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Introduction

If you have ever wondered what something is made of – from a flower or a giraffe to the whole Universe itself – the list of ingredients can be found in the periodic table as shown here. This table presents all 118 of the elements that we know to exist, laid out in a way that allows their similarities and differences to be demonstrated visually.

Names and symbols

Some elements have been known since ancient times, whereas others have only been discovered within the twenty-first century, and as a result, they have a huge variety of names. Element names originate from sources as diverse as astronomical bodies (helium from the Sun, uranium from Uranus), places (europium, californium), people (curium after Marie and Pierre Curie, bohrium after Niels Bohr) and minerals where an element is found (such as samarium from the mineral samarskite).

As well as having a name, each element has a chemical symbol, which is an abbreviation of one or two letters. This convenient shorthand enables chemists to describe elements and their compounds concisely. Many of the chemical symbols are straightforwardly related to their names, such as O for oxygen, H for hydrogen and He for helium. Others are less obvious, being derived from the element’s name in Latin or Greek: for example, gold has the symbol Au, from the Latin aurum, and mercury is Hg, from the Greek word hydrargyrum.


Isotopes

Although all atoms of any particular element will have the same number of protons in their nuclei, it is possible for elements to have varying numbers of neutrons, and these variations are called isotopes. The most abundant form of carbon on Earth has 6 protons and 6 neutrons in its atomic nucleus, and is known as carbon-12. Two further isotopes of carbon also occur in nature: carbon-13, which has 6 protons and 7 neutrons; and carbon-14, with 6 protons and 8 neutrons. Each of these isotopes has different properties, but they are all carbon and they all share the same position on the periodic table, with atomic number 6.

[image: Image]
Atomic numbers

The smallest basic particle of each element is an atom. Each atom consists of a nucleus, which is made up of protons and neutrons, surrounded by a shell of electrons. Protons have a positive electrical charge, neutrons have no charge at all and electrons have a negative charge. Each atom has the same number of protons and electrons, which means that it has no electrical charge because the positive and negative charges balance each other out. The number of protons in an element’s atoms is its atomic number. Hydrogen, the first element in the table, has a single proton in its nucleus, and thus has the atomic number 1. Each subsequent element has an atomic number one step higher than the last, all the way from 1 to 118.

[image: Image]
Atomic mass

The atomic mass is based on the weighted average of the masses of the various isotopes. When given in square brackets this number denotes an estimated atomic weight.


The future of the periodic table

At the time of writing, 118 elements have been recognized by the International Union of Pure and Applied Chemistry. Elements 1 to 94 occur naturally on Earth, while elements 95 to 118 have been produced synthetically from nuclear reactions, under laboratory conditions. The discovery of any further elements would lead to an expansion of the table as we currently know it, and there are various competing theories about how these new elements would be arranged. One thing we can be certain of is that scientists are hard at work on this frontier of discovery – and so we can expect to see an updated and expanded periodic table at some point in the future.
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Dmitri Mendeleev



Elements are the basic building blocks of the Universe: each one is unique, and none of them can be broken down into anything smaller or simpler. Some are abundant and well known in our daily lives, such as the helium that makes party balloons float, the gold in a wedding ring or the copper piping in domestic heating systems, whereas others are so rare and so radioactive that they have only existed for a few seconds in a laboratory.





The Periodic Table

[image: Image]
Groups and Periods

Each vertical column of the table is called a group, and these are numbered from 1 on the left of the table to 18 on the right. The elements in each group have the same number of electrons in their outermost shell, and share certain characteristics. For example, the elements in Group 1 each have a single outer electron, and this causes them to be highly reactive with other elements. In contrast, the elements in Group 18 all have the maximum possible number of electrons in their outer shell, and as a result, they are generally inert and unreactive. Because of this characteristic, the elements in Group 18 are known as the ‘noble gases’. Each row of the table is called a period, and this describes the number of electron shells around the nucleus of the atom of each element. The first shell only holds two electrons, which is why hydrogen and helium have a row to themselves at the top of the table. The second shell holds eight electrons, and so Period 2 contains eight elements. The table can also be divided into four blocks, which are defined by the valence electron orbital of each element. The s-block, on the left side of the table, contains hydrogen, helium, the alkali metals and the alkaline-earth metals of Groups 1 and 2. The p-block, on the right side of the table, comprises elements in Groups 13 to 18. The d-block includes the elements from Group 3 through to Group 12. Finally, the f-block contains the lanthanide and actinide elements. Although these elements belong between Group 2 and Group 3, they are usually displayed in a double row below the main table in order to save space. Another way of describing the elements is by dividing them into categories, which describe shared properties of related elements. These categories have been used as the top-level heading for each element entry in this book.

Origins

The table presented here is a visual representation of the ‘periodic law’: this means that it organizes the elements in a way that reveals their shared properties. This law was first formulated by the Russian scientist Dmitri Mendeleev in 1869, and his table contained gaps for elements that had not yet been discovered. Their later entry into his table proved that his organizational strategy was correct.
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Reactive non-metals

Hydrogen

DISCOVERY DATE: 1766DISCOVERED BY: Henry Cavendish
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	Atomic number:

	1




	Group:

	Group 1




	Period:

	Period 1




	Block:

	s-block




	Atomic mass:

	1.0080 u




	Melting point:

	−259.16 °C, −434.49 °F




	Boiling point:

	−252.879 °C, −423.182 °F




	Density:

	0.000082 g/cm3 (near room temperature)




	Appearance:

	Colourless gas





Hydrogen is the most abundant element in the Universe, making up 75 per cent of the total mass of the Universe. Hydrogen has the simplest structure of all the elements, with a single proton nucleus that is orbited by a single electron. All the other elements in Group 1 of the table are metals, but hydrogen stands apart as a non-metallic gas.

Henry Cavendish, who was the first to identify hydrogen in 1766, also noted in 1781 that it produces water when it is burned. The name hydrogen comes from Greek, and means ‘water-former’: each water molecule is made up of two atoms of hydrogen bonded to one atom of oxygen, with the chemical formula H2O.

The year 1900 saw the first flight of a rigid, hydrogen-filled airship, an idea promoted by German count Ferdinand von Zeppelin. Such ships became known as ‘Zeppelins’ and were an extremely popular mode of air transport, with the first non-stop crossing of the Atlantic taking place in 1919. In 1937, the Hindenberg airship caught fire over New Jersey, with the loss of 36 lives, and this led to the end of commercial travel in hydrogen-filled airships, although later investigations revealed that it was more likely that the fabric coating of the airship had been ignited by static electricity.

[image: Image]
Protons, which form the nuclei of hydrogen atoms, were created during the first second immediately after the Big Bang, and hydrogen atoms emerged about 370,000 years later.



The most dangerous application of hydrogen is in the hydrogen bomb (or H-bomb), a more advanced form of the atomic bomb, with the potential to be a thousand times more deadly than the atomic bombs dropped on Hiroshima and Nagasaki in 1945. The hydrogen bomb has never been used in warfare, although a number of nations have carried out tests of such weapons.

[image: Image]

The Hindenberg airship caught fire and was destroyed while attempting to dock at the Lakehurst Naval Air Station in New Jersey in 1937, with the tragic loss of 36 lives.








Noble gases

Helium

DISCOVERY DATE: 1895 DISCOVERED BY: Sir William Ramsay (England), Per Teodor Cleve & Nils Abraham Langer (Sweden)
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	Atomic number:

	2




	Group:

	Group 18




	Period:

	Period 1




	Block:

	s-block




	Atomic mass:

	4.003 u




	Melting point:

	Unknown




	Boiling point:

	−268.928 °C, −452.07 °F




	Density:

	0.000164 g/cm3 (near room temperature)




	Appearance:

	Colourless, odourless gas





Helium, whose name comes from the Greek word helios (meaning ‘sun’) was formed during the Big Bang, with hydrogen and nitrogen. It is the second most abundant element in the Universe, forming about 24 per cent of the Universe’s total elemental mass. Together, hydrogen and helium make up 99 per cent of the observed Universe.

Helium is the first of the noble gases, which form Group 18 of the periodic table. These gases are all characterized by their inertness, or their unwillingness to react with any other element. This comes from the fact that the outer shell of electrons in each atom of these gases is full, and so they have no innate tendency to bond or react with other atoms.

The most important industrial applications of helium are in cryogenics, and as a coolant for superconducting magnets in MRI scanners. On a more domestic level, helium is well known as the gas used for filling party balloons, because it is lighter than air and therefore enables the balloons to float. It is also used as a lifting gas in airships, where it has an advantage over another lighter-than-air gas, hydrogen, which is highly combustible.

[image: Image]

The inert gas helium, seen here in a discharge tube, emits light when electricity is passed through it.




[image: Image]

A NASA research team prepare to launch a BARREL balloon – short for Balloon Array for Radiation belt Relativistic Electron Losses – filled with helium, to explore the Van Allen belts in space.



If a person inhales helium (perhaps from one of those party balloons), the gas causes the higher-pitched tones of their voice to resonate more loudly than the lower-pitched ones, giving a cartoon-character-like effect. However, as helium restricts the flow of oxygen to the brain, it’s best not to try this out too often.






Alkali metals

Lithium

DISCOVERY DATE: 1817 DISCOVERED BY: Johan August Arfwedson
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	Atomic number:

	3




	Group:

	Group 1




	Period:

	Period 2




	Block:

	s-block




	Atomic mass:

	6.941 u




	Melting point:

	180.50 °C, 356.90 °F




	Boiling point:

	1330 °C, 2426 °F




	Density:

	0.534 g/cm3 (near room temperature)




	Appearance:

	Soft silvery-white metal





Lithium is the first metal in the periodic table, and along with hydrogen and helium, was created in the Big Bang. It is the lightest of all the metals, and has the lowest density of all solid elements.

As it is a highly reactive and flammable element, lithium has to be stored under a coating of oil or another similar inert liquid, or in a vacuum or inert atmosphere. Its name comes from the Greek word lithos (meaning ‘stone’) to indicate that it was discovered in a mineral, unlike sodium and potassium, which are also alkali metals but that were discovered in living matter.

Lithium has a huge range of applications, despite being corrosive and toxic. In medicine, lithium carbonate is an effective treatment for bipolar disorder, helping to smooth out extremes of mood and manic episodes in patients. It is also used to treat severe depression and schizophrenia. However, despite its effectiveness as a psychiatric drug, its toxicity can cause problems such as hypothyroidism and kidney damage, and so its use has to be monitored carefully.

[image: Image]

Lithium, a soft shiny metal, is so reactive that it can ignite spontaneously in air, and it explodes violently on contact with water.




Industrially, the biggest use of lithium is in the production of batteries: in 2020, 65 per cent of all lithium was used for this purpose. Lithium-ion rechargeable batteries are notable for their high energy efficiency and long life, and as electric cars become more widespread, their importance will inevitably increase even further.

[image: Image]

An aerial view of lithium fields in the Atacama desert in Chile – a surreal landscape where batteries are born.








Alkaline earth metals

Beryllium

DISCOVERY DATE: 1796 DISCOVERED BY: Louis Nicolas Vauquelin
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	Atomic number:

	4




	Group:

	Group 2




	Period:

	Period 2




	Block:

	s-block




	Atomic mass:

	9.012 u




	Melting point:

	1287 °C, 2349 °F




	Boiling point:

	2469 °C, 4476 °F




	Density:

	1.85 g/cm3 (near room temperature)




	Appearance:

	Relatively soft white-grey metal





Beryllium is a soft, light and brittle alkaline-earth metal, and the fourth element in the periodic table. It is far rarer than the three elements that precede it in the table, and can be found in the Earth’s crust at a concentration of 2–6 parts per million. Most beryllium is extracted from the mineral beryl, after which is it named. An older alternative name for beryllium was glaucinium, from the Greek word glykys (meaning ‘sweet’) because its compounds had a sweet taste. However, we now know that beryllium is poisonous, and it should not be eaten or inhaled, under any circumstances.

Whereas most metals expand when they get hotter and contract when they get colder, beryllium stays the same at all temperatures. This makes it ideal for use in machinery in which some parts can go through extremes of heat, such as high-speed aircraft.

[image: Image]

In nature, beryllium is only ever found in mineral compounds with other elements. This 99.58 per cent pure sample shows elemental beryllium’s steel-grey lustre.





An alloy of 2 per cent beryllium and 98 per cent copper creates a high-strength metal used in gyroscopes and other mechanisms. When alloyed with 98 per cent nickel, beryllium forms a metal that does not create sparks, which is ideally suited for use in environments such as oil wells.

Beryllium is relatively transparent to X-rays, due to its low atomic mass and low intensity, and because of this it is the most common material for the windows of X-ray equipment.

[image: Image]

The 18 hexagonal segments of the James Webb Space Telescope’s primary mirror are made of beryllium, which is strong, light and maintains its shape at very cold temperatures.








Metalloid

Boron

DISCOVERY DATE: 1808 DISCOVERED BY: Humphry Davy (UK), Joseph Louis Gay-Lussac & Louis-Jacques Thénard (France)
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	Atomic number:

	5




	Group:

	Group 13




	Period:

	Period 2




	Block:

	p-block




	Atomic mass:

	10.811 u




	Melting point:

	2076 °C, 3769 °F




	Boiling point:

	3927 °C, 7101 °F




	Density:

	2.46 g/cm3 (near room temperature)




	Appearance:

	Brown powder in its amorphous form





Boron was discovered independently in 1808 by Sir Humphry Davy in London, and by Joseph Louis Gay-Lussac and Louis-Jacques Thénard in Paris. Its name comes from a combination of the first syllable of borax, which it comes from, and the second syllable of carbon, which it resembles chemically.

In its pure form, boron is a brown amorphous powder. It also exists in a crystalline form as a hard, brittle, shiny metalloid. Amorphous boron is used in fireworks and military flares, because it burns with a vibrant green flame.

Boron is also used in a wide range of compounds for a variety of purposes. Borax, known chemically as sodium borate decahydrate, is used as a bleaching agent in laundry products and as an antiseptic. Boric acid is used in the manufacture of fibreglass and as a flame retardant in insulation, and boric oxide is a key ingredient in the production of the toughened, heat-resistant glass we know as Pyrex.

[image: Image]

Boron has several allotropes, including several crystalline forms and the amorphous powder shown in this sample.





[image: Image]

Measuring jug made of Pyrex borosilicate glass, often used in domestic cooking.



Children who play with the toy Silly Putty are also beneficiaries of boron’s unique properties. The boric acid in the putty reacts with silicone chains to create a substance that can be squeezed and moulded like a very thick liquid, and that can also bounce like a rubber ball when compressed in the hands.






Reactive non-metals

Carbon

DISCOVERY DATE: Prehistoric
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	Atomic number:

	6




	Group:

	Group 14




	Period:

	Period 2




	Block:

	p-block




	Atomic mass:

	12.011 u




	Melting/Boiling point:

	3642 °C, 6588 °F (sublimes directly from solid to gas)




	Density:

	1.8–2.1 g/cm3 (in its amorphous form), graphite: 2.267 g/cm3 (as graphite), diamond: 3.515 g/cm3 (as diamond)




	Appearance:

	Black and opaque (as graphite); transparent (as diamond)





Carbon is the fifteenth-most abundant on Earth. Its name comes from the Latin word for charcoal, carbo, and it has been known since ancient times. It occurs in multiple forms, or allotropes, such as amorphous carbon, graphite, diamond and fullerenes, and all of these forms have different properties.

Carbon is vital for all life on Earth, due to its propensity to create a huge number of compounds – almost 10 million of which are currently known – and to create large macromolecules, which themselves form polymers. The chemistry of carbon is called ‘organic chemistry’, because many compounds involving carbon are made by or come from living things.

Plants obtain carbon through photosynthesis: they absorb carbon dioxide (CO2) and water (H2O), and use energy from the Sun to split the water into its constituent parts, hydrogen and oxygen. The oxygen is then released back into the atmosphere, and the hydrogen combines with carbon dioxide to form hydrocarbons, which are essential for life. Humans and other animals are unable to photosynthesize, and so we rely on consuming living things in order to obtain the carbon we need.

[image: Image]

Carbon occurs naturally in many different allotropes, depending on how its atoms bond together. These crystalline chunks of graphite are built from thin stacked layers of graphene.




[image: Image]

The burning of fossil fuels in power plants, such as this one, causes vast emissions of carbon dioxide, one of the key factors in climate change.



As well as being the engine house for all life on Earth, carbon plays a fundamental role in providing the fossil fuels methane gas, crude oil and coal. By burning these fuels over the course of human civilization, we have released vast amounts of carbon dioxide into the Earth’s atmosphere. Carbon dioxide allows the Sun’s light to pass through, but it traps some of the Sun’s heat so that it can’t escape back into space. At pre-industrial levels, this created a useful ‘blanket’ around the Earth, keeping us warm in the vastness of the Universe, but we have emitted so much now that a ‘greenhouse effect’ is causing the planet to become warmer and warmer, with devastating effects on people and the environments in which they live.






Reactive non-metals

Nitrogen

DISCOVERY DATE: 1772 DISCOVERED BY: Daniel Rutherford
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	Atomic number:

	7




	Group:

	Group 15




	Period:

	Period 2




	Block:

	p-block




	Atomic mass:

	14.007 u




	Melting point:

	−209.86 °C, −345.75 °F




	Boiling point:

	−195.795 °C, −320.431 °F




	Density:

	0.001251 g/cm3 (near room temperature)




	Appearance:

	Colourless gas, liquid or solid





Nitrogen is a colourless and odourless gas that makes up about 78 per cent of the Earth’s atmosphere, at about 4000 trillion tons. It usually occurs as a two-atom molecule, N2. Although it was first isolated during the 1760s, independently by Henry Cavendish and Joseph Priestley (who both removed oxygen from air and noted that the remaining gas would extinguish a flame and cause small animals to die of asphyxiation), it was not until 1772 that another scientist, Daniel Rutherford, identified it as an element.

The English word ‘nitrogen’ was derived from the French nitrogène, combining ‘nitre’ (also known as potassium nitrate or saltpetre) and the suffix -gène (meaning ‘forming’). This is because nitrogen is an essential ingredient of nitric acid, which comes from nitre. The German word for nitrogen, Stickstoff, is a more direct reference to its propensity to choke (ersticken) living creatures. Group 15 of the table, which has nitrogen in its uppermost row, is called the pnictogens, from a Greek root word meaning to choke or strangle.

[image: Image]

The mineral nitratine is a naturally occurring form of sodium nitrate, NaNO3.




Nitrogen is essential for all living things, as it occurs in DNA, RNA, amino acids and in adenosine triphosphate, a molecule that provides energy for processes in living cells, such as muscle contraction and chemical synthesis. This role is just one stage of the natural nitrogen cycle: when plants and animals die, their nitrogen returns to the soil, ready to be taken up again by plants and consumed by animals.

Nitrogen is also vital commercially, for use in fertilizers, as dry ice, as an inert gas for food storage, in compounds such as Kevlar and in the manufacture of stainless steel.

[image: Image]

Racing cars in the National Hot Rod Association’s Top Fuel class are powered by nitromethane fuel, and can reach speeds of up to 150 metres per second.








Reactive non-metals

Oxygen

DISCOVERY DATE: 1774 DISCOVERED BY: Joseph Priestley (England) & Carl Wilhelm Scheele (Sweden)
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	Atomic number:

	8




	Group:

	Group 16




	Period:

	Period 2




	Block:

	p-block




	Atomic mass:

	15.999 u




	Melting point:

	−218.79 °C, −361.82 °F




	Boiling point:

	−182.962 °C, −297.332 °F




	Density:

	0.001429 g/cm3 (near room temperature)




	Appearance:

	Colourless gas; pale blue liquid or solid





Oxygen – element number eight in the periodic table – is a highly reactive non-metal that easily forms oxides with most elements. Despite its tendency to react with other elements, it is found pure in the natural world, usually as a molecule of two oxygen atoms (chemical formula O2). Oxygen is the third most abundant element in the Universe after hydrogen and helium, and currently makes up 20.95 per cent of the Earth’s atmosphere. This level has varied during our planet’s history; in fact, for about the first two billion years of the Earth’s existence, there was no free oxygen in the atmosphere. It was only after the evolution of photosynthesizing organisms around two and half billion years ago that oxygen was emitted into the air. This led to the extinction of many earlier life forms, and laid the pathway for life as we know it today.

The oxygen concentration in the Earth’s atmosphere hit a peak of 35 per cent some 300 million years ago, during the Carboniferous period. This abundance of oxygen is thought to be a factor in the existence of giant insects, far bigger than ones we know today. The fossil record shows that dragonfly-like creatures with a wingspan of 75cm (30in) were prevalent during this period.

[image: Image]

When oxygen molecules enter an electronically excited state, they change colour. This phenomenon can be observed not only in a laboratory but also in the night sky, in the form of the Northern and Southern Lights.




[image: Image]

Scuba divers rely on tanks containing a mixture of oxygen and nitrogen in order to be able to breathe comfortably underwater.



Oxygen is required by all plants, animals and fungi for the extraction of energy from food in a process called cellular respiration, which processes carbon dioxide as its waste product. Plants then absorb the carbon dioxide, and through photosynthesis involving sunlight and water, produce carbohydrates and release oxygen back into the air. Humans rely on a consistent supply of oxygen to stay alive, and if the oxygen concentration of the air around us falls to 17 per cent or less, we are unlikely to survive.
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