magnet, attracting and repelling the original magnet and all of the other pieces of iron. The filings are pushed and pulled by the forces until they settle into a pattern where the attractive and repulsive force balance. For a bar magnet, this is the result.

If you do the same thing with magnets of different shapes, or use multiple magnets, different patterns emerge.

The designs in magnetic nail polish are formed in the same way. Nail polish manufacturers mix iron powder in with the polish. The color of polish looks uniform when it is painted on, because at that point the iron is evenly distributed within the polish. However, when a magnet is placed near the polish, the bits of iron are attracted and repelled by the magnet and each other, and form a pattern just as the iron filings do in the lab. The pattern that appears on the nail depends entirely on the arrangement of magnets and where you place them above the nail.

(http://www.physicscentral.com/explore/action/nailpolish.cfm)
To allow consumers to easily achieve this effect themselves, manufacturers include a magnet in a two-piece cap for the nail polish bottle. The bottom part of the cap is the usual cap/handle with the brush that is dipped into the polish itself, while the top of the cap can be pulled off and contains a magnet. A thin coat of the nail polish is placed on all nails first. Then, a second thicker coat is placed on each nail, one at a time. Immediately after the coat is placed on a nail, the part of the cap containing the magnet is placed over the nail and held there for several seconds, without touching the nail. The iron filings arrange to form a pattern, which remains in place after the polish dries.

Another polish type is UV color-changing nail polish. These contain photochromic molecules, those that change their appearance when exposed to light of certain wavelengths. They can exist in one of two configurations. When exposed to UV light, such as when they are exposed to the sun outdoors, the molecules are in one configuration; when the UV light is removed, they are in the second configuration. This is explained in more depth:

Classes of molecules that can exhibit photochromism include: spiropyrans, spirooxazines and diarylethenes. An example of a photochromic molecule is shown in Figure 3 [see below]; here, in its leuco or colorless form, the spiro bonding prohibits the molecule from exhibiting extended conjugation, which leads to a colored species. When the molecule absorbs UV light, the carbon-oxygen spiro bond breaks, leading to a rearrangement that allows the conjugation [electron shift across the extended double bond structure] to extend across the entire molecule. At this point, the molecule exhibits color when the absorption spectrum shifts to lower energy and into the visible range.

When the UV light is removed, the molecule rearranges back to the leuco or colorless state, which is the more thermodynamically stable of the two configurations. Since the rearrangement is temperature-dependent, it will occur faster at higher temperatures. Commercial examples of photochromic nail polish are available from Ruby Wing and Del Sol. SunChangeNails is another product that goes on clear and changes color when exposed to sunlight. It can also be used as a topcoat over regular nail polish to give combined effects outdoors.
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(http://www.cosmeticsandtoiletries.com/formulating/category/color/premiumTechnology-driven-Trends-in-Nail-Polish-Color-and-Texture-239975931.html)

Besides different formulations of nail polish providing different effects, the method of application of polish can also be varied to produce unusual and unique designs. One example of this is water marbling. A material such as petroleum jelly or clear adhesive tape is placed around the edges of each nail to protect the skin from polish. A regular base coat is applied, then a coat or two of a white polish. A cup of room-temperature water is then used to create a thin film of several nail polish colors—a single drop of nail polish is dropped onto the surface of the water, where it spreads into a thin film. Then, a drop of another color is placed in the center of the first color, which then spreads. This can be repeated with additional colors or alternating additional drops of the colors first used. A toothpick is then dragged through different parts of the thin film to create a marbled pattern. A fingernail is then submerged into the water, through the film of nail polish. While keeping the nail submerged, one blows gently onto the remaining polish to dry it. Then, a toothpick is used to drag through the polish and gather it up so the polished nail can be removed from the water without additional polish adhering to it. An online tutorial (http://www.youtube.com/watch?v=D9A_9FH7e-A) for creating this effect is described in the “In-class Activities” section below. Students could investigate the different variables that go into this technique. For example, the tutorial mentions that the technique won’t work unless the water is room temperature. It also recommends the use of newly-purchased nail polish, so the polish is not thickened.

More on nail polish remover

As mentioned in the previous section “More on nail polish,” one of the main components of fingernail polish is a solvent. The solvent helps to dissolve other components and allow them to be mixed together as evenly as possible. After the polish is applied to the fingernail, the solvent evaporates as the polish dries. Fingernail polish remover is also a solvent. In some cases, it may even be the same solvent as in the fingernail polish itself. The solvent in the remover, in a way, reverses the process that occurred when the polish was originally applied and dried. As described in the Gaines article, after application, the film-former present in the polish cross-polymerizes to form a large, molecular mesh. When fingernail polish remover is applied, the solvent in the remover gets into the molecular mesh and separates the cross-connections in the polish. Eventually, enough of these connections are broken, so that the polish becomes dissolved in the solvent of the remover.

One of the most commonly-used types of remover employs acetone as its solvent. Acetone is a very effective polish remover. However, its effectiveness makes it unsuitable for certain uses, such as with nail extensions, which are artificial nails applied to the natural fingernail. If acetone is used on polish that has been applied to nail extensions, it can cause additional problems: “Because of acetone's strength as a solvent, it shouldn't be used on your fake nails. The solvent in the polish remover will weaken your extensions and cause them to separate from your natural nail. One of the reasons non-acetone nail polish removers were created was to be used on nail extensions.” (http://health.howstuffworks.com/skin-care/nail-care/tips/non-acetone-nail-polish-remover.htm) Some alternatives to acetone-based nail polish remover are those that contain ethyl acetate, methyl acetate, or methyl ethyl ketone. 


Fingernail polish removers usually include ingredients in addition to the solvent. Certain ingredients are designed to counteract some of the drawbacks associated with the solvent, such as the drying effects of acetone on skin. Some even include an ingredient meant to cut down on accidental poisoning. Some of these additional ingredients are described:

Because acetone contact with the skin may result in irritation and dermal damage, nail polish removers containing acetone usually also contain emollients such as mineral oil, castor oil, or lanolin to prevent the nails and surrounding skin from becoming dry and devoid of natural oils. These oils also decrease the evaporation time [Note: Authors likely intended “decrease the evaporation rate,” since adding oils would likely increase the amount of time before the solvents evaporate] of the volatile paint-removing solvents, thereby allowing more time for the product to work efficiently.

Nail polish removers may also contain ingredients such as general solvents (e.g., propylene carbonate), products found in commercial paint strippers (e.g., dimethyl glutarate, dimethyl succinate, and dimethyl adipate), emollients and moisturizers (e.g., glycerin and panthenol), preservatives (e.g., propylene glycol), vitamins (e.g., dl-a-tocopheryl acetate [vitamin E]), fragrance, and coloring dyes. Some brands also contain a chemical called denatonium benzoate (C28H34N2O3), one of the most bitter-tasting substances known. Since most humans have a natural aversion to ingesting highly bitter chemicals, this substance is often added to toxic household liquid products to decrease accidental poisoning via swallowing of substantial amounts.

(Toedt, J.; Koza, D.; Van Cleef-Toedt, K. Chemical Composition of Everyday Products; Greenwood Press: Westport, CT, 2005; p 51. See http://books.google.com/books?id=UnjD4aBm9ZcC.)

No matter the choice of fingernail polish remover, each tends to have potential drawbacks. Fingernail polish removers do have certain concerns connected with them and must be used as directed. For example, they tend to be flammable and must be used away from open flame and with proper ventilation. Specific drawbacks of two other remover solvents are that methyl acetate is more dangerous than acetone if accidentally ingested, while methyl ethyl ketone works more slowly than acetone, so one has to breathe in its fumes for a longer period of time while using. (http://www.besthealthmag.ca/look-great/nails/are-nail-polish-removers-bad-for-your-health)


Since fingernail polish remover solvents are often those used in the fingernail polish itself, some suggest that one can use removers to extend the life of fingernail polishes that have become thickened over time as their original solvents have evaporated. A Ph.D. student in chemistry and self-proclaimed “beauty junkie” answered the question “Is it ok to add nail polish remover to your nail polish?” on her blog “Lab Muffin”:

Unfortunately, there's no easy yes or no - the incredibly unsatisfying answer is: it depends. It depends on 2 things: the type of nail polish remover and the composition of your polish.

Polish goes gluggy over time because the solvent (wet stuff) slowly evaporates. Adding thinner replenishes the lost liquid, usually ethyl acetate or butyl acetate, two very similar non-polar solvents. Adding the first name on the ingredients list is the best bet for restoring the original consistency. But cheap thinners are hard to find.

There are thousands of different removers on the market. They are usually water and either acetone or ethyl acetate, sometimes with small amounts of colour or moisturiser added. So it makes sense that if your remover is pure ethyl acetate (rare, but possible) or the vast majority is ethyl acetate (hard to know if %s aren't listed), there will be no problem using that as a thinner.

However, if your polish remover has lots of water (very common, since water is cheap, and they can claim it's gentle since there will be less solvent to strip oil from your skin), the problem is that water doesn't mix very well with ethyl/butyl acetate. This means that for most polishes, the finish will end up less smooth once water has been added, and depending on how much you add, the incompatible solvents can result in a streaky look. This might not be a concern when it comes to bumpy glitters, or if you plan to use a topcoat, or if the polish had a dodgy formula to begin with.

Adding pure acetone is less likely to lead to incompatible mixtures since it mixes well with ethyl/butyl acetate, but it can still affect the composition of the polish and give a bumpy or dull finish. An additional concern with acetone is that it dissolves more things than ethyl/butyl acetate, so some glitters and shimmers which are solvent stable in the original polish might start leaching after acetone is added.

So there are a lot of factors to consider before you add remover to your polish! The best thing to do is to dump a small amount of goop onto a piece of foil, add a drop or two of remover, stir, and see how it dries.

The bottom line: Adding nail polish remover will generally change the finish of your polish, unless you're using pure ethyl acetate. This might not be a concern if you always use topcoat. The safest thing to do is to test a small amount first, or use a thinner that contains the top few solvents in your polish's ingredients list (usually ethyl acetate or butyl acetate).

(http://www.labmuffin.com/2012/07/is-it-ok-to-add-nail-polish-remover-to.html)
Connections to Chemistry Concepts (for correlation to course curriculum)
1. Polymers—Cross-polymerization is involved when fingernail polish dries and helps to form a more extensive, stronger molecular mesh.

2. Solvents—Fingernail polishes and fingernail polish removers both contain solvents. A discussion of solvents could cover the function of a solvent and the selection of a solvent for a particular use.

3. Electromagnetic radiation—Gel nail polish requires the use of an ultraviolet (UV) lamp with wavelengths of the appropriate range to properly cure it. This ties in to a discussion of different types of electromagnetic radiation and their associated wavelengths. It can also be related to the idea that UV radiation is of different types (UV-A, UV-B, UV-C); there are different wavelengths, and thus different amounts of energy, associated with each. UV-A and UV-B are often mentioned in connection with sunscreens, since each type has a different effect on the skin.

4. Thermodynamics—The curing process of gel fingernail polish is an exothermic process and can release enough energy so that the fingernails feel warm.

Possible Student Misconceptions (to aid teacher in addressing misconceptions)
1. “Fingernail polish is a recent invention.” The modern type of fingernail polish, based on car paint formulations, was developed in the 1920s. Additional types of polishes, such as gel polish, became available in the 1980s. However, the use of substances to coat and decorate fingernails extends back to approximately 3000 BC (see “More on nail polish” section above).
2. “There is only one type of fingernail polish.” Different types of fingernail polish are available. The most common is the regular type described in the Gaines article. The article also mentions gel nail polish, which contains acrylics, and water-based nail polish, which uses water as the main solvent. The polishes all serve the same purpose, but differ in properties such as drying time and if an additional step is needed to begin the drying or curing process. 

Anticipating Student Questions (answers to questions students might ask in class)
1. “Are nail polish and nail polish removers safe to use?” If the products are used properly as their directions state, they are designed to be safe. For example, certain compounds in the products are harmful if ingested or used near open flame; if one ingests the products or uses them near open flame, they can be harmful, but these do not follow their intended use. Certain ingredients, sometimes called the “toxic trio,” (formaldehyde, toluene, and dibutyl phthalate) are connected with allergies and cancer, but in the small amounts present in the products, they have not been shown to cause harm to users. Many manufacturers are phasing out these chemicals from their products anyway. Those in contact with the products as part of their job have more potential danger, but there are precautions they can take, such as good ventilation.
In-class Activities (lesson ideas, including labs & demonstrations)
1. Students can use clear fingernail polish to explore nanotechnology. A drop of nail polish spreads into a thin film on the surface of water. A piece of black paper can be drawn through this film and then dried. The polish creates an iridescent pattern of rainbow colors. (http://www.nisenet.org/catalog/programs/exploring_materials_-_thin_films_nanodays_11)

2. Fingernail polish can be connected to artistic effects as students investigate the idea of creating designs with polish using a water marbling technique. Several drops of nail polish are floated on water and then a toothpick is dragged through it to create patterns. A fingernail can be submerged through the layer of polish, resulting in a marbled design on the nail. Instructions are available online at http://www.youtube.com/watch?v=D9A_9FH7e-A. This could be tied in with various paper marbling activities that discuss more of the science involved, such as the Flinn ChemFax! “Marbling Paper with Oil Paints” (https://www.flinnsci.com/media/395998/91324.pdf) and the Journal of Chemical Education activity “Colorful Lather Printing” (http://pubs.acs.org/stoken/campaign/jce-classroom/abs/10.1021/ed084p608a).

3. Experiments involving fingernail polish have been popular science fair projects. For example, one project investigated the durability of different types of nail polish, including a type that contains Teflon. (http://www.all-science-fair-projects.com/project1421_134_1.html) Another tested the durability and drying time of different brands. (https://www.usc.edu/CSSF/Current/Projects/J2120.pdf) 

4. A past ChemMatters article described a research project by students that was sparked by the question “Is it OK to wear my fake fingernails in lab?” The students tested the flammability of synthetic fingernails. Students could recreate this investigation. (Allin, S. B. Fire at Your Fingertips—The Flammability of Synthetic Nails. ChemMatters 2001, 19 (1), pp 14​–15.)

5. A popular demonstration uses acetone to dissolve polystyrene cups and packing peanuts. Acetone-based fingernail polish remover is one possible substitute. One demonstration online explores the ability of two different solvents, acetone and water, to dissolve two different types of packing peanuts, polystyrene and starch. (http://sciencegeekgirl.com/activities/Wicked styrofoam activity 2.pdf) A Steve Spangler video shows a twist on the demonstration. He uses a beaker of acetone hidden in a polystyrene mannequin head. Then, strips of polystyrene that have things written on them that you want students to learn are “put into the head.” (http://www.youtube.com/watch?v=H_8Sdpigs0E)

Out-of-class Activities and Projects (student research, class projects)
1. Students could visit a nail salon to talk to nail technicians about the various polishes they use, their application, and any safety procedures they use.

2. Students could research the science behind common ideas connected with nail polish and nail care, such as whether eating gelatin makes fingernails stronger, whether or not fingernails need to “breathe” in between manicures, whether it’s better or worse to store nail polish in the refrigerator, etc. Much of the information on the internet related to these topics is contradictory. It could be an exercise in judging whether a source is reliable or not. 
References (non-Web-based information sources)

A two-student team undertook a research project to investigate the flammability of synthetic fingernails (“fake nails”) to evaluate the safety of wearing such nails in a chemistry lab. (Allin, S. B. Fire at Your Fingertips—The Flammability of Synthetic Nails. ChemMatters 2001, 19 (1), pp 14​–15)

Web Sites for Additional Information (Web-based information sources)
More sites on nail polish


The blog post “A History of Nail Lacquer: Blood Red Nails on Your Fingertips” provides additional details about the history of nail polish, including images of several vintage advertisements. (http://www.beautifully-invisible.com/2011/05/nail-lacquer-blood-red-nails-fingertips-history-nailpolish.html)


Fingernail products for home and salon use in the United States are regulated by the U.S. Food and Drug Administration. An overview of the FDA’s safety and regulatory information is presented online. (http://www.fda.gov/Cosmetics/ProductandIngredientSafety/ProductInformation/ucm127068.htm) 



ABC News featured a report by the state of California that multiple nail polishes were mislabeled, including those that claimed to not contain what is known as the “toxic trio,” three chemicals that many companies have been phasing out. (http://abcnews.go.com/Health/Health/nail-polish-safety/story?id=16108721)

A video from a nail polish company shows the application and effects of magnetic nail polish. (http://www.youtube.com/watch?v=xqas6ym_BuU)



A nail polish that allows water and air through to the fingernail is gaining popularity with women wishing to comply with Muslim law. (http://www.dailymail.co.uk/femail/article-2285544/How-new-breathable-nail-polish-Muslim-women-flying-shelves--death-creator-means-live-success.html)


The publication “Stay Healthy and Safe While Giving Manicures and Pedicures: A Guide for Nail Salon Workers,” written by the Occupational Safety and Health Administration (OSHA), is available online. (https://www.osha.gov/Publications/3542nail-salon-workers-guide.pdf)
Nail polish formulations have their roots in automobile paint. One woman took polish back to these roots by painting over the exterior of her car with over 100 bottles of fingernail polish. (http://www.nailsmag.com/article/40373/meet-smiley-the-nail-polish-car)

More sites on nail polish remover


A U.S. drugstore chain made a decision last year, then quickly rescinded it, requiring consumers to show photo identification when purchasing fingernail polish remover. This was meant to help curb the production of methamphetamine; acetone (often an ingredient in fingernail polish remover) is one of the ingredients used in its production. (http://www.huffingtonpost.com/2013/08/11/cvs-nail-polish-remover-id_n_3739816.html)


Removing certain types of gel nail polish requires a soak-off procedure. An article outlines some of the damage that can be done to the fingernail if done improperly, including microscopic views of the fingernail surface. (http://www.nailsmag.com/article/96323/avoid-nail-damage-with-proper-gel-polish-removal) 


Material Safety Data Sheets (MSDS) are available online for fingernail polish removers. (http://www.vijon.com/data/resources/PN679.pdf)

General Web References (Web information not solely related to article topic)


The post “15 Things You Never Knew About Your Nails” at The Huffington Post Web site shares little-known facts about your fingernails, such as how the time of the year or your gender affects their growth rate and whether you need to let your nails “breathe” between manicures. (http://www.huffingtonpost.com/2013/09/24/nail-facts-fingernails_n_3957467.html)
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