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INTRODUCTION


A journey through the periodic table takes you all around the world, through the inner layers of the planet, and out across landscapes of life-giving and lethal substances. You splash in oceans of the incredibly rare, the utterly ubiquitous and the downright odd. You meet metals and minerals, scale heights that glow and glitter, and take in views of stunning colour and variety. You hear, see and feel the stuff of life on Earth. You float through our precious atmosphere and head off into the stars. It’s an amazing trip.


In this exploration of the elements, I begin with tales of the periodic table itself, and then spend time in the story of hydrogen, element number 1 and the most common in the universe. We finish with oganesson, element number 118, a fleetingly created and unstable heavyweight substance. The whole range and number of elements in between, the solids, liquids and gases of increasing weight, we meet within groups that share features – from the fiery alkali metals on the left, to the unflappable noble gases on the right.






Where did all the elements on Earth come from?


Which metals make the best colours for fireworks?


How can iodine save your life?


Will we ever discover an element beyond number 118?
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The Danakil Depression in Ethiopia has a dazzling elemental landscape of lava lakes, hot springs and colourful deposits of sulfur and potassium salts.
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Solids, liquids and glases…the elements have a vast range of characteristics.





FINDING THE ELEMENTS


We gain a glimpse of the early chemists’ experience: a revelation of the existence of many individual substances, and their intriguing characteristics. With a few exceptions – including oxygen and nitrogen in the air, plus gold, silver and sulfur – the elements aren’t just lying about in handy chunks awaiting collection. Many individual elements proved tantalizingly tricky to track down – and, over the last few decades, finding new elementary substances has meant creating them for ourselves.


Cracking all the elements has therefore involved thousands of people, over hundreds of years, across dozens of countries. In laboratories around the world, scientists have invented new experimental techniques and apparatus to pull things apart, measure their properties and identify their components. Along the way, creative thinkers have come up with new uses and applications for almost every substance and its compounds.
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The elements strontium, calcium and sodium are responsible for the colours in red, yellow and orange fireworks.








ATOMIC STRUCTURE


A quest for simplicity in complexity has often served scientists very well. The underlying structure of the atom, with its nucleus of protons and neutrons, and outer layers of electrons, proved to be the key to understanding the elements. It transpired that the secret behind an element’s position in the periodic table is the number of protons in its nucleus. The reason for its chemistry and family features turned out to be because of how its electrons are arranged.


The discovery of elements is a drama that may never end. At the time of writing, the periodic table has no gaps; all the elements are confirmed and have received official names. However, more new elements may be waiting in the wings. A few weeks ago, I rediscovered a periodic table model given to me by my former chemistry teacher, Ted Lister, who was also the source of some of my first opportunities in science writing. The fact that the model stops at element 109, and that some of the controversial names of the heavy elements have altered and swapped around since then, reinforces the changing and developing nature of chemistry.


Elements 119 and onward could be synthesized in the future, and would presumably begin an eighth row, or period, of the table. Their electrons would be in new and different arrangements. It’s possible that the inner electrons would be travelling near the speed of light, moving so fast that they gain mass according to Einstein’s theory of special relativity. They may behave oddly.
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Time magazine published this spiral-shaped periodic table in 1949, beginning with hydrogen at the centre and using colours to link elements with similar properties.





LIFE-CHANGING ELEMENTS


Every current element has its own profile in the book – a fact-file of characteristics and sources. What I have found so intriguing is how these details, and the stories you find in each chapter, answer the question of how each element has changed human lives.


From the wisdom of ancient peoples who knew of magnetism, platinum-working and steelmaking, to the latest discoveries in medicine, engineering and space travel, I have let the stories range as widely as possible. Research led me into many areas of contemporary science as well as history, and I also enjoyed returning to a couple of textbooks from my student days in the physics department at Imperial College London.
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Otto Theodor Benfey published his periodic table, dubbed the Periodic Snail, in 1964. The elements again proceed in a spiral but the structure allows for the transition metals, as well as substances beyond the actinides.
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Stories of the elements take us from magnetism to medicine, steelmaking to space travel.





One such book was Elementary Particles by David Griffiths, the other The Solid Earth by Mary Fowler. This second book helped me dig deeper into the story of Inge Lehmann, a Danish seismologist whose work showed that the Earth’s inner core is a solid sphere of iron. However, in writing an earlier chapter of the book, I had also been delighted to discover that Fowler – a distinguished geophysicist – is the great grand-daughter of Ernest Rutherford, whose scientific work and laboratory leadership led to the understanding of the structure of the atom.
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Geophysicist Mary Fowler is Master of Darwin College, Cambridge, and great grand-daughter of Ernest Rutherford.





THE PIONEERS


I tried to include lots of the characters whose personal stories illuminated corners of the periodic table in memorable ways. Among dozens of brilliant people, some are featured as Periodic Pioneers, as my daughter Natalie named them. Dmitri Mendeleev is one, who published the first functional periodic table in 1869. Ernest Rutherford is another. Marie Curie, the pioneer of radioactivity, follows – the only person to win Nobel Prizes in both physics and chemistry. Then there is Lise Meitner, who never won a Nobel Prize but had an element named in her honour. The discoverer of heavy elements, Glenn Seaborg, comes next – another person whose name appears among the elements – and then Kosuke Morita, who was the first Asian scientist to name an element.
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Pioneer of the periodic table, Ernest Rutherford.





Despite the diversity of these pioneers, I was startled to notice in my research a tendency for people involved in the history of the elements to have the names William and Henry. In no particular order, the book’s tally of Henrys includes: Henry Cavendish, Heinrich Geissler, Martin Heinrich Klaproth, Johann Heinrich Schulze, Henry Roscoe, Henry Bessemer, Heinrich Rose, Henry Moseley and Henri Moissan. When it came to Williams, I included: Robert Wilhelm Bunsen, Carl Wilhelm Scheele, August Wilhelm Hofmann, William Brownrigg, William Gregor, William Hillebrand, William Crookes, William Withering, William Hyde Wollaston, William Merriam Burton, Wilhelm Roentgen, William Shockley, William Lawrence Bragg, Wilhelm Blitz, William Ramsay and William Buehler.


Some people ticked both the boxes: William Henry Perkin, William Henry Fox Talbot and William Henry Bragg.
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William Henry Perkin made great discoveries – but it wasn’t his names that made him so gifted.
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Kosuke Morita discovered element 113 and named it nihonium.





All these people made groundbreaking discoveries – but surely we wouldn’t conclude it was because their names gave them intrinsic scientific prowess. More likely that, over the last few centuries, if you were called William or Henry you were more likely to have the cultural access and science capital to pursue scientific research at all.


But, ultimately, I found all the elements of a good story in the story of the elements. There were coincidences and mishaps, victories and tragedies, leaps of inspiration and dogged years of experimentation. I was glad to encounter multiple examples of scientists from contrasting places and walks of life who had the brains, the insight, the tenacity and wit to advance our understanding. In another hundred years, perhaps the range of names in scientific research will be considerably wider again than I have been able to make it here.
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Liquid samples injected into a mass spectrometer are bombarded with electrons to create ions, which then travel through electric and magnetic fields to reach a detector.
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A mass spectrometer in use in the UK in 1949.





THE WEIGHT OF ATOMS


We know that all of the natural and artificial things around us are made from 118 different substances. But as atoms are so tiny, how did scientists measure the elements to determine their atomic weights?


In 1918, Canadian-American physicist Arthur Jeffrey Dempster built the first modern mass spectrometer. Inside, he could bombard samples of an unknown substance with electrons, causing ions – charged particles – to break off and fly along a tube through a magnetic field. Since ions of different mass would be deflected by characteristic amounts, Dempster could then identify the substance.




MASS SPECTROMETER


If an atom or molecule has an electric charge, its path will curve as it passes through a magnetic field. So, first of all, the elements in a sample are ionized – turned into charged particles – by knocking off electrons.


Then the ion stream is accelerated through a magnetic field. The deflection in the field depends on the ions’ mass. The heavier the ions in the stream, the less their path curves. In addition, the amount of charge affects the deflection.


Ions are detected and identified at the other end of the tube. By varying the magnetic field you can detect ion streams of different substances.
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As well as calculating a precise atomic weight for oxygen, Edward Morley worked with Albert Michelson on a famous experiment trying to detect the luminiferous ether in which scientists thought light travelled.





In 1919, in the UK, Francis William Aston also built a mass spectrometer. He used it to show that lots of common elements, including neon, chlorine and bromine, lithium, potassium, calcium and tin, existed as atoms of different weight, called isotopes. It meant some of their atoms had differing numbers of neutrons – and it made sense of some puzzling experimental results. Aston was awarded the Nobel Prize for Chemistry in 1922 for his find.


But there had been many years of research prior to the mass spectrometer. Almost every 19th-century chemist, for example, spent time trying to determine atomic weights – they were needed for understanding reactions and calculating ingredient ratios. In the early 1800s, English chemist John Dalton took hydrogen as a unit and used it to compare other elements’ relative weights. Swedish pioneer Jacob Berzelius did something similar but using oxygen as a standard, in 1818.


The most impressive of such efforts was the work of Edward Morley, an American chemist who, in 1895, announced an incredibly precise value for the atomic weight of oxygen compared to hydrogen. He had calculated the figure through an elaborate series of experiments over the course of 11 years. Since so many other elements’ weights were found by synthesizing oxides – an element plus oxygen – it was a great step forward.


Early periodic tables tried to order the elements using atomic weights. Chemists today still measure atomic weight, also called relative atomic mass, in relation to the mass of an atom of carbon-12. The calculation takes into account the average mass of all an element’s isotopes and allows scientists to measure reactants and products accurately.
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British-American astrophysicist Cecilia Payne discovered the composition of stars in 1925.





THE SOURCE OF OUR ELEMENTS


Where do all the elements on Earth come from? To answer the question takes a real star. In 1925, a British-American scientist called Cecilia Payne (later Payne-Gaposchkin) first realized that the Sun was mostly made of hydrogen and helium. She made the finding during her Ph.D research – and came into immediate conflict with the prevailing view, which was that stars had a similar chemical make-up to Earth. But Payne was right. When doubters caught up with her, four years later, the abundance of hydrogen fuelled many more discoveries. English astronomer and physicist Arthur Eddington had already suggested that, within stars, lighter elements might be squeezed together into heavier ones. He published the work in 1926, but nobody fully understood how it might happen. German-born physicist Hans Bethe then worked out how stars produce energy. The process within our Sun, for example, involves four hydrogen nuclei fusing to form one helium nucleus. The mass of helium is less than the sum of the hydrogen nuclei, and the difference in mass turns into energy.
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Payne deduced that hydrogen was by far the main element in the stars, and was therefore the most abundant element of all.





Hydrogen and helium had been around since the beginning of the universe. For the first few minutes after the Big Bang, it was pretty much all there was. As things cooled and stars formed and ignited, element production could begin.
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Iron (left) and nickel (right) are the heaviest elements our Sun can make.
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Fred Hoyle.





STELLAR INGREDIENTS


But how would stars go about making elements heavier than helium? English astronomer Fred Hoyle published the first research relating to making more elements within stars in 1946. His 1954 paper entitled Synthesis of the elements between carbon and nickel then explained how the stellar ingredients hydrogen and helium could turn into the most common elements on Earth. With colleagues Margaret Burbidge, Geoffrey Burbidge and William Fowler, Hoyle expanded the idea to account for even heavier elements.


Once a star’s core turns to iron and nickel, it can no longer generate energy through fusion. It may then turn supernova, exploding with terrific energy – and making many more, heavier elements. As atoms are blown outward, they are bombarded with neutrons that they capture in their nuclei, turning into new protons. As a result, iron can turn into gold; gold into lead and so on, up to the heaviest star-formed element, uranium.


And so, the elements blast out into space. Some of the matter regroups and is recycled into new stars. Some arrives here on Earth – the way it has done for billions of years. Perhaps it seems like a bit of stardust to the supernova. To us, these elements are the stuff of life.
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Margaret Burbidge, Geoffrey Burbidge and William Fowler worked with Fred Hoyle on a landmark 1957 scientific paper about how the stars synthesize elements. It is known as B2FH after its authors.







ELEMENTS MADE IN A SUPERGIANT STAR
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Super red giants fuse hydrogen to helium, helium to carbon and so on up to iron and nickel, before turning supernova and making even heavier elements.
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MAKING SENSE


Patterns are how we make sense of the world around us. When we are babies, the vague realization that our gurglings or wriggles lead to more-or-less predictable outcomes is one of the ways we learn. Our earliest ancestors noticed sequences of day and night, warm seasons and cold, the constellations shifting slowly across the skies, and built an understanding of nature.


Today, even though the world often seems incomprehensibly complex, we all use patterns in a scientific way. We sense a system in the way things work, use it to predict an outcome, and adjust our expectations for next time according to the results. Our understanding is that, despite complication and chaos, there is order and meaning – and we are determined to find it.


The Greek thinker Empedocles suggested 2,500 years ago that earth, fire, air and water were the indestructible elements that lay within all substances. The idea was that every existing material had properties of the four elements, and could change from one substance to another if the proportions of the elements were altered. Empedocles’ notions were adopted and popularized by Aristotle, who was born a hundred years later.
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Fire, water, earth and air were the four elemental ingredients of all matter, according to Greek thinker Empedocles.
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Jabir ibn Hayyan, the 8th-century chemist, had influential ideas about classifying substances, and carried out wide-ranging practical experiments.





The four-element system was compelling enough to survive for centuries. In the year 790 CE, in Iran, Jabir ibn Hayyan additionally suggested that metals were made from two elements, sulfur and mercury. Known as Geber in the West, his ideas reached Europe via translations into Latin in the 11th century, as did many other Arabic texts. The charismatic Swiss doctor Paracelsus added salt to the duo of sulfur and mercury in the 1500s and called them the three principles, from which nature made all things.


Elements then meant something very different to today. Superstition often flourished as alchemists used the different elements to try to harness forces to turn base metals into gold or give eternal life. But people were looking for patterns by which to make some sort of sense of things – an impulse that led ultimately to great sweeps of human development. In terms of the chemistry and physics of our world, a gradual recognition of patterns and systems is how we have come to understand everything from the solar system to our own bodies.
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Paracelsus’ writings are full of mystical cures and alchemy, but he was one of the first people to bring chemistry into medicine.








REMAINING QUESTIONS


That is not to say that everything is now sorted out, tidied up, cut and dried. The search for answers continues in science, engineering and medicine. What is the process by which a healthy brain builds itself? How can we make sense of black holes? Why does the placebo effect work? When will the whole world have clean water? What is consciousness? Will fusion power mean unlimited energy? Why do cells in the body sometimes turn cancerous? When will we be able to teleport ourselves from one place to another? How would we recognize signals from aliens?


Progress in areas like these is vital for the wellbeing of our populations and planet. But to be able to tackle questions of such complexity is in itself a privilege. Our research today is based on thousands of discoveries and breakthroughs from the past, fundamental principles, laws, relationships and observations. Every scientist working now is able to draw on a hard-won and continuing history of proposals and proofs, missteps and corrections, ideas that withered away – and ideas that have come to fruition.


PRIZE-WINNING PATTERNS


New discoveries are helping to tackle significant questions, for example:


•   How do our cells build the proteins we are made of? In 2009, the Nobel Prize for Chemistry was awarded to Venkatraman Ramakrishnan, Thomas Steitz and Ada Yonath for working out the detailed structure and mechanism of the ribosome, a complex machine that reads protein recipes and then creates them.
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Thomas Steitz.
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Venkatraman Ramakrishnan.
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Ada Yonath.





•   What are the new materials that could transform electronics and battery technology? An entirely new form of carbon, called graphene, was the subject of the 2010 Nobel Prize for Physics. Awarded to Andre Geim and Konstantin Novoselov, the prize celebrated a material that is at the same time incredibly thin, strong, conductive and transparent.


•   Where are the medicines that can treat the world’s biggest killer diseases? Chinese chemist Youyou Tu won the 2015 Nobel Prize for Medicine for her work to extract a substance called artemisinin from sweet wormwood, a plant used in Traditional Chinese Medicine. Artemisinin is being used to inhibit the malaria parasite and has improved the lives of millions.
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Youyou Tu.








PATTERNS OF MATTER


The periodic table is where patterns of matter in our world are clearly laid out. It brings together all the known pure substances in a systematic way that helps summarize their intrinsic nature and visualize their properties.


The first two columns contain elements that become increasingly reactive as you descend the table. They are the very lively alkali metals in the first column, and the slightly calmer alkaline earth metals in the second.


In the centre of the table are the transition metals, which form a broad block of mostly tough and useful stuff with some precious or unusual metals, such as mercury, in the mix.


Beneath these – actually belonging between the alkaline earths and the transition metals, but placed below for ease of presentation – are two groups that together form the rare earth metals. The upper row contains the lanthanides, dense shiny metals that slowly tarnish in the air. The lower row contains the actinides, which are all radioactive.


The next four vertical groups, headed by boron, carbon, nitrogen and oxygen, tend to be metallic in nature at the lower left-hand corner, and non-metallic toward the upper right-hand corner. Oddly enough, although there are so many metals in the periodic table, it is among the non-metals that we find the most abundant elements in our world and universe.


A double diagonal strip runs through this group-of-groups, consisting of the semi-metals that are so useful in semiconductors, the basis of our computers.


In the penultimate column of the periodic table, the halogens are highly reactive at the top of the group and decreasingly so as you go down. The final column contains the noble gases, which are all colourless gases and uniformly nonreactive.


So, how did people put together the pieces to build the periodic table? What were the patterns they perceived that helped create the table in its current form? And how did their insights help further our understanding of how the world works?
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THE POWER OF OBSERVATION


Jan Baptist van Helmont lived in a volatile period for chemistry. Born in 1580 in Brussels, he was well aware of the alchemical teachings of Paracelsus. On the other hand, he wanted to learn by observation and experimentation, as did contemporaries including Galileo Galilei in Italy.


Van Helmont tackled a common misconception of the time: that plants grew by eating soil. He grew a willow plant in a pot by itself, providing it only with water. After five years, the plant had gained hugely in weight while the soil had lost only a few grams.


For his next trick, van Helmont also demonstrated that if you dissolve silver in acid, you can recover all the precious metal again by using iron. It seemed like the beginning of the end for alchemy – and the start of new ways to classify substances.


THE DECLINE OF ALCHEMY


Robert Boyle would help hasten alchemy’s demise. In 1641, when he was 14, the young Anglo-Irish aristocrat travelled to Italy. Galileo was living in Florence under house arrest because of his ideas about the Sun, rather than the Earth, being at the centre of the solar system.


Boyle read and appreciated Galileo’s mathematics, which shed light on the fundamental motion of planets and pendulums alike. He returned home and a few years later moved to Oxford and set up a laboratory to study vacuums and gases. While working with Robert Hooke, Boyle discovered a mathematical relationship between the volume and pressure of a gas – when multiplied together they are constant: when one increases, the other decreases. He also found that sound cannot travel through a vacuum – and fire cannot burn in one.
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Italian physicist and astronomer Galileo Galilei published this radical diagram in 1632, showing the six known planets orbiting the Sun.





SCEPTICAL CHEMISTRY


In 1661, Boyle published his most influential book, The Sceptical Chymist, applying his rational eye to the study of chemistry. He correctly identified that elements were substances that could not be decomposed further. He emphasized the need to repeat experiments and gather plenty of data before drawing conclusions – and he rejected both Aristotle’s and Paracelsus’ elements.


Boyle moved to live at his older sister Katherine’s home in London’s fashionable Pall Mall in 1668. Katherine was interested in science in her own right, and commissioned work to build a new laboratory, which Robert used for the next 30 years.
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Alchemy played an important part in Robert Boyle’s thinking, but he also believed in practical chemistry and the recording of results.
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Robert Boyle experimented on air, successfully showing that sound from a bell did not travel through a vacuum.








SPA WATERS AND SCIENCE


Bubbling mineral waters and springs have sustained the search for patterns in chemistry over the centuries.


Italian doctors studying health-giving springs in the 13th century were continuing a line of thought from antiquity. Ancient Greek writers spoke of evaporating mineral waters to examine what remained. Giacomo de Dondi recommended in the 14th century that you should test such a residue on hot coals to release any hidden odour. Bartolomeo Montagnana, who died in 1460, analyzed spa waters by distilling out their mineral contents, a process by which different contents of the water could be identified by their boiling points. His contemporary, Michael Savonarola, developed ways to identify sulfur in mineral water residue because it burned with a particular colour flame.


Jan Baptist van Helmont experimented with mineral water in the early 1600s, discovering a number of gases including carbon dioxide, which he called spiritus sylvestris. Robert Boyle published a study of London well water in 1685, setting out for the first time a clear method for analyzing its chemical composition. Friedrich Hoffmann, a German doctor, wrote about “steel waters” to strengthen limbs and “bitter purging waters” to help with fever, basing his chemical tests on those of Boyle.


Peter Shaw, one of King George II’s doctors, translated Hoffmann into English in 1731 and went on to develop a method for analyzing water based on his understanding that mineral waters contained salts, earths, sulfurs and fumes – this was the result of dissolved minerals from nearby rocks.


Joseph Priestley was a polymath from northern England, who studied mineral water hoping, like many, to recreate healing properties. He studied a variety of gases, deciding that there were three types of air: fixed, alkaline and acid. In 1774 he isolated an entirely new kind of air, which turned out to be oxygen. He even succeeded in producing the first artificial fizzy drink in 1772 – water impregnated with fixed air, as he called carbon dioxide. It was a sensational success.
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What’s in your drinking water? The study of springs and spas helped advance chemistry.
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The thermal baths at Vichy in France were popular in Roman times, and had their heyday in the 1930s.
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Torbern Bergman’s book De Analysi Aquarium gave the first comprehensive analysis of mineral water.





When Swedish chemist Torbern Bergman wrote a tome on mineral water analysis in the 1770s, he called it “one of the most difficult problems in chemistry”. Nonetheless, the study of spring water had yielded new elements, new techniques – and even a new industry, in soft drinks.





EARLY CLASSIFICATION


One way to organize substances was by their tendency to combine – a property known as their chemical affinity.


A French chemist and doctor called Étienne François Geoffroy produced a table of affinities in 1718, which used symbols to represent acids, alkalis, metals and water. At the top of each column was a substance with which all the items below could combine. For example, the substance at the top of the third column was nitric acid, which the table recorded would combine with the metals below: iron, copper, lead, mercury and silver.


What is remarkable is that the order in which these metals appeared in the 300-year-old table is similar to a reactivity series today.
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When he created his table showing the ways chemicals interacted, Étienne Geoffroy used symbols from alchemy to represent substances such as sulfur, iron and gold. But there was some good science in his observations of patterns in reactivity.







ALCHEMY IN THE ARABIC-SPEAKING WORLD


Investigation and discovery flourished in the Arabic-speaking world from the 7th century. Despite the continuing mystical aspects of alchemy, there was much practical chemistry we might recognize today. Chemists worked in laboratories using crucibles, scissors and spoons; furnaces, funnels and filters. Most interestingly, they had perfected the process of distillation – the process of separating a mixture into its component parts by using their different boiling points. Glass alembics from as early as the 8th century exist in museum collections today, their name, al-inbiq, a reminder of their origins.
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Rosewater was one product distilled during the 8th century.





Arabic-speaking alchemists defined elementary properties of substances in terms of heat, cold, dryness and moisture. Their ultimate goal was to gain wisdom rather than riches, so the rules of the alchemist were deliberately cloaked in mystery to avoid them being used carelessly. A famous text by doctor and alchemist Al-Razi was called Secret of Secrets.
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Chemists mix remedies in this Arabic translation of the Materia Medica by 1st-century scholar Dioscorides.





But their records include the first descriptions of substances including sulfuric and nitric acid, along with soda (which they called al-natrun) and potassium (al-qali). Other words with an Arabic legacy include alcohol (al-kohl) and elixir (al-iksir). The researchers of this period may not have found all the secrets of life, but their legacy certainly survives.





Such a useful table gained huge popularity among researchers. A dozen other chemists published affinity tables in the later 18th century, the largest of all by Torbern Bergman, the Swedish professor of chemistry who also studied mineral waters. In 1775 he developed a 50-column, 50-row chemical affinity table showing thousands of chemical reactions. Up until this time, chemists had always assigned alchemical symbols to particular substances, but Bergman used letters to denote the single or combined species in the table: A, B, C as individual substances and AB, AC as compounds.


A LIST OF ELEMENTS


It was a pioneering French chemist, Antoine Lavoisier, who would make the first giant steps toward a true understanding of elements. He was fastidious about accurate measurement, and one of his theories was that mass was conserved in reactions – whether or not you could still see the products. In 1772, he performed an incredible experiment using a huge vinegar-filled lens, in which he burned a diamond apparently to nothing, then weighed the jar and found it unchanged. The same occurred when he burned charcoal, and he deduced that the substances were forms of the same element. He named it carbon.




[image: illustration]


By using a huge lens that focussed the rays of the Sun, Antoine Lavoisier burned a diamond until it seemed to disappear – but its mass was conserved.
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French scientist Antoine Lavoisier worked on experiments that put modern chemistry on the map.





Lavoisier investigated the science of burning, which most people believed occurred because substances contained a component of fire called phlogiston. Lavoisier learned of work on gases by Joseph Priestley, and also an experiment by reclusive English scientist Henry Cavendish in 1766, in which he had created a gas he called inflammable air. Lavoisier realized it was oxygen rather than the fictitious phlogiston that made things combust, and, in 1779, he named the gas oxygen.


He had already confirmed, in 1777, that sulfur was an element – a substance that could not be broken down any further. But it was a huge surprise to many people to learn that Lavoisier had shown water was not an element – he could make it by combining oxygen with hydrogen.


In 1789, Lavoisier published his groundbreaking book, Elementary Treatise on Chemistry. In it, he listed substances he said were chemical elements, including oxygen, nitrogen, hydrogen, sulfur, phosphorus, carbon, antimony, arsenic, cobalt, copper, gold, iron, manganese, molybdenum, nickel, platinum, silver, tin, tungsten, bismuth, lead, manganese and zinc.
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Lavoisier made the first extensive list of elements, including cobalt, copper, gold, tin and zinc. He confirmed carbon as the name of an element with two forms: charcoal and diamond.





These were all correct. He did, however, also include a substance called caloric, which he thought explained why things heated up – a fiction that lasted until James Joule, in 1849, showed how energy could be converted from one form to another. However, Lavoisier’s work had elevated chemistry to an entirely new level.


SIMPLICITY FROM ATOMIC THEORY


Elements could be invisible gases, they could be metallic solids…so what were these substances like at a fundamental level? John Dalton was a self-taught scientist and lecturer in Manchester, northern England. In 1802, he published some new ideas relating to gases, including useful principles and laws that brought him to wider notice. He independently made discoveries about the pressure of two gases mixed together that was made famous by the French chemist Joseph Louis Gay-Lussac, in 1808.


Dalton agreed with many scientists of the day that matter was made from particles too small to see. But his breakthrough was to realize that all atoms of a particular substance are identical, and can be identified by their weights. In a book of 1808 he revealed his atomic theory. It was like a new language for chemistry.
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John Dalton’s scientific interests included atomic theory, meteorology and also colour blindness.
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Dalton devised a system of symbols for 20 elements and worked out atomic weights for them.





Dalton worked out the atomic weights of 20 substances, to which he assigned symbols, and also stated that these elements would combine together in simple, whole-number ratios. In a pamphlet promoting his book, Dalton wrote that it “tends to place the whole science of chemistry upon a new, and more simple, basis than it has been upon heretofore.”


ATOMS TO MOLECULES


Around the same time as Dalton was working in England, an Italian scientist called Amedeo Avogadro was also wondering about atoms. In his twenties he had already produced his first scientific paper, which used the newly invented voltaic pile, or battery, to investigate salt solutions.


He studied John Dalton’s work on atoms, and also Joseph Louis Gay-Lussac’s ideas about how gases react. Then, in 1811, he published a paper containing the idea that we now know as Avogadro’s law: that equal volumes of all gases at the same temperature and pressure will contain the same number of atoms. Avogadro was the first to realize that elements could exist as molecules rather than as individual atoms – as hydrogen, oxygen and many other elements indeed do.
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Amedeo Avogadro understood that elements could form molecules rather than existing only as individual atoms.








MORE NEW ELEMENTS


In Sweden, scientists were successfully seeking new elements. Jacob Berzelius was a trained doctor whose first love was chemistry. Like Avogadro in Italy and Humphry Davy in England, Berzelius wanted to apply electricity to chemicals using battery technology. He learned how to split salts, and contributed to elemental discoveries by Davy via their correspondence.


In 1803, Berzelius discovered a new element, cerium, and also found thorium in 1815, selenium in 1817 and later isolated silicon. But his masterwork was a huge table of atomic weights, begun after encountering John Dalton’s work and published in 1818. He could not quantify atoms directly, so the idea he pursued was to use the element oxygen as a standard against which to measure other substances. Beginning with gases, then moving on to metals, Berzelius purified and analyzed hundreds of compounds and found remarkably accurate weights for many elements. He also rationalized the chemical symbols used for the elements – calling each by a one- or two-letter short form based on their Latin name.
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Chlorine, bromine and iodine have similar properties.
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A Swedish postage stamp of 1979 remembered pioneering chemist Jacob Berzelius on the 200th anniversary of his birth.





ELEMENTS IN THREES


Lists of elements were getting longer. A breakthrough in organizing them into manageable subsets appeared in 1817. A German chemist called Johann Wolfgang Döbereiner showed that the weight of the element strontium was halfway between those of calcium and barium. He later managed to make a similar link between other chemical triplets – chlorine, bromine and iodine; and lithium, sodium and potassium – which he noted had similar properties. Döbereiner published a report in 1829, referencing the efforts of Berzelius in working out the atomic weights of bromine and iodine.


Döbereiner made his calculations based on atomic weights, prior to Avogadro’s insight into the fact that some elements existed as molecules – but, even so, his averages did relate substances together in the right ways.


ELEMENTS IN EIGHTS


A sweet-sounding answer to the question of elemental patterns was English scientist John Newlands’ idea in 1864. He noticed that by arranging the elements into order of their atomic weight, their properties repeated every eighth element. It was like the patterns of notes on a piano and he wrote that the elements “stand to each other in the same relation as the extremities of one or more octaves of music.”


He presented his work to the Chemical Society of London, but they did not take to the idea, to Newlands’ great disappointment – one problem was that, further up the scale, the properties of the elements did not really continue the pattern closely. It turned out this was because elements were missing, but Newlands did not want gaps in his table and chose to close them up.
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