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“Cobb and Fetterolf have written a chemistry primer for the mature, inquisitive nonchemist. The book is rich with chemical history and applications to everyday life and includes principles of chemistry illustrated by experiments and demonstrations using household items. The Joy of Chemistry would make a wonderful supplement for chemical educators and also stands on its own as the book for the chemistry enthusiast.”


—Stephen L. Crump, PhD Savannah River National Laboratory, Westinghouse Savannah River Company





“If your high school or college chemistry course did not fill you with an appreciation of chemistry in our everyday world, this may be the guide that you need to revisit the issue. Try a few of these experiments and read the discussion and you will recognize chemistry happening all around you.”


—Don Franceschetti, PhD Professor of Physics and Chemistry, University of Memphis





“An enjoyable read for both the scientist and nonscientist alike.”


—Dr. Colin Moore Research Fellow, Crompton Corporation
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See the blind beggar dance, the cripple sing,


The sot a hero, lunatic a king;


The starving chemist in his golden views


Supremely blest, the poet in his muse.


—Alexander Pope, An Essay on Man, 1734





The sight of the planet through a telescope is worth all the course on astronomy: the shock of the electric spark in the elbow outvalues all the theories; the taste of the nitrous oxide, the firing of an artificial volcano, are better than volumes of chemistry.


—Ralph Waldo Emerson, Essays: Second Series, 1844









APOLOGIA

Chemistry books usually fall into one of two categories—textbooks or children’s books—which, in essence, excludes the general reader. There are some excellent works that address this deficit, including Chemistry Connections: The Chemical Basis of Everyday Phenomena by Kerry K. Karukstis and Gerald R. Van Hecke and The Genie in the Bottle by Joe Schwarcz.1 Still, we have chosen to add our own effort to the mix, believing it to represent a slightly different approach. We have attempted to write a fireside chemistry: a chemistry book for the armchair scholar, to be perused in the comfort of one’s own home and enlivened with straightforward demonstrations that can be carried out in the kitchen or garage. We have written this book because when we first started our chemistry studies, these were the types of books we loved. This book was written by chemists, but it is not written for chemists. It is written for the students we used to be and the scholars within us all. We hope the reader enjoys the following pages as much as we did the writing.
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PREFACE


I am beginning chemistry, a most unusual study. I’ve never seen anything like it before. Molecules and Atoms are the material employed, but I’ll be in a position to discuss them more definitely next month.


—Jean Webster, Daddy-Long-Legs, 1912




Given the present state of Western society, it may be difficult to believe that sex and cooking were once subjects to be approached with trepidation. But when Irma Rombauer wrote the The Joy of Cooking in 1931 and Alex Comfort wrote The Joy of Sex in 1972, they were addressing very real societal concerns. For Rombauer it was clarification of the kitchen, and for Comfort it was the demystification of the boudoir. Nowadays, chemistry can, for some, be perceived as a likewise worrisome affair. So perhaps it is time to discover the joy of chemistry.


Within these pages, we will explore the magic inherent in chemistry—from the fascination of fall foliage and fireworks, to the functioning of smoke detectors and computers, to the fundamentals of digestion and combustion—and we’ll illustrate these precepts with hands-on experiments using familiar materials. Laboratories and calculators are not required to enjoy the beauty of chemistry: the concepts can be explained in terms of everyday experience and confirmed with materials from your own closet.


Chemistry is often called the central science because it is central to our understanding of the physical and biological world and central to our common concerns, from medicine to politics to economics. Therefore, the principles of chemistry should resonate with our perceptions and experience. Chemistry can be a fascinatingly familiar science that appeals to our intuition, logic, and—if we’re willing to get down and dirty—our sense of enjoyment, too. Our purpose here is to partake in the delights of chemistry and discover a little something in the process—about cars, the cosmos, and even crime.
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A FEW NECESSARY WORDS ON SAFETY


While reading a textbook on chemistry, I came upon the statement “nitric acid acts upon copper”…I had seen a bottle marked “nitric acid” on a table…I was willing to sacrifice one of the few copper cents then in my possession….


A greenish blue liquid foamed and fumed over the cent and over the table. The air in the neighborhood of the performance became dark red. A great colored cloud arose…picking [the penny] up…I learned another fact—nitric acid not only acts upon copper but it acts upon fingers…. I drew my fingers across my trousers and another fact was discovered. Nitric acid also acts upon trousers.


—Ira Remsen, My First Hundred Years, ca. 1970




The precedence for books demonstrating home chemistry has been well established, but so is the precedence for a safety discussion at the beginning.1 True, we are all reasonable, responsible adults here, but so was the hero of the above quote. Therefore, a few necessary words on safety could not hurt. The Joy of Cooking offers advice on food preservation and The Joy of Sex offers precautions against disease, so why shouldn’t chemists have their warnings, too? Cooking, chemistry, and sex share comparable dangers for the unprotected and unprepared. Let’s review the basics.


If you don’t own a pair of safety glasses already, go now to the hardware store and buy a pair. Wear them while doing the demonstrations in this book.


Read the safety precautions embedded in the demonstrations and take them to heart.


Resist the urge to get creative. Random mixtures of household chemicals can create some pretty nasty brews. Never mix ammonia with bleach!


Work away from sources of sparks, which can include, interestingly enough, cell phones or other electric appliances.


Pour waste into the toilet, not the kitchen sink or bathroom sink.


Keep the amounts to a minimum. The difference between a bang and a pop is a matter of magnitude.


Know the location of the nearest working shower, fire extinguisher, and phone, but you should know these things anyway, as a normal functioning household presents enough hazards to warrant these precautions.


Keep everything away from children. This is an adult chemistry set. Keep things away from pets, too.


You will be directed to use kitchen utensils in many of the demonstrations. Don’t assume that this means that the chemicals are nontoxic. Use plasticware and paper plates whenever possible (you will be told when only glassware will do) and throw the paper and plastic away after use. Even inexpensive paper plates will work for many of the demonstrations if they have a thin plastic coating. If you have to use glass or ceramic utensils, wash them thoroughly and separately before any contemplated reuse with food, or, better, maintain a separate set dedicated to chemical demonstrations. You will probably do most of the demonstrations in the basement, kitchen, or bathroom, but keep the chemicals well separated from toothbrushes, foodstuffs, or counters that will come in contact with food or toothbrushes. You may cover your counters with newspaper for added protection.


Microwave ovens vary, so treat the microwave times given in the demonstrations as approximate. Get to know your own microwave oven and use mitts to remove hot items. Microwave ovens can also heat unevenly, so be aware that solutions heated in the microwave may be at the boiling point without showing bubbles. When in doubt, wait a minute after opening the door and use mitts. And, as always, be certain that you remove any metal, such as spoons, from items to be inserted in the microwave. This is chemistry, not cooking, but that does not change the physics of the microwave. Any resulting sparks may be exciting, but they are dangerous and can easily destroy a microwave.


The chemical procedures presented here have been carefully chosen to maximize your pleasure and minimize any risk, but please do not assume this is true of all chemical reactions or all chemical demonstrations. Again, experimentation is best left to the professional experimentalists and more complicated demonstrations to those trained in chemical demonstration.


Don’t use any of the chemicals we discuss in a poultice or as a suppository or anything else that people were wont to do in the past or are doing in the present. Don’t, under any circumstances, eat the chemicals in these demonstrations or drink them or bathe in them or splash them in your eyes. Don’t expose them to flames or sparks (unless it’s part of the demonstration). Protect your clothes or wear old clothes. Protect your hands. Wear rubber gloves when handling chemicals and wear yard-work gloves when handling steel wool. Treat all chemicals in this book as you would treat chlorine laundry bleach, gasoline, insecticides, and other things you know to be hazardous.


In other words, follow the same types of precautions offered in any children’s chemistry set. In fact, you might go out and buy such a chemistry set. You can say it’s for your children, or you can order it online. The chemistry kit will have the safety glasses you need and a few chemicals and a few experiments. It won’t have the in-depth explanations, which is what we offer here, but it might be amusing and could save some trips to the hardware store.
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SHOPPING LIST AND SOLUTIONS


SHOPPING LIST

In alphabetical order, here is a list of ingredients that will be used in the demonstrations. Most items can be purchased at a hardware store or the grocery store. If they cannot be purchased locally, they can be purchased online.



adhesive tape


alum (can be found with the spices in a grocery store)


aluminum foil


aluminum wire (can be purchased at a hardware store)


ammonia (household, clear)


analgesic stomach tablets, fizzing variety


aquarium pH-lowering solution that lists “sulfuric acid” and perhaps “water” as its only ingredients (at least three 37-milli-liter bottles)


aquarium pH-testing kit (freshwater, should say “bromothymol blue” in the ingredients list)


aspirin


baking soda (not baking powder)


balloons


bar magnets (small)


basting syringe


black-light lightbulb and fixture


bleach (household)


candles


canola oil


chalk


citric acid (sold as “sour salt” in gourmet food shops or can be purchased online)


clear, carbonated soda (usually a lemon-lime soda will do)


clothes pins (plastic or wooden)


coat hanger (metal or plastic)


copper pot scrubber that is all copper mesh (can be found at hardware or grocery stores)


copper wire, at least two feet (60 centimeters), preferably uninsulated, but insulated can be used


corks, rubber or natural, that will fit into the end of a twenty-ounce (590-mL) plastic soda bottle


cornstarch


cottage cheese (purchase as needed)


cream of tartar (usually available on baking aisle or with spices in grocery store)


D-cell battery and battery holder (the holder is not absolutely necessary)


dropper with squeeze bulb (commonly called an eyedropper)


fingernail polish remover (the kind that contains acetone)


flexible gloves (the type used to protect the hands while washing dishes or when using household cleaners are okay, but they tend to fit poorly; surgical gloves can be purchased in a drugstore and are better)


food coloring (the liquid drops, not the squeezable gel)


galvanized nails (zinc-coated nails available in hardware stores)


garden gloves (thick cloth or leather)


gas-reducing digestive aid (the kind taken before meals to reduce intestinal gas)


glycerin (also called glycerol, from drug counter)


hydrogen peroxide


kitchen matches


lemon


liquid laundry bluing


lye (generally sold as drain cleaner, but do not get the kind that contains aluminum metal)


masking tape and permanent markers


metal spoons (two that can be discarded after use)


milk (whole milk, not skimmed or 2 percent, purchase as needed)


mineral oil


mozzarella (real and imitation, purchase as needed)


paper clips, metal


paper plates with coating


paper towels


more paper towels


plastic bags (the type that can be sealed by pressing the top together, in the sandwich size and in the gallon size)


plastic cups (clear and disposable)


plastic funnel


plastic soda bottles (clear, twenty fluid ounces [590 milliliter], at least ten)


plastic soda bottle (clear, 67.6 fluid ounces [2 liter])


plastic spoons


plastic wrap


purple cabbage (can be chopped up and frozen until needed)


rubbing alcohol


safety glasses (can be purchased from a scientific or educational supply store or hardware store)


salt petre, also called sodium nitrate (can be purchased from a cooking-supply store and some sophisticated grocery stores or online)


small plastic jars with caps (half-pint water bottles work well)


small, clear plastic containers to use as test tubes, or actual test tubes (which can be purchased at a scientific or educational supply store)


small juice glasses (three or four)


sponge (artificial or natural)


steel nails


steel wool (fine grade)


straws


super glue (the kind that contains cyanoacrylate)


swimming pool pH-testing kit (should say “phenol red” in the ingredients list)


table salt


table sugar


tall drinking glasses (three or four)


tea bag of brown tea


thermometer, range up to at least 220°F (105°C) (most meat thermometers will do)


tincture of iodine


vinegar


voltmeter (able to measure DC voltage in the one-to-three volt range)


whole milk


wooden kitchen matches





SOLUTIONS


1. Copper sulfate


Caution: Some fumes will be generated during this preparation, so work in an open area as you would if you were working with solvents, varnish, or paint thinner. The fumes are nitrogen-oxygen compounds such as those present in smog.





	a) Put on the safety glasses. If you have a copper-mesh pot scrubber, use this in place of the copper wire. If not, strip ten inches (30 centimeters) of copper wire if it is insulated (use as is if it is not) and coil it so it lies flat in the bottom of a plastic cup that can hold at least two cups (500 milliliters) of liquid. If you have to cut it to strip off the insulation, that is all right. The wire can be in smaller pieces that add up to about ten inches (30 centimeters). If you are using a copper pot scrubber, put the pot scrubber in the bottom of the glass. The cup can be clear plastic or clear glass, but the cup should not be reused for drinking in either case.

	b) Add a third of a cup (80 milliliters) of the aquarium pH-lowering solution until the copper is well covered or emersed. This solution is acidic, so you may want to use gloves. Be careful, in any case, and do not get it on your hands or clothing. If you get it on your hands, rinse your hands thoroughly with water.

	c) Add about four plastic teaspoons (about 8 grams) of salt petre (sodium nitrate) crystals. Swirl to mix. Loosely cover the cup with plastic wrap and set it aside. The solution should be ready in twelve hours or so. Although the reaction is slow, you can tell it is proceeding by the stream of small bubbles coming from the copper surface. If all has gone well, the solution will be an intense blue. There will be copper and sodium nitrate crystals left over in the bottom of the cup.

	d) Using your funnel, pour off the blue liquid into a plastic bottle that can be capped. Take care not to pour any leftover crystals or copper into the bottle. Leave the leftover crystals and copper in the cup. You may want to use gloves because the solution is still acidic and you want to avoid getting it on your hands. If you do get it on your hands, rinse your hands with water.

	e) Cap and label the bottle with the date, your name, and “copper sulfate in sulfuric acid.” Add “Caution: Corrosive!” Store the solution at room temperature in a secure location, well away from children and pets.

	f) Leave any undissolved copper and crystals in the bottom of the cup. When more copper solution is needed, you can simply replenish the ingredients in this cup. Cover the cup with plastic wrap, label it, and store it in a secure location, away from children and pets.






2. Iron acetate


	a) Put on your safety glasses. Pour two cups of vinegar into a clear cup. (The cup can be plastic, but it doesn’t have to be.) Put on garden gloves (a must) and then tear off about a cubic inch (20 milliliters) of fine steel wool. This is about as much as you can tear off in one healthy pinch. Put the steel wool in the vinegar, and cover the cup with plastic wrap. Label the cup “iron acetate” and add your name and the date. The solution will be ready for use after sitting overnight. Save the solution with the steel wool still in it, as it will be used in a couple of demonstrations.

	b) Store the solution at room temperature in a secure location, well away from children and pets.



3. Purple-cabbage indicator


	a) Chop up about a half cup (120 milliliters) of purple cabbage, put it in a sandwich bag with a half cup (120 milliliters) of water. Heat in the microwave for approximately thirty seconds. The bag and contents should be very warm but not hot enough to scald or boil. After warming, the water should be shaded purple by the cabbage, and a bit of squeezing and manual crushing of the cabbage may make it darker.

	b) The resulting solution will have a strong odor, which will get stronger on aging. To avoid overly unpleasant smells, the indicator can be made up only as needed, frozen if made up ahead of time, or can be made from dark purple plums if these are available.



But chemistry can be a smelly business!
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A MOMENT FOR METRIC

Metric units (grams, centimeters, milliliters), as opposed to traditional US units (ounces, inches, cups), are preferred for scientific measurements. There is a valiant effort in the United States to move toward the use of metric units in everyday applications; however, most people in the United States still use traditional units for common purposes. Throughout this book, US units will be used, followed by their approximate metric equivalent in parentheses. Though no doubt metric units are now second nature to many, they are foreign to as many more, so a set of comparisons is offered here. Bear in mind that a centimeter is about the width of a small paper clip, a penny weighs about two grams, a meter is a little longer than a yard, and a milliliter is (very roughly) a quarter teaspoon. You may also want to keep in mind that an ounce is a measure of mass, but a fluid ounce is a measure of volume—which reminds us of the complexity of US units. So even if metric is not second nature now, don’t worry. Anyone who has mastered the subtleties of US units shouldn’t have much trouble with metric.


Some useful approximate US/metric conversions are given below. In the demonstrations, approximate metric equivalents will be provided with measurements in US units.






	1 inch = 2.5 centimeters
	1 pound = 0.5 kilogram



	1 quart = 0.9 liter
	1 ounce = 28.4 grams



	1 tablespoon = 15 milliliters
	1 teaspoon = 5 milliliters



	1 cup = 236.7 milliliters
	1 fluid ounce = 29.5 milliliters







For clarity’s sake we will avoid abbreviations, but for the sake of completeness some common abbreviations are listed below.






	cup (c)
	gram (g)
	liter (L)



	meter (m)
	milliliter (mL)
	ounce (oz)



	pound (lb)
	tablespoon (tbsp)
	teaspoon (tsp)







Scientists also normally use the Celsius temperature scale, but we will report temperatures in both degrees Celsius and the traditional US Fahrenheit temperature scale. For convenience, a comparison of some common temperatures is given below.






	
	room temperature
	boiling water
	frozen water
	normal body temperature



	





	Fahrenheit
	68°
	212°
	32°
	98.6°



	Celsius
	20°
	100°
	0°
	37°
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INTRODUCTORY DEMONSTRATION: BOTTLE ROCKET AND OOBLECK


Their faces were as rosy as if they had been exposed to the roaring flames of an oven; their voices resounded in loud accents; their words escaped like a champagne cork driven out by carbonic acid.


—Jules Verne, Around the Moon, ca. 1870




Let’s begin with a bang. A bottle rocket.


Put on your safety glasses. Tear a paper towel into a strip about four inches wide and seven to eight inches long. Take a rounded plastic spoonful of baking soda (about 2 teaspoons or 10 milliliters) and spread it down the length of the paper-towel strip, in the center. Leave an inch or two at the end of the paper towel free of baking soda. Roll the paper towel lengthwise, as if rolling a cigarette, making sure that the baking soda doesn’t get close to the ends of the towel. The roll should be small enough to go through the end of a plastic soda bottle. Once it is rolled, twist the ends so that the powder does not come out. When you are done, your paper towel roll should look like a cigar with twisted ends.


Remove the label from a twenty-fluid-ounce (590-milliliter) clear plastic soda bottle, rinse it out, and shake out any excess water. Find a cork that fits snuggly into the bottle opening and make certain it seals the bottle well without needing to jam it in. As extra insurance, pull a balloon over the cork (put the cork inside the balloon) so that you have a rubber-coated cork that will make a nice tight seal with the top of the soda bottle.


Pour a half cup (120 milliliters) of vinegar and a half cup (120 milli-liters) of water into the bottle and swirl to mix. A two-liter soda bottle may be substituted if you use twice as much vinegar and water. Add enough purple-cabbage indicator so that the resulting solution is bright pink, but do not add more than one tablespoon.


Find a location, preferably outside, where it will not matter if a cork shoots upward with respectable force. Put the soda bottle with vinegar on the selected spot, drop in the twisted tube of baking soda, and rapidly and firmly cork the bottle. Stand the bottle upright so the cork will fire straight up in the air and out of the way of children, pets, or neighbors. Stand back. There should be a few second’s delay while the vinegar solution penetrates the paper towel, then there should be a vigorous foaming and a satisfying bang as the cork shoots out. At this point the solution in the bottle will have changed from pink to blue or violet (depending on the amount of baking soda used). If the reaction appears to die down after a minute instead of popping the cork, you can swirl the bottle or you can push at the bottom of the cork to dislodge it as it was probably jammed too tightly into the opening. It may take a few attempts to get it right, but it’s worth it.


The reaction that pops the cork is


baking soda + vinegar → carbon dioxide + water


Carbon dioxide is a gas and tends to occupy a larger space than the solution. The expanding gas builds up a force sufficient to expel the cork from the mouth of the bottle.


Gas production is a good indication that a chemical reaction has taken place. Color change is also an indication of a chemical reaction; however, in this case the reaction could have proceeded just as well without the purple-cabbage indicator and without changing color. The purple-cabbage indicator is added to show that the reaction is an acid-base reaction, which we will discuss shortly.


The defining feature of a chemical reaction is that you start with one type of material or materials (a sour, pink liquid and a salty solid in this case) and end up with another type of material (a violet, watery liquid and a gas). There are other signs that can indicate a chemical reaction has occurred, such as a change in temperature, the production of light, or the formation of a solid that settles out of a solution—and in future demonstrations we will see all these and more. But to understand how the processes occur, we need a solid background in the basic structure of matter, and that is where we begin.


That is, after one more demonstration and this time with a splat—from oobleck.
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Start with a cup (240 milliliters) of cornstarch in a small bowl and add a third cup (80 milliliters) water. Using a metal spoon (a plastic spoon might break), stir the water into the cornstarch. The mixture will quickly become thick and difficult to stir, but persevere. The exact amounts of water and cornstarch needed will depend on the brand of cornstarch, so you may have to add a little water or sprinkle in a little more cornstarch. You want to end up with something approximately the consistency of wet cement or corn-bread batter, but slightly dryer. Cutting through the mixture with the spoon helps the mixing process. When you are done, you have what science teachers have come to call oobleck, after the Dr. Seuss book Bartholomew and the Oobleck.1


Try smacking the spoon down on the oobleck, and then try picking up the oobleck in your hands. It feels fairly solid when you pick it up and squeeze it, but if you hold it in the palm of your hand, it appears to “melt” into a puddle and you can drip it between your fingers. Oobleck behaves in this manner—not quite solid, not quite liquid—because cornstarch traps water, somewhat like a sponge, but the structure of starch is less rigid so it can flow with its water load.


Try rolling up a pinch of the oobleck into a ball and throwing it on the floor. It should bounce a bit then hit the floor with a splat and puddle. Try slicing through the oobleck with a knife. It cuts somewhat like cheese, appearing more solid than liquid. Try pulling the oobleck apart quickly and then slowly. When the oobleck is separated quickly, it behaves more like a solid; when it is pulled apart slowly, it behaves more like a liquid.


Although the properties of oobleck seem quite different from the cornstarch and the water from which it was formed, the formation of oobleck is not a chemical reaction; it is a physical change. The cornstarch has trapped the water, but the water can be removed by the simple process of letting the oobleck dry out (though it may take several hours). The physical properties of the cornstarch and water have changed, but the chemical properties have not.


Changing a physical property is something like changing a person’s appearance. You can cut your hair or change your clothes, but you are basically the same person as when you started. The change can be reversed by simply letting your hair grow out or by changing back into your former attire. A physical change for a material such as water might be to boil or freeze it or divide it into separate cups. Chemical changes, however, are a fundamental change of one type of material into another. A chemical change results in a new material with new physical and chemical properties. The bottle rocket represents a chemical change because the vinegar and baking soda turned into new materials: carbon dioxide and water. No amount of drying will recover the baking soda.


Because most chemical reactions also involve physical change, we will be discussing both, but our emphasis will be on the chemistry. As chemists, of course, we like a good splat, but nothing beats a bang!
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INTRODUCTION
It Begins with a Bang…and a Splat


It’s chemistry, brother, chemistry! There’s no help for it, your reverence, you must make way for chemistry.


—Fyodor Dostoevsky, Brothers Karamazov, 1880





I must go to the laboratory and look into a little matter of acids and salts and alkalis. I’ve burned a hole as big as a plate in the front of my chemistry apron, with hydrochloric acid. If the theory worked, I ought to be able to neutralize that hole with good strong ammonia, oughtn’t I?


—Jean Webster, Daddy-Long-Legs, 1912




We lead off with these quotes because they illustrate two observations. First, if one judges by the number of references to chemistry in Western literature of the late nineteenth and early twentieth centuries, it would appear that chemical literacy was once more common. From Arthur Conan Doyle to Emily Dickinson, many of these earlier authors displayed a friendly acquaintance with the principles of chemistry and assumed a familiarity on the part of their readers, too. Such allusions to chemistry, unfortunately, seem to be less frequent in contemporary literature, presumably because of a lack of chemical fluency on the part of the authors and the read-ership. It is our belief that this situation might be alleviated by providing more in the way of public access to chemistry, which is the objective of this book.


The second observation illustrated by these two particular quotes is that some people, past and present, are naturally drawn to chemistry—and some are not. Why the difference? Is there a variation in brain cells? Is there an undiscovered chemistry gene? Maybe. But probably not. A better explanation may be found in the following abbreviated biographies of chemistry Nobel Prize winners and obvious aficionados of chemistry.


Linus Pauling (1901–1994), son of an Oregon pharmacist, shared a friend’s chemistry set when he was fourteen years old.2


Mario Molina (1943–), who worried about atmospheric chemistry as his work carried him over the globe, had an aunt who helped him set up a laboratory in the bathroom of his boyhood home in Mexico City.3


Dorothy Hodgkin (1910–1994), a British chemist with an archaeolo-gist father and a botanist mother, grew crystals with a soil-chemist test kit when she was ten years old.4


As a young Texan, Robert Curl (1933–) used up the chemicals in the chemistry set his parents bought him for Christmas, so he found a sympathetic pharmacist to help him resupply. His parents rethought the wisdom of the gift when, in using his new stock, he permanently altered the porcelain top on his mother’s stove.5


Not much in the way of a shared gene pool, but perhaps some other traits in common. For one, these successful chemists (as well as many others) seem to have first encountered chemistry as an amusement. Does this mean that to appreciate chemistry as an adult you should choose parents who give you a chemistry set as a child? No. It is never too late to indulge yourself in the joy of chemistry. Each of our budding Nobel chemists also had a strong curiosity, and if you have picked up this book, then you do, too—and it is our hope to gratify this curiosity. We are proud to present herein a virtual adult chemistry set complete with demonstrations. The critical difference with our approach and that of most chemistry sets, however, is that the results are explained and the demonstrations are integrated into an account of the science of chemistry. A description of the expected outcome will be given with each of the demonstrations, as well as an explanation of the principles being illustrated, so the reader may, in fact, choose to enjoy this book without performing all, or any, of the procedures given in the demonstrations. But the temptation to join in the fun—with a bang and a splat—may be difficult to resist.


The above short bios might also imply that the successful chemist must have access, as a child, to a mentor or companion with whom to discuss the chemical arts. Does this mean you have to maintain a discussion group to appreciate the principles of chemistry? Not necessarily. We have provided a sort of virtual companion in the “For Example” sections, which present topical essays germane to the chemical theory being discussed. We include these to help the reader make intuitive connections with the concepts of chemistry and to dispel the notion that chemistry is somehow removed from everyday experience.


Take, for instance, our mundane experience of driving cars. What does chemistry have to do with cars? As it turns out, quite a lot.
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INTRODUCTORY EXAMPLE: CHEMISTRY AND CARS

Throughout this book, we will discuss chemistry in situations as diverse as cooking and solving crime. By way of introduction, our first “For Example” is going to take a quick walk through many of the topics that will be covered in these pages and illustrate them using an icon of modern technology: the automobile.


The Joy of Chemistry consists of two parts: Part 1 presents the fundamental principles of chemistry, and part 2 is a survey of some of the specialized fields of chemistry in which these principles are applied. Chapters 1 and 2 of part 1 introduce atomic structure with the chemist’s best friend: the periodic table. Atomic structure, as reflected by the periodic table, determines the makeup of chemical compounds—such as those that supply the structure and energy for the petroleum-based internal combustion engine. The type of reaction that is responsible for the power of this engine is the same type of reaction that supplies metal for its construction—oxidation-reduction reactions—which we’ll describe in chapter 3. The connection of chemistry with automobile exhaust is made in chapter 4, which examines acid-base chemistry. The chemistry that clogs up the radiator is touched on in chapter 5, in the discussion of precipitation reactions. The properties of the many materials that make up an automobile are a consequence of chemical bonding, discussed in chapter 6. The control and predictability of the various chemical reactions that take place in a car are governed by the principles of chemical reactions, the topic of chapter 7. The properties of automotive lubricants are explained in terms of intermolecular forces, which are the subject of chapter 8. The topic of chapter 9 is concentration, and a car’s choke regulates the concentration of oxygen in the air/fuel mixture for optimum combustion. The explosive reaction that changes gasoline to gas—and the gas properties that push the piston—are topics for chapters 10 and 11, which describe the gas phase of matter and reactions involving this phase.


Soaps and surfactants, useful for washing and waxing cars, come within the scope of chapter 12, which describes solid-state and surface chemistry. Chapter 13, on thermodynamics, delves into the operation of car-powered refrigerators. Metal fatigue is a topic for chapter 14, which investigates phase changes for pure materials and mixtures. And after reading chapter 15, a discussion of chemical equilibrium, the reader will be better positioned to understand why virtually all the gasoline turns to gas. The colligative properties of solutions, explored in chapter 16, can be applied to the salting of icy roads and the use of antifreeze in the radiator. The treatment of chemical kinetics in chapter 17 will relate to engine knock and catalytic converters. The discussions of photochemistry and electrochemistry in chapter 18 will shed light on automobile paint and chrome plating, the finishing touch.


In part 2 we will take a look at the specialized areas of chemistry and see that here, too, are intimate connections to daily living—and daily driving. The organic chemists of chapter 1 of part 2, who have turned the rich petroleum stew into plastics and polymers for interiors, gadgets, hoses, and tires, are today facing a new challenge: the development of comparable materials from a new feedstock, either the biomass or recyclables—an exciting and interesting challenge for the creative chemical scientist. As we will see in chapter 2 of part 2, the inorganic chemists have more of the periodic table to choose from and have every bit as much challenge. Consideration of their work will lead us to a discussion of how fuel cells may help us in the future—and how radiator cleaners work right now.


The concerns of the biochemist, as outlined in chapter 3 of part 2, address the automobile’s most dangerous component—the one located directly behind the wheel. But biochemists are also concerned with the sources and management of alternative materials harvested from the biosphere. In chapter 4 of part 2, we consider the efforts of analytical chemists and find that these intrepid souls draw from all of the above described disciplines. It is the job of the analytical chemist to certify the consistency and quality of many materials, including materials for cars, and in some instances, the consistency and quality of human life—as we will see when we consider the contributions of this field to crime-solving as well as cars. In chapter 5, we peer into our crystal ball to see the future of chemistry: a universe of new sources and substances. These new materials will no doubt lead to remarkable innovations—and, of course, new cars!


Ready? Let’s open the hood and take a look….









PART I
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INTRODUCTION
Theory, Octaves, and Scales

Not unlike music and literature, chemistry is described in terms of its elements and has a theory based on fundamental principles. And, as with music and literature, there is much in chemistry that is art as well. Looking at nature is like looking in a mirror, and we interpret what we see in light of our experience and from our own perspective. The principles of chemistry represent an attempt to draw from nature a system and, as such, must remain a bit blurry about the edges and able to accommodate exceptions to the rule.Yet, over the years, there has evolved a substantial repertoire of physical models and methods that allows us to describe, understand, and predict the behavior of a considerable body of materials with a respectable range of properties. So we’ll begin with the basics of this theory. For instance, we all know that chemists use scales, but did you know that chemists think in octaves, too? In part 1 of Joy of Chemistry, we’ll learn why.
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DEMONSTRATION 1: WATER WITCH


For days he made ceaseless calculations, but they were all wondrously unsatisfactory…. He finally concluded that the only way to prove himself was to go into the blaze…to watch his legs to discover their merits and faults…. To gain it, he must have blaze, blood, and danger, even as a chemist requires this, that, and the other.


—Stephen Crane, Red Badge of Courage, ca. 1895




Take a plastic spoon and rub it in your hair or on a sweater until the spoon acquires a static charge, as evidenced by the attraction of the spoon for the hair or fibers on the sweater. Turn on a faucet so that there is a very thin stream of water. Hold the spoon close to the water and you will see the stream of water bend. What happened? Electron transfer.


Friction will cause electrons to transfer from one material to another if one of the materials has a stronger attraction for electrons. Most plastics have a stronger attraction for electrons than hair and clothing, so the direction of transfer was probably from your hair or sweater to the spoon, allowing the spoon to acquire a negative charge.1 It could be a positive charge if the transfer were in the other direction, but the effect on the stream of water would be the same. Water is made up of atoms of hydrogen and oxygen, which have negative electrons in clouds surrounding positively charged nuclei. When the electric field of these charged particles interacts with the static electricity on the plastic spoon, the stream of water is drawn toward the spoon.


Find this idea of electrons bewitching? Read on.
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CHAPTER 1
Electrons and Atoms, Elephants and Fleas


Our science is sensual….

—Ralph Waldo Emerson, ca. 1830



In the above epigraph, Emerson was not intimating that science is sexy; he meant that we base our scientific theory on the input of our senses: touch, taste, hearing, sight, and smell. But when it comes to the theory of atoms, our senses fail. We can’t see an individual atom, we can’t taste one, we can’t feel one, we can’t hear one, and we can’t smell just one. If someone hits us on the head with a single atom of tungsten (fairly hefty as far as atoms are concerned), we remain blissfully unaware.

The reason we are so insensitive to single atoms is that a single atom is extremely small. Some ten million individual atoms would have to line up to span the length of a grain of rice. The parts that compose atoms are smaller yet. The nucleus, or center of an atom, is made up of protons and neutrons, and the radius of a proton is on the order of a femtometer, which is a quadrillionth of a meter, or a millionth of a billionth of a meter. Mighty small. The protons and neutrons have a mass of about a septillionth of a gram (a trillionth of a trillionth), which is diminutive in anybody’s book. The electrons are about two thousand times less massive than the protons and neutrons. Electrons are to protons as fleas are to an elephant—the proton being the elephant. When we calculate the mass of an elephant, we don’t add on the mass of the elephant’s fleas, and when we calculate the mass of an atom, we don’t add the mass of the electrons.

So the question naturally arises: If atomic particles are so small we can’t use our senses to detect them, how do we know they are there? By inference. Humankind learned long ago that the input of the senses can be flawed. Optical, olfactory, and tactile illusions abound. So to discover the nature of those parts of the world that cannot be smelled, touched, and seen, people have learned to look at secondary effects and infer their causes. The concept was well captured by the venerated scientist Ernest Rutherford in the advice he gave to James Chadwick when Chadwick was looking for evidence for the neutron. Rutherford advised,


How could you find the Invisible Man in Piccadilly Circus?…[B]y the reactions of those he pushed aside.2



Similarly, J. J. Thomson, making inferences from his own work and the work of others, declared the existence of electrons in 1897. By consensus, electrons were assigned a negative charge. Thomson was able to determine the amount of charge on a given mass of electrons by bending a beam of electrons in a magnetic field.3

This interaction of electrons with a magnetic field could cause a television picture to distort in the presence of a magnet. The electron beam in the cathode ray tube (CRT or television tube), which causes the phosphorescence on the screen, bends in a magnetic field. Of course, one should not bring a magnet up to a TV screen unless one has a dispensable TV because the interaction could do permanent damage to the electronics. But if one has a dispensable TV, it is an interesting effect to witness.

However, J. J. Thomson did not irrefutably establish the particulate nature of matter. It remained until 1909 for Jean Perrin to provide the definitive evidence for atoms, which he did by measuring the motion of microscopic pollen particles suspended in water. His detailed observations of this Brownian motion (named after the botanist Robert Brown) could be explained if it were assumed they were being buffeted about by moving atoms. His observations convinced the scientific community of the validity of the atomic model. Of course, they had been using the model successfully before Perrin, but it was nice to have such elegant confirmation.4
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