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Introduction


Chemistry is everywhere and everywhere is chemistry


A cooked breakfast is one of my most favourite guilty pleasures. I do try to care about the disadvantages to my health, but my periodic desire for a fry-up tends to drown out those cares. My favourite cast iron pan at the ready, flames burst at the fourth or fifth spark on my ancient cooker. The egg is already in my hand, as if by magic. Splintered over the side of the pan and the liquid pours – a sizzling flow of what will soon be joy. The egg white turns slowly from transparent to translucent to the whitest of whites. I like to cook the yolk properly, using that tricky flip-without-spilling motion. It took me a few years to master this final step. Then the slide on to a white plate. Always white, no other colour will do. A sprinkle of salt. A garnish with bacon and the obligatory fried tomatoes. A minute and a half later and I am wrapped in the easy glow of satiety; the egg and all its breakfast friends, gone.


If you’ve cooked an egg, you’ve watched a chemical reaction in progress. You have seen chemical bonds break and new ones form. Chemistry underpins not only the simple task of cooking an egg, but other actions that we perform on a daily basis, such as washing our dishes, laundering our clothes or repairing our broken shoes. Chemistry is hiding in plain sight all around us. The meeting of chemistry elements enables us to get dressed and adorn ourselves with make-up and jewellery, according to our own aesthetic. Run your hands across the clothes you are wearing – chemistry is what is holding the fibres together, whether the fabrics are of the natural wool, silk or cotton variety, or of the cheaper polyester flavour. These fabrics consist of fibres that we would not be able to feel the weight of were it not for chemistry. This science allows us to conceal our nakedness in the most fetching way that our wallets allow.


Look up from this page at the walls around you. These are held together by chemistry in the form of moulded and fired bricks, set concrete, plasterboard and, the final dressing, a coat or two of paint. Look towards your nearest window and the glass is chemistry in its most interesting form, a chemical bond that maintains the transparency of the material, so that we may live with the benefits of natural light while sheltered within a building. Look through the window at the plants and flying insects beyond the clear glass and, once again, chemistry is what is bonding tiny entities to form the leaves and insect wings that we take for granted. Without chemistry everything would simply not be. It is inescapable. Chemistry is everywhere.


The food we eat, the pens, paper and computer screens that we use to work and create, all emerge from chemical processes. When considering the marvel of chemistry, we should not forget about ourselves, for we too are chemistry in action and clearly the most successful area of chemistry yet. To be human is to be a walking set of chemical reactions, with our individual cells all powered by multiple chemical changes. Specific chemical bonds hold us together, ensuring that we walk around in one piece and do not arrive at events in a primordial puddle of fats, proteins and carbohydrates. From the molecules that transmit signals in our brains and make us feel good to those that keep our cells churning out new bits of us, we are all walking, breathing, smiling chemical plants – fulfilling our life’s promises one chemical reaction at a time. Your cells are sending chemical signals as you read these words, with the various brain-signalling molecules worrying and fussing over you in ways you could not even imagine.


In this book, I want to invite you to take a moment to think about the chemistry that makes us who we are and how we live. To look around you and marvel at the materials that make up our lives. If they have been crafted by a human being, chemical bonding was most definitely employed. Even if the materials haven’t been made by humans, chemical bonds still underpin their constitution. Whether it be oxygen or water, diamonds or coal, glass or sand, chemistry is what unites these substances. The universe is fundamentally a collection of chemical bonds. A universe without chemistry would be a space of infinite darkness, with no beginning, middle or end. It would be an expanse of unfathomable quiet with an absence of things: stars, planets, air, plants, animals, people, buildings.


I have spent all my professional life working in chemistry and have made many new chemical bonds in the quest to discover new medicines. As one of only a handful of Black women scientists working as a university professor in the chemical sciences in Europe, I have had a delightful and unique career. I have travelled to every continent in the world to speak about the chemical bonds that interest me, won numerous awards for the molecules that I have created, and have also stumbled many a time when I have inadvertently gone down blind alleys in the quest for a new bit of knowledge. I have been a career scientist, while raising my daughters – first in the grinding poverty of a single-parent household and latterly in joyful partnership with my husband. Chemical bonding has brought me real pleasure, as well as a lot of grey hairs and insomnia, but, given the chance, I would make every single bond again because every time I make a new chemical bond, I learn something.


My trip down chemistry lane will help guide us through this book. My desire for new chemistry knowledge is by no means over and even today, each time that I come into contact with a new material or process, my mind wanders to what the atoms and molecules are actually doing within. I read the small print on product labels when I am deciding what to buy, squinting assiduously through the ingredients on cosmetic container labels or on the labelling on food products. I rifle through clothing racks to find out what chemicals I will be purchasing, as outlined on the labels, before ascertaining the fit. I never compromise on trying to broaden my understanding. This makes my world especially interesting, if sometimes a little cluttered with information I could probably have done without. My hope is that this book will make your own world and daily life more interesting too.


This book looks at our everyday lives through the lens of chemistry and breaks down the processes by which materials are formed as well as the way materials change, for better or worse. We will explore the strong bonds that are formed between some of the 118 elements that we know exist. Even though the A to Z of elements stretches from aluminium used to make aluminium foil to zirconium used to make diamond lookalikes; through a few well-chosen examples, we will appreciate how bonding unions create all the wonderful and unique chemicals in our lives.


Every part of the world around us has been produced, is constantly being produced, by an ever-evolving string of chain reactions, of bonds forged and broken, connections made and unmade – mostly in less than the blink of an eye. As we explore the chemistry of the world around us, we will uncover the chemistry underpinning ourselves, our foods and the creation of materials, such as medicines, cosmetics, textiles, jewellery and buildings. We’ll also examine how plastics are made (and the vast waste problem that has come with them) and how pollutants come into being, as well as visit the chemistry of death and dying.


*


There is a ubiquitous beauty holding up our world. It is invisible and yet present at the same time. That beauty is the chemical bond. Every single thing that we touch has chemical bonds underpinning its substance.


Chemistry is involved in the creation of new materials and new forms. Some of these new forms are delicious, such as an expertly fried egg, and some of them are essential for our existence, such as the concrete used to make the buildings that shelter us from the wind, rain, extreme cold or burning sunshine. Chemistry delivers both life’s trivial, such as a new shade of hair dye, and life’s essentials, such as a potato, yam or rice crop. Chemical reactions, big and small, power our days.


In a chemical reaction, bonds form between atoms (an atom is a very small, practically indivisible, piece of a material) to create a collection of atoms known as a molecule. Molecules contain different types of atoms all connected to each other. A chemical reaction can also involve the breaking of existing bonds between atoms to allow for the formation of a new collection of atoms or a new molecule. To make matters more complicated, sometimes bonds form and break between molecules to give a new form to the molecule, such as a different shape. In chemistry, shape is very much linked to function. No matter the type of chemical reaction, new materials emerge.


Let’s revisit our breakfast moment. The transparent liquid that is the uncooked egg white consists of mostly water molecules. However, nestled among the water molecules are those molecules of a protein called albumin. Albumin sits within the water all tightly curled up. Comfortable, snuggling, waiting. The curling is held together by weak chemical bonds. We can imagine albumin molecules to be a bit like tightly coiled bits of knitting yarn, each held together by tiny sticky bonds. If we had hundreds of these tiny curled-up pieces of wool in a bowl and poured them out onto the floor, they would tumble freely and make a bit of a mess. If we poured a bowl of raw egg white onto the floor, it would also flow in an easy motion. It would make a bit of a mess too but flow it would.


Once albumin is heated, however, the weak bonds keeping the curl together break, causing the albumin molecules to unfold and stretch out fully into long spindly units. These straightened molecules don’t just rest and form neat lines, they get to work immediately and form new bonds with each other. These new bonds are quite different from the bond each molecule formed with itself. They are formed between and not within molecules of albumin. Once heated, the albumin molecules move seamlessly from solo bonds to friendly get-together bonds, smiling, holding hands and creating a new solid network.


This means that these previously curled-up pieces of wool now form a matted solid mass of wool – like a tightly knitted scarf – as each wool fibre makes a bond with many other wool fibres. If we tried to pour out just a portion of this knitted scarf, we would fail, but we could pick up the solid mass with our fingers.


When cooking an egg, this is how the runny raw egg white is transformed to a solid egg white mass that we can now eat with a knife and fork. The same general process happens to egg yolks; however, the between-molecule bonding in egg yolk proteins happens at a slightly higher temperature. This is why a glossy, runny egg yolk is able to shimmer in all its yellow splendour, surrounded by a solid egg white, and precisely why we have to flip the egg if we wish to eat a solid yolk. So, in the simple act of cooking an egg, we are carrying out a chemical reaction without knowing it. With an estimated 2 trillion meal-time eggs cooked every year around the world,  we are performing a lot of chemical reactions every morning.


 


 


Molecules and materials – a short story


To try to get a grasp on chemical bonding, and the concept of molecules, let’s use an analogy. Imagine a class of boisterous children all playing together and running around freely in a large playground. They are playing a game of ‘It’, a chasing game,1 a favourite of mine as a child. These little people serve as our atoms in our analogy.


Within this group, let us imagine that there is a rather precocious individual. We shall call her Frances. Frances has real attitude and a tube of Super Glue, which she intends to use in anger. She criss-crosses the playground gluing children together in groups of four, forcing the little people to hold hands in a fairly tight circle. These quartets of glued-together children must now run and play together. In our analogy, we can see them as molecules – molecules are in effect groups of atoms that are bonded together. So, these glued-together children – our molecules – will behave very differently from the individual children that they once were. As a group of four, they will have to work out how to get through narrow corridors effectively, orienting themselves in particular ways to make an entrance, exit or simply to sit down.


Molecules often have spectacularly different properties from single atoms. For example, one key difference is that single-atom materials are not abundant in nature, as the standard atom wants to combine and form molecules. Atoms are normally desperate to be part of something bigger, so more often than not will end up bonding with other atoms to create a molecule, even if they have to bond with their identical sister atoms.


An example of a single-atom material that we all know and love is helium. Yes, helium of the squeaky-voice-and-birthday-balloon-that-goes-wandering-up-high-if-you-don’t-tie-it-down fame. Helium is what I would call a lonely atom. It stays on its own and refuses to bond with other atoms, even other helium atoms.


Molecules exist in three main states: gases, liquids and solids. To understand what processes underpin these three states, and how the molecules get from one state to the other, we’ll go back to little Frances.


Now, she’s moved schools for bad behaviour and we meet her again in a large sports hall during a period of indoor play. Frances has, once again, employed Super Glue with impunity and glued children together in pairs, making new ‘molecules’ out of individual children ‘atoms’. The glued-together duets, each with one hand locked in by the glue and one hand free, are trying their hardest to run around. Mobility is still constrained, but the sports hall is the size of a football pitch and large enough for the children to go absolutely crazy with excitement. And go bonkers they do. There are attempts to escape the sports hall, via many a window, to get to the playground. This is the gaseous state, where molecules move around with maximum mobility and any tiny gap in proceedings offers a means of escape.


This breakout from the sports hall through an open window is akin to what happens when we open a valve on an oxygen cylinder in a hospital and the oxygen flows into the patient’s lungs to help them breathe, or when steam escapes from our kettle when it is boiling, filling the kitchen with a light fog.


The transition from the gas to the liquid state happens when the temperature drops. In our analogy of children in the sports hall, Frances strikes again and bonds the duos to each other this time by asking them to hold hands to form much larger groups. The duos occasionally let each other go and then link themselves back together. Now, charging around the indoor playground takes too much coordination to be effective. Someone often loses interest or needs to do a wee just before a big charge, for example. There are too many children holding hands together to get through a window. So, they largely stay in the sports hall but are still comparatively mobile. This is the liquid state; molecules are joined together using weak bonds (such as holding hands, without being glued) and are literally fluid.


At the end of the hall there is a large double door guarding the exit. Once the doors are released, the children spill out into the playground and continue their games while still holding hands. They do not venture further afield as energy levels are now very low. In water, these weak hand-holding bonds between molecules are known as hydrogen bonds (more on these later).


Moving from the liquid state to the solid state is caused by a further drop in temperature. In our analogy, all the children are forced to sit still in the indoor playground and not move, as they have all now been glued together by Frances. The children sit slumped against one another in one stationary mass of glued bewilderment. Some children doze off. Some cry silently because they want their mummy. Some sing a song on repeat. This is effectively the solid state. In the solid state, molecules are largely immobile and all bound together by strong bonds.


 


It all begins with an atom. Everything, and I mean everything, is made of atoms. Atoms are tiny pieces of matter in which even tinier entities known as electrons spin around a central nucleus. A nucleus contains other subatomic particles, the most famous of which we would have met in our school chemistry lessons: protons and neutrons. Protons carry a positive electric charge, electrons spinning around the nucleus carry a negative electric charge and neutrons are not charged at all. Some of the electrons are wandering electrons and these mobile electrons move close to dissimilar atoms in an effort to make a chemical bond and, in effect, create new molecules. That’s how some chemical bonds form. However, sometimes electrons work very hard to avoid sharing themselves with other new atoms so that the atoms remain as pure elements. Once a sharing of electrons occurs across an atomic divide, a new molecule is born. This new molecule could be a food constituent, the basis of a new textile fibre, the making of a new gemstone or the beginning of life at the start of the universe. At close to the very beginning of our universe, one atom would have sidled up to a second atom, exchanged a sly smile and rapidly consummated a union by the sharing of electrons, giving birth to the world as we know it today.


Chemists around the world find joy in the formation of bonds between atoms to form molecules or compounds, and to be honest, this is something we should all take joy in and be able to marvel at in our daily lives. The making and breaking of bonds between atoms to make new molecules and new materials is the basis of everything that we term chemistry. This is not the chemistry that we feel when we meet our true romantic partner for the first time – although there is a strong and irresistible desire to forge a new bond in those instances too. No, this is the chemistry that creates the materials that we use each and every second; the chemistry underpinning all the things that constitute our world. It is the chemistry that brings atoms together to make you and me. It is the phenomenon that makes us into living beings. It is the chemistry that gives birth to biology in all its forms: microbes, plants, animals. The lot.


What is it that drives two atoms to react with each other? The simple answer is energy. Unlike some humans who profess the ability to go to the ends of the earth to seek their true love (no matter how untrue this actually is) atoms may be viewed as effectively lazy entities. They’re not travelling anywhere for anything, if they can help it. Atoms tread the path of lowest energy loss as they seek to get together with their passionate other and create new molecules or compounds. We can use the terms molecules and compounds interchangeably. Imagine that an atom has two ways in which it can react with another atom. The atom could either react with another atom by running a marathon in under three hours, or the atom could react with another atom by rolling down a gentle grassy slope. Given this choice, the atom will always, one hundred per cent of the time, choose to roll down the grassy hill.


In the same way, a molecule with a desire to complete a reaction with a second molecule will also choose the route that saves the most energy. When solid salt forms a transparent solution with water, this is a chemical reaction of sorts. For example, when we add salt to a vegetable soup, it dissolves in the water and does not sit there in a stubborn lump, and the dissolved salt is what we taste. Salt dissolving in water is a downhill roll for the salt. Conversely, we can’t taste our gold teeth (for those of us sporting gold teeth) dissolving in our saliva. For the gold atoms, mixing with the water molecules to allow us to taste the gold is the equivalent of the covering 26.2 miles in 180 minutes. Nah! Much rather stay where I am, thanks, thinks the gold.


Keeping energy loss to a minimum, the typical sloth of an atom (or molecule) is at the chemist’s disposal to manipulate in order to make the lovely things that we cannot live without, such as clothing, for example, or plastics, or, dare I say, cooked food, even. As chemists we just have to put in the required amount of energy – such as apply heat, for example – to get these lazy things to do what we want them to do, because these lazy atoms and molecules will always choose to conserve energy wherever and whenever possible, but may be coaxed out of their slumber with the input of energy.


 


 


Chemical bonds – available in five flavours


In this book, we will encounter the five main types of chemical bonds. Just like humans, chemical bonds vary in their strength. Three of these are strong bonds and give rise to new molecules, and two of these are weaker bonds and don’t give rise to new molecules but instead change the way these molecules behave. Here’s a mini guide to help you familiarise yourself with these types of bonds.


 


Ionic bonds


These are bonds in which the wandering electrons (as some electrons do not wander) have all moved from one atom to another and by doing so have created an electrical charge. If electrons move, they make the atom they move to negatively charged, and in turn make the atom they move from positively charged. Once the atoms have charges like this, they are known as ions.


Ionic bonds are the strongest bonds imaginable and they keep things like the atoms in cooking salt together. Salt is composed of equal amounts of two atoms – sodium and chlorine. The sodium has given away its electron to chlorine, so chlorine is negatively charged (and known as a chloride ion), and since sodium has given up its electron, it is positively charged (and known as a sodium ion). The strong ionic bond means that wherever sodium goes, chloride follows. They cannot be parted with ease at all.


Imagine being at a party with your best friend, Sol. Both of you have a slice of cake in your hand – representing an electron. Now imagine that your slice of cake is snatched away by your erstwhile best friend, Sol. Sol is now in possession of two slices of cake and you are starving hungry as you missed breakfast that morning. Sol now has an extra slice of cake, or an extra electron, and because electrons make an entity negative, Sol has a negative charge. You on the other hand have no cake, or electrons, and your deficit gives you a positive charge. As you are so hungry, you are glued to Sol and follow Sol around all night hoping for a bite of cake. Sol is enjoying your company and is constantly promising to share the cakes with you but, crucially, does not. In chemistry terms, there is an attraction between the negatively charged Sol and the positively charged you, and you cannot leave each other’s side.


 


Covalent bonds


A covalent bond is the next strongest bond. These are bonds that hold the atoms that make up the bulk of all molecules together. They hold together the atoms in our food molecules, the atoms in our textile molecules and the atoms in our plastic molecules.


This bond happens when electrons are shared between two atoms. To go back to the cake analogy, imagine you have Sol’s favourite cake – carrot cake – and Sol has your favourite cake – madeira cake. You both want a slice of each other’s cake so you follow each other around all night trying to work out how to share. It’s an exhausting evening but it gives you a strong bond with each other.


By stitching atoms together to make molecules using the covalent and/or ionic bonds, we can make both small molecules and large molecules. There can be over a thousand-fold difference in size between the small and the larger molecules. Small molecules such as aspirin are made by covalent bonding and large molecules such as plastics are also made from covalent bonding.


 


Metal bonds


As the name suggests, this is the bond that keeps metal atoms together. In this strong bond, the metal atoms give up their electrons to become positively charged, which creates a sea of electrons around the positive metal ions. These electrons are on the loose and not associated with a particular positive metal ion. They carry heat energy quickly through the metal. This rapid transfer of heat helps us fry our egg in a metal frying pan. The heat from our gas flame travels through the metal frying pan and cooks our egg in no time.


In our fictional party, with you and Sol still trying to make it as friends, the metal bond could be visualised as both you and Sol having your desperately wanted cake snatched from you and held just out of reach by a waiter. This cake-snatching waiter spends his time circling you both rapidly with these cakes and since you both missed breakfast, you are both positively hungry, so decide to keep the cakes in close proximity. Our taunting waiter doesn’t stop as he is having too much fun. In essence, you, Sol and the waiter are bonded together.


 


Hydrogen bonds


This very weak bond is called a hydrogen bond simply because an atom of hydrogen attached to a molecule is usually involved in this bond. Though it’s a weak bond it is very important because it governs what happens when molecules come in to contact with water. The water molecule is made from two hydrogen atoms and one oxygen atom. Water contains both covalent bonds (which keep the oxygen atoms bound to the hydrogen atoms) and hydrogen bonds (which keep the water molecules constantly bonding with each other and makes water a liquid and not a gas like steam). Water therefore illustrates what two important bonds can do. You may have noticed that the hydrogen bond does not give rise to a new molecule but instead governs the way the molecules behave. This is an important distinction between strong bonds (covalent, ionic and metallic bonds) and the other weaker bonds such as the hydrogen bond. This weakling bond does not give us new molecules but instead shapes how the molecules bond with one another. It is weak for a reason. If other molecules bond with water, they do so via hydrogen bonds. For example, when we put sugar in our tea and stir it with a spoon, the sugar disappears as it is intimately bonded with the water molecules through hydrogen bonding.


Back at our party, Sol has a cherry on his cake that you really want and so you hang around hoping you will be offered it. You remain by Sol’s side in pursuit of the cherry and so your bonds, although weak, are the strongest form of bonds that can be formed between molecules.


 


Van der Waals bonds


The final type of bond is named after Johannes Diderik van der Waals, a Dutch physicist. Van der Waals won the Nobel Prize in Physics in 1910 for establishing a universal relationship between the temperature, pressure and volume of materials. The bonds that have his name are the weakest type of bonds and are formed between two molecules that are neither positively charged nor negatively charged; they are just neutral.


The bonds form when the atoms in a molecule come very close to atoms in another molecule. Since electrons spend their time whizzing around the central nucleus in a very mobile electron cloud, there is sometimes a very temporary negative or positive charge formed in the atom by the electron cloud. These temporary charges cause very weak bonds to form between two atoms on a molecule. However, when there are lots of these weak bonds, they are quite strong when working in concert and they keep the molecules stuck to one another.


When you have eaten stew out of a plastic bowl (just stay with me here – the porcelain bowls are all in the dishwasher), you will notice that the grease sticks to the side of it. Van der Waals bonds are what keeps the grease bound to the plastic bowl. However, we can use a strong detergent to dislodge the film of grease from the surface of the bowl. Van der Waals bonds are strong bonds but not that strong.


Back at our party, you and Sol are chatting to each other and a joke keeps you bonded, but not as strongly as a coveted cherry on Sol’s cake would. A third person, let’s call him Droll Dave, then enters the conversation. Droll Dave has a poor taste in jokes and a negative outlook on everything. Droll Dave would even find fault with the first sunny day in spring. Once Droll Dave starts a soliloquy on how the flowers in the local park are just too colourful, you are happy to walk away from Sol as the conversation is now ruining your mood. Droll Dave, in this case, is acting like the detergent that we use to dislodge grease from our plastic bowls; he has broken the bond between you and Sol.


 


Our world is composed of tiny atoms held in place by all these chemical bonds. They are lurking beneath the surface holding us and our world in distinct units. Stop a moment and consider a world in the absence of the ubiquitous chemical bond. Consider a world of nothing. Consider not even a world.


 


 


Bonds, like most things, sometimes have to be broken. Sometimes this is necessary to make something entirely new. In essence, we often have to break a bond to make a bond.


We don’t have to break our precious human relationships often, but sometimes we do have to create a fissure where a bond existed. This doesn’t have to be due to a tragic set of circumstances; bond breakage could merely signal a change in the environment. For example, raising the temperature around an ice cube by putting it in our delicious margarita cocktail (with salt on the rim) on a summer’s day. Essentially, the heat from our cocktail (our cocktail is warmer than the ice) breaks some of the hydrogen bonds that hold ice molecules tightly bound together and makes the molecules in the ice move more, converting the ice to liquid water; a phenomenon we witness as melting. As the ice melts, it cools our cocktail.


Alternatively, we can break bonds because we wish to change one chemical into another in a beneficial industrial chemical process such as the making of plastics where one bond is broken to make way for other bonds to be formed. Just imagine an armed regiment at the end of a long war and now in need of a rest and thankful demobilisation; the bonds of enforced camaraderie within the regiment may now be broken, and new enduring bonds of friendship and co-operation formed by a new set of friends in civilian life.


Water, for example, just loves the destruction of covalent bonds. It often needs a catalyst such as an enzyme (enzymes are biological compounds that speed up chemical reactions unimaginably) or a little bit of acid to get going but get going it must, once catalysis is initiated. Water’s ability to break chemical bonds is an essential element of our lives as it allows materials to degrade and not persist and pollute.


Water, as we know, is composed of two hydrogen atoms and one oxygen atom. To begin the process of destroying a covalent bond in a molecule such as a starch molecule, water first divides into two bits, so the two hydrogen atoms are now separated. Water usually needs a bit of help, from some acid for example, to divide into two bits. One hydrogen atom sticks tightly with the oxygen atom and the other one separates off. This hydrogen-stuck-to-oxygen is unimaginatively called a hydroxyl unit. These two bits (hydrogen and the hydroxyl unit) then snap the bond open with the hydrogen and hydroxyl units plugging either end. In this way the bond is broken.


I like to imagine this as being similar to a twig being broken in a sharp snap and the ends being plugged by two bits of different coloured molten wax. This form of bond breaking is called hydrolysis as water (hydro) breaks (lysis) the bond. Where there is water there is an increased likelihood of bond breakage and a higher likelihood of a material degrading and there are water molecules hanging around in many places. In our water-filled bodies, there are active ways to stop water breaking the bonds that we need to remain intact. For example, excess water is halted from getting at these bonds by being separated from potential target molecules by the fatty barriers that water cannot easily cross (water hates fats). Water is also hampered when it comes to breaking the bonds that we need to remain as one unit by the absence of catalysts to get hydrolysis going. A final way in which water-driven bond breakage is halted in parts of our bodies, is by some molecules being designed to resist breakdown by water, such as the molecules that make up the hard part of our bones, for example.


Bond breaking is an essential component of our lives. In an ideal situation, chemical bonds would last long enough for the molecules to execute a function and then the bond would be broken as an integral step in the molecule’s disposal. Consider our foods, for example. The energy contained in foods, derived from the energy in sunlight, through the marvel of photosynthesis (which we will discuss later) is consumed by us as delicious meals and snacks. A cracker topped with blue cheese, a juicy steak cooked medium-rare or even a celery stick (if you like that sort of thing). The bonds in the food starches (essentially sugar molecules chained together), for example, are broken down in our mouths, stomachs and intestines, and the resulting sugars are absorbed to power our cells as they cycle through our biological day.


The unabsorbed residue in our foods must be further broken down in our colons by the helpful bacteria that live there and finally, the unabsorbed food parts must be broken down further within our sewers. Without the judicious breakage of these chemical bonds, our world would very quickly become clogged with the parts of us no one wants.


When we dispose of food that we do not want in our kitchen dustbins or sweep up the leaves in our garden and place them on the compost heap, we actually invite bacteria to speed up the breaking of bonds. Bacteria are very good at breaking chemical bonds – they can do this efficiently and leave very little behind. A bit of water and off the enzymes in bacteria go.


Our skeletons are testament to these miraculous bacteria. It is estimated that male skeletons are about 13 per cent of the person’s original body weight.2 After we have died, around 87 per cent of the body will be reduced to practically nothing by degrading bacteria.


As chemical bonds break, the structure of materials also breaks down and sometimes the solid turns to liquid and gases. We definitely notice our compost heap reducing in volume and the bodies of small animals rotting away to virtually no trace as the large molecules that keep them together are attacked mercilessly by the enzymes in bacteria with a job of housekeeping to do.


*


While I didn’t think of it as chemistry at the time, my childhood was defined by the making and breaking of bonds. My earliest memory is of living with a White foster family, aged about two or three years old, while my parents were enrolled in full-time university courses. My parents were busy, attempting to better themselves, full of youthful optimism.


They had arrived by boat from a south-eastern Nigerian town called Aba, a rather busy metropolis in its day, to a dimly lit winter port in the United Kingdom – a two-week journey to paradise, they’d assumed. When I popped out in the summer of 1960, my parents were met by the reality of unaffordable childcare costs (unaffordable childcare has been with us for a very long time). The result? These two young and, incidentally, very trusting Nigerians made the decision to put their child up for temporary adoption.


So, as a very young child, I was plunged into the Kent countryside and an unfamiliar life with a whole new family. There was my Auntie Pat, as I fondly called my foster mother, Auntie Pat’s husband, and the children of the family. At first, I innocently imagined that my White foster family had brown palms and brown soles to their feet, in sympathy with my own difference. I discovered this not to be the case. The soles of their feet and the palms of their hands were indeed the same shade as their faces. I simply assumed that someone somewhere had made a mistake that would one day be corrected. I naturally had no idea what melanin was at the time.


Melanin is the chemical substance that gives our skin the various shades that we know. It is a very useful chemical that protects our skin from sunlight-induced damage. It comes in two shades: black (also called eumelanin) and red (also called pheomelanin). The types of melanin that we have is what determines our skin and our hair colour. The black melanin is what most effectively protects our skins from sun damage. I had more of the black type of melanin than my Auntie Pat, as my ancestors came from regions of the globe where the sun shone rather brightly, while my Auntie Pat’s ancestors had lived in the low sunlight areas of northern Europe for thousands of years.


Auntie Pat was a large, jolly woman with dark hair, glasses that rested low on her nose and exceptionally large arms. Nestling within those arms was an unforgettable pleasure. Despite our obvious physical differences, a happy childhood rolled on.


Then one day Auntie Pat was no longer in my life. I was moved out of Kent to be with my father, who now took her place. The abruptness of this parental transplant was a child’s eye view, of course. No doubt tears of separation were shed but I don’t remember them. I was reunited with my father, who was resplendent in his new qualification but devoid of his marriage, which he had lost along the way to divorce. My mother was long gone and I did not get to meet her in a way that laid down a memory until much later. Aged four, I started again with yet another brand-new iteration of a family, this time in Hackney in east London. One bond was broken so a new bond could be formed. My main memories of this time are dominated by an obsession with food: I was always in want of a snack due to the high cost of food and my hunger was rarely satisfied.


The bond breaking continued relentlessly. As a 10-year-old child in 1970, I moved schools to attend the same school as a younger sibling and I had to sever some fabulous friendships and make new friends in very short order. Breaking any relationship can be fraught with difficulty and so it was for me. Sometimes, breaking things is jolly hard, though at other times, it is rather easy, and the seamless transition from one state to another is hardly noticeable at all. At four years old, my transition from Auntie Pat and my foster family – who I adored and considered to be my true family – to living with my father did not even register as a transition at the time. Just like shifting from ice to water, or water to steam, as a child, I simply moved into my new state of existence.


Later, a new bond was formed as my interest in science developed like a love affair with the boy next door, kindled by familiarity but nurtured by discovery and a desire to share the future together. It came upon me slowly and started in earnest when my family decided to move back to Nigeria soon after the end of the brutal Nigerian civil war. In the early 1970s, the war had left the south-eastern part of Nigeria in shreds, devastated by inter-tribal warfare. This is the part of the country that we moved to in 1973, to a small town called Owerri, a place with a large and as-yet unrealised ambition. A dusty urban outpost that would eventually become the state capital, Owerri behaved as if it knew it was destined for bigger glories, carrying itself with a quiet confidence, less brash and more considered than its noisy and chaotic neighbour Aba, a town where my father had lived in the 1950s. I assume that we went back to this husk of a land, hollowed out by bloodshed and malnutrition, because my father thought that this was where we belonged. Our family had heard the refrain often enough from hostile next-door neighbours, school bullies and other angry types.


On the flight into Nigeria, I noticed that there were markedly fewer houses below when compared to the country we had just left behind but, more peculiarly, I noted that the soil was rust red. On closer inspection at ground level, I could see that the soil was also exceptionally powdery on dry days. This was very much unlike the dark sticky soil in our Hackney garden, in which we had grown potatoes and found large earthworms. The redness of the southern Nigerian soil stems from it being rich in iron compounds, whereas the darkness of the London soil is down to it being rich in compounds originating from long-dead plants and animals. Dark soil, I later learnt, was more fertile than the red soil of my new habitat. Quite early on, I realised with growing fascination that I would always be in even more want of a snack in my new home, and that this exacerbated desire for food could be traced, in part, to the soil conditions.


My love of science in general had begun and, like a faithful lover, chemistry has not left my side since. I have gone on to enjoy teaching and doing research and have used chemistry to design new and improved medicines.


*


We often underestimate how long a knowledge of chemistry has been with us as a species. How long have we known that bonds break and form to create new materials or new versions of old materials? It is widely believed that the study of chemistry began in the 1700s and was led by a French man called Antoine Lavoisier. Lavoisier is credited with being the first person to identify and name the oxygen molecule. Existing images of Lavoisier show a handsome young man with strong facial features and a curly white wig looking expectantly into the middle distance towards his next discovery.


No doubt Lavoisier was a revolutionary thinker and we have much to thank him for. However, I would argue that the control of fire by early humans has to be the first chemistry experiment ever conducted and represents the birth of chemistry as a way of understanding the world. It would most probably have happened by accident, before being perfected through trial and error. Perhaps our ancestors started their chemistry experiments by observing the remains of a fire started when lightning struck some dried-out timber or leaves. Some astute person would have noticed that, actually, animal carcasses cooked in the ensuing fire were much more delicious and digestible than the bloody mess that had been served up the night before. Imagine discovering that? Just think what a hero you would have been once you had explained what you had seen or just experienced. Everyone staring wide eyed as they chewed on the new form of meat with their surviving teeth.


The combustion of materials by fire involves a chemical reaction, a consumption of oxygen to produce gases such as carbon dioxide and other oxidised solid materials. It is thought that fire was ‘discovered’ by humans about half a million to one million years ago. What this really means is that there is archaeological evidence of the control of fire by humans and this evidence is 500,000 to 1 million years old. Humans could have discovered fire earlier – we just haven’t found anything that indicates it. This proof that fire was put to good use by someone in our distant past was found in different regions of the African continent – in what’s now Zambia, South Africa and Kenya.3 In Zambia, in a place known as Kalambo Falls, 500,000-year-old burnt wooden artefacts show that our early human ancestors used fire on the items that they had made. In South Africa, 1-million-year-old burnt bone and grass remnants within Wonderwerk Cave point to fire being used either to cook, keep warm, ward off predators or perhaps just to extend the day with a story or two around the fire. Importantly, the archaeological record shows that materials appear to have been deliberately burnt and did not just catch alight because there was a spontaneous fire caused by a natural phenomenon.


In essence, chemistry as a way of understanding the world started much earlier than we have been led to believe, long before there was a complete understanding of the periodic table of chemical elements. So, we can then thank the prehistoric chemist who worked out that high temperatures render the proteins in meat easier to chew and digest, especially as cooked food is thought to have contributed to the size of the brains that we now have. A widely held belief is that this very first foray into chemistry is responsible for the homo sapiens we became, with our large brains, language, social gatherings and knowledge sharing. So, in many ways, Ms or Mr Prehistoric Chemist stumbling on a piece of scorched animal smoking with potential and eating it, ultimately allowed our species to grow the size of our brains and develop sophisticated interactions that eventually built our world and societies into the integrated (for the most part) whole that we know today.


*


Chemistry touches every aspect of our lives. If we stop to think about it carefully, it is truly overwhelming. We are swimming in a world of human-made chemical substances. In 2017, the world had the manufacturing capacity to produce 2.3 billion tonnes of chemicals every year.4 This is equivalent to about 300 kilograms of annual chemical production capacity for every single man, woman and child on the planet. Or, if you prefer another way of visualising this, we have the capacity to make more than our body weight (in fact, four times our body weight) in chemicals each and every year. These chemicals arrive in our lives as consumer products of every description. They include the plastics used to make our watches and phones, the synthetic textile fibres that make our clothes, the paints that we use to decorate our homes and much more. There are industrial manufacturing sites peppering the earth that are churning out the chemical compounds that we have now become very dependent on for our existence.


In the industrialised world, life is surrounded by chemistry and indeed chemicals. Additionally, making them is incredibly lucrative. In 2023, the chemicals industry was worth about US$5 trillion annually.5 If this industry was a country, it would be ranked as the third-largest economy in the world, just behind the US, the world’s second largest economy and distant to China, the world’s largest economy.6 Over half of the chemicals industry is located in Asia, with the rest of the world battling it out for the remainder.7


Despite this vast industry, we have barely scratched the surface of what chemicals can actually do. Although there are over 142 million chemicals that are known to science, only an estimated 40,000–60,000 chemicals are used commercially.8 This is a mere fraction of what is possible. Through these thousands of chemicals, chemistry shapes, and will continue to shape, our world for years. There is no doubt more to come.
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