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Teacher’s Guide editors William Bleam, Donald McKinney, Ronald Tempest, and Erica K. Jacobsen created the Teacher’s Guide article material. E-mail: bbleam@verizon.net
Susan Cooper prepared the anticipation and reading guides. 
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The ChemMatters CD includes an Index that covers all issues from February 1983 to April 2008.

The ChemMatters CD can be purchased by calling 1-800-227-5558.

Purchase information can be found online at www.acs.org/chemmatters
Student Questions

1. Name the phenomenon that only opals, among all gemstones, display.

2. How many silicon atoms surround each oxygen atom in the silica crystal?

3. How are sand and opal alike? How are they different?
4. What special characteristic of the structure of precious opal gives it its characteristic play of color?

5. What is the name of the process that occurs when light is bent?

6. Why do different colors appear inside an opal?

7. What two conditions are needed for opals to form?

8. What is the formula for opal?

9. What practical application has been made for synthetic polymer opals?

10. How do these polymer films work?
Answers to Student Questions

1. Name the phenomenon that only opals, among all gemstones, display.

The unique phenomenon that opals display is called “play of color”.

2. How many silicon atoms surround each oxygen atom in the silica crystal?
In the silica crystal, each oxygen atom is surrounded by two silicon atoms (see caption for Figure 1).

3. How are sand and opal alike? How are they different?

Sand and opals are alike in that they both are made of silicon dioxide, silica.

Sand and opal are different in their structure: 

a. Sand is essentially weathered, broken-down quartz, in which the silica is arranged in an ordered crystalline 3-D pattern that extends in all directions, 

b. Opal’s structure consists of silica formed in multiple spheres instead of a single crystal, and water molecules surround the spheres.

4. What special characteristic of the structure of precious opal gives it its characteristic play of color?

The characteristic play of color exhibited by precious opal is due to the structure of the gem; the silica spheres are all the same size and they’re stacked in neat, precise layers.

5. What is the name of the process that occurs when light is bent?
The process that occurs when light is bent is called diffraction.

6. Why do different colors appear inside an opal?

Different colors appear inside an opal due to the difference in sizes of silica spheres in the opal’s structure. Larger spheres will bend longer wavelengths of light (the red end of the visible spectrum), while smaller spheres diffract shorter wavelengths (the blue end). At junctures inside the stone where sphere size is changing, reflected colors will change also.

7. What two conditions are needed for opals to form?

The two conditions needed for opal formation are 
a. silica-rich rock and 
b. short periods of rain followed by lengthy periods of drought.

8. What is the formula for opal? 

Opal’s formula is SiO2*nH2O.
9. What practical application has been made for synthetic polymer opals?

A practical application for synthetic polymer opals is seen in the fashion industry. Fashion designers have used these polymer films in their fashion creations to reflect intense color and iridescence like real opals.
10. How do these polymer films work?

These polymer films also contain tiny spheres, just like real opals. But instead of silica, the polymer film spheres are made of a hard core of polystyrene surrounded by a softer shell of poly (ethyl acrylate). When heated, the spheres align themselves in a closely packed structure that diffracts light. The size and spacing of these spheres determines the colors of the film.
Anticipation Guide

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: 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. Opals are made of the same compound as sand, silicon dioxide.

	
	
	2. Opals have a crystalline structure.

	
	
	3. The play of color in opals is a result of light diffraction.

	
	
	4. The flash of different colors in opals depends on the viewing angle.

	
	
	5. Opals are found deep (more than 50 meters) under ground.

	
	
	6. Opals are found in wet climates.

	
	
	7. Opals contain water, so they are not as hard as other gemstones.

	
	
	8. Synthetic opals often have more dramatic color than those found in nature.

	
	
	9. Stretchable “polymer opal” films used in clothing are made of the same chemical as opals.

	
	
	10. Opals, quartz, and amethyst all contain silica.


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 State 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:

· Nanoparticles.

· Structural formulas. (You may want to have model kits available to help students visualize the structures.)

3. To help students engage with the text, ask students what questions they still have about the articles. The article about climate change, in particular, may spark questions and even debate among students.

Directions:  As you read, use your own words to describe opals using the graphic organizer below.

	
	Description
	Significance

	Chemical Elements
	
	

	Structure
	
	

	Larger spheres
	
	

	Smaller spheres
	
	

	Light Diffraction
	
	

	Light Interference
	
	

	Where opals are found
	
	

	How to care for opals
	
	

	Synthetic opals
	
	

	“Polymer opals”
	
	


Background Information 
(teacher information)
More on minerals

There are many different definitions of a mineral. The International Mineralogical Association (IMA) has promulgated the following definition in an attempt to provide a succinct statement that meets the needs of mineralogists. “In general terms, a mineral is an element or chemical compound that is normally crystalline and that has been formed as a result of geological processes.” (Nickel, E. H. The Definition of a Mineral. The Canadian Mineralogist, 1995, 33, pp 689–690, http://www.minsocam.org/msa/ima/ima98(04).pdf)


Author Nickel, the Vice-Chairman of the IMA Committee on New Minerals and Mineral Names, continues by saying that the above definition “… suffices to include the vast majority of substances that are generally accepted as minerals. There are some substances, however that do not comform entirely to these requirements. It is, therefore, necessary to consider where the dividing line between mineral and non-mineral should be drawn, and what exceptions to the general statement should be permitted.” The paper cited above provides more information on the exceptions.


Two other requirements are usually included in the definition of a mineral: crystallinity and stability. Generally, minerals are crystalline, that is, they have an orderly arrangement of their atoms that can be indexed by recognizable and reproducible x-ray diffraction patterns. But some minerals, such as opal, are amorphous, so their atoms are not arranged in an orderly pattern (even though, in opal, there are some areas of crystallinity, there is no overall orderly arrangement of atoms).


Some mineralogists are reluctant to grant mineral status to amorphous substances, saying that their composition is not fixed so it’s impossible to tell if they are truly chemical compounds or mixtures, and their structure is not completely determined. Those scientists prefer to use the term “mineraloids” for these substances. But some minerals, such as opal, have been “grand-fathered” in to the minerals list, just because they’ve been classified as minerals for such a long time.


And in some cases, new technology does allow for more effective study of amorphous phases than had been possible in the past. In particular, Raman and Mossbauer spectroscopy associated with complete chemical analysis are able to unequivocally identify amorphous phases of minerals. The spectroscopic methods can identify 3-dimensional short-range structural environment of the chemical bonds of each element within the structure. 


In the case of stability, the second requirement for a substance’s acceptance as a mineral, some substances are metastable, that is, they formed at high pressure or temperature (or both) and their atoms were arranged in the most stable form at those conditions, but that form is not presently the most stable form. They are unable to change to the most stable form at ambient conditions, probably due to a very high activation energy required to make the change. So they are at least temporarily in a stable configuration—just not the most stable configuration. These substances are also accepted as true minerals, if they can be analyzed completely and meet the other criteria necessary for classification as a mineral.


There are several other groups of substances that mineralogists study to rule on as minerals (or not), if they meet the stringent criteria. These substances are: 

· extraterrestrial substances (e.g., materials from meteorites or moon rocks, which are generally accepted as minerals because it’s been determined that they formed from processes similar to those on Earth which produced “natural” minerals—geologic processes)

· anthropogenic substances (e.g., substances produced by man and generally not considered to be minerals); if the man-made substance is identical to a natural mineral, it is referred to as a “synthetic equivalent” 
· geologically modified anthropogenic substances (e.g., when a geological process such as sea water erosion working on an ancient man-made substance such as metallurgical slags has produced a new substance, this new substance is considered a mineral); going forward, however, new substances produced by geologic action on the plethora of new man-made materials will not be considered to be minerals, according to the International Mineralogical Association

· biogenic substances, those created by living organisms (e.g., marine animals’ shells (think diatoms) are not considered minerals, as an unmentioned criteria is that minerals must be abiogenic, that is, not created by living organisms) 

Opals still qualify because the bacteria found in some opals did not create the opal, they only helped to provide the silicates for opal formation by separating them from the surrounding rocks by providing acid to chemically break down the surrounding rock.
According to the IMA there are 4859 known minerals, as of October 2013. For the complete list, see “The New IMA List of Minerals – A Work in Progress – Updated: October 2013”. (http://pubsites.uws.edu.au/ima-cnmnc/IMA_Master_List_(2013-10).pdf) And there are 16 different status types for minerals, ranging from approved to questionable to hypothetical to not approved. (http://www.mindat.org/glossary/IMA_status)

More on gemstones

A gemstone is defined generally as a rock or mineral that, when cut and polished, can be used for jewelry. This restricted definition would exclude opals, since they are not a type of rock, and they do not have a definite composition and therefore do not fit the definition of a mineral. A slightly broader definition of a gemstone also includes a few non-crystalline (amorphous) materials, such as opal, and a few organic materials, such as pearl, coral and amber.

More on opal(s)


As has been mentioned above, opal is considered an amorphous substance, yet it does have crystalline structures within the macroscopic material.

The mineral cristobalite is a high-temperature polymorph of silica, meaning that it has the same chemical formula, SiO2, but a distinct crystal structure. Both quartz and cristobalite are polymorphs with all the members of the quartz group, which also include coesite, tridymite and stishovite. 

The micrometre-scale spheres that make up precious opal are made of cristobalite, crystallized metastably at low temperature.

(from http://en.wikipedia.org/wiki/Cristobalite)

Precious opal shows a variable interplay of internal colors and even though it is a mineraloid, it has an internal structure. At micro scales precious opal is composed of silica spheres some 150 to 300 nm in diameter in a hexagonal or cubic close-packed lattice. These ordered silica spheres produce the internal colors by causing the interference and diffraction of light passing through the microstructure of the opal.[9] It is the regularity of the sizes and the packing of these spheres that determines the quality of precious opal. Where the distance between the regularly packed planes of spheres is approximately half the wavelength of a component of visible light, the light of that wavelength may be subject to diffraction from the grating created by the stacked planes. The spacing between the planes and the orientation of planes with respect to the incident light determines the colors observed. …

The lattice of spheres of opal that cause the interference with light are several hundred times larger than the fundamental structure of crystalline silica. As a mineraloid, there is no unit cell that describes the structure of opal. Nevertheless, opals can be roughly divided into those that show no signs of crystalline order (amorphous opal) and those that show signs of the beginning of crystalline order, commonly termed cryptocrystalline or microcrystalline opal. Dehydration experiments and infrared spectroscopy have shown that most of the H2O in the formula of SiO2·nH2O of opals is present in the familiar form of clusters of molecular water. Isolated water molecules, and silanols, structures such as Si-O-H, generally form a lesser proportion of the total and can reside near the surface or in defects inside the opal.

The structure of low-pressure polymorphs of anhydrous silica consist of frameworks of fully corner bonded tetrahedra of SiO4. The higher temperature polymorphs of silica cristobalite and tridymite are frequently the first to crystallize from amorphous anhydrous silica, and the local structures of microcrystalline opals also appear to be closer to that of cristobalite and tridymite than to quartz. The structures of tridymite and cristobalite are closely related and can be described as hexagonal and cubic close-packed layers. It is therefore possible to have intermediate structures in which the layers are not regularly stacked.

(from http://en.wikipedia.org/wiki/Opal)
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Photomicrograph of ordered layers of spherical silica beads in opal, from the 
California Institute of Technology
(from http://minerals.gps.caltech.edu/COLOR_Causes/Physical_Process/opal-beads_40k.jpg)

This list provides the names and descriptions of various types of precious opals that gemologists (and buyers) would be interested in.

Opal Types

Solid Opals that are cut in a solid piece are known as solids. These are the most valuable.

A doublet opals are composed of two layers consisting of an opal top fabricated over opal matrix material, potch (common non-precious opal) basanite, jade, black onyx or obsidian. The value of these are lower than an solid not-assembled composite.

A triplet opal has three parts. A piece of precious opal in the centre, a clear top and a darkened base (usually potch or glass) to highlight the colour. 

Fire Opal is orange or reddish opal from Mexico that has no play of color or iridescence. 

Boulder Opal results from splitting of a seam of opal running the rock or boulder. The polished piece will have opal as its face and the host rock material as its base.

White Opal are white base, more common variety of opals that are usually the least expensive.

Black Opal is more rarer [sic] than white and warrant's a higher price. There are various shades of "black" opal. A "Black 3" is a true black color. True black opal is simply to die for.

Semi-Black Opal are opals with base colors from medium gray to dark gray. Gray Opals have a base color of medium to lighter gray color.

Crystal Opal is transparent enough to see through them. Various colors and fire can be seen as light rolls through them.

Cut Opal Calibrated and free form cut white, crystal, black opal suitable for ring, brooch, and other settings. Calibrated opals are stated specific sizes in mm. For example a 8 x 10 mm calibrated stone will fit in a purchased settings designed for a 8 x 10 mm stone. 

Rough Opal Uncut material suitable for free-form or calibrated cutting, ideal for lapidary clubs, hobbyists, custom design work, or inlay work. 

(from http://www.opal33.com/about-opal.html)
More on silica

As you can see from the following table, taken from Railsback’s Some Fundamentals of Mineralogy and Geochemistry, oxygen and silicon are the two most abundant elements in the Earth’s crust. Note that this table lists the elements in order of molar per cent, which is somewhat unusual.

  Abundance and form of the most abundant elements in Earth’s continental crust


[image: image3]
Percentages are calculated from data for average continental crust in Appendix III of Krauskopf (1979). For a more recent but less complete compilation, see Taylor and McLennan (1985) The abundances of the first fifteen elements listed add up to 99.77 molar % of average crust. Gold is included solely to allow comparison of these 15 most abundant elements to a very scarce element. Volume percent for oxygen in boldface illustrates the paraphrase by Mason (1958) of the words of Viktor Goldschmidt that “the lithosphere may well be called the oxysphere”.
(table from http://www.gly.uga.edu/railsback/Fundamentals/ElementalAbundanceTableP.pdf)

And this chart provides a visual interpretation of the eight most abundant elements (by 
weight %).
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(from http://geology.csupomona.edu/drjessey/class/Gsc101/Mineral.html)

Oxygen and silicon constitute 75% of the Earth’s crust by weight, so it should not be surprising that silica is among the most abundant compounds found on Earth. Seven of eight of the most abundant rock forming minerals are silicates.

The Common Rock Forming Minerals

· Feldspar (silicate) 

· Quartz (silicate) 

· Muscovite (silicate) 

Ferromagnesians [those minerals containing iron or magnesium]

· Olivine (silicate) 

· Pyroxene (silicate) 

· Amphibole (silicate) 

· Biotite (silicate) 

· Muscovite (silicate) 

· Calcite (not a silicate)
(http://geology.csupomona.edu/drjessey/class/Gsc101/Mineral.html)

The most common mineral found on Earth, arguably, is quartz. At least it is the most abundant mineral found in the continental crust. Consider sand, which is quartz that has been weathered into tiny grains. Sand covers all the deserts of the world; it comprises sandstone, and it covers beaches and riverbeds of the world—abundant indeed. 

But if you include the ocean floor and oceanic crust as part of the Earth, then feldspar wins. Feldspar is a group of seven minerals, usually considered as one. Feldspar’s formula is XZ4O8, where X is a mixture of potassium, calcium and sodium, and Z is a mixture of silicon and aluminum. Since the oceanic crust contains almost no quartz and abundant feldspars, feldspar is the most abundant mineral in the Earth’s crust. Note that both quartz and feldspar are silicate minerals, meaning they both contain silicon and oxygen as their main structure.

But if you also consider the Earth’s mantle, the second layer of the Earth, below the crust, then olivine is the most abundant mineral. The mantle is about 1800 miles deep, compared to the crust’s depth of only about 22 miles, and the mantle contains primarily olivine. The crust of the Earth compared to the entire Earth is often referred to as being analogous to the skin on an apple. In this analogy, the mantle is similar to the “meat” of the apple, down to the core (like the Earth) with its seeds (OK, not like the Earth). Therefore, olivine in the mantle is way more abundant than quartz in the continental crust or feldspar in the oceanic crust, making olivine Earth’s most abundant mineral.

But if you include the Earth’s core, made primarily of nickel and iron, the most abundant mineral is “NiFe”, a nickel-iron alloy (except it probably can’t be considered a mineral, since it doesn’t have a definite composition or structure. The outer core is a molten mixture of nickel, iron and 

The table below from Wikipedia, adapted from one published by the U.S. Geological Survey (USGS), shows actual abundances of many elements found in the Earth’s crust, according to the number of atoms of each element per 106 atoms of silicon. Note the vertical axis is on a logarithmic scale. Also note that the table is arranged according to atomic number along the horizontal axis. This might be a good table to add to your repertoire when discussing graphical representations of periodic trends in the elements, e.g. densities, ionization energies, etc.




Abundance (atom fraction) of the chemical elements in Earth's upper continental crust as a function of atomic number. The rarest elements in the crust (shown in yellow) are not the heaviest, but are rather the siderophile (iron-loving) elements in the Goldschmidt classification of elements. These have been depleted by being relocated deeper into the Earth's core. Their abundance in meteoroid materials is relatively higher. Additionally, tellurium and selenium have been depleted from the crust due to formation of volatile hydrides.

(from http://en.wikipedia.org/wiki/File:Elemental_abundances.svg)

According to the article accompanying the table above, the transition elements are not as abundant near the Earth’s surface because they are denser and have been dissolved into the molten nickel-iron molten outer core. In geochemical terms this group of elements is referred to as the siderophile group. Several of the rarest of these elements have been classified as “precious metals”, e.g. gold and platinum, since the earliest times of man. Even though these elements are relatively rare (and some, extremely so) near the Earth’s surface, their global (including core) abundances approach those of typical solar abundances throughout space. This implies that the precious metals are relatively abundant in the core. For more information about why elemental abundances are as they are in the table, including the more common elements, see the article “Goldschmidt Classification” in Wikipedia: http://en.wikipedia.org/wiki/Siderophile_element#Siderophile_elements.

More on the uses of silica


The following everyday materials use silica in their construction. Sources are all from past issues of Chem Matters. Note that this is just a sampling of materials that use or contain silica.

Glass

Glass is made by combining sand (Si02), sodium oxide (Na20), and calcium oxide (CaO). The mixture is heated until it melts, then cooled gradually. The silicon and oxygen atoms link together in pyramid-shaped groups containing one silicon and four oxygen atoms. These minute pyramids have a tendency to attach to each other in all directions to form a crystal, but they are blocked from doing so by the sodium and calcium ions. When the mixture cools, the atoms are frozen in a jumbled arrangement.
Long chains of pyramids wander through the solid, with Na and Ca ions scattered between the chains. The pyramids give the solid an ordered arrangement over a very short distance (the five atoms of a pyramid). Over longer distances, the solid is disordered. A piece of glass can be considered a continuous solid whose minute orderly units are interconnected randomly.
(Robson, D. Breakfast of Crystals. ChemMatters 1983, 1 (3), pp 8–11)
Pyrex Glass

Regular glass—also called soda lime glass—is made up of about 70% silica (SiO2), about 10–15% sodium oxide (Na2O), about 10% calcium oxide (CaO), and small amounts of other minor ingredients. Its LCE [Linear Coefficient of Expansion] is 8.3 parts per million (ppm)/ °C.
Pyrex—which is actually a trade name for what is generically called “borosilicate” glass—contains many of the same components as soda lime glass, but it also contains at least 5% boric oxide (B2O3). The inclusion of boron atoms greatly reduces the LCE of the glass to 3.3 ppm/ °C. Because it doesn’t expand as much, it is far less likely to break [when heated].

(Becker, R. Question from the Classroom, Part II. ChemMatters 2008, 26 (2), p 2)
Computer chips

Computer chips must be produced in the cleanest atmosphere possible. The circuit elements on the chip are so tiny that one speck of dust will make a chip useless. The production is done in a clean room. Air is filtered and forced to flow from the ceiling to tiny holes in the floor to force out any particles of dust. Workers wear “bunny suits” to keep dust from their clothing or skin particles from contaminating the chips. Silicon is purified until it is 99.9999999 % pure: Only one atom in a billion is not silicon. Then a single large crystal of silicon is formed. 

The silicon is heated to just above its melting point, about 1500 °C, and then a tiny seed crystal of pure silicon is dipped into the molten silicon. The seed crystal is rotated and pulled from the mass, and it grows as a single large crystal of silicon. The crystallized silicon is in the shape of a long cylinder, 4 in. (10 cm) in diameter and perhaps 12 in. (30 cm) long.

Slices are cut from the cylinder, like slicing bologna, to form the wafers that the chips will be built on. When the silicon wafers are cooked in an oven at 1000 °C, they react with the oxygen in the air to form silicon dioxide, SiO2, which is similar to rust on a metal object. The SiO2 does not conduct electricity; this process prevents the chips from short-circuiting once they are finished:
Si(solid) + O2(gas) ( SiO2(solid)

(Baxter R. Computer Chips: Loaded Bits. ChemMatters 1997, 15 (4), pp 7–9)
Transistors

A transistor is similar to a valve in a plumbing system. Just as a valve is used to regulate the flow of water through the plumbing system, a transistor controls the flow of electrical current in a circuit. In the case of a valve, a small tube called the valve stem lets water through; in a transistor, a component called the control gate allows the electrical current to flow (Fig. 3).

Transistors use a thin insulating film of silicon dioxide (SiO2) to isolate the control gate from the underlying material—the part of the transistor where electricity flows, which is made most often of silicon.

(Baxter, R. Metals’ Hidden Strengths. ChemMatters 2009, 27 (3), pp 11–12)
Toothpaste

Today’s toothpastes contain milder polishing agents such as silica

(SiO2), aluminum oxide (Al2O3), calcium phosphate, or calcium carbonate

(CaCO3).

(Ruth, C. Teeth Whitening. ChemMatters 2003, 21 (4), pp 7–9)
Deodorant/anti-perspirant

The active ingredient of many antiperspirant/ deodorants is aluminum zirconium chlorohydrex gly (anhydrous). Silica (SiO2) is used to provide texture.
(Graham, T. Scanning Electron Microscopy Solves a Mystery! ChemMatters 2003, 21 (4), pp 17–19)
Air bags

The nitrogen for the bag’s inflation comes from a series of chemical reactions. The gas generator contains an electrical ignitor and a precise mixture of sodium azide, NaN3; potassium nitrate, KNO3; and silicon dioxide, SiO2. When ignited, the sodium azide decomposes rapidly and produces sodium metal and nitrogen gas:

2 NaN3 (s)  (  2 Na (s)  +  3 N2 (g)

The sodium that is set free combines with the potassium nitrate and releases even more nitrogen gas: 

10 Na  +  2 KNO3  (  K2O  +  5 Na2O  +  N2
Finally, the heat released by these reactions melts the reaction products and SiO2 to form an unreactive, safe glass:

K2O  +  Na2O  +  SiO2  (  glass
(Marsella, G. Airbags: Chemical Reaction Saves Lives. ChemMatters 1997, 15 (1), pp 4–5)
Terra cotta

Terra cotta is a heavy material, used for bricks and sewer pipes, as well as for statues and flower pots. It is a ceramic material, which simply means that it is made from clay. More refined ceramics include porcelain, china, and even the thin films used in computers.

Clay consists of microscopic particles that are formed from the geological weathering of the rocks and stones at the surface of the earth. In fact, the list of ingredients found in many types of clays resembles the percent composition of the rocks that make up the earth’s surface. Just like the earth’s surface, the predominant clay components are silicon dioxide (SiO2) or silica and aluminum oxide (Al2O3) or alumina. …
To make terra cotta, a sculptor or bricklayer mixes wet clays, shapes them or presses them into molds, and then fires them. Firing at temperatures as high as 1000 °C takes place in a special oven called a kiln. This high heat drives off the water of hydration from the surface of the clay particles in a process called sintering and causes it to vitrify or become glasslike. During sintering, a series of complex exothermic reactions occurs. If the clay used is kaolinite, for instance, the overall reaction during firing is
3 (Al2O3•2SiO2•2H2O)  ➞  3 Al2O3•2SiO2  +  6 H2O
Without firing, objects made of clay will disintegrate in water. As the hydrated water on the surface of the clay particles is driven off, new intermolecular attractions between the aluminates and silicates of adjacent particles provide the “glue” that gives the pottery its strength.
(Stone, C. Terra Cotta Warriors—Army from the Earth. ChemMatters 2000, 18 (1), pp 14–15)
Silica gel

Silica gel, despite its name, is a solid that is chemically unreactive, non-toxic and non-flammable. It is the non-crystalline form of silicon dioxide, SiO2. The crystalline form, sand or quartz, occurs in abundance naturally. Silica gel has a high porosity (about 800 m2/g), which allows it to adsorb (not absorb) about 40 times its own weight in water. This property makes it useful as a cat litter. It is made synthetically from sodium silicate, a compound that exists in several forms. Among these forms are sodium orthosilicate, Na4SiO4; sodium metasilicate, Na2SiO3; sodium polysilicate, (Na2SiO3)n; sodium pyrosilicate, Na6Si2O7. All are water soluble and form alkaline solutions. …
Silica gel is the desiccant of choice, along with montmorillonite clay and Zeolite. It was developed just prior to World War I for use in gas masks. In World War II it was used to keep penicillin dry. It’s also in those little bags that come packed with electronic equipment, for example, to keep moisture out.
(from ChemMatters Teacher’s Guide, October 2004 to supplement article Kitty Litter Chem,  23 (3), pp 12–14)
Magic Sand

If you were to hold beach sand in one hand and magic sand in the other and lower both hands into the water, the beach sand would clearly show individual grains. The magic sand, however, would appear to be surrounded by a silvery layer looking like plastic film. When you lifted your hands out of the water, the beach sand would be wet, with its grains clumping together. The grains of magic sand would not be clumped together—in fact, they would be perfectly dry! This is because the magic sand was surrounded by a large air bubble; the silvery layer was the curved surface of the bubble. …

Most sand is impure silica, which has a network of oxygen and silicon atoms. At the surface, the oxygen forms polar covalent bonds with hydrogen atoms. These O–H groups carry partial electrical charges that attract similar partial charges in water molecules. The attraction of opposite charges makes water adhere to each grain of sand. …
Magic sand consists of ordinary sand grains coated with tiny particles of pure silica which have received a special chemical treatment. When the particles are exposed to trimethylhydroxysilane, a reaction takes place between two –OH groups. This results in the formation of water, and the bonding of the silane compound to the silica particles. Following this treatment, the exterior of the particle contains –CH3 groups that are soluble in oil but are insoluble in water. … these molecules [of trimethylhydroxysilane] attach to the microspheres [of silica] and give it a new surface of nonpolar covalent bonds. These bonds do not attract water and thus make the particles hydrophobic— water hating. 
When a few grains of magic sand are sprinkled on water, the polar water molecules attract other polar water molecules so strongly that they prevent the grains of magic sand from breaking through the surface until the layer of sand becomes rather thick. When the magic sand finally sinks, the same surface tension effect also keeps it dry. The air between the grains cannot be forced out because the water molecules will not flow between the hydrophobic grains. However, oil will readily flow between the grains, and magic sand can absorb a surprising quantity of oil.

(Robson, D. Magic Sand. ChemMatters 1994, 12 (2), pp 8–9)

Diatomaceous earth


(This use of silica is not from ChemMatters.) When diatoms (see “More on diatoms”, below), whose shells are composed primarily of silica, die and decay, they sink (albeit slowly) to the ocean or river or lake bottom and form thick layers of sediment. Under compression over geological time spans, this sediment becomes a rock layer. This rock, essentially the shells of silica from all those diatoms, is referred to as diatomaceous earth (DE). It is “natural” and relatively safe, so it has many uses:

· For pest control—the diatomaceous earth is spread around areas where insects are known to breed. The broken, glassy shells of the tiny diatoms are sharp and cut into the exoskeletons of the insects, causing them to undergo dehydration and death; (it feels soft and powder-like to humans, but NOT to insects)
· As an additive—to polishes facial scrubs and toothpaste, since it has abrasive qualities

· As a filtering medium—for swimming pools, it is able to trap dirt in the small pores between the rock particles; a different grade of DE is used for pool filters, one that has been heat-treated to contain a larger percentage of crystalline silica 
· As an absorbent—in cat litter (it is also used to clean up toxic spills by the Centers for Disease Control and Prevention)

· In agriculture—added to feed to kill insects and used to de-worm animals; it’s added to their feed and they ingest it (it doesn’t hurt them—in fact, it is believed that it may have nutritive qualities, perhaps arising from its anti-caking ability that prevents feed from caking, thus providing more feed surface area to digestive juices, possibly resulting in better, more complete digestion)

· As a dessicant—it can absorb more than its own weight in water

· As a stabilizer for nitroglycerine—this is what Alfred Nobel used to stabilize nitroglycerine in the process of making dynamite

Note that any of the above uses of DE for human or animal consumption or direct exposure is primarily amorphous silica, as opposed to crystalline silica.
More on the structures of silica and silicates
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As mentioned in the article, silica forms tetrahedral building blocks like the one at the right, within its structures. These tetrahedra can link in basically six different ways to create structures with very different properties.

For example, in quartz, the Si–O–Si bond forms an angle of 144o (see below).
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The SiO4 tetrahedron
       (from http://www.quartzpage.de/gen_struct.html)

[image: image20.jpg]



(from http://www.quartzpage.de/gen_struct.html)

“This fundamental structural unit … [has] four negative charges. It is found in all silicate minerals (ie. amphibole, olivine, pyroxene, quartz, feldspar, etc.). The silica tetrahedra may be arranged in chains (ex: pyroxenes), double chains (ex. amphiboles), sheets (ex: micas), and frameworks (ex: quartz, feldspars), forming 
the basic structure of the planet.”
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(from http://www.ldeo.columbia.edu/edu/dees/ees/glossary/periodic_table_lith/silica_tetra.html)

The table below comes from web.VisionLearning.com. Four of the six arrangements of the silica tetrahedra are shown. The left diagram shows the tetrahedral model, and the right diagram shows the ball and stick model of the same structure. Clicking on the animations above will take you to the VisionLearning Web page to show the structure in 3-D.
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	Silica tetrahedron
animation
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	Single chain structure 

animation
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	Double chain structure 

animation
	[image: image24.jpg]




	[image: image9.jpg]



	Sheet silicate structure 
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 (from http://web.visionlearning.com/silica_molecules.shtml)

Here are two structures showing crystalline quartz and amorphous glass, both made of silica. Note the regular structure of the quartz, and the relatively random arrangement of the SiO2 units in glass.
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(from http://www.steelguru.com/article/details/MjU%3D/Solid_State_Structure.html)

The following atomic-level images require the Jmol add-on to view. (http://jmol.sourceforge.net/) (See description of Jmol in “General Web References” at end of Teacher’s Guide.) Most can be viewed in ball-and-stick, space-filling and polyhedral viewing modes. They can be rotated, zoomed in and out, and made to spin along different axes.

· Atomic-level Jmol image of alpha-quartz, silica, SiO2, 
http://virtual-museum.soils.wisc.edu/alpha-quartz/index.html
· Atomic-level Jmol image of Crystobalite, silica, SiO2, polymorph of quartz:
http://virtual-museum.soils.wisc.edu/cristobalite/index.html
Polyhedral view shows pyramids/tetrahedra and how they are linked. 

· Atomic-level Jmol image of kaolinite, Al2Si2O5(OH)4 (a clay mineral) Although not just silica (it also contains aluminum and hydroxyl groups), it has much the same structure. It contains tetrahedral layers of silica, as well as octahedral layers of alumina. The pyramids in the polyhedral viewing mode show different linkages, along edges (alumina) and corners (silica) of the pyramids, instead of just at corners, as in pure silica. The individual layers can be isolated to show students. 
(http://virtual-museum.soils.wisc.edu/kaolinite/index.html)
More on diatoms
"Such perfect architects, these diatoms. They spin themselves intricate houses of opal in the sea."
 – Richard B. Hoover, from “Those Marvelous, 

        Myriad Diatoms”, National Geographic, June 1979
You may wonder why I included the topic of diatoms in this Teacher’s Guide. The fact of the matter is that diatoms use silica dissolved in ocean (and fresh) water to construct a shell-like silica structure around themselves. As explained in Microbe World’s “Meet the Microbes”,
Whatever their shape, all diatoms have shell-like, brittle cell walls made out of silica (glass) and pectin. The walls are two interlocking halves or shells that fit together like a pillbox.
Because they depend on sunlight for photosynthesis, diatoms generally live in the upper 200 meters of oceans and bodies of fresh water.
Some species of diatoms simply float in the water currents near the surface. Others attach themselves to larger floating objects or to the sea floor. When diatoms die, they slowly sink to the sea floor. The buildup of trillions of these shells forms a crumbly white sediment known as diatomaceous earth or diatomite, which is used in manufacturing pool filters and abrasives, including toothpaste.
(http://archives.microbeworld.org/microbes/protista/algae/diatoms.aspx)


To give the reader an idea of the intricacies of and variations among diatoms, here are a few photos.
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diatoms

(from http://www.daviddarling.info/encyclopedia/D/diatom.html)




Circle of diatoms on microscope slide

(from http://en.wikipedia.org/wiki/File:Diatom2.jpg)


And here is a bit more information about diatoms:

Diatoms are made of soft organic materials encased within a hard opaline shell. The shell, which is called the frustule, is a transparent glassy structure that comes in many fascinating and beautiful shapes. In fact, the intricate architecture of the frustule is what scientists use to distinguish one diatom species from another.

The composition of the frustule is very similar to the gemstone opal. They both contain the elements silicon and oxygen along with water molecules. Diatoms grow best where silica, as well as sunlight and other nutrients, are plentiful.
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There are two parts to the diatom's frustule. Each part is a shallow, half-cylinder called a valve. Since one of the valves, the epitheca, is slightly smaller than the other valve, the hypotheca, the two parts fit together like a pill box, encasing the protoplasm inside. However, due to their extreme ornamentation, it is sometimes impossible to distinguish the epitheca from the hypotheca from the fixed view of a single photograph. 

(http://earthguide.ucsd.edu/diatom/d3.html)

The picture at the right is a case where it is possible to distinguish the epitheca from the hypotheca from a single photograph.

Electron photomicrograph showing the two frustules of a centric diatom collected from the clay lining of a Trypaea australiensis (yabby) burrow half a metre below the sediment surface in the 
[image: image28.jpg]


Richmond River estuary at Ballina, N.S.W. The lower frustule is filled with very small (≈ 1µm) euhedral pyrite crystals. T. Australiensis is a burrowing crustacean that is common in intertidal and shallow sub-tidal sandbars and beaches in estuaries on the east coast of Australia; anglers commonly use it for bait. The burrows are oxygenated and burrow wall sediment is oxidised when the yabbies push water through their burrows with their pleopods, but locally reducing conditions can develop within this oxidized sediment. In this example, highly reducing conditions have developed in the interior of a decomposing diatom and pyrite crystals have formed when sulphide produced by sulphate-reducing bacteria has combined with dissolved iron from pore-waters. The two halves of the diatom opened when the electron beam in the microscope first hit the sample near the diatom. The image [above, right] was produced on a Leica scanning electron microscope by Richard Bush using material collected during a study of T. Australiensis burrow chemistry by Geoff Kerr; both are post-graduate students at Southern Cross University, Lismore.
Sent by Dr David McConchie

(http://www.fromage.ethz.ch/photo.html)


Note that the above photograph is atypical. The two bivalve halves were separated by the high-energy electron beam when the picture was taken. The photo to the right is much more typical of the way diatoms look in real life. This one still has the two halves, the epitheca and the hypotheca, but they are sealed together and much more difficult to distinguish.

(from http://gtresearchnews.gatech.edu/images/diatom_md.jpg)


When diatoms die, they decompose and decay, leading to organic and inorganic (silicates) sediment. Since this sediment is trapped in clays and silts, it forms a permanent geological record. The inorganic part can be used to analyze marine environments of the past by taking cores of ocean floods or mud from bays.
More on synthetic opals (vs. simulants, doublets and triplets)

Synthetic opals are gems made by man, not by nature. These opals are still made of silica, but through a man-made process.

In the 1970s, the Gilson Company developed a three-step process to make convincing synthetic opal. First, microscopic spheres of silica are created through precipitation. Next, the spheres settle in acidic water for more than a year. Finally, a hydrostatic press consolidates the spheres without distorting the stacked arrangement that creates opal’s play-of-color. 
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These synthetic opals are sometimes seen in the market, and to the unpracticed 
eye may appear to be highly valuable, natural white and black opal.

(from http://www.gia.edu/gem-synthetic)

These opals are, at least, still made of opal material, so they are referred to as synthetic opals. But not all opals on the market are natural or synthetic. In some cases, people working in the gem industry will produce and sell “fake” or imitation opals. In gemologist jargon, these are known as simulants. These pieces are made of glass or plastic or some other substance and have almost no actual value as a gemstone, except to a potential buyer who may or may not know they’re not real opals.
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A glass material known as “slocum stone” can mimic the appearance of opal.

(from http://www.gia.edu/gem-imitation)


Doublets are gems (the real thing) which have a piece of the gemstone attached to a layer of a background substance (not the real thing) which sets off its beauty and gives it strength. This layer could be a natural matrix or glass or plastic. Triplets are gems which have a piece of the gemstone sandwiched between a backing layer similar to that of a doublet and a cover layer that is usually transparent and lends protection to the gem layer. Both of these types of man-made gems decrease the value of the gemstone substantially, compared to a solid gemstone of the same size. Their value is in making a virtually useless piece of the gemstone (due to its fragility or shape) saleable.

Doublets and triplets in opals are fairly common. Although these opals contain other minerals or substances besides opal, they also contain a piece of an opal, usually too thin or fragile to stand alone as a gem. The extra pieces are glued on to the front and/or back of a piece of opal to enhance the stability/longevity of the opal, as seen below.
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A triplet contains two or more segments of a gem, or different gems, that are joined by layers of glue. In a profile view, this image shows a thin seam of opal in the center that is backed by dyed black chalcedony, and is overlayed (the domed area) by a quartz cabochon.

(from http://www.gia.edu/gem-imitation)

Although doublets and triplets are used to imitate natural gems, assembled stones are not always imitations. This is the case with natural opal, which sometimes occurs in layers so thin that they need reinforcement to be sturdy enough for jewelry use. Black onyx, plastic, or natural matrix have served as the bottom layers of opal doublet or triplet cabochons. Opal triplets are topped with a transparent dome made of rock crystal, plastic, glass, or synthetic corundum.

(from http://www.gia.edu/gem-imitation)

More on polymer opal films

Amy Winters, the designer of Rainbow Winters fashions, one of which—the polymer opal film—was spotlighted in the article, has several science- and technology-based lines of fashions.

Rainbow Winters gives the 'wow' factor to the entertainment, fashion and advertising industries with interactive wearable design. Creating a touch-sense-sound multisensory experience. Rainbow Winters has a radically different approach fusing the cutting edge of science with the high-art of fashion to create visually stunning pieces especially made for music videos, rock-concerts, award-ceremonies, advertisements, magazine editorial and red-carpet events.
Rainbow Winters seeks to express the emotive and aesthetic capabilities of emerging technologies through illuminated textiles, sensors, colour-changing inks & nanotechnology. 

Experimentally merging technology with fashion, clothes use interactive textiles which change colour and pattern in response to sound, sunlight, water and stretch. Rainbow Winters represents the cutting edge, experimental, boundary pushing force of interaction design and technology.

(http://www.rainbowwinters.com/about.html)

This link, http://www.colours.phy.cam.ac.uk/synthetic-opals/, referenced in the opals article, describes briefly how polymer opals are formed and how they work. At the bottom of the Web page is a brief 14-second video clip showing the change in color from yellow to green to blue and back again upon stretching and relaxing a polymer film. Another <1-minute video clip from the University of Cambridge shows a similar piece of plastic being stretched and relaxed: http://vk.com/video-23304496_165270070.

More on photonic crystals

Photonic crystals function with light the same way semiconductors do with electricity. Semiconductors operate with an electronic band-gap, a narrow range of energies which no electron can occupy.

When the electrons in the semiconductor fill all the states available to them below the band gap, electric current cannot flow, because each electron has nowhere to go. Boosting an electron above the gap takes a lot of energy. If there are a few excess electrons, however, they automatically must sit above the gap, where they can easily roam through the wide open spaces of empty states. Similarly, a deficit of electrons opens up some positively charged “holes” below the gap, again providing a way for current to flow readily.
All the magic of semiconductors—the switching and logic functions—comes about from controlling the availability of electrons and holes above and below the band gap. The existence and properties of an electronic band gap depend crucially on the type of atoms in the material and their crystal structure—the spacing and shape of the lattice that they form. By substituting various other atoms (called dopants) into the lattice or its interstices, engineers can dictate the number of electrons or holes in the semiconductor and thereby tailor its properties.

In silicon and other semiconductors, adjacent atoms are separated by about a quarter of a nanometer. Photonic band gap materials involve similar structures but at larger scales. A typical example would be a block of special glass drilled through with a closely spaced array of cylindrical holes, each with a diameter of 400 nanometers. These openings are analogous to the atoms in a semiconductor. In general, but not always, the spacing of the array must be reasonably close to the wavelength of the light or the electromagnetic waves to be controlled. Visible light has wavelengths ranging from about 400 to 700 nanometers; many cell phones use waves around 35 centimeters long. 

Light entering the holey material will refract through and partially reflect off the myriad internal interfaces between air and glass. The complex pattern of overlapping beams will reinforce or cancel one another out according to the light’s wavelength, its direction of travel through the crystal, the refractive index of the glass, and the size and arrangement of all the holes. Perfect cancellation in all directions for a narrow band of wavelengths is like the band gap for electrons in semiconductors: that band of light cannot propagate through the crystal. Modifying the band gap structure—for instance, by filling some holes—produces other effects, similar to what can be done by doping electronic semiconductors. Often a photonic crystal is made of an electronic semiconductor material, and so the crystal has both an electronic band gap and a photonic band gap.

(from Yablonovitch, E. Photonic Crystals: Semiconductors of Light. Scientific American December 2001, http://optoelectronics.eecs.berkeley.edu/eliy_SCIAM.pdf)

Polymer opal films are one type of photonic crystal. According to the Optical Society of America,

These “polymer opal films" belong to a class of materials known as photonic crystals. Such crystals are built of many tiny repeating units, and are usually associated with a large contrast in the components’ optical properties, leading to a range of frequencies, called a "photonic bandgap," where no light can propagate in any direction. Instead, these new opal films have a small contrast in their optical properties. As with other artificial opal structures, they are also "self-assembling," in that the small constituent particles assemble themselves in a regular structure. But this self-assembly is not perfect, and though meant to be periodic, they have significant irregularities. In these materials, the interplay between the periodic order, the irregularities, and the scattering of small inclusions strongly affect the way the light travels through these films, just as in natural opal gem stones, a distant cousin of these materials. For example, light may be reflected in unexpected directions that depend on the light's wavelength.
Photonic crystals have been of interest for years for various practical applications, most notably in fiber optic telecommunications but also as a potential replacement for toxic and expensive dyes used for coloring objects, from clothes to buildings. Yet much of their commercial potential has yet to be realized because the colors in manmade films made from photonic crystals depend strongly on viewing angle. If you hold up a sheet of the opal film, Baumberg explains, “You’ll only see milky white, unless you look at a light reflected in it, in which case certain colors from the light source will be preferentially reflected.” In other words, change the angle, and the color changes.

(from http://www.eurekalert.org/pub_releases/2007-07/osoa-pof072307.php)

More on structural color
“COLR™ Technology’s Web site briefly describes their process of using “iron oxide superparamagnetic Colloidal Nanocrystal Clusters (CNCs) … to make individual particles self-assemble to form a microscopic, lattice-like structure which diffracts specific wavelengths of light. Adjusting the strength of the magnetic field tunes the color to display brilliant, iridescent colors across the entire visible spectrum and beyond.”  (http://colrtechnology.com/index.php)

More on constructive and destructive interference
Lest you think that constructive and destructive interference only occurs with light, we offer the following:

The soul of every NASCAR car is its engine. NASCAR cars have 8 cylinders, as do the largest and most powerful passenger vehicles. A cylinder is a space within an engine where the piston moves up and down. You can tell how many cylinders an engine has by the number of spark plugs. Each cylinder contains one spark plug. If the 8 cylinders are arranged in a “V” pattern, the engine is a V-8 (which has nothing to do with the vegetable juice). The V shape is designed to reduce engine vibration, as the vibrations that the pistons produce are cancelled out through destructive interference. The V shape maximizes this destructive interference, thus reducing engine vibration.
(Rohrig, B. Chemistry on the Fast Track: The Science of NASCAR. ChemMatters 2007, 25 (1), pp 5–6)

Actually, active noise control, as found in noise cancelling headphones (think Bose) and similar devices also work on the principle of destructive interference. They generate wavelengths of sound that are 180o out of phase (crest to trough, trough to crest) with wavelengths of incoming noise, thus destructively interfering the incoming noise and cancelling out its sound (see diagram below from Wikipedia). For more information, see “How Noise-cancelling Headphones Work” on the HowStuffWorks Web site at http://electronics.howstuffworks.com/gadgets/audio-music/noise-canceling-headphone.htm.




Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Molecular structure and composition—In silicon dioxide, silicon with its four valence electrons forms tetrahedral arrangements of the atoms, resulting in a network solid.
2. Solubility and solutions—Amorphous silica dissolves (more readily than crystalline silica—quartz), and the solution trickles down through porous rock, until it meets an impermeable layer, where it settles. Water evaporates out, leaving a more concentrated solution, until the concentration exceeds the solubility of the silica, whereupon it precipitates to form silica spheres, which then stack uniformly to produce opal. This is a great example of precipitate formation from solution.
3. Periodicity and bonding—Although students might expect carbon and silicon to have identical (or very similar) chemistry, carbon can form double bonds with oxygen to form single molecules of CO2, while silicon does not display double bonding with oxygen, instead forming single bonds with four oxygen atoms resulting in the network solid silica. This is due to atomic size and electronegativity of the atoms involved.

4. Light and color—Opals exhibit play of color, due to the arrangement and spacing of the spherical layers of silica within the structure. This is easily related to wavelengths of the various colors of light when studying the electromagnetic spectrum.
5. Bonding—The way various tetrahedral bond to one another in silica-based minerals determines their properties.
6. Crystal structure—Quartz is a crystalline substance, while opal is amorphous. Comparisons can be made here re: hardness, melting point, etc. between amorphous and crystalline substances; e.g., quartz is very hard (7 on Moh hardness scale), while opal is softer (5.5–6.5).
Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Opals must be really rare because they’re gemstones and they’re called precious opals.” Actually, this is only partly a misconception. Precious opals are indeed gemstones and actually are rather rare, but common opals are just that—really common, especially if you note that diatoms have opaline shells (and diatoms are among the most abundant organic life on earth). 
Also, rarity, although it is a major consideration, is not the only factor that contributes to a mineral’s (see next misconception) being classified as a gemstone. One must also consider appearance—color, transparency, luster, purity, etc.—as well as hardness (above 6 on the Moh hardness scale), durability, and chemical and physical stability to resist corrosion. And don’t forget that size counts! For opals specifically, three other factors contribute to their value: base color, dominant color, and color pattern (see “More on opals” in the “Background Information” section, above.
2. “Opals are rare minerals.” This misconception may sound like the last one but it is based not on the word “rare”, but on the word “mineral”. Strictly speaking, opals are not considered to be minerals because they are not crystalline. They are sometimes called mineraloids, although most mineralogists today accept that opals are minerals.
Anticipating Student Questions
(answers to questions students might ask in class)
1. “If silica and sand are both made of silicon dioxide, and if silica can dissolve in water to form silica solutions from which opals can form, why doesn’t sand dissolve in ocean water?” Silica and quartz are polymorphs—they have the same chemical formula, SiO2, but different crystalline structures. The solubility of silicon dioxide in water greatly depends on its crystalline form and is 3 to 4 times higher for silica than quartz.
2. “How can a silicon dioxide molecule have four oxygen atoms around it, when its formula is SiO2?” Although there are four oxygen atoms surrounding each silicon atom in the three-dimensional network solid, only two of them are from the original molecule of silicon dioxide. The other two oxygen atoms come from other silicon atoms within the three-dimensional structure. And though there is a very small difference in bond distances between the two oxygen atoms that originate with that silicon atom and the two oxygen atoms coming from different silicon atoms, for all practical purposes, the four bonds are identical. The two bonds between the “extra” oxygen atoms and the central silicon atom can occur due to the unused valence electrons in silicon and oxygen. If each oxygen atom only uses one bonding (unpaired) electron to bond with “its” silicon atom, it has one unpaired electron left to use to bond with a neighboring silicon atom. Similarly, each silicon atom uses two bonding (unpaired) electrons to bond with “its” two oxygen atoms. Then it uses its remaining two valence electrons (now unpaired, assuming promotion) to bond with two more oxygen atoms (a total of four oxygen atoms) to extend the three-dimensional solid network of bonds.
3. “Are silica, silicon, and silicone all the same thing?” No. Here’s a succinct comparison of the three substances:
· Silica The term silica is used to refer to a group of minerals that contain the elements silicon and oxygen. Opal is considered to be a type of silica. Thus, you might read or hear that diatom shells are composed of either opal or silica, and that their shells are opaline or siliceous. 

· Silicon The mineral matter silica and the element silicon are not synonymous. The element silicon is the silvery material used to make computer chips. It is also the second most abundant element in the earth's crust. 

· Silicone The term silicone refers to an entirely different chemical compound, a polymer that also contains the element silicon. Rubbery silicone is commonly used in caulking for bathtubs and sinks. 

(http://earthguide.ucsd.edu/diatom/d3.html)
In-class Activities
(lesson ideas, including labs & demonstrations)
1. You can have students prepare a chemical garden of silicate compounds using sodium silicate (water glass) and various water-soluble transition metal compounds. The garden illustrates the relatively low solubility of silicate compounds. Here is one site with directions: http://www.nuffieldfoundation.org/practical-chemistry/making-crystal-garden.

And here is an 8-minute video on chemical gardens from the University of Nottingham video series Periodic Videos. The video shows close-up views of a very nice garden in time-lapse photography, and then shows similar experiments grown on the space shuttle (which didn’t turn out as nice). (http://www.youtube.com/watch?v=sAr7mvBjWq8)

2. This site is a PowerPoint presentation, “Fundamentals of Crystal Chemistry,” that could be used in a classroom presentation. The slides include a discussion of elements found in the Earth’s crust. Data is included showing oxygen to be the most abundant element in substances found in the crust. The show develops the main types of bonding: ionic, covalent, metallic and secondary, and their roles in forming crystals. It concludes with Pauling’s 5 rules of crystal formation, focusing on geometry and radii of ions. (http://www.people.carleton.edu/~bhaileab/mineralogy/MinWeb/ChrystalchemistryLecture.ppt)
3. The October 1990 ChemMatters “Classroom Guide” (the predecessor to the present-day “Teacher’s Guide”) describes a procedure to construct a spectroscope from a piece of diffraction grating, a pizza box and a 35 mm film canister (possibly still available free from camera shops).

4. When studying bonding of hydrogen and the oxygen family members, we usually discuss the oxygen-family hydrides as being unusual in that their boiling points don’t follow their molar masses. (H2O should be the lowest boiling point, then H2S, H2Se and H2Te, in that order.) You might want to discuss the following statement from the quote regarding the table of elemental abundances vs. atomic number, in Background Information above: “The rarest elements in the crust (shown in yellow) are not the heaviest, but are rather the siderophile (iron-loving) elements in the Goldschmidt classification of elements. These have been depleted by being relocated deeper into the Earth's core. Their abundance in meteoroid materials is relatively higher. Additionally, tellurium and selenium have been depleted from the crust due to formation of volatile hydrides.” [Bolding, mine] What if H2O did have the lowest boiling point?
(http://en.wikipedia.org/wiki/File:Elemental_abundances.svg)

5. There is quite a bit of chemistry and Earth history in the distribution of elements in/on the Earth. The Goldschmidt article from Wikipedia (#4, above) contains information one could use to discuss in class why elements are found where they are in/on the Earth.

6. This site contains a lengthy, 15-page model-building lab activity for students. They make a series of paper tetrahedra from templates on the document. Then they assemble them according to the various ways that silica tetrahedra arrange themselves in different structures that include most of the rocks and minerals on/in the Earth’s crust. The activity is actually for a geology course, but it fits right in with the topic of opals. It shows students how to link the tetrahedral to make isolated tetrahedral silicates, ring silicates, single chain silicates, double chain silicates, sheet silicates and network silicates. (http://academic.brooklyn.cuny.edu/geology/powell/courses/geol7040/GEOL7040-Silicate%20Structures%20Activity.pdf)

Out-of-class Activities and Projects 
(student research, class projects)
1. For students interested in crystal structures (with or without the mineral connection), students could prepare models of the various types of crystal arrangements. This site provides templates for students to use to build paper models of each crystal shape: http://webmineral.com/crystall.shtml
2. Students could compare/contrast the crystalline structures of the various silicon-containing minerals. They can use the site in #1 above, and they can find the chemical composition of any of the International Mineralogical Association (IMA) list of 4858 minerals in a pull-down list at the following Web site: http://rruff.info/ima/#. You can search by content or by name. A clickable periodic table is also available on this same page that allows the student to choose an element and find a list of all the minerals that contain that element. More information about the mineral—a photo, its powder x-ray diffraction data and Raman spectrograph—can be found at http://rruff.info/. This page works the same way as the Web page listed above.

3. Students could research and report on individual gemstone structures and properties and compare their findings to those of opal.

References 
(non-Web-based information sources)
Three articles listed below relate to the kidney, urine (the chemistry of), and kidney dialysis, which makes it clear why we need to be able to engineer replacement kidneys.
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Harwood, W. The Color of Gems. ChemMatters 1988, 6 (4), pp 7–9. The author focuses on the colors exhibited by the mineral alexandrite and discusses what colors other gemstones exhibit, and why they have these colors. It includes a brief discussion of wavelengths of light and the structures of corundum and ruby.
Zaugg, H. Growing Diamonds. ChemMatters 1990, 8 (2), pp 10–13. The author discusses differences between graphite and diamond, including their relative stability and changing from one to the other by chemical/geological means. He includes a description of creating diamonds by chemical vapor deposition.
Baxter, R. Glass: An Amorphous Solid. ChemMatters 1998, 16 (3), pp 9–10. Author Baxter discusses the structure, composition and manufacture of glass. 
Wood, C. The Two Faces of Carbon. ChemMatters 2004, 22 (4), pp 4–6. This article discusses the structural differences between graphite and diamond (another gemstone). 
Rohrig, B. Glass: More Than Meets the Eye. ChemMatters 2006, 24 (3), pp 48. This article discusses the properties of glass that make it useful as evidence in crime scene analysis. It includes a student activity on page 8 using glycerol to make “disappearing glass”. 


The Teacher’s Guide for the October 2006 issue of ChemMatters (above) contains detailed background information about glass to accompany the article “Glass: More Than Meets the Eye” The guide includes a description of the many types of glass and the ways glass is used in crime scene analysis.


Sicree, A. Graphite versus Diamond: Same Element but Different Properties. ChemMatters 2009, 27 (3), pp 13–14. The author discusses the structural differences between the two allotropes of carbon and the sources of diamonds. 


Baxter, R. Crystalline Structure/Periodic Table: The Beauty of Impurities. ChemMatters 2013, 31 (1), p 4. This is a brief, half-page article describing the role impurities play in the colors displayed by gemstones. It includes mention of electron jumps and the colors of transition metals.
____________________


The February 1999 issue of National Geographic contains an article, “Diatoms, Plants with a Touch of Glass”, by Carlyne Murawski that shows some nice scanning electron microscope photos of diatoms. It describes diatoms’ role in the natural food cycle and in the production of oxygen. It also discusses several uses of diatoms in everyday life and how they are used in science and forensics.

Web Sites for Additional Information 
(Web-based information sources)
More sites on minerals
This Web site, the RRUFF Project, comes from Professor Robert Downs at the University of Arizona. It is an extension of the IMA database of minerals, having the same format, and is a database of the names and composition of more than 3700 of the 4858 IMA minerals, their photos, x-ray data and Raman spectra: http://rruff.info/. One can search by mineral name, their chemical content; e.g., those containing silicon, or specific lack of content; e.g., those with no silicon. Click the “Lookup” box to the right of the mineral name, and a pull-down menu appears containing all the names of the minerals, from which you can choose the mineral you want, so you don’t have to type it in. Click the “Lookup” box to the right of the “Chemistry Includes” box and a pull-down periodic table appears, from which you can choose to include or exclude specific elements.

This pdf file from the USGS is a poster showing uses of “Minerals in Our Environment”: http://geopubs.wr.usgs.gov/open-file/of00-144/of00-144.pdf. It shows four different rooms in our home and where minerals are found within the contents of that room.

If students would like to learn more about crystal structure within minerals, they can visit this site: http://webmineral.com/crystall.shtml. It has illustrations of all seven crystal forms, as well as amorphous structures, and their crystal axes. It also contains templates to print out, from which paper models can be made.
This HyperPhysics Web page contains a definition of a mineral and an alphabetically-listed table of more than 450 minerals, with photographs of each: http://hyperphysics.phy-astr.gsu.edu/hbase/geophys/mineral.html#c1.
More sites on gemstones
This site, “Crystallography of Gemstones: The Crystal System” discusses the seven basic crystal systems found in gemstones: http://www.allaboutgemstones.com/crystalline_structures.html. It covers the crystal systems in sufficient detail that the site could be used in a study of crystals in high school chemistry.

This page from “Your Gemologist” also discusses crystal types. It could be used to complement the link shown above, as this page doesn’t go into as much detail about the crystal structures, but it does show a photo of a crystal that matches each of the types of crystals discussed above (which the link above does not do). (http://www.yourgemologist.com/crystalsystems.html)

More sites on opal(s)

This site includes much detailed information about the structures and crystal forms of the various polymorphs of quartz, especially opal: http://www.quartzpage.de/gen_mod.html#opal. The topic is opal, not opals—the page does not have many photos of opals.

The Wikipedia article on opal found here, http://en.wikipedia.org/wiki/Opal, has good background information about opals, as well as myriad photos of precious opals.

Basic information about opals from the viewpoint of a gemologist can be found here: http://www.opal33.com/about-opal.html.

This Web page from the Gemological Institute of America (GIA) describes the essential factors affecting the value of an opal—color, pattern and clarity—and provides nice photos of a variety of gem-quality opals: http://www.gia.edu/opal-quality-factor.

This page from GIA provides a few facts about and more pictures of opals: http://www.gia.edu/opal.

This page shows a table containing photos of opals, organized by color: http://www.gemdat.org/gem-6666.html.

This is the feature article (pp 24–35) from the Summer 2011 issue of InColor magazine. Entitled “Wollo Opals: A Powerful Source from Ethiopia, it discusses in detail the history, geography and geology of the opals of the Wollo Province area in Ethiopia. It includes maps of the area and is replete with beautiful, very high-resolution photos of opals found there. (http://www.gemstone.org/webincolor/Summer2011/index.html?pageNumber=24) You page through the online magazine as if you were reading the hard copy version.
For a light-hearted look at opal, check out the American Chemical Society’s Chemical & Engineering News article on opal, from their series of articles “What’s That Stuff?” about common everyday items involving chemistry. (http://pubs.acs.org/cen/whatstuff/stuff/8104sci3.html)

This blog site from a staff member of the Natural History Museum of Los Angeles County has some exquisite photos of Ethiopan opals: http://nhminsci.blogspot.com/2012/07/loving-ethiopian-opals.html.

The Opal Hut Web site contains information on the formation of opals in, and the geology of, Queensland, Australia: http://www.opalhut.com.au/ausopals/opal.htm#Patterns.

This site provides a pdf of an article about opals at the micro- and nano-scale levels. It was published in the journal American Mineralogist, written by Eloise Gaillou (et al), the scientist mentioned in the ChemMatters article: http://mineralsciences.si.edu/staff/pages/gaillou/Gaillou-etal_2008_CommonOpalStruc.pdf.
To really appreciate the play of color in opals, you have to see the stone in motion. For students who have never seen opal’s play of color, the following video clips with close-up views of opals may help them understand why opal is so sought-after.

· 1:30 video clip shows a white opal, 33 mm x 17 mm x 8 mm (1.3 x 0.6 x 0.3 inches): http://www.youtube.com/watch?v=YIOktuNdHWQ
· 0:47 video clip showing a small lab-made opal with great play of color: http://www.youtube.com/watch?feature=player_embedded&v=RCEiCpp1-ak
· 4-minute video showing a log that has been infused with opal. The log appears to be about 2 feet long and about 3-1/2 inches in diameter. Lots of play of color here: http://www.youtube.com/watch?v=OrOzVKSftvE
· 1:42 video clip of a boulder opal—again, beautiful play of color: http://www.youtube.com/watch?feature=player_detailpage&v=oWvg0heUioM
· 1:15 video clip of red fire black opal: http://www.youtube.com/watch?v=yvhnKwZgdUI
· 6-minute video clip of a variety of black opals from Lightning Ridge Opal with lots of play of color: http://www.youtube.com/watch?v=Au4UUlc3BFM
· 0:56 video clip of a blue fire black opal: http://www.youtube.com/watch?v=VzjHsqxgtos&feature=player_embedded
· 0:34 video clip showing rare fern pattern opal: http://www.youtube.com/watch?v=MVb_a3InQ3Q
· 2-minute YouTube video clip showing some interesting play of color among white opals; it also provides very basic science behind the phenomenon: 

· http://www.youtube.com/watch?feature=player_embedded&v=wrjGANFmftk.
· And this 10-minute YouTube video clip discussing the Royal Peacock Opal Mine in Virgin Valley, Nevada. It is a site for public digging for opals (for a fee, of course), and it shows prospectors digging (and of course, finding) opals in the clay banks. (http://www.bing.com/videos/search?q=opal&qs=VI&form=QBVR&pq=opal&sc=8-4&sp=3&sk=HS2#view=detail&mid=EE0F3F6014A7C118ABD0EE0F3F6014A7C118ABD0)

More sites on silica and silicates
This site provides a nice overview of the various types of linkages in silicate structures: http://www.tulane.edu/~sanelson/eens211/silicate_structures08.htm.

The Mineral Gallery Web site at http://galleries.com/Silicates contains a list of many of the silicate minerals and the type of tetrahedral structure (one of six) they exhibit. The site also contains descriptions and photos of each of the minerals.


The Vision Learning site has a page with illustrations of each of the six types of silicates. Each illustration has the ball and stick model as well as a tetrahedron model, and each type has an animation to show students what they look like in 3-D. (http://web.visionlearning.com/silica_molecules.shtml)

More sites on quartz
This site contains an extensive group of photos (>200), in table format, of quartz gemstones, organized according to color: http://www.gemdat.org/gem-3337.html.

The extensive Quartz Page Web site provides very in-depth coverage of the mineral quartz.

· This page details the structure of quartz, providing nice atomic-level models, including polyhedra views of the various structures: http://www.quartzpage.de/gen_struct.html.

· A companion page provides great detail about the different polymorphs of silica (including opal) and includes a phase diagram that includes many of the silica polymorphs: http://www.quartzpage.de/gen_mod.html#opal. The site includes tables of physical properties, chemical properties, occurrence and crystallographic data about the silica polymorphs

· The Chemical Properties page provides chemical reactions quartz typically undergoes: http://www.quartzpage.de/gen_chem.html
· Physical Properties: http://www.quartzpage.de/gen_phys.html
The following VRML images are from the jcrystal.com Web site. They show the atomic-level structures of quartz polymorphs using Cortona 3-D to provide an interactive structure, allowing you to control its movement. It shows a ball-and stick model with the polyhedra superimposed over the structure. As you rotate the structure you can see the polyhedra linked at their corners. The software is not user-friendly, as the image opens up huge, with one bond filling the entire screen; to decrease the size, hit the farthermost button on the right of the tool bar at the bottom, the “full-size screen” button. This makes the entire structure fit the screen. Then you can rotate the entire structure to view its various features. The box shape in each structure is the unit cell for that structure.

· This image is quartz: http://jcrystal.com/steffenweber/gallery/StructureTypes/quartz.wrl.

· Here is the same VRML image, but of cristobalite, one of the polymorphs of quartz: http://jcrystal.com/steffenweber/gallery/StructureTypes/cristobalite.wrl.

· Here is the same VRML image, but of tridymite, another of the polymorphs of quartz: http://jcrystal.com/steffenweber/gallery/StructureTypes/tridymite.wrl.
More sites on diatoms
This short online paper (2–3 pages, depending on screen size) from Ken Perreault of St. Michaels College discusses in fair detail the nature and importance of diatoms to our world: http://academics.smcvt.edu/dfacey/AquaticBiology/Freshwater%20Pages/Diatoms.html.

This online article is from PLoS Biology, an online, open-access, peer-reviewed publication. It describes potential uses for production of electronic components mimicking the nano-scale synthesis techniques that diatoms utilize to build their silica shells.

(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC521728/)


This Web page created by David Mann, from the Tree of Life Web Project, discusses at length what diatoms are and how they affect life on Earth: http://tolweb.org/Diatoms/21810.


This page from Henderson State University shows pictures of many different types of diatoms and includes a photo of a “glassy” shell: http://www.hsu.edu/pictures.aspx?id=1954.


Here’s one more site that features research on diatoms to learn how they synthesize their silica shells so scientists and engineers can duplicate this feat to design nanoscale electronic devices.

Here are a few Web sites from Science Daily discussing diatoms. Each site focuses on one use of diatoms:

· Biosensors with fluorescent proteins: http://www.sciencedaily.com/releases/2012/03/120323094036.htm
· Monitoring water quality using diatoms: http://www.sciencedaily.com/releases/2010/05/100504095111.htm
· Extracting oil from diatoms to solve the energy crisis: http://www.sciencedaily.com/releases/2009/06/090622165830.htm
· Using diatoms to reveal past climate changes: http://www.sciencedaily.com/releases/2009/10/091029151621.htm
· Diatoms sequester CO2 from oceans: http://www.sciencedaily.com/releases/2009/03/090317125217.htm
Here’s the text of the 1979 National Geographic article “Those Marvelous, Myriad Diatoms”: http://howtousediatomaceousearth.com/wp-content/uploads/2010/12/MarvelousMyriadDiatoms.pdf
This is a 1:14 video clip that shows several different types of diatoms under a microscope moving across the field of vision: http://wn.com/diatom_shells#/videos.

This Web site on diatoms has many different pages and lots of good photos: http://earthguide.ucsd.edu/diatom/d1.html. Each page takes the student through a different aspect of diatoms, from morphology to habitat, ecology, and fossils. The information is still valid, but be aware that most of the reference links are no longer valid links (copyrighted 1999).
More sites on Earth’s structure
This page from the HyperPhysics Web site provides a very brief introduction to the structure of the Earth: http://hyperphysics.phy-astr.gsu.edu/hbase/geophys/earthstruct.html#c1.

Here is another basic discussion of the structure of the Earth, with simple animations, from the USGS: http://www.scec.org/education/k12/learn/plate1.htm.

This series of seven slides shows the structure of the Earth: http://education.nationalgeographic.com/education/encyclopedia/core/?ar_a=1. The series includes slide 6, this downloadable pdf file poster that contains 5 of the seven slides on one sheet: http://education.nationalgeographic.com/media/file/Earth_Interior_Poster.pdf.

More sites on polymer opal films

This is the actual Rainbow Winters site, from which the 2012 Paris Fashion Week photo used in the ChemMatters article was taken: http://www.rainbowwinters.com/project6.html. There is a short gallery of the “Liquid Bodysuit: stretch reactive” clothes.

This <1-minute video shows the stretching and relaxing of a polymer opal film, from the University of Cambridge: http://vk.com/video-23304496_165270070.


This site from the NanoPhotonics Center of the University of Cambridge provides 5 very brief video clips of different polymer opal films being bent and stretched: http://www.np.phy.cam.ac.uk/research-themes/polymer-opal-videos.

More sites on photonic crystals
This article is a pdf of the original December 2001 Scientific American article on “Photonic Crystals: Conductors of Light” by Eli Yablonovitch (pp 46–55): http://optoelectronics.eecs.berkeley.edu/eliy_SCIAM.pdf.

More sites on structural color
COLR™ Technology’s Web site briefly describes their process of using “… iron oxide superparamagnetic Colloidal Nanocrystal Clusters (CNCs) … to make … individual particles self-assemble to form a microscopic, lattice-like structure which diffracts specific wavelengths of light. Adjusting the strength of the magnetic field tunes the color to display brilliant, iridescent colors across the entire visible spectrum and beyond.”  (http://colrtechnology.com/index.php)

More Web Sites on Teacher Information and Lesson Plans (sites geared specifically to teachers)

The Princeton University Press book Photonic Crystals: Molding the Flow of Light, 2nd edition (copyright 2007) is available free in pdf form (13 MB) at http://ab-initio.mit.edu/book/photonic-crystals-book.pdf. Note: the book is very advanced, as you’d expect.

And here is a very extensive PowerPoint (35 MB) on photonic crystals from the same source as above: http://ab-initio.mit.edu/photons/tutorial/leos-course.ppt. Although most of the math is way beyond anything in high school chemistry or math classes, there are a lot of great photos at the micrometer level that you could use in your classroom. In addition to the two documents referenced above, other materials from Dr. Steve Johnson’s 2003 lectures on photonic crystals at MIT can be obtained at this site: http://ab-initio.mit.edu/photons/tutorial/.

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

Jmol is “an open-source Java viewer for chemical structures in 3-D.” It is free downloadable software that allows you to show atomic-level illustrations of structures of many compounds. These structures are rotatable and zoomable, and some have animation, with vibration and rotation capabilities. It is an excellent source for molecular visualizations for students. (http://jmol.sourceforge.net/)

The Virtual Museum of Minerals and Molecules at http://virtual-museum.soils.wisc.edu/ is a site that provides visualizations of molecular and macromolecular structures using Jmol (cited above). Its focus is on soil minerals and organic compounds. It is ideal for showing students the actual structure of a group of molecules; quartz’s tetrahedra or graphite vs. diamond.




Order of 		Weight % 	Molar % 	Volume %	


Abundance  Element  in crust	in crust 	in crust 	Typical natural form at Earth Surface





	1 	Oxygen 	46.3 	60.2 	94.2 	O2- In minerals and H2O; small amount 


						as elemental O2 in atmosphere


	2 	Silicon 	28.2 	20.8 	0.8 	Almost all as Si4+ in silicate minerals;


						some as H4SiO4 in seawater


	3 	Aluminum 	8.1 	6.2 	0.4 	Almost all as Al3+ in minerals


	4 	Hydrogen 	0.1 	2.9 	- 	Almost all as H+ in H2O, OH in


						Minerals and HCO31-


	5 	Sodium 	2.4 	2.2 	1.1 	All as Na+, largely in minerals but also 


						in seawater


	6 	Calcium 	4.1 	2.1 	1.2 	All as Ca2+, largely in minerals but also 


						in seawater


	7 	Iron 	5.4 	2.0 	0.4 	Mostly as Fe2+ and Fe3+ in minerals


	8 	Magnesium 	2.3 	2.0 	0.3 	All as Mg2+, largely in minerals


						but also in seawater


	9 	Potassium 	2.1 	1.1 	1.5 	All as K+, largely in minerals but also 


						in seawater


	10 	Titanium 	0.5 	0.2 	0.04 	Almost all as Ti4+ in minerals


	11 	Phosphorus 	0.1 	0.1 	0.002 	Mostly as P5+ in phosphate (PO43-)


	12 	Fluorine 	0.06 	0.07 	0.1 	All as F1-, largely in minerals but also						in seawater


	13 	Carbon 	0.02 	0.04 	0.0003	Range of valence states from 4- to 4+


	14 	Manganese 	0.1 	0.04 	0.007 	Mostly as Mn2+, Mn3+, and Mn4+ 


						in minerals


	15 	Sulfur 	0.03 	0.02 	0.004 	Almost all as S6+ in sulfate (SO42-) 


						or S2- in sulfides


	. . .


	≥73 	Gold     0.0000003  0.00000003  -	As Au0 and Au+





Basic structural unit of quartz


(from � HYPERLINK "http://www.quartzpage.de/gen_struct.html" �http://www.quartzpage.de/gen_struct.html�)





Graphical depiction of active noise reduction





(from � HYPERLINK "http://en.wikipedia.org/wiki/Active_noise_control" �http://en.wikipedia.org/wiki/Active_noise_control�





The references below can be found on the �ChemMatters 30-year CD (which includes all articles �published during the years 1983 through April 2013 �and all available Teacher’s Guides).  The CD is in �production and will be available from the American Chemical Society at this site: �� HYPERLINK "http://www.acs.org/chemmatters" �http://ww.acs.org/chemmatters�.�


Selected articles and the complete set of Teacher’s Guides for all issues from the past three �years are also available free online on the same site. 


(The complete set of ChemMatters articles and Teacher’s Guides are available on the 30-year CD for �all past issues, (up to April 2013.) 


 


Some of the more recent articles (2002 forward) may also be available online at the link above. Simply click on the “Past Issues” button directly below the “M” in the ChemMatters logo at the top of the Web page. If the article is available online, you will find it there.
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