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The element bismuth melts easily (like its chemical neighbors, mercury and lead) and forms these characteristic “staircase” crystals as it cools. The rainbow colors come from a microscopically thin layer of bismuth oxide on the surface.
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Introduction


Electrons, protons, and neutrons form atoms—that’s physics. But atoms bond together to form molecules, and that’s chemistry. Beginning textbooks for chemistry students tend to say something about the “Central Science” to emphasize chemistry’s role in scientific progress—and in the process make their readers feel better about taking the course—but that characterization is truly accurate. Chemistry really does occupy the middle ground between physics and biology, claiming territory from each of those sciences as well as its own. A look through this book shows what that means in practice. There are entries that straddle the borderline between physical chemistry and chemical physics, and others that land somewhere between biological chemistry and chemical biology. (And yes, those are all real names for fields of study, although even their own practitioners might disagree about what falls where!)


The study of chemistry is older than human writing. Only archaeologists could tell us when and where the early chemical experiments might have taken place, and the very first stirrings surely left no traces at all. When some distant ancestor of ours wondered about fire and its effects, thought about the colors of rocks and pigments, or ground up plants for medicine, they were making the sorts of chemical explorations that continue today. A modern chemist has connections throughout human history, to Bronze Age metalsmiths and Egyptian priests, to Chinese scholars and Persian alchemists. We can look back on many of these people and remark on all the things that they got wrong, but what’s important is what they got right, because that built the science we have now.


It’s worth remembering, too, that science itself is a very recent thing. Note the concentration of this book’s entries on the historical timeline: There is a long, slow buildup, with practical discoveries in things like metals, building materials, and weaponry. A less practical pursuit (to our eyes) was alchemy, where searches for how to transmute metals and brew elixirs of life went on for centuries with no success. Along the way, though, the alchemists learned how to distill, purify, and classify the substances they worked with, and they laid the foundations for modern chemistry without realizing it. Sometime in the 1600s, in the twilight of alchemy, the sun began to come up on what we would recognize as modern science. Discovery built on discovery as the new breed of natural scientists learned how to do systematic, reproducible experiments. The 1700s eclipse everything before them, but the 1800s easily outdo them in turn.


The entries in this book don’t have to be read in order, but here’s a brief tour of what you’ll encounter if you do. Experiments with gases of all sorts were cutting-edge science in the 1700s and early 1800s, and studying them proved an ideal way to learn how elements combined into compounds. Electricity then provided a way to make new chemical reactions happen that had never been seen before, and the field struggled to make sense of all the new elements and transformations that were being found so quickly. Organic chemists were busy isolating new substances from plants and other natural sources, and attempts to understand their structures gradually led to the realization that chemical compounds formed complex three-dimensional shapes.


The nineteenth century was also the era when some of the simplest questions finally began to be answered: Why are some chemicals so brightly colored, while others are clear? Why are some of them silvery metals that can only be melted in the hottest furnaces, while others are gases, some lighter than air? What makes some of them give off light, or even burst into flames, if opened to the air? Before the 1800s, these questions must have seemed nearly impossible to reconcile into theories that made sense, but a huge amount of work and several key advances began to make that possible.


By the early twentieth century, it was becoming clear that many substances were polymers—startlingly long chains of simpler molecules joined end to end. Living cells themselves use several of these, and polymer chemists found themselves creating everything from rubber and cornstarch to polyethylene in a quest to understand how these compounds worked. Meanwhile, organic chemists and inorganic chemists found themselves unexpectedly joining forces to produce a huge array of organometallic compounds—never before seen—and analytical chemistry moved into territories that no one had even realized were possible, with techniques like mass spectrometry revealing the weights of individual types of molecules.


World War II had an extraordinary effect on all technological fields. The war began with biplanes but finished with jet engines and guided missiles, and chemistry underwent similar changes. Petroleum chemistry, radioisotopes, and antibiotics were just three fields that advanced almost beyond recognition, but all parts of the science sped up dramatically. Then, by the end of the 1950s, DNA and protein sequences were recognized as being the keys to living systems and were deciphered for the first time during the 1960s. Analytical chemists were changing the science with new kinds of chromatography and NMR (nuclear magnetic resonance) machines, and medicinal chemists were taking the compounds of nature (antibiotics and steroids) and modifying their very structures.


The 1970s and 1980s saw the beginnings of molecular biology, a field that has moved biologists ever closer to chemistry’s point of view. Chromatography and mass spectrometry began to merge into the most powerful analytical techniques ever developed, and the revolution in computer processing power turned X-ray crystallography calculations into just another afternoon in the lab.


The last twenty years have seen the rise of nanotechnology, with chemists starting to design and build molecular tools and scaffolds that would have been impossible to figure out in an earlier era. There has been a similar explosion of effort in what’s now called chemical biology, using the techniques of chemistry to alter, probe, and understand proteins and other molecules of life. New organic chemistry reactions, new analytical equipment, and new computational power have all come together to make the field what it is today. If we’re going to take carbon dioxide out of the air and turn it back into useful compounds and fuels in order to keep new pollutants from even being used while cleaning up the old ones, if we’re going to synthesize new medicines or make new exotic materials stronger and lighter than anything before, we’ll need these latest breakthroughs in chemistry.


It’s easy, in this age, to take all our chemical knowledge for granted, but remember, what might seem mundane to us, our ancestors would have regarded as miracles (or as clear evidence of witchcraft). The story of chemistry is the story of mankind learning to write the missing instruction manuals for the physical world. It has taken perseverance, bravery, all the intelligence we can bring to bear, and no small amount of borderline craziness to get us to where we are today. And I’ve been very glad, through writing this book, to salute all the people who have made it happen.


The story continues. I myself am a professional chemist and wrote this book on nights and weekends. During the day, I’m in the lab, as are thousands of chemists around the world, helping to write the next chapters. Readers are welcome to visit my website, In the Pipeline (pipeline.corante.com), where I talk about the kind of work I do and give updates on the field’s cutting-edge advances.



















About This Book


Note that the dates given are often the dates of discovery, but in other instances they indicate the year in which a discovery or concept gained wide acceptance in the scientific community. Benzene, to pick one example, had been known for decades before 1865, but that’s when its real structure was first worked out—a discovery that set off many others in turn. Many discoveries do not have precise origins, being spread out over a wide time frame (or among many different people). Spider silk was first analyzed chemically in 1907, but even after over a century of work by untold numbers of chemists, we still don’t quite understand how it does what it does. In some cases I picked another landmark as the year, such as the date a Nobel Prize was awarded or other large development was made. For instance, chemical reactions that can take carbon dioxide out of the air (on a small scale) have been known since the 1800s, but a dramatic practical example of this knowledge came when this technique saved the lives of the Apollo 13 astronauts in 1970. On a larger scale, the amount of carbon dioxide in the atmosphere has been a huge topic over the last twenty-five years, but the “greenhouse effect” was first understood back in 1896. You may be surprised at how early (or how late) some discoveries show up.



















c. 500,000 BCE


Crystals


A great number of chemical compounds will form crystals under the right conditions. Temperature is crucial—many things that we think of as liquids (or even gases) under “ordinary” conditions will crystallize if they’re cooled down enough. Generally, a compound has to be fairly pure and fairly concentrated to crystallize well, and it has to have a regular enough structure to arrange itself into a repeated pattern. Compounds made of long disorderly chains—such as paraffin or fatty acids—turn into waxy solids, instead.


Crystallization also depends on how quickly a solution is cooled down and how it is stirred. Two spectacular examples of crystallization can be found in Mexican caves discovered by a mining operation. In 1910, Cueva de las Espadas (Cave of Swords), with impressive one-meter-long gypsum (calcium sulfate) crystals, was found around four hundred feet below sea level. It wasn’t until the year 2000 that miners uncovered the majestic Cueva de los Cristales (Cave of Crystals) at a depth of one thousand feet. The best theory for what led to these colossal formations (the largest being around forty feet tall and weighing fifty-five tons) involves processes that can only happen on geological timescales. The cave formed on the Naica fault line in the Chihuahuan Desert of north-central Mexico and filled with ground water, which a magma chamber kept heated for hundreds of thousands of years. The water became totally saturated with calcium sulfate, which dissolves well in hot water, and then the whole mixture spent another extended period of at least five hundred thousand years slowly cooling down. These are perfect conditions for growing huge crystals, and it’s not easy to find any larger than these.


Gypsum itself is a common mineral that crystallizes in several different forms, depending on the conditions. It’s one of the main ingredients in plaster (with the common name plaster of paris referring to the ancient gypsum mines found in the Montmartre district of Paris), but no other deposits around the world are as spectacular as those found at the Cave of Crystals.


SEE ALSO X-Ray Crystallography (1912), Quasicrystals (1984), Coordination Frameworks (1997), Recrystallization and Polymorphs (1998)
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In what looks like a scene from a science fiction movie, a cave explorer stands among some of the largest crystals on Earth in the Cave of Crystals.






















c. 3300 BCE


Bronze


Bronze is the first metal that gets its own age, which began around 3300 BCE in Mesopotamia. Other metals were certainly in use before it—especially copper—but the addition of a small amount of tin to existing copper technology changed everything. Bronze was a step up in hardness, durability, and resistance to corrosion. Unfortunately, tin and copper ores generally aren’t found together, which meant that an area rich in one ingredient had to trade for the other. Beginning around 2000 BCE, tin from Cornwall (southwest Britain) was in such demand that it turned up in many eastern Mediterranean archaeological sites, thousands of miles away.


We don’t know much about these early chemists and metallurgists, but it’s clear that they experimented with whatever they had on hand. Bronze alloys have turned up with all sorts of other metals in them—lead, arsenic, nickel, antimony, and even precious metals like silver. Those must have taken especially large amounts of nerve to add to the mix, since it was almost certain at the time that you would never see them again (the techniques to repurify such metals would not arrive for many centuries).


And thus, the long human adventure with metallurgy began—one that is nowhere near over. Bronze itself has been improved over the years—the Greeks added more lead to make the resulting alloy easier to work with, and the addition of zinc takes you into the various forms of brass. Modern bronzes often have aluminum or silicon in them, which were completely unknown to the ancients. If you want to see real, old-fashioned bronze of a kind that would have been recognized thousands of years ago, take a close look at a drum kit. Bronze has been the preferred metal for bells and cymbals for hundreds of years. The more tin in the mix, the lower the timbre, but there is no record of what adding arsenic or silver might do to the sound.


SEE ALSO Iron Smelting (c. 1300 BCE), De Re Metallica (1556)
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This ancient, Chinese bronze bell may have been part of a larger set, tuned and shaped to produce different notes. Casting bronze instruments to such specific tolerances is a serious technical challenge.






















c. 2800 BCE


Soap


Soapmaking may sound like a humble craft, but it’s the first chemical preparation that we have any record of. Sumerian tablets dating from 2800 BCE make mention of soap-like materials, and soap’s use in washing wool was described three hundred years later. Another Sumerian clay tablet from 2200 BCE offered a formula that would still work today: water, alkali from ashes, and oil.


Recipes of many kinds are found throughout the Egyptian, Roman, and Chinese records, but they all have the same chemistry behind them. No matter the plant or animal source, oils and fats are all triglycerides—a molecule of glycerol, also called glycerin, with three long-chain fatty acids attached to it as esters. The ester groups can be broken (hydrolyzed) in the presence of a strong alkali in water. In preindustrial times, the most reliable source of alkaline compounds was extract of wood ash (which we now know contained potassium carbonate). Treating this compound with the mineral slaked lime (calcium hydroxide) led to an even more alkaline potassium hydroxide, known as “lye” or “caustic soda,” which is excellent soapmaking material.


After the hydrolysis reaction (combining with water), what’s left are free glycerol molecules and the potassium salts of the fatty acids that were attached to it. Those molecules straddle the fence when it comes to their behavior in water: The acid/salt ends are completely water-soluble, but the long carbon chains behind them are not. They attract other greasy substances, however, which are pulled along into the water by the polar salt ends—effective for degreasing wool in a Sumerian stream.


That dissolves-both-ways trick turns out to be extremely useful in a world where almost everything can be divided into the categories “dissolves in water” and “dissolves in oil.” In the twentieth century it was discovered that similar molecules (along with cholesterol) make up the membranes of every living cell. These molecules form a bilayer, with polar water-soluble ends interacting with water-based fluids inside and outside the cell, while the long nonpolar chains in the middle of the membrane form a protective barrier. This ensures that cell contents don’t leak out and unwanted material from outside the cell doesn’t soak in.


SEE ALSO Cholesterol (1815), pH and Indicators (1909), Isoamyl Acetate and Esters (1962)
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Bright blues and yellows mean that a soap bubble’s thickness is down to only two hundred to three hundred nanometers (billionths of a meter), which is shorter than the wavelengths of visible light.






















c. 1300 BCE


Iron Smelting


The Iron Age definitively replaced the Bronze Age, so you would assume that the newly available iron must have been clearly superior. Not so—good bronze was harder and much more corrosion-resistant. However, major disturbances and population movements in the Mediterranean and Near East around 1300 BCE may have disrupted the metal trade that bronze-working depended on. Iron ore was much easier to come by, but higher-temperature furnaces were needed to smelt it, and these often depended on forced air. Iron production was thus, sometimes, a seasonal event, with furnaces built to take advantage of monsoons and other dependable winds. Objects made of iron from before 1300 BCE are known but uncommon, and many of these are not even from our own planet—produced from solid nickel-iron meteorites, they must have been very valuable objects indeed.


Given a chance, iron will react with oxygen to produce rust (iron oxide), and smelting iron ore is basically the reverse process. The early iron-smelting device, a clay or stone furnace with air inlet tubes, was called a bloomery. Charcoal and iron ore were heated, producing a lump of crude smelted iron (the bloom) in the bottom of the furnace. This was a laborious process, since the bloom needed further heating, and lumps of impurities had to be beaten out before it could be useful. Still, iron technology spread rapidly, and it seems to have been discovered independently in several locations, including India and sub-Saharan Africa. Ancient wind-driven iron furnaces evolved into the modern blast furnace—in which ore is fed in continuously from the top and has its oxygen stripped away by contact with carbon monoxide gas of ferocious temperatures—as early as the first or second century BCE in China.


Iron’s properties change dramatically depending on what is mixed into it. Careful addition of some of the charcoal’s carbon produces steel—a superior metal in every way—but this was a job for experienced craftsmen: too little carbon produced soft wrought iron, while too much carbon yielded a very hard metal that is too brittle for most uses. Now, the varieties of iron alloys and steels in modern metallurgy are almost too many to count.


SEE ALSO Bronze (c. 3300 BCE), Viking Steel (c. 800), De Re Metallica (1556), Aluminum (1886), Stainless Steel (1912)
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A modern blast furnace can produce molten iron on a scale that ancient craftsmen could only dream of. But by any route, ironworking has always been a very energy-intensive process.






















c. 1200 BCE


Purification


Who was the first chemist whose name we know? That record is currently held by Tapputi, a palace overseer and perfume maker mentioned on a Babylonian tablet from about 1200 BCE. The cuneiform text describes her using various scented raw materials (myrrh, balsam, and the like), filtering off impurities, and heating the results in water to collect the vapors. That also makes this tablet the oldest reference to distillation and filtration—processes that are still familiar to every working chemist today.


The science of scent has been the engine of more chemical discovery than you might think. Human civilization has cared about attractive smells for a very long time, and we’ve learned a lot about natural-product chemistry in the process. Long before anyone knew how to use chemistry to produce useful medicines, ancient chemists produced high-value perfumes (which were often considered medicinal as well). Many techniques were developed to extract and concentrate essences from flowers, barks, seeds, and other sources. Some of these extracts can stand up to heat (as with distillation) and be concentrated that way, but delicate extracts have to be purified at lower temperatures. This led to experiments with different kinds of solvents and separations, such as soaking aromatic plants in oils or alcoholic solutions.


It seems likely that Tapputi would quickly grasp the concepts behind a modern rotary evaporator and could surely put one to good use. We know almost nothing about her besides what is found on this single tablet. But it’s enough.


An entire Bronze Age perfume factory has been excavated in Cyprus, showing how valuable this sort of work was in the ancient world. Modern perfume factories largely use synthetic molecules (starting with the groundbreaking Fougère Royale blend) with costly natural extracts reserved for the most expensive items in the catalog.


SEE ALSO Natural Products (c. 60 CE), Fractional Distillation (c. 1280), Separatory Funnel (1854), Fougère Royale (1881), Chromatography (1901), Zone Refining (1952), Rotary Evaporator (1950), Isoamyl Acetate and Esters (1962)
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Earlier than Tapputi’s time, this Fourth Dynasty (c. 2500 BCE) Egyptian tomb decoration shows the making of lily-scented perfume using methods the Babylonians would have known well.






















c. 550 BCE


Gold Refining


Croesus (595–c. 547 BCE)


The desire for metals has been a strong motivator in applied chemistry for thousands of years. While bronze and steel were needed for weapons and tools, it’s generally been the case that gold could buy you a lot of tin, copper, and iron to make them with. Gold has been recognized since prehistoric times for its vivid color, resistance to all corrosion, and malleability that allows metalsmiths to fashion almost any shape in any thickness. All the gold that has ever been mined—beginning in the Caucasus region (present-day Georgia) before 3000 BCE—could be stored in a small, unimpressive warehouse. Many ancient civilizations used water to sluice away rock debris to concentrate gold dust. The Egyptians had an early start on this process (as their magnificent tombs would attest), and later the Romans mined gold (and other metals) on a truly industrial scale.


Throughout history, a discovery of gold has always meant big changes in the neighborhood. Starting around 550 BCE, fortunes changed for King Croesus of Lydia (in present-day Turkey) when he presided over the invention of a new method of refining, generating pure gold from the naturally occurring gold-silver alloy known as electrum. This became a big business very quickly. Archaeologists have discovered an extensive gold-refining site at ancient Sardis, where the small Pactolus River deposited “golden sands” from Mount Tmolus, and Lydian chemists industrialized a technique involving molten lead and common salt to produce gold and silver coinage metal. The fantastic wealth that these metallurgists produced has kept the phrase rich as Croesus in use ever since.


The chemistry used by the Lydians is being worked out from analysis of pieces of the ancient ovens, metal fragments in the cracks of the crucibles, and even the dirt floors of the sites. No written details of the process have ever been found (it was surely a state secret). From assaying their coins, though, it’s clear that once this method was discovered, the Lydians used their pure silver supply to dilute the gold content of their existing electrum currency, degrading the coins’ intrinsic value while maintaining their face value with a special stamp. And so the profits rolled in!


SEE ALSO Bronze (c. 3300 BCE), Iron Smelting (c. 1300 BCE), Alchemy (c. 900), Aqua Regia (c. 1280),  De Re Metallica (1556), Electroplating (1805), Cyanide Gold Extraction (1887)




[image: ]


Electrum pieces from Lydia and the rest of the Greek world were stamped with images of kings, heroes, myths, and animals. Note the variations in color according to the amount of silver present.






















c. 450 BCE


The Four Elements


Empedocles (c. 490–430 BCE), Plato (c. 428–c. 347 BCE), Aristotle (384–322 BCE), Abū Mūsā Jābir ibn [image: ]ayyān (c. 721–c. 815)


Thanks to the Greek philosopher Empedocles and his mid-fifth-century BCE poem On Nature, for almost two thousand years people thought that there were only four fundamental elements—earth, air, fire, and water—and that the composition of everything in the world depended on the varying proportions of them. So, why is this a milestone in chemistry? In fact, Empedocles was quite correct in the idea that there are such fundamental substances (which he called roots), and compared to some other philosophical systems, his conclusions were quite a leap forward. The world wasn’t made up of just one substance that somehow manifested itself to us in different ways, and it wasn’t made up of uncountable different substances, either. Rather, the world contained a countable number of basic building blocks from which everything else was assembled. From that standpoint, the difference between the four classical elements and the modern periodic table is merely a matter of degrees.


It was Plato who introduced the term element, and his famous student Aristotle worked out a scheme by which the characteristics of everything else could be understood as mixtures of them, giving each element two of four sensible qualities (e.g., air: wet-hot, earth: dry-cold) and adding a superior fifth element he called aether. Later philosophers introduced more elements and complexities to try to explain more phenomena, and the entire scheme of thought led eventually into alchemy via the writings of the Persian polymath Abū Mūsā Jābir ibn [image: ]ayyān (a.k.a. “Geber”) more than a thousand years later.


This is an early example of reductionism: the search for knowledge by breaking things down into smaller and smaller units in the hope that fundamental truths will eventually be revealed. (In effect, the scientist asks, “OK then, what’s that made of?” over and over.) Reductionism doesn’t always work—some very important effects only show up when you start going back up the scale. (A living cell is far more than the sum of the chemical elements inside it, for example.) But reductionism is still a powerful technique that has long helped to advance chemistry and the other sciences.


SEE ALSO The Philosopher’s Stone (c. 800), The Sceptical Chymist (1661), The Periodic Table (1869)
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Earth, air, fire, and water: the building blocks of the world for two thousand years.






















c. 400 BCE


Atomism


Democritus (c. 460–c. 370 BCE)


When, you look back on the ancient Greeks, sometimes it’s as if the years between them and us have suddenly grown thin enough to see through. You come across a theory that seems to be so perfectly on target that you wish you could reach out and shake the originator’s hand. British mathematician G. H. Hardy captured this feeling when he said that, to him, the Greek mathematicians were “fellows of another College.”


The fifth-century Greek philosopher Leucippus seems to have been the originator of the idea of atomism, which takes reductionism all the way down, proposing that everything is made out of extremely small, indivisible particles. His more famous pupil, Democritus, developed the theory further: Atoms, he believed, came in a huge number of varieties, and the physical properties of materials had something to do with the microscopic properties of the atoms themselves. Some of them were very slippery and tumbled easily past each other, while others stuck together strongly to make hard and dense materials. The explanations for why the atoms acted this way were not (of course) very sophisticated, but the key points are absolutely correct, and the theory is rightly considered one of the great achievements of Greek thought.


Atomism was also noteworthy for being thoroughly materialist—that is, it didn’t try to explain things through talk of purposes and desires. Rather, things were treated mechanistically; we see something happening, therefore something “material” must have happened earlier to cause it. To take an example, a rock is hard because of some physical reason that could be investigated, not just because it was somehow necessary for it to be hard in the grand scheme of things. The outlines of modern scientific thinking are clearly visible here.


SEE ALSO The Sceptical Chymist (1661), Dalton’s Atomic Theory (1808), Maxwell-Boltzmann Distribution (1877)




[image: ]


Democritus, in this 1628 work by Dutch painter Hendrick ter Brugghen (1588–1629), comes out looking rather Dutch himself.






















210 BCE


Mercury


Qin Shi Huang (260–210 BCE)


Mercury has been considered strange and valuable since prehistory. Not only is it one of the elements whose pure metallic form can be found in nature without any refining, but it’s also the only metallic element that stays liquid at common environmental temperatures. This gave it a reputation for magical powers that lasted for thousands of years. The problem is, this bizarrely heavy, shiny liquid is also quite poisonous. Interestingly, the pure metal isn’t as hazardous as many of its compounds, which are taken up much more easily into the body, but exposure to the fumes that mercury slowly releases is a very bad idea because the toxic effects are essentially irreversible: it reacts with important sulfur-containing groups on many proteins and biomolecules, and once that happens, it cannot be removed.


Qin Shi Huang is the famous “first emperor of China,” and he is also the first major customer for mercury that we’re aware of. His prodigious buried army of thousands of life-size terra-cotta soldiers was discovered in 1974, to the amazement of archaeologists. According to Records of the Grand Historian, a monumental history of ancient China completed in 109 BCE by Han dynasty official Sima Qian, the rest of the tomb was equally grandiose, with scaled-down replicas of landscapes and palaces, interlaced with dozens of rivers of flowing mercury. Probes of the soil around it show greatly elevated levels of mercury, suggesting that the ancient descriptions were not exaggerated.


The emperor may actually have poisoned himself with mercury-containing medicines meant to make him immortal. Mercury compounds have been used as medicines for centuries, usually with similarly poor results, although they sometimes cured syphilis. In the modern era, mercury has been used not only in thermometers but also in electrical switches and fluorescent lights. This has led, however, to some terrible industrial pollution. Mercury compounds have concentrated in the food chain, winding up in potentially dangerous levels in some otherwise edible fish.


SEE ALSO The Philosopher’s Stone (c. 800), Toxicology (1538), Mirror Silvering (1856), Salvarsan (1909), Boranes and the Vacuum-Line Technique (1912), Thallium Poisoning (1952)
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Some of the famous terra-cotta warriors. Nearby, in unexcavated areas, there may still be enough mercury to make future archaeologists step carefully.






















c. 60 CE


Natural Products


Pedanius Dioscorides (c. 40–c. 90 CE)


Dioscorides was a first-century Greek physician and student of medicinal plants. His position as a military surgeon with the Roman legions allowed him to travel extensively through the ancient world, and he collected specimens and local knowledge wherever he went. His multivolume work De materia medica (c. 60 CE) compiled all this information into what was likely the most comprehensive guide to medicines produced in the world up until that point. Its usefulness (and a certain amount of good luck) kept it in circulation for the next 1,500 years, covering the lifespan of the Roman Empire, the rise of the Islamic world, and the start of the Renaissance.


Many drugs have their origins in the activity of medicinal plants. The natural world is full of biologically active compounds, both beneficial and poisonous, known as natural products. Plants, animals, bacteria, and fungi all spend some of their metabolic energy synthesizing them. Some are used by an organism’s own systems, while others are produced for external use as signals or weapons, but all of them have had vast amounts of time for evolution to sharpen their effects, and we humans can now take advantage of what there is to be found.


Tracking these compounds down, isolating them, and working out how they affect the body has advanced chemistry and medicine tremendously over the centuries. Even today, natural-products chemistry is a growing field, with strange and potent molecules being isolated from marine organisms, rare plants, and other sources. Purifying and identifying these substances are challenges for analytical chemists, who now employ NMR (nuclear magnetic resonance) and Electrospray LC/MS (liquid chromatography/mass spectrometry) equipment to assist them in the process, and synthesizing them in the laboratory has advanced organic chemistry greatly.


SEE ALSO Toxicology (1538), Quinine (1631), Morphine (1804), Caffeine (1819), Indigo Synthesis (1878), Fougère Royale (1881), Asymmetric Induction (1894), Aspirin (1897), Steroid Chemistry (1942), LSD (1943), Streptomycin (1943), Penicillin (1945), Cortisone (1950), Luciferin (1957), NMR (1961), Rapamycin (1972), Unnatural Products (1982), Electrospray LC/MS (1984), Taxol (1989), Palytoxin (1994), Shikimic Acid Shortage (2005)
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Dioscorides Describing the Mandrake (1909) by English painter Ernest Board (1877–1934). A variety of active (and rather poisonous) natural products have been isolated from plants of this genus.






















c. 126


Roman Concrete


Pliny the Elder (23−79)


Concrete is everywhere in our civilization; modern construction wouldn’t be possible without it. But its chemistry is surprisingly complex, depending on two elements (aluminum and silicon) that form strong bonding networks with oxygen atoms. These species, which are abundant in Earth’s crust, form the basis for a huge variety of minerals and man-made ceramics. Concrete also requires calcium ions and a reaction with water to help hold everything together, but the technical name, hydrated calcium aluminosilicate, although an accurate description of concrete’s chemical composition, doesn’t roll off the tongue very easily.


The Romans had the finest concrete of the ancient world, and some of it can still be seen today in such magnificent structures as the famous Pantheon—completed around the year 126 and still the largest unreinforced concrete dome in the world. Roman civilization, though, was actually “science deficient”; considering their power and longevity, surprisingly little basic research was done. They didn’t have much patience for mathematics, blue-sky experimentation, or abstract theories, but practical improvements in civil and military engineering were always welcome. As such, the Romans developed a variety of concrete mixtures for different applications. Their water-resistant mix was of very high quality, and according to the natural philosopher Pliny the Elder, a key ingredient in the mortar was the ashy volcanic deposits (now known as pozzolan) from the area of Mount Vesuvius. Pliny knew the area well—too well, in the end, since he was killed in the famous 79 eruption that destroyed Pompeii.


Just in the last few years, analytical chemists have been able to work out how this recipe for Roman maritime concrete must have been made. The process requires quite a bit less energy than modern Portland cement, which was developed in nineteenth-century Britain. In terms of the fuel needed to bake the starting limestone mix, the time needed to cure the finished product, and its durability in salt water, the Roman recipe has many advantages. After almost two thousand years, it may be making a comeback.


SEE ALSO Porcelain (c. 200)
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The two-thousand-year-old Pantheon in Rome still has the largest unreinforced concrete dome in the world—a solid testament to Roman engineering.






















c. 200


Porcelain


Ehrenfried Walther von Tschirnhaus (1651–1708), Johann Friedrich Böttger (1682–1719)


Proto-porcelain had been produced in China a couple thousand years prior, but true porcelain doesn’t appear on the archaeological record until the late Han dynasty period, which ended around 220. During the Sui and Tang dynasties (581–907), porcelain was created on a much larger scale. Durable and beautiful ceramics became a valuable export, first to the Islamic world and then, after 1300, to Europe. The remarkable thing is that during this whole period, no one else in the world could produce it.


Ceramics are an extraordinarily ancient art in China, with early examples possibly going back twenty thousand years. Porcelain was probably discovered, gradually, by craftsmen pushing the techniques of pottery-making further in search of new wares to sell. Its composition varies, but a good source of kaolin clay—which takes its name from a village in southwest China—is needed. Other ingredients include ground glass and minerals such as feldspar or alabaster, quartz, and bone ash. Two key factors in porcelain production are the amount of water in the mixture, which has to be kept within narrow limits, and the high firing temperatures (over 1200°C, or 2100°F), which allow for the formation of glassy phases in the final ceramic that are mixed with fine needles of the aluminosilicate mineral mullite.


Countless attempts were made to reproduce the Chinese techniques, but the first success occurred in Saxony (now part of Germany). A self-styled alchemist named Johann Friedrich Böttger had brought enough attention to himself by 1704 that Augustus the Strong (elector of Saxony and king of Poland) imprisoned him in Dresden in hopes of forcing him to produce gold. The German physicist-physician-philosopher Ehrenfried Walther von Tschirnhaus, who had been trying to make porcelain as another revenue stream for Augustus, was put in charge of Böttger, and after they were shipped samples of kaolin clay and alabaster in 1708, the breakthrough occurred. Von Tschirnhaus died suddenly that year, and Böttger, now free, was put in charge of the new porcelain factory in Meissen in 1710. Just two years later, a Jesuit priest revealed the Chinese methods his order had witnessed, and porcelain manufacture spread rapidly throughout Europe.


SEE ALSO Roman Concrete (c. 126)
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This eighteenth-century Chinese porcelain figurine of the Buddhist deity Guanyin, goddess of mercy, now resides in the Hallwyl Museum in Sweden.






















c. 672


Greek Fire


Theophanes the Confessor (c. 752–c. 818)


Chemistry, sadly, has also been used to wage war. The Eastern Roman (or Byzantine) Empire lasted for many centuries past the collapse of the Western Roman Empire, but the Byzantines didn’t survive because they were surrounded by friends. In fact, by this date, the Byzantines were very hard pressed by Arab armies during the initial expansion of Islam, but in response they developed a secret weapon: Greek fire.


Greek fire was first described by Theophanes the Confessor in his Chronographia (c. 814), ascribing its invention to an architect from Heliopolis (present-day Baalbek, Lebanon) around the year 672. We have several descriptions of Greek fires use in battle; the most well-attested form of the weapon describes it as fired like a hybrid of a flamethrower and a cannon. However, there’s no universally agreed-upon recipe. The preparation was enough of a state secret that it eventually was lost completely. In fact, it may never have been written down at all. The mixture almost certainly used petroleum as a base, likely from natural crude oil seepage sites around the Black Sea, and probably pine resin as well. Sulfur is a likely ingredient, but after this point scholars have argued in every direction about the recipe.


What we know is that the flaming liquid was dispensed with explosive force, generated huge amounts of smoke, would burn on top of water, and was extremely difficult to extinguish—just the kind of thing you do not want your wooden-hulled invasion fleet to encounter. The Byzantines had special ships with trained crews whose only job was its deployment, and they used it with great success against their enemies (and against each other in civil wars) for the next five hundred years. After this, Greek fire gradually disappears from all reports.


SEE ALSO Gunpowder (850), Nitroglycerine (1847), Chemical Warfare (1915), Nerve Gas (1936), Bari Raid (1943)
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Greek fire, as described in the Sicilian twelfth-century Codex Skylitzes Matritensis, the only illustrated Byzantine chronicle that has survived.






















c. 800


The Philosopher’s Stone


Abū Mūsā Jābir ibn [image: ]ayyān (c. 721−c. 815)


By around 800, progress in the sciences was taking place almost entirely in the Islamic and Chinese cultures. Abū Mūsā Jābir ibn [image: ]ayyān (known in the West as “Geber”) lived in what is now Iraq, practicing medicine, alchemy, astrology, and numerology, which at the time were considered equally worthwhile topics (and not really separate fields of inquiry at all). His writings attracted a great number of followers, many of whom seem to have written manuscripts of their own and attached ibn [image: ]ayyān’s name to them, setting the stage for the hopelessly tangled alchemical literature to come. It does not help that these works are often written in an elaborate symbolic style that can be impossible to decipher—works from which we derive the word gibberish. For example, the detailed recipe for producing live scorpions from alchemical mixtures is surely not meant to be taken at face value, but what it was really meant to signify is impossible to say.


The more comprehensible works under ibn [image: ]ayyān’s name, however, indicate that he was a dedicated experimentalist. At one point he warned readers that the only way to attain any sort of competence was to conduct practical work in the laboratory, and most modern chemists would agree. He believed that metals were fundamentally different from nonmetals, that they were composed of mercury and various forms of sulfur, and that metals could be changed into each other if the secrets of these mixtures could be worked out. Some powerful reagent or elixir (later called the philosopher’s stone), he believed, could unlock this process, and this was a compelling enough idea to set up an alchemical research program for the next few centuries. A manuscript in Latin under the name Geber shows up in the thirteenth century with much more theorizing in this vein. Whoever its real author is, he must have decided that ibn [image: ]ayyān’s reputation was still potent enough to be worth borrowing—even after four hundred years.


SEE ALSO Mercury (210 BCE), Alchemy (c. 900)
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A sixteenth-century alchemical manuscript illustrates the production of the philosopher’s stone in a series of allusions, riddles, and cryptograms. As impressive as this may be, it’s unlikely to be much use in a laboratory setting.






















c. 800


Viking Steel


There are a number of Viking swords that are head and shoulders above everything else that was available to the discriminating customer in the ninth century—in fact, no better steel was to be found in Europe until the Industrial Revolution. The Vikings may have come across superior ironworking technology in their trade with Asia, based on the wootz steels of India and Sri Lanka, whose furnaces took advantage of the monsoon winds. These blades had high carbon content, with far fewer impurities than the usual processes produced. The result was a metal alloy that remained at once tough, sharp, and flexible—a great advantage if you were trying to get one’s sword unstuck from an enemy’s shield, or perhaps from an enemy.


These superior swords all bear the name Ulfberht on the lower part of the blade, indicating some sort of workshop, trade name, or Viking metalsmith. The earliest blades are attached to handles that have been carbon-dated to c. 800, and they were made for about two hundred years, with no examples dating later than about the year 1000. Like so many other technological advances for which we lack written records, the exact technique used to make them has been lost, although some educated guesses have produced similar alloys in experiments. As with modern techniques, attention to detail and quality control are critical. Metals can form a wide variety of crystalline structures while being forged, and control of these factors has never been easy to attain.


Ulfberht swords were clearly rare and highly prized, and the workshop that made them was paid a high compliment by the many other swords made from inferior steels but bearing variant spellings of the name. The inescapable conclusion is that these were copies, trading on the fame of the originals. Knockoffs have clearly been a problem for a long time.


SEE ALSO Iron Smelting (c. 1300 BCE)
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A Viking sword from Hedeby, which was an important trading settlement near the current German-Danish border.






















c. 850


Gunpowder


Gunpowder probably was discovered by alchemists trying to transmute metals or extend life rather than by weapons engineers seeking an explosive. A Chinese military compendium from 1044 listed a number of different recipes for gunpowder, showing that it had been the subject of a lot of action-packed research and development by the middle of the Song dynasty, but the first known mention comes from a mid-ninth-century Taoist text, which stressed its dangerously flammable nature. Sulfur was of great importance in alchemy, and any lab of the time would have had charcoal around for fuel. The third key ingredient—the oxidizer potassium nitrate—was available as the naturally occurring mineral niter (also known as saltpeter) or as crystals around deposits of bat guano in caves. Whoever first combined these powders and exposed the resulting mixture to a flame must have immediately realized that they were onto something big. Extending human life, though, turned out not to be gunpowder’s strong point.


Knowledge of the new weapon diffused through China and past its borders, and the Mongol invasions of the thirteenth century spread the news even farther, from India to Europe. The Chinese kept raising the amount of potassium nitrate in their gunpowder as time went on, producing bigger explosions all the time. Early artillery shells, exploding arrows, and a variety of alarming bomb designs show up in several Chinese military manuscripts. In his Treatise on Horsemanship and Stratagems of War (c. 1280), detailing 107 different explosive mixtures, Syrian chemist Hasan al-Rammah referred to potassium nitrate as “Chinese snow.” European militaries adopted gunpowder quickly: the first illustration of a firearm—a primitive metal cannon known as a pot-de-fer (French for “iron pot”) with an enormous arrow emerging from its barrel—appeared in a 1326 manuscript by the English scholar Walter de Milemete. For better or worse, it has been with us ever since.


SEE ALSO Greek Fire (c. 672), Alchemy (c. 900), Nitroglycerine (1847), PEPCON Explosion (1988)
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An explosion of gunpowder shells during the 1274 Mongol invasion of Japan, illustrated in a scroll commissioned some twenty years after the battle.






















c. 900


Alchemy


Abu Bakr Muhammad ibn Zakariya’ al-Razi (865−925)


The Persian polymath al-Razi is one of the most famous of the alchemists, and his writings show how much modern chemistry was mixed into the beliefs of his time. As would be expected, he worked tirelessly to understand what made metals different from one another and from the nonmetals. Although he never claimed to have produced gold from base metals, he described how to make metals look like gold. He then went on to classify other substances into such categories as vitriols, salts, stones, spirits, etc., and to catalog their properties (e.g., how easily they melted or caught fire). Along the way, he rejected the classical four elements in favor of his more complex arrangement. Paying close attention to such similarities and differences is absolutely central to chemistry.


Al-Razi is also notable for rejecting magical explanations and the idea of manipulating the physical world through symbols rather than through physical causes. His greatest contribution in the history of chemistry comes from his book Kitab al-asrar (The Book Secrets), which revealed how dedicated he was to experimentation with real substances. With lengthy, detailed description of his apparatus, the book explained the uses of crucibles, tongs, bellows, flasks, funnels, mortars, heating baths, and more, offering his contemporaries a look at his state-of-the-art equipment and giving modern-day chemists an intimate view of a working lab from over a thousand years ago. Some of the experimenters who came after al-Razi adopted his classification scheme, while others disagreed or made their own. But for centuries to come, Kitab al-asrar was the closest thing that alchemy had to a standard laboratory equipment manual.


SEE ALSO Gold Refining (c. 550 BCE), The Four Elements (c. 450 BCE), The Philosopher’s Stone (c. 800), Gunpowder (c. 850), The Sceptical Chymist (1661)
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As fires rage in buildings and mines in the background, a goddess warns an alchemist of the element’s dangers.






















c. 1280


Aqua Regia


Smithson Tennant (1761–1815), George Charles de Hevesy (1885−1966), Max von Laue (1879−1960), James Franck (1882−1964)


There aren’t all that many mixtures that are still referred to by the same term used in the Middle Ages, but aqua regia (Latin for “royal water”) is a memorable liquid. The corrosive mixture—one of the few reagents that can dissolve gold—was first mentioned by an anonymous European alchemist known as Pseudo-Geber (and identified by some scholars as the Franciscan Paul of Taranto) in his late-thirteenth-century discussions on transmutation of the elements and related subjects.


You can’t order aqua regia from a chemical supply house; it has to be prepared fresh because it decomposes on standing. The classic recipe is one part concentrated nitric acid to three parts concentrated hydrochloric acid. The two acids react to form a vicious brew whose least toxic component is probably plenty of dissolved chlorine gas, which will be noticeable immediately if you are so unwise as to prepare this solution outside of a good fume hood. Gold is attacked fairly readily, and platinum more slowly, but some related metals aren’t touched at all. In fact, the elements iridium and osmium—which occur in the same ores as platinum—were first discovered by the British chemist Smithson Tennant in 1803 after he found dark residues in the bottom of a flask after the aqua regia had eaten away the platinum.


Aqua regia is still used in some high-level gold refining processes, but its most famous use came early in World War II. Germany had invaded Denmark in 1940, and at the Niels Bohr Institute in Copenhagen, the Hungarian radiochemist George Charles de Hevesy dissolved the gold Nobel Prize medals of his colleagues, the German-Jewish physicists Max von Laue and James Franck, to prevent their confiscation by the Nazis. He left the acid solution in a storeroom and returned after the war to find it undisturbed. He then precipitated the gold back out through a reduction reaction and sent the powder to Stockholm, where it was recast into medals and presented again to the Nobel laureates.


SEE ALSO Gold Refining (c. 550 BCE), Acids and Bases (1923), Radioactive Tracers (1923), The Fume Hood (1934)
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A sample of gold dissolving in aqua regia—a sight that few chemists have witnessed in person.






















c. 1280


Fractional Distillation


Taddeo Alderotti (c. 1210–1295)


Distillation was originally used to liberate some liquid fraction from solids, but the next step in this process was to separate liquids with different boiling points from one another. To achieve this, the mixture had to be heated slowly and passed through a longer distilling apparatus, or column, making sure that the more volatile parts were brought over first. Heat things too vigorously, though, and the lower-boiling molecules end up mixing with the higher-boiling molecules as they distill over, and everything has to be done again. Naturally, the closer the boiling points, the more patience is needed.


The thirteenth-century Florentine alchemist Taddeo Alderotti seems to be the first person to describe fractional distillation in detail in the final section of his Consilia medicinalia (c. 1280). Famous for his medical knowledge, he used a three-foot-long apparatus to distill alcohol to a purity of 90 percent for strictly medical purposes. His work led to a profusion of different still types and a great deal of experimentation with other substances to see what could be purified from them.


In time, the theory of distillation became better understood, with advances in alcohol production often helping to move things along. The design of the so-called still head showed the greatest improvement, as fractionating columns provided greater surface areas for the vapor and condensate to mix, leading to better separations. Distillation is still extremely important both industrially and on a laboratory scale. It is one of the basic purification techniques for water and for industrial solvents, it is the fundamental technology behind the fractionation of oil in a refinery, and it remains the key to the making of high-proof alcoholic beverages. Some things never change.


SEE ALSO Purification (c. 1200 BCE), Thermal Cracking (1891), Liquid Air (1895), Deuterium (1931), Rotary Evaporator (1950)
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A decorative (but not very practical) look at fractional distillation of “spirits of wine” by German surgeon and alchemist Hieronymous Brunschwig, 1512. In the middle, “a tube of cold water” condenses the vapors.






















1538


Toxicology


Paracelsus (1493–1541)


Swiss alchemist and natural philosopher Paracelsus spent his life practicing medicine, metallurgy, astrology, and whatever else the market would bear. He lived when alchemy was disappearing from the world and no one was quite sure what would replace it. The centuries-old quest to make gold and silver from base metals was, by that time, a long list of cold trails and dead ends. Paracelsus pointed the way forward when he said, “Many have said of Alchemy, that it is for the making of gold and silver. For me such is not the aim, but to consider only what virtue and power may lie in medicines.”


By all accounts, he was not an easy person to get along with, and he did not mellow with age (which probably helps account for the long list of destinations he turned up in during his forty-eight years). One part of his personality served him very well, though: he became well known as someone who refused to believe that something was true just because orthodoxy deemed it so. Unfortunately, he demonstrated this by publicly burning copies of ancient medical texts while he proclaimed his contempt for them.


Paracelsus is most remembered today for asserting that illness was often caused by outside agents. His studies of the (all too numerous) diseases of miners furnished him with plenty of prescient observations, such as the idea that slow-developing lung problems were caused by toxic vapors (rather than by evil mountain spirits bent on revenge, the more popular theory at the time). These gave force to his immortal adage “the dose makes the poison,” which appeared in his 1538 treatise Septem defensiones. Everything is toxic in a high enough dose, but some things never stop being toxic, even at miniscule doses.


SEE ALSO Mercury (210 BCE), Natural Products (c. 60 CE), Diethyl Ether (1540), Hydrogen Sulfide (1700), Hydrogen Cyanide (1752), Paris Green (1814), Beryllium (1828), Aspirin (1897), Salvarsan (1909), Boranes and the Vacuum-Line Technique (1912), Radithor (1918), Tetraethyl Lead (1921), Nerve Gas (1936), DDT (1939), Bari Raid (1943), Antifolates (1947), Thallium Poisoning (1952), Thalidomide (1960), Cisplatin (1965), Lead Contamination (1965), Glyphosate (1970), MPTP (1982), Bhopal Disaster (1984), Taxol (1989), Palytoxin (1994)
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This watercolor portrait of Paracelsus at age forty-seven is loosely based on a fifteenth-century engraving of the vitriolic toxicologist.






















1540


Diethyl Ether


Paracelsus (1493–1541), Valerius Cordus (1515–1544), Crawford W. Long (1815–1878)


Organic chemists divide compounds into classes based on the arrangements of their atoms. Where the oxygens, sulfurs, nitrogens, and other noncarbon heavy atoms go determines what “functional groups” the compound has, which allows us to infer a good deal about a compound’s properties. One of the simplest classes is the ethers, which have an oxygen atom that looks as if it’s been dropped into the middle of a chain of ordinary carbon-carbon single bonds. You can’t make them by that method (yet), but the German physician and botanist Valerius Cordus discovered in 1540 that when ethyl alcohol is heated up with sulfuric acid (vitriol), diethyl ether is produced. (It’s quite possible that earlier alchemists might have synthesized it, but no solid proof has surfaced.) The chemists of the time had no way of knowing quite what had happened—such details wouldn’t be cleared up for another three centuries or so—but this “sweet oil of vitriol” was clearly a new compound.


Diethyl ether (known familiarly as simply ether today) is a light, low-boiling liquid with a powerful, instantly recognizable smell. The low boiling point lets it produce plenty of vapors even at room temperature, but this property also makes it wildly dangerous around flames, sparks, or even hot surfaces. Ether catches fire like few other substances can, and its heavier-than-air vapors can flow unpredictably along the floor of a room.


In his treatise De naturalibus rebus (c. 1540), Paracelsus noted that sufficient exposure to ether fumes could make chickens unconscious and unresponsive, and it surely wasn’t long before the same effect was observed in humans. By the 1840s, diethyl ether had become the drug of choice at “ether frolics” thrown by medical students, and after the American surgeon Crawford W. Long used it to painlessly remove tumors from a patient’s neck in 1842, it became the first surgical anesthetic—although it was soon replaced by less toxic (and less flammable) compounds.


SEE ALSO Toxicology (1538), Sulfuric Acid (1746), Functional Groups (1832)
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This eighteenth-century engraving of ether production appeared in the British periodical Universal Magazine. Making or using diethyl ether around an open flame would now be very strongly discouraged!






















1556


De Re Metallica


Georgius Agricola (1494–1555)


The German scientist Georgius Agricola’s real name was Georg Bauer, but like many natural philosophers of his day, he took a Latin pen name and wrote in Latin as well. At age twenty he was appointed rector of Greek at the Great School of Zwickau and went on to study physics, chemistry, and medicine. From 1527 on, all of his medical positions were held in important German mining towns, which seems to have been no accident: minerals and geology were his real passions.


De re metallica (On the Nature of Metals)—completed in 1550 and published in 1556—was the summing-up of all Agricola had learned, and it is one of the foundation stones of modern geology, as well as chemistry. Agricola spends a good part of the book describing the assaying of ores, the smelting and purification of metals, and the production of other reagents that were needed in the mining technology of his day. Latin, however, gave him difficulties in these sections because he had to describe things for which no classical terms existed.


Looking over the book’s detailed diagrams of practical machinery and reading the painstaking procedures for the handling of various ores and liquid metals, you can almost see the tide of alchemy beginning to retreat. De re metallica relentlessly avoided any talk of the philosopher’s stone and related concepts. (It does mention dowsing as a method for locating precious metals, only to reject it.) Instead, the book provides long descriptions of the best way to wash crushed ore before smelting it and woodcuts that show how to make a better furnace, adding words like fluorspar, basalt, and bismuth to the modern chemistry vernacular.


Agricola emphasized the integrity of his work in the introductory pages: “I have omitted all those things which I have not myself seen, or have not read or heard of from persons upon whom I can rely.” The term scientific method had not been invented yet, but that way of looking at the world was clearly on its way up in the mid-sixteenth century.


SEE ALSO Bronze (c. 3300 BCE), Iron Smelting (c. 1300 BCE), Gold Refining (c. 550 BCE), Mercury (210 BCE), The Philosopher’s Stone (c. 800), Viking Steel (c. 800), Alchemy (c. 900), Titanium (1791), Ytterby (1792), Beryllium (1828)
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An illustration of glass blowing from De re metallica, which has the most accurate and thorough existent depictions of early laboratories and techniques.






















1605


The Advancement of Learning


Francis Bacon (1561–1626)


The polymathic English philosopher-statesman-scientist-jurist Francis Bacon—commonly referred to as the father of empiricism—would have been an odd fit for the modern age. But the world as we know it would not exist had he not produced such grand intellectual frameworks that encompassed science, literature, history, and religion simultaneously. In 1605, he wrote Of the Proficience and Advancement of Learning, Divine and Human in the form of a (long) letter to King James of England. Presenting an arrangement of all the fields of his day (generally divided into divine, natural, and human components), Bacon went beyond illuminating how the sciences relate to other fields of study and spoke about what (in his view) science was for. He also detailed how the goals of science were being realized and where they were falling short—themes he expanded on in his 1620 book, Novum organum scientiarum (The New Instrument of Science, commonly translated in English as The New Method).


Across his writings, the prevailing idea is that scientific discovery is something that will help humanity and is thus worth putting time and effort into. Earlier philosophies often emphasized some sort of spiritual duty to understand the works of God or the collection of knowledge for its own sake, but Bacon called for “a progeny of inventions” to “subdue our needs and miseries.” In his utopian novel The New Atlantis (1627), he proclaimed science as the “effecting of all things possible”—a perspective that took hold in Western civilization as the seventeenth century progressed. When the Royal Society was founded in 1660—becoming officially “royal” with King Charles II’s 1662 charter—its leaders often referred to “Baconian ideals.”


We live in the world that such thinking has brought us. It seems normal to us that “science marches on,” but it’s worth remembering that for long periods of human history it did nothing of the kind. Francis Bacon was one of the key figures who gave science its marching orders.


SEE ALSO The Sceptical Chymist (1661)
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Francis Bacon, the world’s first highly placed science advisor.
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Yorkshire Alum


Thomas Chaloner (1559–1615), Louis Le Chatelier (1815–1873)


Since Roman times, alum (a general name for a range of aluminum sulfate salts) has served a number of useful industrial and medical purposes as a water purifier, blood coagulant, pickling agent, antiperspirant, and flame retardant (among other things). It was also vital to the textile industry for fixing dyed cloth so that colors would not bleed. The British Isles imported almost all of their alum from papal territory in Italy, however, and those supplies were abruptly cut off in 1533 when King Henry VIII, seeking an annulment of his marriage to Catherine of Aragon, decided to start his own church rather than submit to Pope Clement VII.


The hunt began for native supplies, but several attempts failed before the English naturalist Sir Thomas Chaloner succeeded in Yorkshire sometime around 1600. In 1607 a company was formed to work the process on an industrial scale. That process—a brutal trek through inorganic chemistry—involved mining out gray shale, which had a high content of aluminum silicate minerals. Heaps of this rock were dumped onto woodpiles, which were set on fire and allowed to smolder for months (slower cooking meant higher yields). This caused the shale’s iron sulfide to be oxidized into iron sulfate, which reacted with the aluminum-bearing minerals to create a crumbly, pink material. After this rock was soaked in large watery pits to remove the soluble sulfates, the resulting liquid was boiled down to concentrate it and treated with a potassium-bearing base. This was not an appealing step: ashes from burned seaweed were effective, but large quantities of human urine were often used instead. Finally, the desired potassium aluminum sulfate crystallized out much more readily when chilled, and this accident of solubility was used to separate it from the other (less valuable) salts.


The mining of the Yorkshire coast (and the collection of its inhabitants’ urine) went on until the middle of the nineteenth century. A better route to synthetic alum was discovered in 1855 by the French chemist Louis Le Chatelier, and not long after that, the aniline-derived dyes (beginning with Perkin’s mauve) made such fixatives obsolete.


SEE ALSO Paris Green (1814), Perkin’s Mauve (1856), Indigo Synthesis (1878)
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Remains of Peak Alum Works (established 1650) near Ravenscar in North Yorkshire. Sites of this kind can still be found throughout the region, providing excellent (and early) examples of “industrial ruins.”
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