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Introduction


‘Humans are pattern-seeking story-telling animals, and we are quite adept at telling stories about patterns, whether they exist or not.’ — Michael Shermer



‘You’re a bright kid but you’ve got no common sense!’; my mum’s catchphrase when I was growing up. I now understand that this is no bad thing for a scientist. Common sense, as my mum puts it, is ‘the most likely reason for what we experience’. It is our evolved way of responding to situations automatically, allowing us to gauge the world we live in.

Common sense has evolved with humans, determined by natural selection. Responses which increased the chance of living a long and fruitful life allowed humans time and resources to reproduce. Such responses and ways of thinking then became ingrained in the next generation. Those who made poor decisions about their environment lived shorter lives and were less likely to contribute to the next generation.

Man versus bear

As an ancient ancestor sleeps they are awoken by a noise. The leaves of a nearby bush are rustling. There is a lot more wind about than bears, so the most likely cause of the disturbance is the wind. Thinking rationally by weighing up the probabilities, they go back to sleep; but what if they are wrong? What if the rustle was actually caused by a bear? They would likely be eaten by the bear and thus no longer be able to reproduce. On the other hand, if they had assumed the unlikely possibility of the rustling bush being caused by a bear and left their bed to check, then they would have had a greater chance of surviving. The longer an individual survives the more likely they are to reproduce and pass on this way of thinking to the next generation.

The bias towards a pattern that is unlikely, and in the majority of cases turns out to be false, ensures survival. Natural selection therefore favours survival of animals which consistently give weight to illogical patterns in their experience of nature, on the off-chance that they are essential to survival. Humans, as the pinnacle of natural selection on Earth, are pattern-seeking individuals, but the patterns we find are biased.

Looking for reason

Tihs ptatren-skenieg aibitly can be swhon in a nmebur of dfeferint wyas. Aocdcrnig to rseecrah, it dseno’t mttaer in waht oderr the lterets in a wrod are, the huamn mnid can sltil raed it. Tihs is bucseae the huamn biran deos not raed ervey ltteer by istlef, but the wrod as a wlohe. The olny irpoamtnt tihng is taht the frsit and lsat ltteer are in the rhgit pclae; our barin flisl in the rset as it sekes a ptatren.

The bias of our brains can also be shown in optical illusions, where again our brains fit our observations to common sense. To perceive a true picture of the world, we must contrast and compare the patterns we see against those of others to remove any bias. This is the very heart of the scientific method.

This book

This book is the story of one of the greatest pattern-seeking accomplishments of humankind: the Periodic Table of Elements. To understand construction of the table we start with the lessons learned by European thinkers when reading writings from the ancient world, then look at the birth of chemical experimentation in the Dark Ages, when alchemists sought connections in nature. As elements continued to be discovered across the globe, and patterns formed, many tried to sort the elements according to various criteria. Next we consider the stroke of genius of Dmitri Mendeleev and how his work differed from that of previous scholars.

To understand the behaviour of each element we then dive inside the atom from which they are made. Discovery of atomic structure, and eventually the modern quantum atom, provides fundamental understanding of an element’s behaviour and placing in the table.

The rest of the book is dedicated to the individual elements: uses arising from their behaviour and tales of their discovery. After all 118 stories have been covered we end by discussing what the future holds for the table and the possibility of more elements to come.

Constructed from centuries of comparison of many different insights into nature, the Periodic Table is a testament to the scientific method but also our evolved ability to recognize bears in bushes.
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Do the lines look straight to you? Or is your brain searching for a pattern that does not exist?




Constructing the Table

From patterns to periods


Revolutions in thinking about the world around us swept through Europe in the first half of the 17th century. Ancient texts from Greece and Rome, once thought lost, were found in the libraries of the Arabic world. A new generation of European thinkers were privileged to share in the thoughts of Aristotle, Plato and many others on the matter of natural philosophy. Driven by the ease at which these texts could now be produced by movable-type printers, this was an age of rediscovery and renaissance and the beginning of the scientific revolution.



From alchemy to science

Natural philosophers of the time linked scientific thinking as we see it today with theology (religions) and metaphysics (the idea of being). For various reasons they were looking for connections, physical or spiritual, embedded in the world; some practised ‘magia’, a precursor to science, desiring to learn of those connections so that they might use them for some practical end. Alchemists were one such group: they had existed since the Middle Ages, and their aim was not only to find these connections, but to purify and perfect objects.

One practical aim that many of the groups had was to find an object that transformed common metals such as lead and mercury into precious gold. Discovery of this ‘Philosopher’s Stone’ was the goal of Hennig Brand, who spent all of his own money and the money of two wives searching for this mythical object. Although this was an ancient quest, Brand decided to use very modern methods of investigation. He experimented with human urine, and through heating and distilling, and then mixing the resulting residues, he found himself left with a glowing white substance. Without knowing, he had become the first person to chemically discover a new element; he named the glowing white substance phosphorus.
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The four ancient elements of earth, air, fire and water which Aristotle believed made up everything in the world around us. The elements were related by four qualities: hot, cold, dry and wet.

Modern chemistry and elements

As the years passed, the scientific revolution gathered pace. Many substances had been identified as unique in property and now scientists began to compare each of them to the other. In 1661 the Irish-born natural scientist Robert Boyle wrote what most consider the founding book of modern chemistry: The Sceptical Cymist. Boyle rejected the ideas of Aristotle that everything is made from the four elements of earth, air, fire and water. Instead Boyle expounded the modern idea that chemical elements were ‘perfectly unmingled bodies…not being made of any other bodies’, although he then continued by stating that there were not any known substances with ‘perfectly unmingled bodies’, not even gold, silver, lead, sulfur or carbon. As simple as the definition might seem, Boyle’s idea stood for over two centuries until the discovery of subatomic particles (see Atomic Physics).

In the years that followed, chemical experimentation resulted in the identification of more seemingly elemental substances. Whatever scientific method was employed, it seemed that such substances could not be reduced or separated further. Careful observation showed that some of these elements behaved in similar ways in similar experiments, but in others their behaviour was vastly different. Being the pattern-seeking animals we are, many scientists decided to look for underlying reasons for the results seen.

Starting to get things in order

In 1789 French nobleman and all-around self-promoter Antoine-Laurent de Lavoisier wrote Traité Élémentaire de Chimie (Elementary Treatise of Chemistry). Lavoisier identifies a number of ‘simple substances…which may be considered the elements of bodies’ and goes further to classify them as metallic and non-metallic substances. (The words metal and metallic come from the Greek and then Roman words for a mine – métallon, metallum – because these substances were extracted from the earth by mining or quarrying.) This is the first published classification of elements into groups and they were categorized based on the results they displayed in certain chemical reactions.

In 1817 the German chemist Johann Wolfgang Döbereiner grouped a number of the known chemical elements into groups of three, which he called triads. These triads of chemical elements had related properties, and the atomic mass of the middle element was calculated to be the average of the other two. This model was solid in reasoning but disregarded a large number of other elements.




	Element 1
Atomic mass

	Element 2
Mean of 1 & 3 Actual atomic mass

	Element 3
Atomic mass




	Lithium
6.9

	Sodium
23.0
23.0

	Potassium
39.1




	Calcium
40.1

	Strontium
88.7
87.6

	Barium
137.3




	Chlorine
35.5

	Bromine
81.2
79.9

	Iodine
126.9




	Sulfur
32.1

	Selenium
79.9
79.0

	Tellurium
127.6




	Carbon
12.0

	Nitrogen
14.0
14.0

	Oxygen
16.0




	Iron
55.8

	Cobalt
57.3
58.9

	Nickel
58.7






This table shows the triad groupings of elements by Johann Wolfgang Dobereiner, which he used to predict the atomic weight of central elements as an average of the other two. The upper number in the central column is the prediction and below are the very similar measured values.

By 1860 there were some 60 known elements, within which French geologist Alexandre-Emile Béguyer de Chancourtois noticed a repeating pattern. He placed the elements upon a helix (a spiral coiling around a cylinder) in order of increasing atomic mass. The elements that showed similar properties seemed to line up underneath and above one another. This repeating periodicity of properties was an amazing discovery but de Chancourtois’ realisation went largely unnoticed by chemists. Having used geological and not chemical terms in his 1862 paper, and originally publishing without a diagram of this brilliant idea, his genius was not truly realized until after his model was surpassed by that of Dmitri Mendeleev, some seven years later.

[image: ]
French geologist Alexandre-Emile Béguyer de Chancourtois’ 1862 helical arrangement of the elements.

Musical chemistry

With de Chancourtois in obscurity, the oblivious English chemist John Newlands was working on a classification method of his own. Like de Chancourtois, Newlands also noticed a periodicity in the properties of the elements, stating that ‘the eighth element starting from a given one is a kind of repetition of the first, like the eighth note of an octave in music’. Classifying all 62 of the then known elements, in 1864 he was the first to use the term ‘periodicity’ for the observed repeating pattern of chemical properties. Newlands was also the first, in 1864, to assign each element a number, which he used to accentuate his Law of Octaves, a name he coined a year later. Most powerful of all was the new classification system’s ability to make predictions; an essential part of any scientific model. Gaps that Newlands left in his table suggested that there might be as yet ‘unknown, or, perhaps, in some cases only unrecognized’ elements. While most of his suggestions of this type were later dismissed as incorrect, he did predict the ‘at present wanting’ of an element between silicon and tin, later discovered in 1886 (see Germanium).

As with so many discoveries ahead of their time, Newlands’ idea was ridiculed by his peers, so much so that a lecture he presented was not published as usual by the Chemical Society. A reason for the denial of publication could well have been the nefarious intentions of the then Secretary of the Chemical Society, William Odling, who was also working on a scheme for classifying the elements. It was not until 1887 that the Chemical Society recognized Newlands’ work; in 2008 they honoured his contribution as the ‘discoverer of the Periodic Law for the chemical elements’ with an inscribed blue plaque hung on the house in which he was born.

Odling’s work, which he published the same year as Newlands, was also in its way ahead of the time. He sorted the elements into repeating units of seven. He correctly identified that iodine should take place in the group after thallium despite it having a smaller atomic weight, something that Dmitri Mendeleev didn’t get right on his first attempt. He was also able to correctly group lead, mercury and platinum, something that his contemporaries missed. Odling was not given recognition because of his pivotal role in discrediting Newlands’ work.

All of this work by English, French and German scientists laid the foundations for our modern periodic table of the elements. Without the keen eyes and pattern-seeking abilities of these scientists, Dmitri Mendeleev would not have been able to formalize all of these ideas into the table we have today.




Mendeleev and the Modern Table

Dreaming of modern chemistry


Born in the bleakness of Siberia, Dmitri Mendeleev was the youngest of a long list of siblings (sources vary, but he is understood to have had either 11, 13, 14 or 17 brothers and sisters!). After losing his father at the age of 13 and following the loss of the family business in a fire, a young Dmitri was moved around Russia by his mother in search of a higher education. After refusal from the university in Moscow he was given a place in St Petersburg, at the university his father had attended, and was followed to the city by the remaining and now poor Mendeleev family.



After completing his studies, Mendeleev contracted tuberculosis and so moved to Crimea, an area long praised for the healing power of its waters, where he took a post as a science teacher. Returning to St Petersburg in 1857 with a clean bill of health, he married, gained his doctorate, and gained tenure over the next 10 years.

Dreaming of elements

Now teaching at the university, Mendeleev wrote the definitive chemistry textbook of his time: Principles of Chemistry (two volumes, 1868–70). While writing the textbook he was said to have envisaged the periodic table in a dream: ‘I saw in a dream a table where all elements fell into place as required. Awakening, I immediately wrote it down on a piece of paper; only in one place did a correction later seem necessary.’ Whether this was the truth or poetic licence after the fact, it was writing the book that forced Mendeleev’s attempt to classify the elements according to their chemical properties. In 1869 he presented to the Russian Chemical Society his idea of ordering and classifying the elements.

Without knowledge of work done by his English, French and German contemporaries Mendeleev not only summarized all of their work but extended their ideas. He first noted the periodic repetition of properties when the elements are arranged in order of their atomic mass, but it was the immense predictive power of Mendeleev’s table that made it a truly fantastic scientific model. Not only did the table have the ability to predict the existence of new elements, but also how they might be found. The patterns predicted how elements react with other chemicals which was the key to unlocking their discovery.

Patterns of behaviour

Mendeleev remarked that elements side by side with similar atomic mass exhibited a similar degree of reactivity with other chemicals; these constituted the rows in the table, which he named periods. Also mentioned was a similarity in chemicals produced in reaction of elements where the atomic mass increments regularly; these were aligned in columns of the table called groups. Mendeleev’s design highlighted these patterns, which laid down the groundwork for the periods and groups of the modern periodic table.

Another trend that Mendeleev spotted in the table was British chemist Edward Frankland’s idea of the ‘combining power’ of the elements, which today we call valency. Frankland noted in 1852 that different elements had desires to form compounds containing a certain number of additional atoms. He noted that ‘nitrogen, phosphorus, antimony, and arsenic especially exhibit the tendency of these elements to form compounds containing 3 or 5 equiv[alence]s of other elements’. Mendeleev saw that the atomic mass ordering of the elements echoed that of valencies. He commented that this can be seen most clearly in the series: Lithium (1), Beryllium (2), Boron (3), Carbon (4), where the number in brackets shows the maximum valence of the element (number of other atoms it bonds to in forming compounds).

In 1864, the German chemist Lothar Meyer published a book (unbeknown to Mendeleev) in which he arranged 28 elements into six families by order of their valence. Meyer’s model demonstrated the periodicity of valence but he stopped short of making any predictions as to the existence or properties of undiscovered elements. We now know that valency is determined by the number of electrons participating in chemical reactions, which we call valence electrons. Mendeleev sent his 1869 paper to all of the eminent chemists of the time and Meyer was on that list. When he received the paper and noticed the pattern of valency in the table, Meyer published an expanded and updated version of his 1864 work which closely resembled that of Mendeleev. Both Meyer and Mendeleev were recognized for their contribution in classifying the elements in 1882 when they both received the Davy Medal from the Royal Society.

[image: ]
The valence of an element is a measure of how many bonds it can form with other elements. This diagram shows, from top to bottom, central atoms with a valence of 3, 4 and 5.

Predicting the unseen

Like Newlands, Mendeleev’s tabling of the elements included gaps where otherwise observed patterns were not seen to repeat. New, as yet undiscovered, elements were suggested to reside within these gaps and from the patterns in the table a prediction could be made as to the properties of each. Originally Mendeleev predicted the existence of four elements which he named eka-boron, eka-aluminium, eka-manganese and eka-silicon. The predictions regarding the properties of these elements agree well with the eventual discovery of scandium, gallium, technetium and germanium.

The eka- prefix, along with the dvi- and tri- prefixes Mendeleev used in his later tables, are ancient Indian Sanskrit for the digits 1, 2 and 3. Mendeleev used them to denote the undiscovered element being 1, 2 or 3 places below the named known element in his table; for example, eka-aluminium occupies the gap one period directly below aluminium in his table. The choice of Sanskrit is most likely a dedication to the ancient Indian scholars who developed the language. While the grammarians based Sanskrit on a two-dimensional pattern of basic sound made by our mouths, Mendeleev constructed his table from a two-dimensional pattern of repeating chemical properties.

Mendeleev also expressed his concern that the atomic mass of certain elements as understood at the time were wrong. The atomic weight of tellurium, he said, could not be 128 as measured at the time, but instead must lie, according to his table, between 123 and 126. Although correct about most concerns, Mendeleev was wrong in this instance (see Tellurium).

Elusive elements

Hydrogen seemed not to have a place in the table as it exhibited behaviour seen in elements from various groups. For this reason it was simply placed at the top above group 1. The table’s predictive power was great but it could not have predicted the existence of an entire group of elements: the noble gases. The reluctance of these elements to chemically react meant that they were not observed in chemical reactions and so could not be isolated using techniques at the time. It was not until the advent of liquefaction of air and atomic identification through spectroscopy that these aloof gases were seen for the first time.

Chemical symbols

The Swedish giant of chemistry Jöns Jacob Berzelius was the father of the chemical symbol. He began using shorthand to record his many experiments, also introducing the number after the symbols to denote the number of atoms of each element present in a compound. Although Berzelius used a superscript number we today use a subscript: the familiar molecule of water, with two hydrogen and one oxygen, would have been written by Berzelius as H2O, while today we write it as H2O to prevent confusion with mathematical equations.
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