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The chemists are a strange class of mortals who seek their pleasures among soot and flame, poisons and poverty . . . yet among all these evils I seem to live so sweetly . . . may I die if I would change places with the Persian King.


John Joachim Becher, alchemist, ca. 1650
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Apologia

As a wise chemist once said, “There is an important question that must be asked when approaching any difficult project for the first time, and that question is, Why bother?” Consequently before writing this history of chemistry, we had to ask ourselves, with so many excellent histories already available, why should we write one more?

One obvious reason of course is that there are new threads, such as high-temperature superconductors, buckminsterfullerene, and the cold-fusion fiasco, that need to be woven in. But another reason is approach: History is open to interpretation (even history captured on videotape, as we have seen), so there is always something to be gained from trying a different approach.

The approach we chose is not that of exhaustive historical research. What we have given here is an overview of the history of chemistry (though with accompanying footnotes and bibliography), and a work completely derived from secondary sources (one venture into primary sources embroiled us in medieval Latin before we abandoned it). To borrow a phrase from Bernard Trevisan (alchemist, 1300s), we “looked for where most books were in agreement. . . . And in this way . . . found the truth.”1

The approach we chose is also not that of a technical treatise. A quick scan through the pages reveals few formulas or equations and recondite matter painted with a rather broad brush. We strove to convey an intuitive understanding of concepts so that the interested reader who goes on to the details encounters them on friendly terms.

The approach we did choose is that of a humanized history of chemistry: one that tracks social history along with chemical history and portrays the personalities of the people creating the history as well as the events themselves.

We chose this approach because it quickly shows that chemical inspiration is not limited to any one culture or climate, but extends all over the globe. World politics dictate the rate and location of chemical discovery, and chemical discovery changes the politics of the world. The approach also shows that chemical heroes are not limited to scholars and academics, but include hedonists and hermits, dullards and daredevils, saints and charlatans, doctors and lawyers, and men and women working in garages and kitchen sinks. The creators of chemistry are capable of great inspiration but also of petty bickering, jealousy, obstinacy, chauvinism, and pride. Chemical theory is not the product of biologically different brains but the fruit of ordinary, fallible, human minds.

But did we choose this approach because it shows the great chemists are not as great as we believed them to be? No. We chose it because it shows that the potential for greatness is something within us all.
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Preface

The history of chemistry is a story of human endeavor—and as erratic as human nature itself. Progress has been made in fits and starts, and it has come from all parts of the globe. Because the scope of this history is considerable (some 100,000 years), it is necessary to impose some order, and we have organized the text around three discernible—albeit gross—divisions of time: Part 1 (Chaps. 1–7) covers 100,000 BCE (Before Common Era) to the late 1700s and presents the background of the Chemical Revolution; Part 2 (Chaps. 8–14) covers the late 1700s to World War I and presents the Chemical Revolution and its consequences; Part 3 (Chaps. 15–20) covers World War I to 1950 and presents the Quantum Revolution and its consequences— and hints at revolutions to come.

There have always been two tributaries to the chemical stream: experiment and theory. But systematic experimental methods were not routinely employed until the 1600s—and quantitative theories did not evolve until the 1700s—and it can be argued that modern chemistry as a science did not begin until the Chemical Revolution in the 1700s. We argue however that the first experiments were performed by artisans and the first theories proposed by philosophers—and that a revolution can be understood only in terms of what is being revolted against. Therefore we begin our story with the work of healers, artists, clothiers, and metal workers and show how early philosophers—explicitly or not—used the observations of artisans to develop the first chemical theories. One of these theories—the four-element (fire, water, earth, and air) theory of Aristotle—became the focus of experimental efforts for some two thousand years.

The reasons for that longevity are twofold. The theory had intuitive appeal: The four elements were supposed to be present in some admixture in all materials, and indeed, when wood burned, it was possible to see the air (smoke) rising, water (sap) dripping, earth (ash) forming, and fire (flame) leaving. The theory also held promise: If all materials were composed of an admixture of elements, then it should be possible to change the proportion in one material to create another—that is, perform a transmutation. The most attractive transmutation was from base metal to gold—and this transmutation was most diligently pursued from the first millennium BCE to almost two millennia after.

The efforts of alchemists—the testers of the theory of transmutation—constituted a divergence in the development of chemistry (the mainstream, plodding accumulation of chemical fact by the artisan would be the downfall of the theory), but it was an important divergence. Alchemists developed techniques with applications in practical chemistry, and they influenced the image of the chemical practitioner: Chemical experimentation became associated with secrecy, magic, mysticism, and fraud. Even after alchemists turned from the production of gold to more altruistic endeavors, such as the production of medicines (which we call the Chemical Reformation of the 1500s), it took a while for the image of chemistry to change. Ultimately though, this redirection—coinciding as it did with the Scientific Revolution of the 1600s—lent new respectability to chemical experimentation and inspired enough serious reconsideration to result in the Chemical Revolution.

The Chemical Revolution—led by the French chemist Lavoisier— was a revolution against imprecision in thought and experiment. The evidence of smoke vaguely supported the idea of air as an element, but the precise thinker questioned whether smoke was the pure element of air, and if so, why air sometimes took on different properties and reactivities. The lightness of ash vaguely supported the idea that something left the wood during heating, but the precise thinker asked why metals gained weight when heated. The Chemical Revolution rejected—firmly and finally—magic as an explanation, reliance on authority as proof, and nonverifiable speculations as chemical theory. The Chemical Revolution established—firmly and finally—the need for accurate quantitative measurements in experimental analysis, the need for clear, explicit language in analytic thought, and the need for verifiable experimental results to support chemical theory.

The result of the rejection of the four elements of Aristotle was the introduction of dozens of others. Chemists used their new tools of measurement and thought to discover new elements and new laws governing their interactions. Chemistry became a science; chemical reactions became controllable; chemical production became an industry; and the chemist became a professional.

For all the progress though, there remained one large theoretical gap: What forces held elements together? The electrochemical theories of the 1800s explained how opposite electrical charges held some species together, but they failed—as did every other theory—to explain the existence of the simplest compound, molecular hydrogen, formed from two identical atoms of hydrogen. Without an explanation, it was impossible to make further predictions except one: Another revolution was needed. This time the revolution was much quicker in coming. It arrived with the new century, the 1900s: The Quantum Revolution.

Quantum theory, the basis of the Quantum Revolution, was the result of a marriage of efforts: physicists worked with chemists to gain an understanding of radioactivity, reactivity, and the structure of the atom. Rutherford, the originator of the planetary model of the atom, was a physicist by training, but he won the Nobel Prize in chemistry. G.N. Lewis, a chemist, had the insight (born of an extensive knowledge of chemical reactivity) to suggest the two-electron bond—the foundation on which theoreticians built quantum theories of the chemical bond. The explosion of experimental information and theoretical understanding begun before the Quantum Revolution—and now quickened by it—forced a separation of subdisciplines. Biochemistry, organic chemistry, inorganic chemistry, analytical chemistry, and physical chemistry became separate fields, though the interplay among them was essential to the advancement of each.

And advancement is what chemists have achieved. We can now predict the properties of materials before they are created—and postulate what materials were present at the inception of life itself. What is over the horizon for chemistry? It is hard to say. Surely Aristotle would have been surprised by the results of Lavoisier—and Lavoisier would have been amazed by the conclusions of Lewis. So no doubt will we be astounded—and delighted—with the chemistry to come.
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chapter ONE

ca. 100,000-300 BCE: Prehistoric Chemist to Chemical Philosopher—the Seeds

There are those who envision prehistoric peoples as grunting, stooping, quasi-humans with hair in unusual places, so there are no doubt those who would take exception to the title with which this chapter begins. Prehistoric implies before written record. If we define science as the systematic recording and interpretation of observed phenomena, then prehistory is prescience—“prehistoric chemist” is an erudite oxymoron—and we are forced to jump to the first millennium BCE for our story to begin.

But too much would be lost with such a view: It did not take pencil and papyrus for the chemical art to begin. Prehistoric peoples, tossing bits of rock into fires and contemplating the color changes that resulted, were in essence practicing chemistry. They—and their early civilized progeny—accumulated the respectable repertoire of chemical materials, techniques, and observations on which further developments were built. They used paint. They controlled fire. They fashioned clay pots. They gathered and worked metals. They practiced the healing arts. We elaborate here on some of these accomplishments because of their “chemical” nature; that is, they involve observing the properties of materials and what happens when these materials interact.
CHEMICAL TECHNOLOGY IN AN AGE OF STONE

Current evidence suggests (with some debate) that modern humans originated in Africa as the Cro-Magnon about 100,000 BCE and eventually merged with or displaced the Neanderthal, Dali, and Ngandong.1 It has also been suggested that in anatomy, behavior, and language, the Cro-Magnon people were fully modern 35,000 years ago and a Cro-Magnon could be taught to fly an airplane and could walk by us unrecognized on a street.2

The Old Stone Age, or Paleolithic Age, extends to about 8000 BCE. Paleolithic humans were food-gathering nomads who learned to use language, control fire, and fashion tools of stone and bone. There is evidence that during the upper Paleolithic period people cooked food, which could easily be considered the first chemical process. Cooking uses heat to break down the chemical networks in vegetable and muscle fiber and accomplishes a sort of predigestion that takes some of the burden off teeth, stomach, and intestine.

It is also known—from the existence of skulls with healed wounds—that Paleolithic people cared for their sick and practiced a primitive form of medicine. The practice of burying various implements and food with corpses has been interpreted as having a religious significance, but it could as easily have been an early attempt at sanitation. Burying possessions of the dead (especially the last thing eaten) would be effective for disease control. Proving that Paleolithic people had collections of healing herbs, or pharmacopoeia, is difficult because herbs—unlike stone artifacts—decay and would not have survived in a form that revealed their use. However in our era isolated cultures have been found that still practice what could be classified as Stone Age technology, and these cultures generally know of and use herbs for antiseptics and analgesics. This preparation of materials for medicine is a form of chemistry that we find in every age of our story.

Cave paintings, dating from about 20,000 years ago—perhaps naturally preserved by salt deposits from seeping rainwater—show that the Paleolithic Cro-Magnon also practiced art. The art may have been a form of sympathetic magic—imitating a desired result to bring about that result3—because game animals and successful hunts were subjects of art, as well as prosperously plump, large-breasted women. Materials used to create paintings were charcoal and sharpened lumps of colored clay. Clay can acquire a red color from mercury sulfide (cinnabar), red and yellow from different iron oxides, and brown from manganese oxide. Dishes found near the paintings show that pigments were mixed with fat for ease of application.

About 8000 BCE, when the last ice age ended, the Middle Stone Age, or Mesolithic Age, began. People of this period are said to have tamed the dog and hollowed out logs to make crude boats. They also made the first pottery by sun baking clay, a chemical process that transforms loose, liquidy hydrated silicates into a strongly bonded network. Pottery appeared in Japan as early as 10,000 BCE and in the Americas around 5000 BCE.

The Mesolithic people also used paint, and as shown by two human skulls colored with cinnabar found in graves dating from the Mesolithic period, they apparently used paint to adorn the human body. Cinnabar has a dark red color, and it has been suggested that the red skulls were a blood symbol or had some other deep, significant, mystical meaning. But cinnabar is also an effective treatment for nits and lice—which inhabit hair—and coating the skulls with cinnabar may have been the loving gesture of some friend or relative who wished to give a departed one a bit of comfort in death.4

The period from about 6000 to 3000 BCE is considered the New Stone Age, or Neolithic Age. During this time, people learned to raise food and produce fire by friction—perhaps the first controlled chemical reaction. They domesticated animals and invented the plow, the wheel, and the sail. They learned how to spin and weave and make kiln-fired pots. Then somewhere between 6000 and 7000 BCE, a new material, copper, was hammered into shape.5 This material allowed people to fashion new tools that, with the development of agricultural techniques, permitted the growth of farming communities in permanent locations. Many food-gathering nomads became workers of the land, and somewhere around 4000 BCE, civilization began.
CHEMISTRY AND CIVILIZATION TECHNOLOGY TAKES ROOT

With the advent of civilization, chemical technology matured. Techniques requiring permanent structures (such as furnaces for smelting metals) could now be developed, and chemical processes could be recorded, repeated, and refined. We can piece together a picture of the methods used from artifacts that remain. The most durable of these are the metals, and metallurgy is the first chemical technology whose history we are able to reconstruct with some surety.
METALLURGY

Metals were used by virtually all civilizations even when other seemingly elementary technologies, such as the wheel, were not. Most metals however react easily with oxygen, sulfur, and halogens—such as chlorine, fluorine, and iodine—and exist in nature as ores; that is, complex matrices of salts and silicates, such as feldspars, pyrite, and bauxite. Silver and gold on the other hand are fairly unreactive, and these may exist in nature as the pure metal (such as the nuggets of gold found in riverbeds during the U.S. gold rush of 1849). Copper, too, though most often found as an ore, can be found as deposits of native metal. These three metals then can be worked by techniques as simple as hammering and mined by techniques as simple as gathering.
Copper, Silver, and Gold

Because of its abundance relative to the others, copper was probably the first of these metals to be collected. Worked copper beads dating from about 9000 BCE, possibly used for decoration, have been found in northern Iraq.6 Native North American burial mounds from about 2000 BCE have been found to contain copper spear heads, chisels, and bracelets. Pre-Columbian inhabitants of Ecuador worked native copper by hot hammering, and they made small copper axes, bells, and sewing needles.7 Copper also appears in the earliest remains of Egyptian, Mesopotamian, Indian, and Chinese settlements.

Gold nuggets are relatively soft (hence the legendary bite test of gold coins), and these can be hammered together into sheets. This property of gold, as well as its color, makes it desirable as a decorative material—but fairly useless for anything more. The practical use of gold for making corrosion-resistant electrical contacts and capping teeth is a purely modern development. This makes all the more ludicrous the amount of human suffering that occurred for the sake of gold. In Egypt gold was mined and processed by slaves, and because there was an ample supply of condemned prisoners, prisoners of war, and political prisoners (sometimes whole families with children), it was cheaper to work them to death and replace them than prolong their lives by humane treatment.

Silver can be found alloyed with gold in a material called electrum. A number of methods can be used to separate silver from this alloy and recover the gold, but presumably the earliest way was by heating electrum in a crucible with common salt, sodium chloride. With time, heat, and repetitive treatments, the silver was converted into silver chloride, which passed into the slag: the layer of impurities that floats on molten metal during processing. However silver was not always the unwanted product. In Egypt between the thirteenth and fifteenth centuries BCE, pure silver was rarer and more costly than gold.8

By 3000 BCE the Sumerians, perhaps while heating copper to make it more malleable, had discovered that more copper could be retrieved from the fire if the metal were heated with certain types of dirt and stones—that is, certain earths. These earths were the metal ores, and the process they discovered, smelting, reduced metal salts to pure metal by the action of carbon in the charcoal fire. The process of changing metal salts into pure metal is known as reduction because the metal without the accompanying oxygen, halogen, or sulfur of the salt weighs less than the ore. Eventually metal workers learned to distinguish various metal-bearing ores by color, texture, weight, flame color, or smell when heated (such as the garlic odor of arsenic ores), and they could produce a desired material on demand.
Bronze

The Sumerians also mixed copper and tin to create a new material: bronze. They found the new material relatively easy to cast and much harder than copper alone. Bronze could be used to make more durable hoes and spades, and knives that retained a cutting edge for a longer time. Bronze was such an important discovery that an entire era of history, the Bronze Age, was once identified by its use. However this term has lost its chronological meaning because different cultures discovered the use of bronze at widely different times. Some cultures, such as those in Finland, northern Russia, Polynesia, central Africa, southern India, North America, Australia, and Japan, had no Bronze Age but went directly from stone to iron. Egyptian bronze objects however date from as early as 2500 BCE and possibly as early as 3000 BCE.

For the Egyptians to make bronze, tin ores probably had to be imported—perhaps from Persia—and artisans working in Mesopotamia during this era had to import their tin too. An arsenic-copper bronze could be made when tin was scarce, but the practice seems to have died out. (Fumes from the process would have caused arsenic poisoning, so it may have been the artisans, rather than the art, that disappeared.) With bronze, then, a picture of a growing network of Mediterranean trade begins to emerge. In fact there is some evidence that the Assyrians, an exceptionally ruthless, unisex warrior society that conquered the Mesopotamian valley ca. 1200 BCE, engaged in some creative—if unethical—entrepreneurship. They apparently duped the ancient Turks into believing that the nearest tin supply was in the Hindu Kush—and charged the Turks accordingly, though the metal actually came from a mine on the Turkish coast.9

Next it was noticed that copper smelting went better when certain iron-oxide-containing earths were added. The iron-oxide minerals may have accidentally been included with the copper ores because they are found in the weathered upper zones of copper sulfide deposits. Iron oxide improved copper smelting by acting as a flux: a material that aids the removal of impurities by combining with them to form a floating crust or slag. As a side product, bits of the new material—iron—were formed.
Iron

Iron was known in Egypt perhaps as early as 3000 BCE, but it was called the metal of heaven, implying that the first samples were meteoric in origin. As such iron was rare and considered a novelty rather than a commodity. However Mesopotamian and northern Syrian specimens of smelted iron (from iron ore, not meteors) may have been produced as early as 3000 BCE, and an iron foundry was operating in southern Africa as early as 2000 BCE.10

The first smelted iron was a spongy, pasty mass in a semi-liquid slag because the actual melting temperature of iron is 1500 degrees Celsius, whereas the temperature attainable by early charcoal furnaces was only about 1200 degrees Celsius. This product, later known as bloom, required repeated heating and hot hammering to eliminate the slag. Tempering was achieved by repeated cold forging and reheating.

Workers eventually increased the ratio of fuel to ore and employed better bellows to raise the temperature of the ovens. But even so, pure iron is softer than bronze and an inferior material for weapons and other applications requiring durability. It remained to be discovered that heating iron in the presence of carbon, which incorporates a very small of amount carbon into the iron matrix, would significantly increase the strength of the material.

This heating of iron in the presence of carbon, usually provided by a charcoal fire, is called carburizing. Hindu physicians were among the first to discover carburized iron, or steel, and use it for surgical instruments. In China carburizing was done directly by using carbon-rich iron ore. This technique was also discovered by an obscure Indo-European tribe called the Hittites, who employed it immediately to make better weapons. With these better weapons, they were able to march across Asia Minor and in 1200 BCE arrive menacingly at Egypt’s door.
CHEMICAL COMPOUNDS

In addition to pure metals and metal alloys, ancient chemical workers also had a significant store of chemical compounds that they could employ in various processes. As with the pharmacopoeia however, these materials do not come down to us intact, so we must surmise their use from archeological artifacts such as pestles, mortars, mills, strainers, stills, and crucibles. One Mesopotamian find was a double-rimmed earthenware pot, probably used for extracting plant oils or essences. Raw material could be placed between two rims, a lid placed over the vessel, and a solvent (water or oil) boiled in the bottom. Vapor from the boiling solvent would have condensed on the lid, run down over the raw material, extracted the desired ingredient, and dripped back into the bottom of the pot—basically the same principle used in coffee percolators today.11

We also have an idea of some other commonly used compounds because one fine third-millennium Mesopotamian day, an anonymous Sumerian physician took a four-by-six-inch clay tablet and made a list of his favorite prescriptions.
The Legacy of the Sumerian Physician

Some ingredients in the prescriptions were salts whose names appear many times in our story: sodium chloride (known now as ordinary table salt and found as natural deposits or obtained by evaporating sea water), sodium carbonate (known later to Europeans as soda ash and found as natural deposits or produced when plants rich in sodium are burned), and ammonium chloride (known later to Europeans as sal ammoniac and obtained by burning large masses of coal or from heating well-weathered camel dung). Minerals, such as alum, or potassium aluminum sulfate, and gypsum, or calcium sulfate, were gathered and ground for medicines, though gypsum was also used as a type of mortar.12 Sodium nitrate, or potassium nitrate, both of which later Europeans called saltpeter or niter, also appears in prescriptions. (Many medicinal properties have been ascribed to niter through the ages and it has been prescribed for conditions as diverse as sexual impotence, asthma, and excess sexual desire, though most of these treatments have proved ineffective. The value of niter really skyrocketed when it was found to be an essential ingredient of gunpowder.) The colorless crystalline compounds that make up niter are produced by the action of bacteria on nitrogenous waste, such as urine and manure, and these compounds are familiar to anyone who has had contact with stables. Judging from later practices, the Sumerians probably collected niter from the sides of sewers and animal yards, and it no doubt contained a variety of contaminants. Of course none of the compounds were the clean, well-formed crystals seen on the pharmacist’s shelf today. They were more often dirty mixtures: Even one of the commonest chemicals—water—was most often a murky, possibly brownish, material.

Used either directly or in powdered or pulverized form, other ingredients in the prescriptions came from animals (milk, snake skin, turtle shell), plants (myrtle, thyme), or trees (willow, pear, fir, fig, and date). Sometimes prescriptions called for the desired constituent to be extracted with boiling water, but if it were not water soluble, the constituent could be extracted with beer or wine. The wine or beer, of course, contained ethanol—a chemical as important then as it is now. Ethanol is produced when certain single-celled fungi called yeast consume sugars in a process called fermentation. Yeasts that cause fermentation are found naturally on grapes, so fermentation can occur spontaneously in high-sugar grape juice. Conditions that encourage fermentation and ethanol production may have been known and exploited for as long as 10,000 years—making fermentation one of the oldest, if not most celebrated, chemical processes. Ethanol is an excellent extractant for organic, or carbon-containing, materials, such as plant oils or essences. The organic end of the ethanol molecule, consisting of carbon and hydrogen, mixes well with plant materials, which are also organic. The alcohol end of the ethanol molecule, consisting of oxygen and hydrogen, mixes well with water, which also contains oxygen and hydrogen, in the familiar ratio H2O. Organic materials mixed with the ethanol could be made into aqueous solutions, and the extracts so obtained could have been stored, as today, in solid, liquid, or powdered form.

The physician also used vegetable oils and animal fats as extractants and salves. Unfortunately knowledge of whatever curative value the herbal remedies may have had is lost because our physician— perhaps constrained by tablet size or the cumbersome nature of the cuneiform script—failed to record what diseases they were used to treat. Some of the therapeutic effects, however, may be surmised. For example, in the twelfth prescription, the physician advises:


Sift and knead together—all in one—turtle shell, the sprouting [sodium containing) naga-plant, salt, and mustard. Wash [the sick spot] with quality beer [and] hot water; scrub [the sick spot] with all of it. After scrubbing, rub with vegetable oil and cover with pulverized fir.13



The washing prescribed in this treatment cleaned the afflicted area, and the salt and alcohol no doubt acted as antiseptics. Two of the prescriptions on the tablet called for an alkali (sodium or potassium) salt to be used together with natural fat—which produced a soap—and this would again help clean a wound or diseased area if externally applied.

Interestingly our Sumerian physician did not record incantations or magic rituals to be used with the medicines, indicating that rituals were either not used or not considered important enough to take up limited space on the tablet. However in later Babylonian society, which produced one of the first extensive written pharmacopoeias,14 sorcerers became more important than physicians in treating disease. In fact disease was taken to be demonic possession caused by sin, and drugs were used to exorcise rather than cleanse the patient. Made deliberately disgusting to drive out the demon (the poor patient had no choice but to stay), remedies consisted of raw meat, snake flesh, wood shavings, oil, rotten food, crushed bones, fat, dirt, and animal or human excrement. We mention this here because the demonic theory surfaced again—in Europe of the 1600s.

The need for such drastic medical measures can be appreciated by reflecting on the quality of life in these ancient cultures. People died routinely from tooth decay, minor wounds, infections, and fever that today could be treated in an hour with over-the-counter drugs. People suffered from abscesses and blindness. Pain and parasites were an accepted fact of life. Women had about the same chance of surviving childbirth as they had surviving marching in war—which also happened quite often—and a child’s chances of surviving infancy were not much better.

Understandably ways of escaping life often became as important as ways of preserving it, and one common escape was through art. Though this expression of art often took the form of painted objects and walls, another familiar vehicle was used: personal adornment. Evidence of the importance of this particular form of art is found in the biblical story of Joseph. In the story, the boy was thrown into a pit and left to die by his brothers. His crime? They envied his coat of many colors.
Pigment and Dye

Cloth was made from wool, cotton, and linen, but the most common was wool. Dyes were generally organic, the name given to the class of compounds formed from carbon and hydrogen, or hydrocarbons, which at the time were extracted from animals and plants; inorganic is the name given to all compounds other than hydrocarbons, which were mainly derived from minerals. Several inorganic salts were used as mordants: substances that fix the dye by chemically bonding with both the dye and the protein structure of the cloth. A favorite blue dye was indigo from the indigo plant (and we will see this dye make chemical and social history again in the early 1900s CE [Common Era]). Fermented in vats, the dye was colorless, but a cloth dipped in it and exposed to air would turn deep blue in seconds. Other plants processed for dyes included saffron, which produced a yellow dye, and madder, which produced a red dye that has been found on the cloth of Egyptian mummies. In Mesopotamia red dye came from kermes, pulverized dried scale insects found on Mediterranean oaks. The most costly dye was the purple dye obtained from the gland of a mussel found only in very specific locations on the Mediterranean coast. Each mussel harvested provided only a tiny amount of a creamy fluid with a garlic smell (some reports say as many as 12,000 mussels were required for an eyedropper-sized sample of dye15), but once processed it made an exceptionally striking purple dye.

In addition to decorative clothing, cosmetics were also used to enhance personal appearance, as were perfumes. One Babylonian text specifically mentions that women worked as perfume preparers as well as men, so women were involved in at least this area of early chemical technology, and they were most likely involved in others. As time went on, these chemical technologies became more advanced, so that the artisans were able to produce many more interesting and useful materials. One of the most interesting is a material that like gold initially had no purpose other than the beauty it provided: glass.
Glass

Silicon forms roughly twenty-five percent of the earth’s crust, and it is second only to oxygen in abundance. Most of the ground we stand on is silicon-oxygen silicates, or what is commonly known as sand. Glass, formed from fused silicates, has been created naturally in lightning strikes, volcanoes, or where meteorites have scorched the Earth. Egyptians used glass as a glaze since Neolithic times, but purposeful production of glass as an independent material probably did not occur until 3000 to 2000 BCE in Mesopotamia.

Initially artisans made glass from sand or quartz (silicon dioxide) and crude sodium carbonate, which in Egypt is found in dry lake beds near Alexandria. Without sodium carbonate, 1700-degree-Celcius fires are required to melt the sand (adding sodium carbonate lowers the melting point by producing a sodium oxide flux). Glasses produced with sodium however are somewhat soluble in water, and this material was most often used for art, though an occasional vessel might be created (for a privileged few) to hold ointments or other materials that might be absorbed by ceramic pots.16 Around 1300 BCE artisans found that incorporating calcium oxide, another chemical compound known to the ancients, reduced the solubility of the glass. Called lime or quicklime by the later Europeans, calcium oxide is formed by heating calcium carbonate found in shells or natural deposits of limestone or chalk. Once this technique was found, large-scale glass factories began operating in Egypt.

The glass of these early civilizations was molded, not blown. It was generally cloudy and blue (colored by copper compounds and sometimes cobalt), although some other colors were achieved. The Assyrians used tin oxide and lead antimonate to color their decorative glass white and yellow, respectively. It has been speculated that the Assyrians knew how to make aqua regia (a mixture of nitric and hydrochloric acids) because they used gold salts to give a red color to their glass and aqua regia should have been necessary to dissolve the gold.
OTHER MATERIALS AND METHODS

While the preceding technologies make an impressive list, they are by no means an exhaustive one. For instance we have not gone into the Hindu practice of leather tanning nor the Meso-American metal-casting arts. One other technology we should probably quickly include, though admittedly more for the mystery that surrounds it than for any particularly high degree of technical expertise, is the famous art of Egyptian mummification. To create a mummy, Egyptians gutted a corpse, filled the cavity with wine and perfume, drew the brains out piece by piece through the nostrils with an iron hook (perhaps the most mysterious part of the process), then steeped the body in a bath of natron (sodium-aluminum-silicon-oxygen salt) for 70 days. This process killed bacteria that cause decomposition and dehydrated cells so that future bacteria would not find a pleasant home. They then wrapped the body in waxed cloth bandages, smeared it with gum, and sealed it in a sepulcher away from corrupting moisture and air. All in all the process was not much more mysterious than salting pork.

With the development of mummification, glass, and dyes, we see societies becoming successful enough to be able to dedicate time and materials to tasks not directly associated with the day-to-day business of staying alive. This trend culminated in a profession that required no manual labor and produced no product but thought: philosophy. Civilization and chemical technology gave the philosophers time to think—and something to think about.
CA. 2000—300 BCE: THE PHILOSOPHERS

While the collection of chemical facts continued to be enlarged by the artisan, these facts were interpreted by the philosophers—who also served as mathematicians, astronomers, anatomists, and physicists, as well as theologians and political theoreticians. In fact not until the 1800s did European scientists begin to think of their work as separate from that of philosophers. Though philosophy is common to all cultures, the most influential in the development of modern chemistry were the philosophers of Greece. These thinkers derived hypotheses about the nature of matter and material interactions that helped and hindered chemical developments over the next 2000 years.
EARLY GREEK CIVILIZATION

Around 2000 BCE the Minoans appeared as the first Aegean civilization. Centered on the island of Crete just off the main peninsula of Greece, the Minoans were an affluent and comfortable society. The Cretian soil grew grape vines and olive trees and obtained metal by trading timber, grapes, olive oil, wood, and opium with the Greek mainland, Cyprus, Egypt, and the Levant coast of the Mediterranean.17 Cretians knew about concrete and ceramics, and they used these materials to create indoor sanitary systems that were unavailable in northern Europe until around 1700 CE. The principal deity was female, and Minoan women enjoyed complete equality with men, including the professions of bull fighter and boxer.

This peaceful society was invaded and overrun by Mycenaeans from mainland Greece around 1500 BCE. As a militaristic society, the Mycenaeans built massive fortified walls around Greek cities and concentrated their efforts on manufacturing daggers, swords, helmets, and shields. To provide materials for their armaments, they extended their sphere of trade to the coast of Asia Minor, Rhodes, Syria, and the central Mediterranean. After about 1200 BCE a wave of invasions by Indo-European Hellenic tribes from the Balkans led to the fall of the Asia Minor base, Troy (the legendary Trojan War), and Greece entered a dark age that lasted about 400 years.

This period ended around 800 BCE when the Indo-European groups, now settled in their new home, reestablished trade with Asia and adopted a version of the Phoenician alphabet. The increased efficiency, accessibility, and versatility of writing that the phonetic (that is, Phoenician) alphabet brought about—along with inexpensive writing materials, such as papyrus from Egypt—has been compared to the invention of movable type or in recent times to the development of the computer.18 One of the products of this rich new medium of thought was the development of a class of teachers who taught for hire the children of the wealthy. These teachers—the philosophers—sought to derive (as all teachers do today) reasonable explanations for the observed world.
GREEK PHILOSOPHERS

Explanations for the observed world were of course not new. They were and still are the essence of religion. These new thinkers however did not necessarily invoke a deity in their explanations; that is, they attempted to keep their reasonings rational (based on reason) as opposed to mystical (based solely on intuition or faith). However just as speculation on the nature of the world was nothing new, neither was rational thought. The Babylonians, who had developed sophisticated mathematics by 1600 BCE were at least in that area engaged in rational thought. In Africa, Egyptian mathematical knowledge, as demonstrated by land division, surveying, and the construction of the pyramids, surely implied the capacity for rational thought. The ancient Indian philosopher Kapila believed that all philosophic questions could be reasoned out without resorting to mystical explanation, and the Indian Nyaya Sutra, which may have been written anywhere between the third century BCE and the first century CE, lists principles of argument and common fallacies of thought. Special attention here though needs to be paid to the Greeks. For reasons political rather than philosophical (to be explored shortly), it was the fate of the Greeks to expound the philosophy of nature, the natural philosophy, that would have the greatest impact on future chemical events.
Thales, Anaximander, Anaximenes, and Anaxagoras

In modern chemistry we credit some one hundred elements—and counting—with being the basic stuff from which all matter is formed, but there was no reason for this to be the first assumption, and it was not. The initial thrust of the philosophical effort was to discover the one basic stuff of nature—the primal substance, the material from which all else is formed. This effort began for the Greeks around 600 BCE, on the Aegean shores of Asia Minor, in the Ionian city-state of Miletos, with the first of the Ionian philosophers, Thales.

Little is known of Thales’ life other than that he was born into a distinguished family. We do not know why he chose a life of teaching and philosophy, just that he did. Thales believed that the basic stuff of nature should be one material, and he taught, possibly influenced by Babylonian religious beliefs, that this basic substance was water. Thales did not invoke religious justification for his theory, but instead reasoned from observation that water could turn into air (evaporation) or become solid (freeze), and thus form all things. This set the tone for future Greek schools of thought: explanations for natural phenomena based on observational reasoning rather than transcendental inspiration.

Following Thales, his pupil Anaximander (in the mid-500s BCE), proposed that the basic material of all things was something he called apeiron. Anaximander did not have an exact description for the material, but he claimed that worlds formed and disappeared as bubbles in this apeiron. He theorized that our solar system came into being when a mass of apeiron broke away from the infinite in a rotary motion that caused the heavy materials to concentrate at the center and the edges to condense into the heavenly bodies. This compares with modern cosmological theory,19 and it gives the impression of a curiously accurate intuition about the physical world. On the other hand Anaximander visualized Earth as a flat cylinder, thought that animals originated from inanimate matter and humans from fish—which reminds us of the speculative nature of these theories.

Anaximenes, who lived around 550 BCE, may have been a pupil of Anaximander, but the former proposed that air was the primal substance. According to Anaximenes, air rarefied was fire, and condensed air formed everything else (water, earth, and stones). In support of his theory, he pointed out that air expelled through puckered lips becomes cold, whereas air expelled through an open mouth is hot: compressed air condenses and expanded air is transformed into fire.

The last notable Ionian philosopher, Anaxagoras, lived around 400 BCE. Although born of wealthy parents, he apparently abandoned his inheritance to pursue natural philosophy. Obviously little impeded by custom, Anaxagoras also tossed aside the tradition of seeking one primal substance and argued, “How could hair come to be from what is not hair and flesh from what is not flesh?”20 He proposed the existence of seeds: extremely small portions of everything that exists in the visible world. These seeds were never created or destroyed, but they constituted all material and formed new materials when mixed or separated. However in contrast to later atomic theories, Anaxagoras believed that all matter was infinitely divisible and the resulting smaller portions contained portions of every other substance.

It is important to pause here and note what is evolving: The identity of the primal substance or substances was debated, but all the debaters seemed comfortable with the assumption that whatever it was, this primal element (or elements) would be found in some portion in all matter. This was the assumption under which chemists would labor for the next 2000 years. One reason for its persistence was the intuitive appeal of arguments offered by philosophers, backed by everyday observation, but another reason was the social upheavals that scattered Greek philosophers throughout the Mediterranean like Anaxagoras’ seeds.

This upheaval began when Persians invaded Miletos and Ionian philosophers migrated to other parts of Greece. Anaxagoras traveled to Athens where he is said to have proposed an accurate explanation for eclipses. He was eventually prosecuted on a charge of impiety when he asserted that the sun was an incandescent stone somewhat larger than the region of the Peloponnese. Despite this initial seemingly unimaginative reaction by the citizens of Athens, Athens was destined to become an important center of philosophy.
Pythagoras, Zeno, and Empedocles

Prior to Anaxagoras’ arrival in Athens, other philosophic traditions had found a foothold in this fertile ground, including the school of Pythagoras. Pythagoras himself, born on an Aegean island, had been instructed in the teachings of the Ionia philosophers, but through travel he had also become acquainted with Babylonian and Egyptian mathematics. The blend of these influences prompted Pythagoras to found a communal secret society devoted to mathematical speculation and religious contemplation. The followers of Pythagoras (who were said to have included men and women on equal footing) proposed mathematical theories of matter, including five elements envisioned as geometric solids: Earths were cubes, water was an icosahedron, air was an octahedron, fire was a tetrahedron, and ether (a nebulous element that filled spaces unoccupied by the other four) was a dodecahedron.

A contrasting school of thought was that of Zeno of Elea. Zeno insisted that matter is continuous, and he rejected the idea that it could be broken down into individual particles of various elements. He argued that if two material particles are separated, then whatever separated them must also be a thing; therefore material is continuous. The continuity of matter was debated until the 1900s but without much more input from Zeno. He joined a conspiracy to overthrow a tyrant in his home city-state, Elea, and after refusing under torture to reveal the names of his co-conspirators, his ideas died with him.

A third important school of thought that influenced the philosophies of Athens was that of Empedocles. It is difficult to decide with what trumpet blast to announce this name, but let it suffice to say that Empedocles was the originator of the four-element theory of matter— another idea that dominated Arabic and European chemical thought until the close of the 1700s.

Though an aristocrat by birth, Empedocles was a disciple of the equalitarian school of Pythagoras and refused the crown offered to him by his home city-state when he assisted in overthrowing the ruling oligarchy. Instead Empedocles instituted democracy. A prodigious writer, he produced a treatise on medicine as well as the natural philosophy in which he proposed that four elements (which he called roots)—earth, water, air, and fire—formed the basis for all things, and two forces—love and hate—governed their intermingling. According to Empedocles all four elements are found in all matter, but different materials possessed different proportions of each.

Empedocles is also known for his proof by physical means that air is a material body. Using a water clock (a cone with holes at the bottom and top, which when placed in water sinks slowly to the bottom, serving as a rough measure of time), Empedocles showed that when he placed his finger over the opening at the top of the clock, water would not fill the cone. When he removed his finger, air rushed out. Given such a fine demonstration of logic and what we know of his democratic beliefs, it is all the more curious that in the end, Empedocles decided to declare himself a god and threw himself into a volcano to convince his followers of his divinity. Legend has it that the volcano threw back his sandals, and thus his divinity denied.
Democritus and Leucippus

The last of the stage-setting philosophies that we examine is the important Greek atomistic theory: A theory whose precepts and name reemerge continuously in our story. Though the beginnings of the Greek atomistic theory are often attributed to Democritus alone, it is likely that these notions originated with Leucippus, his teacher. Democritus however was extensively traveled and he was known as the laughing philosopher for his derisive assessment of humankind. The writings of the teacher may have erroneously been credited to the more famous pupil.

The essence of the theory was that matter is made up of an infinite number of solid atoms of elements in constant motion. These atoms were thought to form materials with characteristics determined by the atoms’ shapes (for instance membranes were woven from hook-shaped atoms)—an idea that still had appeal in the chemical philosophies of Western Europe in the 1600s. The atomic nature of matter is an accepted theory today, though the atoms of modern theory are vastly different from those conceived by Democritus, as we shall see.
Socrates

Such was the rich medium that nurtured Socrates. Short and stout, with bulging eyes and a snub nose, Socrates was born of working-class parents (his father may have been a sculptor and his mother a midwife), and he served as a foot soldier in the Peloponnesian War—an experience that may have influenced his philosophy. Concerned with developing rules for a peaceful, ordered, ethical society, he used a deductive method of reasoning that starts with a supposedly irrefutable truth apparent to all rational beings, then draws conclusions from this truth using clearly defined rules of logic. This may have worked well for devising social systems—the irrefutable truth would be something that all people in that particular society agreed on—but it does not always work well in chemistry. In chemistry, nature dictates the rules, and they may not be immediately apparent to all rational beings. Socrates rejected proof by analogy (for example, the first plant was not watered, and it died; therefore the second plant will die if not watered) and inductive reasoning (for example, the first, second, and third lemming drowned on falling into the sea, therefore the fourth lemming will drown too) in favor of his deductive reasoning. But these forms of reasoning are very useful in chemistry (and would serve plants and lemmings in good stead, too). Future chemists who tried to adhere to strict Socratic logic were seriously hampered in this regard.

Socrates also rejected experimentation as a method for arriving at truths, believing that the fundamental nature of the world could be discerned by mental reflection alone. So although his followers experimented with the material world in the same sense that we all do—by walking, eating, breathing (and observing what we walk on, eat, and breathe)—they did not engage in deliberate experimental manipulation of materials. Though this did not hold for long, and chemists were soon up to their elbows in experiments, it did have a residual damaging effect. Often chemists felt more comfortable believing in what they reasoned they should be seeing rather than in what they actually saw.

Socrates was eventually tried on the charge of corrupting the youth and introducing new gods and sentenced to death. (We may note here that none of the characters in our chemical history ever endured legal persecution for their chemical views, while political views caused several to suffer such a fate—a word to the wise for anyone choosing an occupation.) Apparently friends offered to help Socrates escape, but he believed that the verdict from a legitimate court should be obeyed. He drank the hemlock poison and left his star pupil, Plato, to carry on the debate.
Plato

Plato came from a distinguished Athenian family; his father even claimed to be descended from the god Poseidon. Plato’s early ambitions were probably political, but perhaps after the death of his teacher, he became convinced that Athenian politics were no place for a person of conscience. He turned to a life of philosophy and teaching instead. However in contrast to his teacher, Plato believed that natural philosophy was a worthy area for study as long as one removed the taint of atheism (and threat of retribution) by making natural laws subordinate to the authority of divine principles.

A careful observer and cataloger of thought, Plato believed everything could be understood by intellectual effort. As such his natural philosophy, based on the four elements of Empedocles, had a very clear, logical presentation. For example in the following excerpt from Plato’s dialogue, Timaeus, metals are referred to as waters because they melt, and gold is described as the perfect metal, other metals being the same as gold but in impure form.


Congealments[:] ... that which is the densest... is formed out of the finest and ... is that most precious possession called gold. ... This is unique in kind and has both the glittering and yellow color. A shoot of gold which is so dense as to be very hard, and takes a black color, is termed adamant. There is also another kind, which has parts nearly like gold, . .. and this substance, which is one of the bright and denser kinds of waters, when solidified is called copper. There is an alloy of earth mingled with it which, when the two parts grow old and are disunited, shows itself separately, and is called rust.21



Plato accepted the notion that all materials were made of different proportions of the elements, but he refined this idea by adding that under the right circumstances, materials could, be changed into one another or undergo transmutation. To promulgate his ideas (and support himself), Plato founded the Athens Academy, an institute for the systematic pursuit of philosophical and scientific teaching and research. To this academy came a 17-year-old student who was to remain as a pupil and a teacher for the next 20 years: Aristotle.
Aristotle

Though orphaned at an early age, Aristotle came from a prominent Macedonian (northern Greek) family, and his family saw to his education. At the academy Aristotle accepted the idea of the four elements and transmutation, but he rejected the idea that particles were made of atoms and empty space. Air, he reasoned, would rush in and fill any void. “Nature,” he is said to have stated, “abhors a vacuum.”22 Aristotle expanded a bit on the basic four elements by giving them qualities, a sensory property associated with each: Hot and dry were associated with fire; hot and moist, with air; cold and moist, with water; cold and dry, with earth.

Aristotle used observation as well as pure reasoning to arrive at his ideas. He reasoned that wood when burned produces smoke (air), pitch (water), ash (earth), and fire; therefore wood is composed of these elements. Flint when sparked produces fire; therefore fire is an element in rock. Some rocks thrown in water bubble as air trapped in crevices escapes. To someone with no other evidence to go on, this would prove that air is an element in rock. Some crystals dissolved in water turn the water cold; some crystals dissolved in water heat the water, so hot and cold would appear to be qualities inherent in these materials.

Though Aristotle did not engage in systematic experimentation, his reasoning from observation represents an application of inductive logic, which has a more intuitive appeal than purely deductive reasoning when applied to natural phenomena, and this probably helped the general acceptance of his ideas. Aristotle’s attitude was also teleological—that is, he believed the universe was governed by a purpose— and he interpreted phenomena in light of how they fit into a general scheme. This teleological approach was in harmony with Hebrew theology and later with Christian and Islamic thought. For this reason organized religion later supported Aristotle’s views and lent Aristotle prolonged authority. The views of Aristotle—accepted by many succeeding writers and philosophers—became embodied in European common speech and thought. Aristotle’s theory of the formation of metals—a moist, vaporous exhalation combined with a dry, smoky one—was still used in Europe in the 1600s. The existence of Aristotle’s fifth element—the rather vague and immaterial ether—was still argued in the 1900s.

In this chapter we have seen how primitive people acquired an impressive knowledge of usable materials to make tools, heal wounds, preserve meat, and color their lives. This acquisition of new materials continues throughout our history—with some amazing materials to come. We have also seen how the early Greek philosophers reflected on these materials and their interactions, using methods of rational logic (as opposed to mystical speculation) to arrive at the theory that matter is composed of a basic set of elements and all matter contains all elements. These early philosophers also proposed the possibility of transmutation: the theory that under the right conditions, materials could be changed into one another. The Aristotelian version of Greek philosophy was to have the greatest influence on the subsequent development of chemical thought because of its intuitive appeal, its fit with other popular modes of thought, and because Aristotle served as the tutor of the son of Philip of Macedonia. The boy, Alexander, was evidently much taken by the things he learned at Aristotle’s knee. In his subsequent career as Alexander the Great, this one student spread Greek culture and Greek philosophical ideas from the borders of China to the coast of Spain.
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