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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


Logical ancestors became lunch for bears.
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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.


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 recognise bears


in bushes.


Looking for reason


Do the lines look straight to you? Or is your brain searching for a pattern that does not exist?


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.


Introduction
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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.


Engraving of 1771 artwork by Joseph Wright of Derby, thought to show German alchemist Hennig Brand discovering phosphorus in 1669.
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hot


dry


wet


cold


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 categorised 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.


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


Constructing the table
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Predicted v actual atomic mass of the central atom of each triad


Element 1 Atomic mass


Element 2 Actual atomic mass Mean of 1 & 3


Element 3 Atomic mass


Lithium


6.9


Sodium


23.0


23.0


Potassium


39.1


Calcium


40.1


Strontium


87.6


88.7


Barium 137.3


Chlorine


35.5


Bromine


79.9


81.2


Iodine


126.9


Sulfur


32.1


Selenium


79.0


79.9


Tellurium 127.6


Carbon


12.0


Nitrogen


14.0


14.0


Oxygen


16.0


Iron


55.8


Cobalt


58.9


57.3


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.


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 realised until after his model was surpassed by that of Dmitri Mendeleev, some seven years later.


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 an atomic 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


French geologist Alexandre-Emile Béguyer de Chancourtois‘ 1862 helical arrangement of the elements.
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English Chemist John Newlands‘ Law of Octaves likened the repeating pattern of the elements to musical octaves.


left in his table suggested that there might be


as yet ‘unknown, or, perhaps, in some cases only unrecognised‘ 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 recognised 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 Dmitry 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 formalise all of these ideas into the table we have today.


Constructing the table
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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.


Dmitri Mendeleev, father of the modern periodic table of elements.
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Mendeleev‘s original table of elements published in 1869 which shows the beginnings of the modern periodic table.


Without knowledge of work done by his English, French and German contemporaries Mendeleev not only summarised 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


Mendeleev and the modern table
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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), Nitrogen (5), 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 recognised for their contribution in classifying the elements in 1882 when they both received the Davy Medal from the Royal Society.


The valence of an element is a measure of how many bonds it can form with other elements. This diagram shows, from left to right, 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
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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.


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.


Mendeleev and the modern table
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Groups


1


2


3


4


5


6


7


8 9


1


3


5


H Li Na K Rb Cs Fr


Hydrogen 1


Lithium 3


Sodium 11


Potassium 19


Rubidium 37


Cesium 55


Francium 87


Periodic Table


Be


2


4


6


7


This is the modern periodic table containing all 118 known elements. The table is arranged according to our modern understanding of the electron configurations of each element into s, p, d and f shells. Elements in the same group (column) have similar chemical properties to one another. Those in the same period (row) show a predictable change in properties.


Beryllium 4


Mg


Magnesium 12


Ca


Sc V Mn Tc Re


Fe


Os


Ti Cr


Co Rh Ir


Calcium 88


Scandium 21


Titanium 22


Vanadium 23


Chromium 24


Molybdenum 42


Tungsten 74


Manganese 25


Technetium 43


Rhenium 75


Iron 26 Osmium 41


Cobalt 27


Rhodium 41


Iridium 77


Sr


Y


Zr


Ru


Nb Hf


Strontium 38


Yttrium 39


Zirconium 40


Niobium 41


Mo W


Ruthenium 44


Ba


Ta


Barium 56


Hafnium 72


Tantalum 73


Ra


Rf


Db


Sg


Bh Hs Mt


Radium 88


Rutherfordium 104


Dubnium 105


Seaborgium 106


Bohrium 107


Hassium 108


Meitnerium 109


s


d


Periods


La Ce Pr Nd Pm Sm Ac Th Pa U


Lanthanum 57 Cerium 58


Praeseodymium 59 Neodymium 60 Promethium 61


Samarium 62


Np


Pu


Actinium 89


Thorium 90


Protactiumium 91 Uranium 92


Neptunium 93


Plutonium 94


16


The secret life of the periodic table









[image: image]





10


11


12


13


14


15


16


17 18


Key


Group 1: Alkali metals Group 2: Alkali earth metals Group 3–12: Transition metals


Post-transition metals Metalloids Non-metals


Group 17: Halogens


Group 18: Noble gases


Lanthanides Actinides


Helium 2 Argon 18


Krypton 36


Xenon 54


Radon 10


B


O


Se


F Cl Br I At


He


Ar Kr Xe Rn


C N P


Ne


Boron 5


Carbon 6


Nitrogen 7


Phosphorus 15 Oxygen 8 Selenium 34


Fluorine 9


Chlorine 17


Bromine 35


Iodine 53


Astatine 85


Neon 10


Si


S


Al


Ga


ln Sn


Tl Bi


Aliminium 13


Gallium 31


Indium 49


Silicon 14


Sulfur 16


Ni


Pt


Ge As Sb


Nickel 28 Platinum 41


Zinc 30


Cadmium 48


Mercury 80


Germanium 32 Arsenic 33


Antimony 51


Pd


Cu Ag Au


Zn


Cd


Hg Pb


Copper 29


Silver 47


Gold 79


Te


Palladium 46


Tin 50


Tellurium 52


Po


Thallium 81


Lead 82


Bismuth 83


Polonium 84


Cn


Bk


Fl


Es


Ds


Rg


Uut


Uup


Lv


Uus Uuo


Darmstadtium 110 Americium 95 Roentgenium 111 Curium 96


Copernicium 112 Berkelium 97


Ununtrium 113 Californium 98


Flerovium 114 Einsteinium 99


Ununpentium 115 Fermium 100


Livermorium 116 Mendelevium 101


Ununseptium 117 Nobelium 102


Ununoctium 118 Lawrencium 103


p


Eu Gd


Tb


Dy


Ho


Er


Tm


Yb


Lu


Europium 63


Gadolinium 64


Terbium 65


Dysprosium 66


Holmium 67


Erbium 68


Thulium 69


Ytterbium 70


Lutetium 71


Am


Cm


Cf


Fm


Md


No


Lr


f


Periodic table
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Atomic Physics


The smallest parts of an element


Atoms


The ancient Greek philosophy of atomism suggests that if we can understand the smallest building blocks from which a thing is constructed then we will truly understand that object. This idea was adopted by natural philosophers, who are today‘s modern scientists, in a search for the smallest atomic units of nature: atoms, derived from the Greek atomos, meaning uncuttable.


Chemistry of the 18th century had shown that some chemicals were compound combinations


of other simpler chemicals. The first years of the next century saw many chemists engaged in carefully measuring the ‘combining weights‘ of these compound chemicals. English chemist John Dalton demonstrated that you can infer the relative weight of the simple parts which react to form


a compound chemical. Dalton‘s atomic theory showed that chemicals react in discrete whole number combinations, and he provided a table


in his paper of the weights of these simple units relative to that of hydrogen.


For over a century many scientists remained sceptical about the existence of such chemical atoms. That was until 1905, when a previously unknown Swiss-based patent clerk – one Albert Einstein – used them to explain the bizarre phenomenon of Brownian motion. Peering into


his microscope in 1827, the botanist Robert Brown had noticed that dust particles in water moved about erratically. Einstein explained that this random movement could be mathematically described if dust were colliding with discrete, atomic, units. French physicist Jean Perrin used the theory to determine the size and mass of these tiny atoms through an experiment in 1908.


Inside the atom


Even before this atomic theory received Einstein‘s long-awaited confirmation it was already being superseded. Richard Laming, a surgeon by day but a scientist by night, was regarded by the scientific establishment as eccentric. He published a number


John Dalton‘s 1808 table of atomic weights and the symbols he used for a number of ‘elements’. Some of the substances he includes are now known to have been compounds, made of two or more true elements.
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In 1897 in Cambridge, UK, J.J. Thomson discovered the electron, the first subatomic particle. Electrons occupy energy levels surrounding the nucleus.


The positive electric charge and almost all of the mass of an atom is found in a central nucleus discovered by Hans Geiger and Edward Marsden in 1909.


Neils Bohr‘s planetary model of the atom, with electrons occupying different energy orbits.


of papers between 1838 and 1851 with ideas about a basic unit of charge which is responsible for the chemistry of the elements. Experiments in the late 19th century brought this idea into the mainstream as many scientists searched for this ‘atom of electricity‘, given the name ‘electron‘ by Irish physicist George Johnstone Stoney in 1891.


Stoney and others paved the path for J.J. Thomson and colleagues who, in Cambridge, England in 1897, made the crucial measurement. Thomson was experimenting with cathode ray radiation emitted from high electrically charged metal plates. He saw that their paths changed course in the presence of a magnet. This result showed that cathode rays were not like other radiation but instead made from electrically charged particles which had a mass much lighter than any measured chemical atom.


With the discovery of the electron came ideas of how an atom which contained electrons might look. Atoms were known to be electrically neutral because, unlike the electron, the paths they travelled along were not deflected by a magnet. Thomson imagined his negatively charged electron particles distributed evenly in a sea of positive electric charge within the atom. This ‘plum pudding‘ model of the atom, as it came to be known, was put to the test in Manchester, England by researcher Hans Geiger and his student Ernest Marsden, under the watchful eye of the head


of physics at the university, Ernest Rutherford. They used Rutherford‘s recently discovered alpha particle radiation (see Helium) as probes to look inside larger atoms of gold. When they bombarded a thin foil of gold with the positive electrically charged particles, most breezed right through. On rare occasions, though, an alpha particle was seen bouncing back from the foil like a ball against


a wall.


This observation demonstrated that the positive charge in an atom could not be evenly distributed but instead was located all in one small


Atomic physics
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region. Only a very highly concentrated positive electric charge could deflect the energetic, and also positively charged, alpha particles. This led Rutherford to imagine an atom where Thomson‘s negatively charged electrons orbited like planets around this densely packed positive atomic nucleus. We know today that the positive electric charge in the nucleus comes from smaller particles called protons. Alongside the protons in the nucleus there are also electrically neutral neutrons (see Iron). Such a planetary atom would be unstable though, because electrons in planetary-like orbit would quickly spiral inwards, strongly attracted by the opposite electric charge of


the nucleus.


Structure of the atom


Throughout the 19th century many chemical elements were discovered not through chemical reaction, but by looking at the light they emitted. Elements do not release a continuous spectrum of light, only certain specific colours. These form striated spectral line patterns which provide a unique, barcode-like, fingerprint identifying an atom. When a new spectral line was observed it had to come from a new chemical element. Our perception of the colour of light arises from its energy, and in the 1880s Johannes Rydberg linked the spectral lines to some, unknown, arrangement of energy levels within an atom. He demonstrated this by identifying a number of common spectral patterns among different atoms. At the turn of the 20th century Danish physicist Niels Bohr extended the idea to connect these spectral line energies


of light emitted to the energy of electron orbits within an atom.


Just as energy is required to lift something to


a height off of the ground, an electron would require energy to be raised higher to an orbit further from the nucleus. An object raised above the ground will have gained gravitational energy. This is paid back in kinetic (movement) energy if we drop it. A negative electrically charged electron raised to an orbit further from a positive nucleus


While white light contains all colours of light, very specific colours are seen to come from atoms of a single element.
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The higher the energy of a vibrating string the more complex the vibration becomes, demonstrating more areas of maximum and minimum vibration.


gains electrical energy. Electrical energy is gained or paid back by absorbing or emitting light. The energy of the light absorbed or emitted depends upon the energy difference between electron orbitals in the atom. If light coming from atoms can only have certain energies, Bohr explained, then this shows that electrons can only orbit with certain energies within atoms.


Discrete energies like these are also seen in the vibration of strings that are fixed at each end, like those on a guitar. If we pluck with little energy


we may only produce maximum vibration at one central point on the string and two points of zero vibration at each end where the string is attached. If we strike the string harder we could produce


an additional point of vibration, at two points on the string. Continue to increase the energy we give to the string and we continue to increase the number of these modes of vibration, beginning to notice a pattern. Each next higher energy vibration mode simply adds one point of vibration, and


one stationary point. The energy of each string is related directly to this initial lowest mode vibration. Each wave is a whole number multiple, n, of this smallest quantity. Because of this we say that these waves are quantised, made from some multiple of a quantum number n.


Vibrating strings like this are a good model for Bohr‘s electron orbitals in an atom. Each orbital in his model that is further from the nucleus is just an increase in a similar single quantum number.


Going back to our gravitational analogy, if we were to raise and then drop an object to the floor, its overall change in gravitational energy would


be zero. If an electron were to spiral inward into the nucleus of an atom then, in the same way,


its energy would also fall to zero. Bohr showed, however, that electron orbitals are quantised, like vibrations of a string, and can only exist if they have an energy that is some multiple of some quantum. This means that for an electron to orbit an atom it cannot have an energy which is lower than that of the smallest quantum of energy. Therefore, the orbital energy can never become zero and so electrons cannot spiral forever in toward the nucleus. This is why atoms are stable and give the first glimpse into the strange new world of the quantum atom.


Atomic physics
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The Quantum Atom


The basis of chemical behaviour


The bizarre behaviour of subatomic particles gave birth to the field of quantum physics. This field of science today gives us our most detailed picture of the atom. Arrangement of elements and the properties they exhibit are shown to arise naturally from this fundamental model.


Light and matter


In 1801 Thomas Young overthrew Isaac Newton‘s idea that light is made up of particle-like lumps which he called corpuscles. When shining light through two narrow slits Young showed that a series of light and dark lines are seen projected onto a screen. The pattern could only be explained if light were acting like a wave. Waves spread outward from each slit like ripples in a pond. As the ripples cross one another the peak of one may come into contact with the peak of the other. Constructive interference like this would lead to summation of the peaks, forming a wave with a higher peak. Alternatively, the same peak might meet the bottommost trough of the other wave.


This would result in a destructive interference as the peak completely fills the trough of the other, cancelling out the wave all together. It is this interference that results in the constructive bright fringes and deconstructive dark fringes in Young‘s experiment: light was a wave!


Just over 100 years later the tables seemed


to turn as once more, thanks to another of his amazing 1905 papers, Einstein gave an answer


to a very puzzling observation. When violet light


is shone onto a piece of metal, electrons are liberated from the surface. Increasing the energy of a water wave would wash more sand from a beach; increasing the energy of the light, however, did not increase the number of electrons liberated


In 1801 light was seen to behave like waves, forming an interference pattern as one wave interacts with another.
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Einstein‘s search for an explanation led him to the realm of quantum physics, one which made him feel uneasy.


from the metal. It turned out that the only way


to liberate more electrons was to make the light brighter, throwing more light at the surface of the metal. Einstein explained mathematically that this can only happen if light were acting like localised lumps of energy; much like Newton‘s particles.


Quanta


Light, it seems, is neither a classical particle nor wave but something new altogether. Einstein showed that light behaves like a lumpy particle when it is interacting with electrons. Young‘s interference demonstrated that when not interacting it interferes like a wave. Light is made up of quanta: packets of energy which we call photons.


The energy of the light in Young‘s double


slit experiment did not change. This would have been seen as a change in colour. The light did


not become lower in energy and more red where the waves deconstructively interfered, nor did it gain in energy, becoming more blue, where light combined constructively. Instead the light retained its colour and simply became brighter or dimmer on different areas of the screen. This was a change in the number of photons arriving at each location on the screen, not the energy of each photon. This wave-like interference of light determines, then, the probability that photons find themselves projected onto a certain part of the screen.


The paths photons take through the slits to the screen are subject to probability, which Einstein summarised as the roll of a dice. This means you can never be certain where a photon will end its journey, even if you know how that journey began. Instead you can only calculate the probability that


a photon will exist in different locations. This is very different to the determinate laws of physics up to this point, with which one can calculate a unique final outcome from an initial set of conditions. Einstein‘s paper was the spark that ignited the field of quantum physics, but its indeterminate nature worried him until his final days.


Louis de Broglie in 1923 suggested that electrons, protons, neutrons and atoms also behave in the same strange way as light. When observed they would behave like lumpy localised particles, but all other times they act like a probability wave. Experimental proof of this theory came in 1927 when George Paget Thomson in England, and Clinton Davisson and Lester Germer


The quantum atom


23








OEBPS/nav.xhtml




Contents





		Title



		Copyright



		Contents



		Introduction: Seeking patterns



		Constructing the table



		Mendeleev and the modern table



		The periodic table



		Atomic physics



		The quantum atom



		Trends and patterns



		Trends table



		Hydrogen



		Helium



		Alkali metals



		Alkaline earth metals



		Transition metals



		Post-transition metals



		Metalloids



		Non-metals



		Halogens



		Noble gases



		Lanthanides



		Atom bomb



		Atom smashers



		Actinides



		Hall of fame



		Future elements



		Index



		Acknowledgements











 Guide



 

		Title



		Introduction: Seeking patterns



		Start



 



 





		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18



		19



		20



		21



		22



		23



		24



		25



		26



		27



		28



		29



		30



		31



		32



		33



		34



		35



		36



		37



		38



		39



		40



		41



		42



		43



		44



		45



		46



		47



		48



		49



		50



		51



		52



		53



		54



		55



		56



		57



		58



		59



		60



		61



		62



		63



		64



		65



		66



		67



		68



		69



		70



		71



		72



		73



		74



		75



		76



		77



		78



		79



		80



		81



		82



		83



		84



		85



		86



		87



		88



		89



		90



		91



		92



		93



		94



		95



		96



		97



		98



		99



		100



		101



		102



		103



		104



		105



		106



		107



		108



		109



		110



		111



		112



		113



		114



		115



		116



		117



		118



		119



		120



		121



		122



		123



		124



		125



		126



		127



		128



		129



		130



		131



		132



		133



		134



		135



		136



		137



		138



		139



		140



		141



		142



		143



		144



		145



		146



		147



		148



		149



		150



		151



		152



		153



		154



		155



		156



		157



		158



		159



		160



		161



		162



		163



		164



		165



		166



		167



		168



		169



		170



		171



		172



		173



		174



		175



		176



		177



		178



		179



		180



		181



		182



		183



		184



		185



		186



		187



		188



		189



		190



		191



		192











OEBPS/images/page001.jpg
The SecRel
Lite of the

PERIODIC
TABLE

\\ vt
@)m&oa@%amg the mysteries
of all 118 elements

DR BEN STILL






OEBPS/images/page002.jpg





OEBPS/images/page006.jpg
Inile

‘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 | was
growing up. | 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.

Han verses 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

-

6 The secret Uit
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Logical ancestors became lunch for bears.
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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.

Hodern chemistey 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.

$tarting to get things in ovder

In 1789 French nobleman and all-around self-
promoter Antoine-Laurent de Lavoisier wrote
Traité Elémentaire 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 categorised based

on the results they displayed in certain chemical
reactions.

In 1817 the German chemist Johann Wolfgang
Dobereiner 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.

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
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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

€
TOr reasen

Do the lines look straight to you? O is your brain
searching for a pattern that does not exist?

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
Itteer by istlef, but the wrod as a wlohe. The olny
irpoamtnt tihng is taht the frsit and lsat Itteer 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 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 recognise bears
in bushes.
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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.

@ alchemy fo 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

Engraving of 1771 artwork by Joseph Wright of
Derby, thought to show German alchemist Hennig
Brand discovering phosphorus in 1669.
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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, | 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.

Dmitri Mendeleev, father of the modern periodic
table of elements.

o
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V=51 Nb= 94 Ta=183

Cre=52 Mo= 96 W=~=186.

Mn=55 Rh=1044 Pt=197.

Fe=56 Rn=104,4 Ir=198.

Ni=Co=59 Pi=106s O-=199.

H=1 Cu=634 Ag=108 Hg=200.
Be= 9aMg=24 Zn=652 Cd=112

B=tl Al=27s ?=68 Ur=116 Au=1977
C=12 Si=28 ?=70 Sn=|18

N=14 P=31 As=75 Sb=122 Bi=210?
0=16 S5=32 Sem791 Te=128?
F=19 Cl=356Br=80 (=127

Li=7 Na=23

K=39 Rb=854
Ca=40 Sr=87s

Cs=133 Tim=204.
Ba=137 Pb=207.

?2m=45 Ce=92
Er=56 La=94
W1=60 Di=95
Nn~T55Th=1187

Mendeleev's original table of elements published
in 1869 which shows the beginnings of the modern
periodic table.

Without knowledge of work done by his
English, French and German contemporaries
Mendeleev not only summarised all of their
work but extended their ideas. He first noted the
periodic repetition of properties when the elements

A. Mempssdens

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
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Predicted v actual atomic mass of the
central atom of each triad

Element 1 Element 2 Element 3
Atomic mass | Actual atomic mass | Atomic mass
Mean of 1& 3
Lithium Sodium Potassium
6.9 23.0 39.1
23.0
Calcium Strontium Barium
40.1 87.6 137.3
88.7
Chlorine Bromine lodine
355 79.9 126.9
81.2
Sulfur Selenium Tellurium
321 79.0 127.6
79.9
Carbon Nitrogen Oxygen
12.0 14.0 16.0
14.0
Iron Cobalt Nickel
55.8 58.9 58.7
57.3

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 s the prediction and below are the

very similar measured values.

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 realised until after his model was
surpassed by that of Dmitri Mendeleev, some
seven years later.

Hesical 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

10

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 an
atomic 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

French geologist Alexandre-Emile Béguyer de
Chancourtois’ 1862 helical arrangement of the
elements.
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English Chemist John Newlands’ Law of Octaves
likened the repeating pattern of the elements to
musical octaves.

/,m‘:.\

left in his table suggested that there might be
as yet ‘unknown, or, perhaps, in some cases
only unrecognised’ 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,
5o 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 recognised Newlands’ work; in 2008 they
honoured his contribution as the “discoverer of the
Periodic Law for the chemical elements’ with an
inscribed blue plague 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 Dmitry 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.

Al 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 formalise all of these ideas into the table
we have today.

11
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they might be found. The patterns predicted how
elements react with other chemicals which was the
key to unlocking their discovery.

Patterns of behavicwr
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), Nitrogen (5), 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

1%

The valence of an element is a measure of how many
bonds it can form with other elements. This diagram
shows, from left to right, central atoms with a
valence of 3, 4 and 5.

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
recognised for their contribution in classifying the
elements in 1882 when they both received the
Davy Medal from the Royal Society.

Predicting the vnseen

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
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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).

Elesive 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.

™

G

The Swedish giant of chemistry Jons 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 H?O, while today we

write it as H,0 to prevent confusion with
mathematical equations.

13
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Alomic Physics

The smallest paris of an element

Atoms

The ancient Greek philosophy of atomism suggests
that if we can understand the smallest building
blocks from which a thing is constructed then we
will truly understand that object. This idea was
adopted by natural philosophers, who are today's
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John Dalton’s 1808 table of atomic weights and the
symbols he used for a number of ‘elements’. Some
of the substances he includes are now known to
have been compounds, made of two or more true
elements.

i3

modern scientists, in a search for the smallest
atomic units of nature: atoms, derived from the
Greek atomos, meaning uncuttable.

Chemistry of the 18th century had shown that
some chemicals were compound combinations
of other simpler chemicals. The first years of the
next century saw many chemists engaged in
carefully measuring the ‘combining weights' of
these compound chemicals. English chemist John
Dalton demonstrated that you can infer the relative
weight of the simple parts which react to form
a compound chemical. Dalton’s atomic theory
showed that chemicals react in discrete whole
number combinations, and he provided a table
in his paper of the weights of these simple units
relative to that of hydrogen.

For over a century many scientists remained
sceptical about the existence of such chemical
atoms. That was until 1905, when a previously
unknown Swiss-based patent clerk — one Albert
Einstein — used them to explain the bizarre
phenomenon of Brownian motion. Peering into
his microscope in 1827, the botanist Robert
Brown had noticed that dust particles in water
moved about erratically. Einstein explained that
this random movement could be mathematically
described if dust were colliding with discrete,
atomic, units. French physicist Jean Perrin used the
theory to determine the size and mass of these tiny
atoms through an experiment in 1908.

Inside the atom

Even before this atomic theory received Einstein’s
long-awaited confirmation it was already being
superseded. Richard Laming, a surgeon by day but
a scientist by night, was regarded by the scientific
establishment as eccentric. He published a number
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In 1897 in Cambridge, UK, J.J.
Thomson discovered the electron,
the first subatomic particle.
Electrons occupy energy levels
surrounding the nucleus.

o

o

of papers between 1838 and 1851 with ideas
about a basic unit of charge which is responsible
for the chemistry of the elements. Experiments in
the late 19th century brought this idea into the
mainstream as many scientists searched for this
‘atom of electricity’, given the name ‘electron’ by
Irish physicist George Johnstone Stoney in 1891.

Stoney and others paved the path for J.J.
Thomson and colleagues who, in Cambridge,
England in 1897, made the crucial measurement.
Thomson was experimenting with cathode ray
radiation emitted from high electrically charged
metal plates. He saw that their paths changed
course in the presence of a magnet. This result
showed that cathode rays were not like other
radiation but instead made from electrically
charged particles which had a mass much lighter
than any measured chemical atom

With the discovery of the electron came ideas
of how an atom which contained electrons
might look. Atoms were known to be electrically

8

\lomic

The positive electric charge
and almost all of the mass of
an atom is found in a central
nucleus discovered by Hans
Geiger and Edward Marsden
in 1909.

Neils Bohr's planetary model of the atom, with
electrons occupying different energy orbits.

neutral because, unlike the electron, the paths
they travelled along were not deflected by a
magnet. Thomson imagined his negatively charged
electron particles distributed evenly in a sea of
positive electric charge within the atom. This ‘plum
pudding’ model of the atom, as it came to be
known, was put to the test in Manchester, England
by researcher Hans Geiger and his student Ernest
Marsden, under the watchful eye of the head
of physics at the university, Ernest Rutherford.
They used Rutherford’s recently discovered alpha
particle radiation (see Helium) as probes to look
inside larger atoms of gold. When they bombarded
a thin foil of gold with the positive electrically
charged particles, most breezed right through. On
rare occasions, though, an alpha particle was seen
bouncing back from the foil like a ball against
awall

This observation demonstrated that the
positive charge in an atom could not be evenly
distributed but instead was located all in one small

19
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region. Only a very highly concentrated positive
electric charge could deflect the energetic, and
also positively charged, alpha particles. This led
Rutherford to imagine an atom where Thomson's
negatively charged electrons orbited like planets
around this densely packed positive atomic
nucleus. We know today that the positive electric
charge in the nucleus comes from smaller particles
called protons. Alongside the protons in the
nucleus there are also electrically neutral neutrons
(see Iron). Such a planetary atom would be
unstable though, because electrons in planetary-
like orbit would quickly spiral inwards, strongly
attracted by the opposite electric charge of

the nucleus.

$tructore of the atom

Throughout the 19th century many chemical
elements were discovered not through chemical
reaction, but by looking at the light they emitted.
Elements do not release a continuous spectrum
of light, only certain specific colours. These form

striated spectral line patterns which provide a
unique, barcode-like, fingerprint identifying an
atom. When a new spectral line was observed it
had to come from a new chemical element. Our
perception of the colour of light arises from its
energy, and in the 1880s Johannes Rydberg linked
the spectral lines to some, unknown, arrangement
of energy levels within an atom. He demonstrated
this by identifying a number of common spectral
patterns among different atoms. At the turn of the
20th century Danish physicist Niels Bohr extended
the idea to connect these spectral line energies
of light emitted to the energy of electron orbits
within an atom

Just as energy is required to lift something to
a height off of the ground, an electron would
require energy to be raised higher to an orbit
further from the nucleus. An object raised above
the ground will have gained gravitational energy.
This is paid back in kinetic (movement) energy if
we drop it. A negative electrically charged electron
raised to an orbit further from a positive nucleus

*r
/@ﬁ]

/1j
>

— N

20 The secret |

While white light contains all colours of light, very
specific colours are seen to come from atoms of a
single element.
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from the metal. It turned out that the only way

to liberate more electrons was to make the light
brighter, throwing more light at the surface of the
metal. Einstein explained mathematically that this
can only happen if light were acting like localised
lumps of energy; much like Newton’s particles.

Quanta
Light, it seems, is neither a classical particle nor
wave but something new altogether. Einstein
showed that light behaves like a lumpy particle
when it is interacting with electrons. Young's
interference demonstrated that when not
interacting it interferes like a wave. Light is
made up of quanta: packets of energy which
we call photons.

The energy of the light in Young's double
slit experiment did not change. This would have
been seen as a change in colour. The light did
not become lower in energy and more red where
the waves deconstructively interfered, nor did it
gain in energy, becoming more blue, where light
combined constructively. Instead the light retained
its colour and simply became brighter or dimmer
on different areas of the screen. This was a change
in the number of photons arriving at each

Einstein’s search for an explanation led him to the
realm of quantum physics, one which made him feel
uneasy.

location on the screen, not the energy of each
photon. This wave-like interference of light
determines, then, the probability that photons
find themselves projected onto a certain part of
the screen.

The paths photons take through the slits to the
screen are subject to probability, which Einstein
summarised as the roll of a dice. This means you
can never be certain where a photon will end its
journey, even if you know how that journey began.
Instead you can only calculate the probability that
a photon will exist in different locations. This is very
different to the determinate laws of physics up to
this point, with which one can calculate a unique
final outcome from an initial set of conditions.
Einstein’s paper was the spark that ignited the field
of quantum physics, but its indeterminate nature
worried him until his final days.

Louis de Broglie in 1923 suggested that
electrons, protons, neutrons and atoms also
behave in the same strange way as light. When
observed they would behave like lumpy localised
particles, but all other times they act like a
probability wave. Experimental proof of this theory
came in 1927 when George Paget Thomson in
England, and Clinton Davisson and Lester Germer

The quantor ator 3
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qgains electrical energy. Electrical energy is gained
or paid back by absorbing or emitting light. The
energy of the light absorbed or emitted depends
upon the energy difference between electron
orbitals in the atom. If light coming from atoms
can only have certain energies, Bohr explained,
then this shows that electrons can only orbit with
certain energies within atoms.

Discrete energies like these are also seen in the
vibration of strings that are fixed at each end, like
those on a guitar. If we pluck with little energy
we may only produce maximum vibration at one
central point on the string and two points of zero
vibration at each end where the string is attached.
If we strike the string harder we could produce
an additional point of vibration, at two points on
the string. Continue to increase the energy we
give to the string and we continue to increase the
number of these modes of vibration, beginning to
notice a pattern. Each next higher energy vibration
mode simply adds one point of vibration, and
one stationary point. The energy of each string is
related directly to this initial lowest mode vibration.
Each wave is a whole number multiple, n, of this

The higher the energy of a
vibrating string the more
complex the vibration
becomes, demonstrating
more areas of maximum
and minimum vibration.

smallest quantity. Because of this we say that these
waves are quantised, made from some multiple of
a quantum number n.

Vibrating strings like this are a good model for
Bohr's electron orbitals in an atom. Each orbital in
his model that is further from the nucleus is just an
increase in a similar single quantum number

Going back to our gravitational analogy, if we
were to raise and then drop an object to the floor,
its overall change in gravitational energy would
be zero. If an electron were to spiral inward into
the nucleus of an atom then, in the same way,
its energy would also fall to zero. Bohr showed,
however, that electron orbitals are quantised, like
vibrations of a string, and can only exist if they
have an energy that is some multiple of some
quantum. This means that for an electron to orbit
an atom it cannot have an energy which is lower
than that of the smallest quantum of energy.
Therefore, the orbital energy can never become
zero and so electrons cannot spiral forever in
toward the nucleus. This is why atoms are stable
and give the first glimpse into the strange new
world of the quantum atom

21
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The Quanive Alom

The basis of chemical behavicour

The bizarre behaviour of subatomic particles gave birth to the field of
quantum physics. This field of science today gives us our most detailed
picture of the atom. Arrangement of elements and the properties they
exhibit are shown to arise naturally from this fundamental model.

Light and matter

In 1801 Thomas Young overthrew Isaac Newton'’s
idea that light is made up of particle-like lumps
which he called corpuscles. When shining light
through two narrow slits Young showed that a
series of light and dark lines are seen projected
onto a screen. The pattern could only be explained
if light were acting like a wave. Waves spread
outward from each slit like ripples in a pond. As
the ripples cross one another the peak of one may
come into contact with the peak of the other.
Constructive interference like this would lead to
summation of the peaks, forming a wave with a
higher peak. Alternatively, the same peak might
meet the bottommost trough of the other wave.

L

This would result in a destructive interference as
the peak completely fills the trough of the other,
cancelling out the wave all together. It is this
interference that results in the constructive bright
fringes and deconstructive dark fringes in Young's
experiment: light was a wave!

Just over 100 years later the tables seemed
to turn as once more, thanks to another of his
amazing 1905 papers, Einstein gave an answer
to a very puzzling observation. When violet light
is shone onto a piece of metal, electrons are
liberated from the surface. Increasing the energy
of a water wave would wash more sand from a
beach; increasing the energy of the light, however,
did not increase the number of electrons liberated

In 1801 light was seen
to behave like waves,
forming an interference
pattern as one wave
interacts with another.






