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PREFACE
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I have always been struck by the opening of Somerset Maugham’s The Vessel of Wrath. The author sits in his study, leafing through the Yangtse Kiang Pilot, and in his mind’s eye the tide tables and navigation directions gradually take on a sense of reality. In his imagination the contours and tables give way to a richer version, as he becomes aware of trees, roofs, and finally the people who are the subject of his tale. So I would like you to accompany me on a journey of imagination through the austere navigation chart of chemistry, the periodic table of the elements. But in our mind’s eye we shall see it as a country—the Periodic Kingdom—populated, as we shall see when we descend to its surface, by personalities. We shall fly through the landscape of the kingdom, see its rolling hills, its mountain ranges, its gorges, and its plains. We shall land, and walk among its broad meadows and across its hills. We shall even burrow beneath the surface, and discover that there is a hidden structure, a mechanism, that controls and governs the kingdom. For this is a rational place.

The periodic table is arguably the most important concept in chemistry, both in principle and in practice. It is the everyday support for students, it suggests new avenues of research to professionals, and it provides a succinct organization of the whole of chemistry. It is a remarkable demonstration of the fact that the chemical elements are not a random clutter of entities but instead display trends and lie together in families. An awareness of the periodic table is essential to anyone who wishes to disentangle the world and see how it is built up from the fundamental building blocks of chemistry, the chemical elements. Anyone who seeks to be familiar with a scientist’s-eye view of the world must be aware of the general form of the periodic table, for it is a part of scientific culture.

I have presented the periodic table as a kind of travel guide to an imaginary country, of which the elements are the various regions. This kingdom has a geography: the elements lie in particular juxtaposition to one another, and they are used to produce goods, much as a prairie produces wheat and a lake produces fish. It also has a history. Indeed, it has three kinds of history: the elements were discovered much as the lands of the world were discovered; the kingdom was mapped, just as the world was mapped, and the relative positions of the elements came to take on a great significance; and the elements have their own cosmic history, which can be traced back to the stars.

The Periodic Kingdom also has an administration, for the elements have properties governed by laws that control their behavior and determine the alliances they form. This administration is to be found in the properties of atoms, and of the electrons and nuclei that constitute atoms.

I have not presumed any prior knowledge of chemistry. All I ask is that you use your imagination to interpret the geographical analogies in terms of concrete entities. We shall fly through the landscape together, and land when it suits us. In this way we shall discover a rich kingdom, of which our actual world is a manifestation.

I would like to thank Jerry Lyons, who edited this book, for a number of helpful suggestions, and Sara Lippincott, who as copy editor helped admirably to elucidate what I wanted to say.

Oxford, January 1995
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GEOGRAPHY


CHAPTER 1
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THE TERRAIN

Welcome to the Periodic Kingdom. This is a land of the imagination, but it is closer to reality than it appears to be. This is the kingdom of the chemical elements, the substances from which everything tangible is made. It is not an extensive country, for it consists of only a hundred or so regions (as we shall often term the elements), yet it accounts for everything material in our actual world. From the hundred elements that are at the center of our story, all planets, rocks, vegetation, and animals are made. These elements are the basis of the air, the oceans, and the Earth itself. We stand on the elements, we eat the elements, we are the elements. Because our brains are made up of elements, even our opinions are, in a sense, properties of the elements and hence inhabitants of the kingdom.

The kingdom is not an amorphous jumble of regions, but a closely organized state in which the character of one region is close to that of its neighbor. There are few sharp boundaries. Rather, the landscape is largely characterized by transitions: savannah blends into gentle valleys, which gradually deepen into almost fathomless gorges; hills gradually rise from plains to become towering mountains. These are the images, the analogies, to keep in mind as we travel through the kingdom. The principle to keep in mind is that not only is the material world built from a hundred or so elements but these elements also form a pattern.

At this stage, all we shall aim to achieve is an appreciation of the pattern, a familiarity with the countryside of the kingdom. From overhead we see that it stretches in a great vista, from hydrogen to beyond distant uranium. There are known regions beyond uranium, but in the very far distance lies an unexplored horizon awaiting a new Columbus. Closer to us is more familiar territory—regions such as carbon and oxygen, nitrogen and phosphorus, chlorine and iodine. By the end of this initial survey, we shall be familiar with many more regions, and know them as the equivalent of desert, swamp, lake, or pasture.

Even from this height, far above the country, we can see broad features of the landscape (fig. 1). There are the glittering, lustrous regions made up of metals and lying together in what we shall call the Western Desert. This desert is broadly uniform, but there is a subtlety of shades, indicating a variety of characteristics. Here and there are gentle splashes of color, such as the familiar glint of gold and the blush of copper. How remarkable it is that these desert lands make up so much of the kingdom (about 86 of the 109 known elements), yet the kingdom supplies such luxuriance to the real world! This abundance suggests that the desert’s barrenness is an illusion, and that when we are closer we shall see that it is rich in the equivalent of minerals and that its bleak landscape possesses a wide range of physical and chemical properties. But closer inspection is for later. Now we are still far above the surface of the kingdom, and the desert’s variety is not readily apparent.
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FIG. 1.

The general layout of the Periodic Kingdom, with some of its characteristic regions labeled. The Western Desert and the Southern Island comprise the metallic elements; all other elements are nonmetals.

To the east, the landscape varies markedly, even from this altitude. Here lie the softer regions of the kingdom, and a lake can be seen. But it is immediately clear that this is no ordinary kingdom, for the lake is not the limpid gray or blue of Earthly lakes but a striking deep red, verging on brown. This region is known as bromine, and it is one of only two lakes in this peculiar land. The other lake is on the eastern edge of the Western Desert, and is quite different in appearance, with a harshly metallic, silvery sheen. This is mercury, a liquid lake amidst the stone.

In these eastern lands, there is great variety of form and color, and the variety increases as we approach the eastern coast. The Western Desert has gradually modulated into regions that are seemingly metallic but have a softened personality, an ambiguity of character. Such elements include silicon and arsenic, and less familiar regions of the kingdom such as poloniuim and tellurium. Seemingly, the land is becoming chemically fertile, but in this unfamiliar countryside, the reality may differ from the first impression. Most striking from this altitude, we see the colors of the landscape. There is the familiar vivid splash of sulfurous yellow—the brimstone of yesteryear and hell. Its neighbor selenium varies, as though with the seasons, from metallic gray in one form to ruby red in another. How can a single substance take on such different hues? Selenium is not alone in this respect. The common element carbon also has remarkable variety: its most familiar form is sooty black, but it can modulate to sparkling diamond, gray metallic graphite, and the orange-brown of a recently discovered crystalline form called fullerite. We need to be aware of these various forms of a given element—forms we shall allegorically term its seasons, but which are actually termed its allotropes—because ignorance of them can lead to confusion. When we descend to the surface of the kingdom, we may find the elements in any one of their seasons.

The colors of the landscape become even more varied near the eastern coastline. Most striking of all are the halogens, a close-knit family of regions that includes the red lake of bromine. From this altitude, we see the gradation of their colors, from almost colorless fluorine in the far north, deepening through yellow-green chlorine to the neighboring ruddy bromine. South of bromine lies the lustrous purplish-black iodine, shimmering close to the southern shoreline. And south of iodine lies astatine, a region that has a name, but about which little else is known. Such ignorance is allied, as it so often is in the real world, with uselessness; if you have never heard of astatine, it is because there is apparently little point in knowing anything about it. It is one of the unexploited, unproductive, and only superficially investigated regions of the kingdom.

The variation of color in this zone is one of the more obvious aspects of the gradation of properties of the elements here. This part of the kingdom attracts the eye with its pleasing hues, and we are led to think there might be subtle trends needing closer inspection, even excavation, to discern. That is in fact the case, and when we travel through the kingdom on foot, we must be alert for modulations that do not show themselves so plainly. A part of the pleasure of chemistry—the name for the laws governing the Periodic Kingdom—rests in the discovery of deep underlying rhythms that span the kingdom's regions, uniting them into families.

One of these trends is essentially invisible to the naked eye. Just as we cannot see the air we breathe, some regions of the Periodic Kingdom appear to be devoid of substance. These seemingly empty regions lie on the eastern and northeastern coasts, landscape even less fertile in appearance than the Western Desert. But the northeastern coast is far from useless, for here lies oxygen, that almost universal harbinger of life. Oxygen is so vital to organic life on Earth today that where it is not available it must be supplied. We carry it beneath the sea in tanks; we conveyed it to the moon. We pump it into moribund bodies to help them keep their grip on life. We squirt it by the ton into engines to enable them to burn their fuel. Oxygen is the essence of animation, and animation and purposeful locomotion normally cease in its absence. Such is the hidden potency of this seemingly substance-free region on the northern fringe of the kingdom.

Invisible potency is not confined to oxygen. Its western neighbour, nitrogen, is also apparently without substance but essential to life: much biological and industrial chemical activity is focused on its capture from the atmosphere, where it is found in extraordinary abundance. The capture of nitrogen is called its “fixation,” and nitrogen fixation is a process of vital importance on Earth—as vital as photosynthesis, the fixation of carbon from atmospheric carbon dioxide. Nitrogen fixation had to be achieved long before humans appeared on Earth, because proteins are built from it, and proteins are essential to all varieties of organic life. Even the handing down of heritable information from generation to generation relies on nitrogen, because it is a component of deoxyribonucleic acid, or DNA, the stuff of genes. Without the apparently blank region of nitrogen, life would terminate: not only would there be no heritability but there would be no activity of any sort—for the gearwheels of life, the proteins, would not exist.

The regions of the eastern coast are a different matter. They, too, are gaseous, but they are largely inactive. They have gone by various names since they were first discovered by chemical explorers at the end of the nineteenth century. They were originally called the rare gases, for they were believed to be scarce. That is certainly true of some of them but not of all of them: one of these gases, argon, is more abundant in the Earth’s atmosphere than carbon dioxide. Helium, while rare in our atmosphere, is far from rare in the universe, where it makes up 25 percent of all there is and is second in abundance only to hydrogen. And radon, far south on the eastern coast, is dangerously abundant in parts of the Earth where natural radioactivity occurs. “Rare” is hardly a suitable way to characterize these plentiful gases, and the name has been abandoned. They were once also known as the inert gases; one reason this coastal fringe remained undiscovered for so long was that these elements were not found in combination. To the early chemical explorers, who made their discoveries by examining combinations of regions, the lands of the coastline remained invisible and even unsuspected. However, more recent attempts to coax them into combination have been successful, and the infertility of these regions has been overcome. That is not to say the coastal desert now blooms, but there is an occasional glimmer of fertility, the chemical equivalent of a blade of grass. So, gone too is the justification for “inert.” These regions are now known collectively as the noble gases, a name intended to imply a kind of chemical aloofness rather than a rigorous chastity.

In summary, the general disposition of the land is one of metals in the west, giving way, as you travel eastward, to a varied landscape of nonmetals, which terminates in largely inert elements at the eastern shoreline. To the south of the mainland, there is an offshore island, which we shall call the Southern Island. It consists entirely of metals of subtly modulated personality. North of the mainland, situated rather like Iceland off the northwestern edge of Europe, lies a single, isolated region—hydrogen. This simple but gifted element is an essential outpost of the kingdom, for despite its simplicity it is rich in chemical personality. It is also the most abundant element in the universe and the fuel of the stars.
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