

CHAPTER 1

Elementary Cooking

One summer afternoon, I arrived at my parents’ house in suburban south-east London armed with some glassware that I’d ordered online and a pack of six Mr Kipling Bramley apple pies. I was there to do what is probably the silliest experiment I’ve ever attempted.

As a child, my dad was a keen amateur chemist and used to spend happy afternoons in the mid-1960s creating smells and explosions in the shed at the bottom of his parents’ garden. Those were the days when anyone (including teenagers in possession of an advanced knowledge of chemistry and a healthy disregard for their own safety) could buy a terrifying array of noxious substances from their local chemical supplier. This, it turned out, included all the ingredients of gunpowder. He still recalls with some relish how one of his more dramatic experiments was brought to an abrupt end when his own father, a former artilleryman not unaccustomed to the sound of gunfire, stormed to the bottom of the garden shouting, ‘That’s enough, that one rattled the windows!’ Simpler times. My dad still has some of his old chemistry equipment, including a Bunsen burner that I wanted to get my hands on, and I’d decided that my small London flat was probably not the ideal location for the experiment I had in mind.

The thought behind the experiment was this: if you were presented with an apple pie and had no knowledge of pies, apples, or their composition, what might you do to try to figure out what it was made from? On the workbench in the garage I scraped a small sample of the pie into a test tube, taking care to get a good mix of the crumbly pastry and the soft apple filling, and then sealed it with a cork that had a small hole drilled through the middle. After connecting the tube to a second flask floating in a tub of cold water via a long L-shaped glass pipe, we fired up the Bunsen burner, popped it under the test tube, and stood back.

The pie began to bubble and caramelize, and soon the expanding gas within the test tube threatened to force our sample up into the connecting pipe. Reducing the heat slightly we watched the pie slowly start to blacken, and to my delight tendrils of mist started to flow along the pipe and pour into the waiting flask, which before long was overflowing with a ghostly white vapour. Now this was a real chemistry experiment!

Wondering what this white mist might be, I gave it a whiff, a tried and tested method of chemical analysis from before the days of health and safety. Humphry Davy, a pioneering chemist of the Romantic age, famously investigated the medical effects of various gases by inhaling them, which in 1799 led him to discover the pleasurable effects of nitrous oxide, what we now know as laughing gas, which he would inhale in large quantities while locked in a dark room with his poet friends, or sometimes young women of his acquaintance. Mind you, it wasn’t a risk-free strategy. He came close to killing himself during an experiment with carbon monoxide, and on being dragged into the open air remarked faintly, ‘I do not think I shall die.’

Alas, my apple pie vapour didn’t produce any psychoactive effects, just an extremely unpleasant burned smell that seemed to hang around for hours afterwards. Peering through the mist to the bottom of the flask I found that some parts of the vapour had condensed on contact with the cool water bath, forming a yellowish liquid covered by a dark brown oily film.

After about ten minutes of intense heating, no more vapour seemed to be coming off the charred remains of the apple pie and so we concluded that our experiment was complete. In my keenness to inspect the contents of the test tube, I briefly forgot that when you heat glass with a Bunsen flame for ten minutes it gets really quite hot and badly burned my index finger. There’s a good reason why the most dangerous bit of equipment I am generally allowed near is a desktop computer.

After a much longer wait, I gingerly returned to the test tube and tipped its contents onto the bench. The apple pie had been reduced to a jet-black, rocklike substance whose surface was slightly shiny in places. So what can we conclude about the composition of apple pie from this admittedly rather silly experiment? Well, we’ve ended up with three different substances: a black solid, a yellow liquid, and a white gas, which by now had infused my skin, hair, and clothes with a nauseating burned smell. I admit that the precise chemical composition of these three apple pie components was not entirely clear to me at the time, though I was pretty sure the black stuff was charcoal and that the yellowish liquid was probably mostly water. To get further towards a list of fundamental apple pie ingredients we are going to need to do some more advanced chemical analysis.

THE ELEMENTS

I shouldn’t admit this as a physicist, but chemistry was my favourite subject at school. Physics labs were sterile, joyless places where we were expected to find excitement wiring up a circuit or glumly timing the swing of a pendulum. But the chemistry lab was a place of magic, where you could play with flame and acid, set fire to magnesium ribbon that burned so bright it dazzled, or bubble coloured potions through delicate glassware. The safety glasses, the bottles of sodium hydroxide with threatening orange warning labels, and white lab coats stained with the unidentified, perhaps toxic, remains of experiments past, all helped to lend the chemistry lab a frisson of danger. And marshalling all this was our enigmatic teacher, Mr Turner, who arrived at school in a sports car and was rumoured to have made his fortune by inventing the spray-on condom.

In fact, it was a fascination with chemistry that set me on a path towards eventually becoming a particle physicist. Chemistry, like particle physics, concerns itself with matter, the stuff of the world, and how different basic ingredients react, break apart, or change their properties according to certain rules. The reason I didn’t stick with chemistry in the end is because I wanted to know where those rules came from. Had I been born in the eighteenth or nineteenth century, I would most likely have stuck with it. Back then, if you wanted to understand the fundamental building blocks of matter, then chemistry, not physics, was the subject for you.

The person who probably did more than anyone else to invent modern chemistry was Antoine-Laurent Lavoisier, a brash, ambitious, and fabulously rich young Frenchman who lived and worked in the second half of the eighteenth century. Born in Paris in 1743 into a wealthy family steeped in the legal profession, he used a large inheritance from his father to equip his personal lab at the Paris Arsenal with the most sophisticated chemical apparatus money could buy. Aided by his wife and fellow chemist, Marie-Anne Pierrette Paulze, he brought about a self-declared ‘revolution’ in chemistry by systematically dismantling the old ideas that had been inherited from ancient Greece and inventing the modern concept of the chemical element.

The idea that everything in the material world is made up of a number of basic substances, or elements, has been around for thousands of years. Different element theories can be found in ancient civilizations, including Egypt, India, China, and Tibet. The ancient Greeks argued that the material world was made of four elements: earth, water, air, and fire. However, there is a big difference between what the ancient Greeks thought of as an element and the definition of a chemical element that we learn about at school.

In modern chemistry, an element is a substance like carbon, iron, or gold that can’t be broken down or converted into anything else. On the other hand, the ancient Greeks thought that earth, water, air, and fire could be transformed into one another. On top of the four elements they added the concept of four ‘qualities’: hotness, coldness, dryness, and moistness. Earth was cold and dry, water was cold and moist, air was hot and moist, and fire was hot and dry. This meant that it was possible to convert one element into another by adding or removing qualities; adding hotness to water (cold and moist) would produce air (hot and moist), for example. This theory of matter raised the prospect of transforming, or ‘transmuting’, one substance into another – most famously common metals into gold – through the practice of alchemy.

It was the concept of transmutation that Lavoisier attacked first. As with many of his greatest breakthroughs, his approach was based on a simple assumption, namely that mass is always conserved in a chemical reaction. In other words, if you weigh all the ingredients at the start of an experiment, and then all the products at the end, taking care to make sure no sneaky wisps of gas escape, then their masses should be the same. Chemists had been making this assumption for some time, but it was Lavoisier, aided by a set of extremely precise (and expensive) weighing scales, who popularized the idea when he published the results of his own painstaking experiments in 1773.* In Mr Turner’s chemistry lessons, the law of the conservation of mass was taught to me as Lavoisier’s principle.

One piece of evidence in transmutation’s favour was the fact that when water was slowly distilled in a glass container, a solid residue was left behind, which seemed to confirm that water could be converted into earth. Lavoisier had his doubts. Weighing the empty glass container before and after the experiment, he found that it had lost some mass, which was almost exactly equal to the mass of the so-called earth. In other words, the idea was nonsense. The solid residue was just made up of bits of the glass container.

By demolishing the idea of the transmutation of water into earth, Lavoisier fired the first shot in a campaign that would totally upend how people thought about the chemical world. Declaring with characteristic swagger his intention to bring about ‘a revolution of physics and chemistry’, he then set about tearing down the elements themselves. His next move was to take on the most mysterious and powerful of them all: fire.

In the mid-eighteenth century, flammable materials like charcoal were believed to contain a substance known as ‘phlogiston’ that was given off when they were set on fire. A fuel like charcoal contained lots of phlogiston, which was released during burning, with the burning eventually stopping either when all the phlogiston in the charcoal had run out or when the surrounding air had become so full of phlogiston that it couldn’t absorb any more.

One problem with this phlogiston business came with the discovery that metals actually get heavier when they are burned, whereas you’d expect them to get lighter if phlogiston was being released. This was explained away by the Dijon-based lawyer and chemist Louis-Bernard Guyton de Morveau as being due to the fact that phlogiston was incredibly light and when stored in metals somehow ‘buoyed’ them up, a bit like a hot-air balloon. When the metal was burned, the buoyancy provided by the phlogiston was lost and so the metal appeared to get heavier.

Lavoisier was less than impressed by Guyton’s idea and argued the complete opposite – instead of burning releasing phlogiston, burning involved air being absorbed. This explained why metals got heavier when burned: they weren’t releasing floaty phlogiston, they were combining with air.

It’s worth taking a moment to appreciate how brilliant an insight this is. If you’re briefly able to forget everything you were taught at school about combustion, then thinking that phlogiston is released by fire actually makes a lot of sense. Fire definitely seems to be a process that releases stuff – light, heat, and smoke at the very least. The idea that burning combines air with the fuel, effectively sucking something out of the air, is really quite counter-intuitive. Lavoisier’s ability to follow the experimental evidence and reject what might seem like common sense is what allowed him to leap to such a radically different conclusion.

The question was, what exactly was it in air that was consumed in burning? Unknown to Lavoisier at the time, significant advances in the understanding of air had recently been made across the Channel in Britain. In 1756 the Scottish natural philosopher* Joseph Black had discovered a peculiar new type of air that was released when certain salts were heated. Most surprisingly, he found that it was impossible to set things on fire when they were surrounded by this ‘fixed air’ – what we now know as carbon dioxide. A decade later, Henry Cavendish found that when sulphuric acid was poured over iron it gave off another, lighter air that would catch fire with a characteristic pop. But the most prolific discoverer of new airs was the English natural philosopher Joseph Priestley.

Priestley was inspired to begin his own investigations of air when he learned of Cavendish’s discovery of ‘inflammable air’ in 1767. At the time he was working as a Presbyterian minister in Leeds and living next door to a brewery, a bit of a contrast to Lavoisier’s lavishly equipped laboratory in central Paris. However, being next door to a brewery did have its benefits, aside from an ample supply of beer. The fermentation process released large quantities of fixed air, which, among other things, Priestley used to develop a technique for making fizzy drinks, laying the foundations for the future soft-drink industry.*

A few years later, in 1774, Priestley made the discovery that would secure his place in the history books. He found that when he focused sunlight onto a sample of highly toxic ‘red calx’ (a mineral containing mercury) using a large burning lens, it gave off a new type of air that Priestley discovered would make a flame burn incredibly brightly and could keep a mouse in a sealed jar alive four times as long as normal. Priestley even tried the new air himself, writing,

The feeling of it to my lungs was not sensibly different from that of common air; but I fancied that my breast felt peculiarly light and easy for some time afterwards. Who can tell but that, in time, this pure air may become a fashionable article in luxury. Hitherto only two mice and myself have had the privilege of breathing it.

Priestley believed the miraculous properties of what he called ‘dephlogisticated air’ were a result of it containing far less phlogiston than ordinary air. This allowed it to soak up the phlogiston released by a burning candle or a breathing mouse more effectively and thus keep them going for longer.

In October of that year, Priestley travelled to Paris, where he met many of the city’s brightest minds, including Antoine Lavoisier. Unfortunately, we know very little about their meeting, but it’s fun to imagine what these two chemical giants might have made of each other: the wealthy, self-confident and urbane Parisian and the working-class radical with a strong Yorkshire accent. What we do know is that Priestley told Lavoisier about his new discovery, which proved to be the vital clue that he needed to complete his theory of fire. However, Lavoisier came to a radically different conclusion. Instead of dephlogisticated air, he realized that Priestley had in fact discovered the gas that combined with fuel during burning. He named it ‘oxygen’.

According to Lavoisier, fire wasn’t an element, and phlogiston didn’t exist. When a candle burned, the fuel combined with oxygen to release carbon dioxide. Lavoisier showed that a similar process took place when animals breathed: carbon in their food combined with oxygen to release carbon dioxide and heat. He even demonstrated this idea using a guinea pig placed in an empty bucket surrounded by a container full of ice. The heat from the rodent’s body melted the ice, and by measuring the amount of water that ran out of the bottom of the container Lavoisier was able to figure out how much heat it was giving off, proving that animals effectively burned their food to create heat. Don’t worry, the guinea pig escaped freezing to death – though it definitely would have got a bit chilly – and has the possibly dubious honour of being the original source of the term ‘to be a guinea pig’.

Lavoisier wasn’t done with his revolution yet. People had noticed that when Cavendish’s inflammable air was burned with oxygen, water seemed to be left behind. Lavoisier became convinced that this meant that water, once thought to be the most basic of all the elements, wasn’t an element either. Instead it was made from this inflammable air, which he renamed ‘hydrogen’, and Priestley’s oxygen.

Most of the scientific community, particularly in France’s great imperial rival Britain, found it hard to swallow Lavoisier’s radical new ideas. Priestley rejected Lavoisier’s suggestion that water wasn’t an element and clung to phlogiston theory for the rest of his life. Lavoisier needed firm experimental proof to swing people behind his new chemistry. He finally provided it in spectacular fashion by splitting water into oxygen and hydrogen in a public demonstration held at his laboratory in 1785.

By the late 1780s the old classical elements lay in ruins. Water could be broken apart into hydrogen and oxygen, air was a mixture of different gases, and fire was a process of combining oxygen with fuel. In 1789 Lavoisier published his greatest piece of propaganda for the new chemistry: a textbook called Traité élémentaire de chimie (An Elementary Treatise on Chemistry). In it, he gave his new definition of a ‘chemical element’, a substance that couldn’t be broken down into anything else. What’s more, he provided a list of thirty-three of these new chemical elements, many of which we still recognize today, including oxygen, hydrogen, and azote, or what we would now call nitrogen. The treatise became one of the most influential books in the history of science and within a few years all but his most die-hard critics had been won over. Lavoisier had lived up to his arrogant claim; he really had brought about a chemical revolution.

So what might Lavoisier have made of the three products of my apple pie experiment? First of all, I suspect he would have been rather unimpressed by my rough and ready approach to chemistry. My dad’s garage isn’t quite as well equipped as Lavoisier’s lab and I didn’t have any kit that would have allowed me to weigh the apple pie precisely before and after the experiment as Lavoisier surely would have done. Worse still, I’d carelessly allowed the white mist to escape, meaning that its composition would have to remain a mystery.

But what of the charred black hard stuff left behind in the test tube? If we take a look at Lavoisier’s list of chemical elements one jumps out immediately: charcoal. Charcoal has been used as a fuel for centuries and was often made by burying piles of wood under a layer of turf and lighting a fire in the centre. The turf kept the air out, preventing the sides of the woodpile from catching on fire, while the intense heat from the central fire broke the wood down into charcoal and gases. This is more or less what we had done with the apple pie; the bung in the test tube had acted like the turf, stopping the oxygen in the air from getting in and preventing the superheated pie from catching fire. We had made charcoal. Or what in modern terms is a fairly pure form of the basic element of all organic matter: carbon.

As for the yellowish liquid, well, in principle I could have tried to break it down further, but unfortunately I’d only been able to generate a thimbleful of the foul-smelling liquid – far too little for the experiment to work – and I wasn’t about to empty my local supermarket of apple pies and spend days bubbling them down. Anyway, it seems a safe bet that it was mostly water and thanks to Lavoisier we know that water is a compound of oxygen and hydrogen, giving us another two ingredients. Indeed, carbon, oxygen, and hydrogen between them are the dominant chemical elements in all organic matter, from apple pies to humans. However, they are certainly not the only chemical ingredients. A quick glance at the nutritional information on the back of the box tells me that they contain at least some iron, which was probably still mixed up in the charcoal. And although I couldn’t isolate them in my dad’s garage, there’s also nitrogen, selenium, sodium, chlorine, potassium, calcium, phosphorus, fluorine, magnesium, sulphur, and probably many more – perhaps only in very tiny amounts, but they’re there.

The deeper question though is this: What are these different chemical elements made of themselves? After all, if we really want to make an apple pie from scratch, hydrogen, oxygen, and carbon won’t cut it. They are just the start of the story.




CHAPTER 2

The Smallest Slice

At the start of Cosmos episode 9, just after uttering the immortal phrase that inspired this book, Carl Sagan gets up from his seat at the head of the grand table and picking up a knife poses us a question: ‘Suppose I cut a piece out of this apple pie . . . and now suppose we cut this piece in half, or more or less, and then cut this piece in half, and keep going . . . How many cuts before we get down to an individual atom?’

Ten? A hundred? A million? Perhaps you can keep cutting up the apple pie forever into ever smaller and smaller pieces, until you have an infinity of infinitesimal slices. This neat little thought experiment captures the essence of the most powerful idea in science – that everything is made of atoms.

Atoms, according to the classic definition, are tiny, indestructible nuggets of matter that can’t be changed or broken apart (the word ‘atom’ comes from the ancient Greek atomos, meaning ‘uncuttable’). They come in different shapes and sizes and combine to create everything we see in the world around us, from apple pies to astronauts. It’s a beguilingly simple idea and yet at the same time goes completely against our everyday experience. Our senses reveal a world of form and colour, texture and temperature, taste and smell: the smooth red skin of an apple or the bitter taste of coffee.

Atomic theory tells us that this world is an illusion. Deep down at the roots of things there is no such thing as the colour red or the taste of coffee. Deep down there are only atoms and empty space. Colour, taste, heat, texture are all tricks of the mind that emerge from uncounted multitudes of different atoms, bound together in a dazzling array of different forms.

When you think about atoms this way it’s not surprising that the idea took millennia to take hold. Although versions of atomic theory appeared in ancient Greece, they never really gained much traction, particularly as the influential Aristotle dismissed the idea, preferring to trust his senses over abstract thinking. The theory of qualities makes far more sense; we’re all familiar with hotness, coldness, dryness, moistness, but who of us has ever seen an atom?

It was only in the seventeenth century that atoms started to be taken seriously in scientific circles. Isaac Newton was an avowed atomist and believed that atoms made up not only the material world but even light itself, which he imagined as a shower of tiny particles or ‘corpuscles’. Newton’s mighty legacy to science, along with gravity, optics, and the laws of motion, included persuading many eighteenth-century natural philosophers to take an atomic view of the world. That said, there was precious little evidence for atoms’ existence, and the concept was pretty useless for understanding chemistry. Lavoisier and Priestley could experiment and theorize without having to worry very much about what was going on deep down. Lavoisier, a stickler for going only where facts led him, had little time for invisible atoms.

Before atoms could be brought into the light of day, someone was going to have to build a bridge between their hidden realm and the world of chemistry. That person emerged from the wild and beautiful county of Cumberland in the north-west of England. His name was John Dalton.

IMAGINING ATOMS

John Dalton was born in 1766 in Eaglesfield, a small village surrounded by low rolling farmland in a remote part of north-west England. John’s upbringing was decidedly modest; his father Joseph was a weaver by trade and the family owned and farmed a small strip of land near the village.

However, young John had a couple of advantages. First off, he was an unusually bright and precocious little boy, with a natural curiosity and the ability to soak up information like a sponge. Second, his family were Quakers, religious nonconformists who set a high value on learning. John’s mother in particular encouraged his education and used the family’s network among the Society of Friends to provide her son with a better schooling than a poor farm boy would normally have gotten in eighteenth-century England.

John developed an early fascination with the weather, which isn’t surprising as there’s a lot of it in the north-west of England. From his home he could watch rain clouds rolling in from the Irish Sea and passing over the dramatic peaks of Grasmoor and Grisedale Pike. The Quakers weren’t exactly a fun-loving bunch – they were teetotallers and emphasized holy behaviour in all they did – but studying nature was one of the few permitted leisure activities, regarded as a way of revealing God’s work in the world. As a boy John began to take daily readings of air pressure, temperature, humidity, and rainfall, a routine he followed until the day he died, and though he had no idea at the time, it was the beginning of a long journey that would eventually lead him to a theory of atoms.

Although John’s education was supported by the Quakers, his situation was often precarious, and by the age of fifteen he was forced into agricultural labour to make ends meet. The future looked bleak, but salvation came with an invitation to teach at a Quaker boarding school fifty miles away in the market town of Kendal. The Quakers had generously equipped the school with a suite of scientific instruments that he was quick to start experimenting with. He also acquired a much-loved tutor in the blind natural philosopher John Gough, who took a shine to the eager teenager and taught him mathematics and science, including Newtonian atomic theory. In return, John helped his blind mentor with reading, writing, and drawing diagrams for his scientific papers.

John had ambitions to study law or medicine but was barred from English universities because of his religion. Instead he eventually secured a position as a professor at a new college that had been set up by religious nonconformists in the booming industrial town of Manchester.

To the farm boy from Eaglesfield, Manchester was a huge and bustling place. Here, religious and political radicalism, new scientific ideas, and revolutionary technologies were driving change at a pace that was dizzying, perhaps even frightening. Manchester was the beating heart of an industrial revolution that was transforming Britain into the powerhouse of the world. Towering new cotton mills, powered by smoke-belching steam engines, and row upon row of redbrick terraced houses were rising on the city’s skyline. Here science wasn’t a hobby carried on by wealthy aristocrats in their private labs, but part of a thriving community of engineers, craftsmen, and industrialists. Dalton couldn’t have come to a better place and dived headfirst into Manchester’s larger scientific pond.

The weather remained his obsession, in particular, rain. It’s a long-standing joke among southerners (like me) that it’s always raining in Manchester. That may be a little unfair, but there is certainly no shortage of moisture in the north-west. Dalton would take long walking holidays in his much-loved but decidedly drizzly Lake District, where the air sometimes feels so heavy with water that you wonder if it could soak up any more. In fact, it was just this question that got him thinking about atoms.

Dalton began to do experiments to see how much water vapour a fixed volume of air could absorb. At the time, people thought that water dissolved in air, like sugar dissolves in a cup of coffee. If you add more than around 150 teaspoons of sugar to a cup of coffee – which I think is even more than you get in a Starbucks cinnamon dolce latte – then it stops dissolving and you end up with sugar granules rolling around at the bottom of the cup. A similar thing happens when it rains: when the air is completely saturated with water vapour the water condenses into little droplets, which form clouds, and if the droplets get big enough it starts to rain.

However, if there is more air squeezed into a given volume then it should be able to soak up more water vapour. It’s a bit like adding more coffee to your mug to dissolve those extra sugar granules. However, Dalton’s experiments showed something truly weird: a container would always absorb the same amount of water vapour regardless of how much air was squeezed into it. It seemed as though the air and the water vapour somehow ignored each other, occupying the same space but without interacting.

What has all this got to do with atoms? I hear you cry. Well, it all comes down to the interpretation. Dalton took this result as evidence for the idea that air and water vapour only exert forces on atoms of their own kind. Two atoms of air would interact with each other, and two atoms of water vapour would interact with each other as well, but an atom of air and an atom of water vapour would totally ignore each other. It’s a situation similar to the slightly awkward birthday parties I’d find myself at in my early twenties. There would usually be two groups: the birthday girl or boy’s old schoolfriends and the newer university friends. Although we were all at the same party, we would drift around the room chatting within our respective cliques and barely acknowledge the existence of these other friends. According to Dalton, atoms of two different gases behave in more or less the same way.

Dalton published his theory in 1801, and it immediately caused a stir that spread beyond Manchester to the scientific academies of continental Europe. In London, the charismatic chemist and inhaler of strange gases Humphry Davy was intrigued by his theory of ‘mixed gases’, but many leading scientists argued passionately against it, including his old mentor and friend, John Gough, which must have stung a little.

Dalton was determined to prove his critics wrong and set out on a series of experiments that he hoped would provide irrefutable evidence for his theory. Along the way he became interested, almost by accident, in the problem of why certain gases dissolve in water more easily than others. His solution was simple but held the seeds of what would become a fully fledged atomic theory. Dalton argued that it was the weight of the atoms that determined how easily they dissolved, with heavier atoms dissolving more easily than light ones. To test this idea, he somehow had to figure out how heavy different atoms were compared to one another.

But how? Remember that no one had even got close to seeing an atom in the early nineteenth century. It would be almost two hundred years before a microscope would be invented that was powerful enough to image one. Atoms were just an idea and if they existed at all were so fantastically minuscule that almost every scientist of the day thought they would lie forever beyond our perception. How on earth could Dalton possibly measure their masses?

Dalton’s stroke of brilliance was to take his theory of mixed gases – that atoms only repel other atoms of their own kind – and extrapolate it to figure out how many atoms of different chemical elements bind together to make molecules. His reasoning went something like this: imagine that two atoms of two different chemical elements, let’s call them atom A and atom B, bind together to make a molecule A-B. Now imagine that another atom of A comes along and wants to join the party. Since atoms of A repel each other it will naturally want to get as far away from the other A atom as possible and so attach to the opposite side of the B atom to make a larger molecule A-B-A. Then if a third atom of A comes along this time it will arrange itself at 120 degrees from the other two atoms of A to form a triangular shape with B at the centre, and so on.

[image: Image]

Dalton reasoned that if only one compound of A and B is known, then its molecule should have the simplest structure, which is AB. If there are two different compounds of A and B, then the second molecule will be the next simplest, ABA.

For example, two different gases made of carbon and oxygen were known in the early nineteenth century: one was called ‘carbonic oxide’ (the colourless toxic gas that nearly killed Humphry Davy when he breathed it in, possibly in the name of science or in search of another way to get high) and the other was called ‘carbonic acid’ (the fixed air discovered by Joseph Black, which was used to suffocate a number of unlucky mice, again in the name of science). By weighing the amount of oxygen that reacted with a fixed amount of carbon to make these two gases, Dalton found that carbonic acid contained twice as much oxygen as carbonic oxide. Applying the rules of his atomic theory, this meant that carbonic oxide was the simplest molecule, made of one carbon and one oxygen atom (what we now know as carbon monoxide, CO), and carbonic acid contained one carbon and two oxygen atoms (in modern terms, carbon dioxide, CO2).

At last, Dalton could figure out the relative masses of carbon and oxygen atoms, calculating that an oxygen atom weighs about 1.30 times more than a carbon atom, which is remarkably close to the modern value of 1.33. Through a combination of guesswork, theorizing, and experimentation, he had measured a property of an atom, and in doing so had caught a glimpse of their hidden realm for the very first time.

Dalton knew that he was onto something big. He completely forgot about the original problem of dissolving gases in water and engrossed himself in his new atomic theory. After three years of work, interrupted by heavy teaching duties and the occasional walking holiday in his beloved Lake District, he was ready to reveal his ideas to the world.

In March 1807 Dalton travelled to Edinburgh, arguably Britain’s greatest intellectual and scientific centre and crucible of the Enlightenment. He was there to present what was nothing short of a revolutionary new description of the chemical elements. He began his momentous lecture series in the most English way imaginable, with an apology. ‘It may appear somewhat like presumption in a stranger to intrude himself upon your notice in the character I am now assuming, in a city like this, so deservedly famous for its seminaries of physical science.’ However, there was steel beneath Dalton’s veneer of humility. He went on to announce that if the ideas he was about to share were borne out by experiment, which he was sure they would be, they would ‘produce the most important changes in the system of chemistry, and reduce the whole to a science of great simplicity, and intelligible to the meanest understanding’.

The atomic theory Dalton presented at Edinburgh, and later published in his great work, A New System of Chemical Philosophy, finally connected Lavoisier’s chemical elements with the ancient idea of atoms. According to Dalton, all matter was made up of solid, indivisible, indestructible atoms, and every chemical element was made of its own unique atom with a definite mass. Chemical reactions, from burning charcoal to baking apple pie, were nothing more than a process of rearranging these different atoms to make a wider variety of different molecules.

The response to Dalton’s atomic theory was immediate, both in Edinburgh and beyond. In London, Humphry Davy was quick to see its potential to help chemists understand and quantify the way that different chemical elements reacted with one another. The theory’s most important prediction was a rule known as ‘the law of multiple proportions’. Basically, it says that when two elements react to make compounds, they always do so in certain ratios, which is a direct consequence of the fact that elements come in discrete little atomic lumps.

Take reactions between the two dominant gases in our atmosphere, nitrogen and oxygen, to make three different compounds: nitrous oxide, nitric oxide, and nitrogen dioxide. If we did three different experiments where we started with 7 grams of nitrogen and then reacted it with oxygen to make these three compounds, we would find that the amount of oxygen that joined up with the nitrogen in each case would be 4 grams, 8 grams, and 16 grams. From this, Dalton was able to figure out that the chemical formulae of nitrous oxide, nitric oxide, and nitrogen dioxide are N2O, NO, and NO2, and the reason that oxygen only reacts in these fixed proportions is because the mass of an oxygen atom is eight-sevenths the mass of a nitrogen atom.

Within months, other experimenters were finding evidence that the elements really did react in the way that Dalton’s theory said they should, and soon Dalton was being feted around the country. In the same year that Dalton published his atomic theory, Humphry Davy tried to persuade him to become a fellow of the most prestigious scientific organization in Britain, the Royal Society in London.*

But while chemists were happy to take and apply the consequences of his atomic theory, far fewer agreed with Dalton’s belief in real, physical atoms. In 1826, when Humphry Davy, now president of the Royal Society, presented Dalton with the Royal Medal, he was keen to emphasize that this was for his work on the law of multiple proportions – a prediction of Dalton’s atomic theory – and not for his belief in actual physical atoms.

Although Dalton had connected Lavoisier’s chemistry with atomic theory, his ideas were too far ahead of their time. The debate over whether atoms existed or not was to rage for another hundred years and was only finally resolved by an aspiring young physicist working in the Bern patent office, whose destiny it was to change science forever.

EINSTEIN AND THE ATOM

You’ve got to feel sorry for Albert Einstein’s schoolteachers. I mean, just imagine having Albert Einstein in your class. Of course, in 1895 his teachers didn’t realize they were teaching Albert Einstein, just a puckish German teenager with a mop of unruly black hair and a self-satisfied smile.

Famously, Einstein was not a good student. At a fairly early age he had realized he could teach himself more advanced mathematics and physics than his teachers, and by his midteens had decided that school was a waste of time. He seems to have had a special talent for winding his teachers up. On one occasion his father Hermann was called into school to be berated for Albert’s disruptive influence. When he asked what exactly his son had done, he was told by an exasperated teacher, ‘He sits at the back and smiles.’

Despite a not entirely successful or happy schooling, Einstein was determined to pursue a career in physics and after one failed attempt got himself admitted to the Swiss Federal Polytechnic, a relatively new university in the city of Zurich. His time at the ‘Poly’, as it was known, was a happy one. He revelled in his newfound freedom and soon formed a tight-knit group of friends, spending most of his time in coffeehouses, sailing on the lake, or at parties entertaining groups of admiring young women with his violin playing. It was at one of these shindigs that he met his lifelong friend, Michele Besso, a mechanical engineer six years his senior, with whom he would spend many happy hours discussing the latest controversies in science, philosophy, or politics amid a haze of pipe smoke at their favourite cafe.

During one of their wide-ranging discussions, Besso introduced Einstein to the work of the Austrian physicist and philosopher Ernst Mach. Mach was an ardent opponent of atomic theory, arguing that atoms were little more than a convenient fiction that just happened to explain the behaviour of larger-scale objects. As long as atoms themselves remained out of the direct reach of human senses, Mach argued that belief in their existence was a matter of faith, not science.

Mach had a point. Almost a hundred years after Dalton published his chemical atomic theory, the evidence for atoms was still mostly circumstantial. That said, over the course of the nineteenth century, atomic theory had achieved several big wins. In chemistry, the marriage of atoms with chemical formulae (symbolic ways of representing different chemical compounds in terms of their atomic building blocks – such as N2O for nitrous oxide) had proved extremely useful in exploring the reactions of organic molecules. Great progress had also been made on Dalton’s project of measuring the relative weights of different atoms, resolving most of the ambiguities about the atomic make-up of molecules, including whether water was HO or H2O.

At the same time a powerful new way of understanding the behaviour of gases had emerged, known as ‘kinetic theory’. According to this theory, a gas was a multitude of minuscule atoms flying about through empty space, bouncing back and forth off the walls of their container like a swarm of tiny angry bees. This picture allowed physicists to neatly explain measurable properties of a gas like temperature and pressure. Lavoisier had thought of heat as a physical substance called ‘caloric’, which he included in his list of chemical elements. Kinetic theory did away with this idea; heat was simply a consequence of the speeds that the atoms were zipping about at. The faster the atoms were moving, the hotter the gas. This also explained why the pressure of a gas increases as you heat it up. As the temperature rises the atoms move about faster and hammer against the walls more often and with greater force, causing an increase in pressure.

An early version of kinetic theory had been proposed by Daniel Bernoulli way back in 1738 and had remained more or less unchanged until after the 1860s, when James Clerk Maxwell, Josiah Willard Gibbs, and Ludwig Boltzmann revamped the theory by applying statistics to describe how atoms continually bumping into one another determine the measurable properties of a gas. This new statistical theory was able to explain familiar phenomena like the conduction of heat or how long it takes for a smelly gas released on one side of a room to be noticed by people on the other,* as well as predicting wholly new ones.*

By the time Einstein was having his coffee- and tobacco-fuelled discussions with Besso in 1896, progress on kinetic theory had stalled. Despite its successes, the theory had gotten snagged on a couple of particularly thorny problems, leaving open the possibility that it could yet be overturned. But worst of all, it was still true that no one had seen an atom.

At the University of Vienna, a battle was raging for kinetic theory’s very soul. On one side was Ludwig Boltzmann, the theory’s leading light, and on the other, Ernst Mach, its arch-nemesis. Boltzmann was so stung by Mach’s attacks that he devoted the last few years of his life to a valiant defence of his cherished kinetic theory, and although he won most physicists round to his side, Mach and a number of leading chemists remained intransigent.

In Zurich, the young Einstein followed the debates with increasing interest and frustration. He was convinced that Boltzmann was right and Mach was wrong. There was simply no way that all kinetic theory’s successes were a fluke. Atoms were real, and as soon as he graduated, Einstein resolved that he would settle the two-thousand-year-old debate once and for all. Unfortunately, old habits die hard, and Einstein had not acquitted himself well in his studies, gaining the lowest passing grade in his year and earning a reputation as a ‘lazy dog’, as his favourite professor Herman Minkowski put it. He found himself struggling to find a job, eventually having to take up temporary teaching positions to make ends meet.

A reprieve came in 1902 when he got a job at the patent office in the Swiss city of Bern. Not only did this come with a salary that was twice what he would have received as a professor’s assistant, but it was also undemanding enough that it allowed him to do scientific research on the side, both in his spare time and, as he later admitted, during working hours.

A steady income also made it possible for him to finally marry his university girlfriend, Mileva Marić. Mileva and Albert had met at the Poly (she had been the only female science student in his year) and formed an intense relationship that was both romantic and scientific. Einstein was clearly swept along by the prospect of a partner he could share both his life and his physics with and proposed marriage despite the opposition of his parents and the doubts of his close friends. Unfortunately, Mileva’s ambitions for her own scientific career were thwarted when she failed her final exams – perhaps in part thanks to her boyfriend’s bad influence – compounded by getting pregnant while she was doing retakes.

By 1903 the romance had clearly faded – Albert later said that he married her out of a sense of duty – but they nonetheless settled into a life of quiet domesticity. Mileva seems to have accepted the loss of a potential scientific career and the scandal of having a child out of wedlock with remarkable stoicism, cheerfully taking care of the home and more or less all of her husband’s needs. Combined with his light duties at the patent office, this trouble-free life set Einstein up for the most productive period of his entire career.

The year 1905 has mythic status in the history of science. Over a period of just a few months, Einstein published four papers, each of which sent shockwaves through the physics world that are still being felt today. Two of the four were truly revolutionary: one upended the fundamental concepts of space and time, the other heralded the dawn of the quantum age. Relativity and quantum mechanics – two beautiful, deeply unsettling ideas that challenge our most basic notions of how the world ought to work – are the pillars upon which modern particle physics is built. (We’ll come back to them again and again in the coming chapters, but we’re not quite ready to discuss them yet.)

It is incredible that the paper that finally proved the existence of atoms was arguably the least revolutionary of the four. There is a reason that 1905 is referred to as Einstein’s ‘miraculous year’. Einstein’s warm-up act was his PhD dissertation on what sounds like the rather curious subject of sugar solutions but was actually an ingenious method to calculate the number and sizes of sugar molecules. Even though Einstein got a result that was remarkably close to the accepted modern values, this still didn’t constitute proof of the existence of molecules or atoms – his calculations were based on the same bunch of unproven assumptions that formed the basis of kinetic theory.

What Einstein needed was a smoking gun, an unmistakable signature that could only be left by an atom. He knew that atoms were far too small to be seen directly through a microscope, but what if there was a way of seeing their influence on particles that were large enough to be visible?

In 1827, the Scottish botanist Robert Brown had discovered a peculiar phenomenon when peering through his microscope at some pollen grains. Within the grains, he noticed tiny particles endlessly jiggling about. While many suggestions had been made to account for the effect, including living molecules within the pollen and vibrations from passing carriages, no good explanation for the jiggling, which became known as ‘Brownian motion’, could be found at the time. Three decades later in the 1860s, a couple of scientists had suggested a new explanation: What if the pollen particles were moving about thanks to taking continuous blows from individual water molecules? The water molecules themselves might be far too small to see through a microscope, but perhaps their influence could be seen each time they crashed into a much larger particle. The problem is that a single water molecule is far too small and moves far too slowly to have any noticeable effect on the position of a relatively ginormous pollen particle. It would be the equivalent of an aircraft carrier being noticeably deflected by a collision with an anchovy.

Einstein realized that even though an individual water molecule couldn’t visibly move something as large as a pollen particle, the accumulated effect of a large number of collisions might. According to kinetic theory, a pollen particle floating in water is surrounded by thousands of water molecules, which are all jittering about thanks to the heat of the water. Because of the inherent randomness of this jittering, sometimes one side of the pollen particle will get hit by more water molecules than the other, creating a net force large enough to make it move.

This cumulative effect causes the pollen particle to follow what is known as a ‘random walk’ through the liquid, a zigzagging path that looks a bit like a drunkard stumbling around in the dark. At one moment the pollen particle will be pushed in one direction, and then a moment later in a different, random direction. Even though each step on this journey is random, over time the particle gradually moves farther and farther away from its starting point. Einstein’s aim was to connect the average distance that a pollen particle moves in some fixed amount of time to the number of molecules in a given volume of water.

After some brilliant physical insights and very clever mathematics, he arrived at a single equation that says that the distance a pollen particle jiggles away from its starting point in some amount of time goes up as the number of water molecules goes down. Now let’s think about the big argument that Einstein was trying to settle: one side said that matter is made of atoms, the other that atoms are just a figment of physicists’ imagination and that matter is continuous. If matter is continuous, then that means you can divide up any object, be it an apple pie or a drop of water, into an infinite number of infinitely small bits. Or to put it another way, there are an infinite number of infinitely small water molecules in a drop of water. If that were true, then according to Einstein’s equation, a pollen particle wouldn’t move at all, which sort of makes sense if you think about it. If the number of water molecules is effectively infinite then there will always be an equal number (that is, infinity) pushing on the pollen particle from any given direction, which means that the forces experienced by the particle are always perfectly balanced and hence the pollen particle stays dead still.

But the pollen particles do move! In other words, Einstein had shown that you could only explain Brownian motion if atoms were real. Not only that, but he had provided a new way to calculate the number of water molecules in a drop of water based on how far a pollen particle wanders in a given amount of time.

Now this all sounds very neat and tidy, but unfortunately the history of science is never quite as straightforward as that. Einstein didn’t actually set out to explain Brownian motion. His aim was to find a way to prove atoms existed, and it seems that it was only after he’d done his calculations that he realized there might be a link with Brown’s jiggling pollen particles. To seal the deal, Einstein needed experimental proof that the way small particles wander about in the water corresponds precisely to his equation. At the end of his paper he threw down the gauntlet to his experimental colleagues: ‘It is to be hoped that some enquirer may succeed shortly in solving the problem suggested here, which is so important in connection with the theory of Heat [kinetic theory].’

It was the French physicist Jean Baptiste Perrin who eventually took up Einstein’s challenge. Between 1908 and 1911 he and his team of research students performed a series of tour-de-force experiments that verified Einstein’s predictions in every way. Einstein’s theoretical brilliance and Perrin’s experimental guile had finally proven old John Dalton right. The age-old debate was finally settled. Matter is made of atoms.

At last we can answer Carl Sagan’s original question: how many times do you need to cut an apple pie in half until you get down to an individual atom? Along with verifying Einstein’s equation, Perrin also measured Avogadro’s number, which allows you to figure out the number of atoms or molecules in a given mass of a substance, including, for instance, an apple pie. Popping one of Mr Kipling’s finest on my kitchen weighing scales and doing a quick calculation reveals that a single apple pie contains roughly four trillion trillion atoms!

How many times would we need to cut the pie in half to get down to one of these atoms? Well, in Cosmos Sagan tells us that the answer is twenty-nine. His apple pie was a bit bigger than mine, though, so I thought I’d better check this for myself. After running the numbers, I was appalled to find that the great Carl Sagan had got it wrong! His calculation assumes only cutting the pie in one dimension, which would give you a slice one atom thick but as high and deep as the original pie. The correct approach is to ask how many cuts do we need to make until the last two pieces are each a one-quarter of a trillionth of a trillionth share of the initial apple pie. In other words, one atom. This gives you the correct answer of eighty-two cuts. There’s a letter of correction winging its way to the producers at PBS as we speak. Sorry, Carl.

Anyway, a good scientist should test their theoretical predictions, so I grabbed my best kitchen knife and had a go. After about fourteen cuts I was left with a crumbly mess and, I confess, none the wiser about the atomic structure of apple pie. The problem is that atoms are just too fantastically small: a single carbon atom is around a tenth of a billionth of a metre across. If you struggle to imagine something that tiny, then an analogy from the great theoretical physicist Richard Feynman may help. If you took an ordinary apple and blew it up to the size of the Earth, then one of its atoms would end up around the same size as the original apple. No knife made by humans is capable of slicing an apple pie finely enough to get down to something that small. How then could I check if the apple pie really is made of atoms? Actually, all you need is a pestle and mortar and a microscope.

First off, I ground up some of the black apple pie charcoal that we’d made in the first experiment. Unfortunately, it turned out that my charcoal wasn’t as pure as I’d thought; it must still have contained quite a lot of oils and moisture and formed a paste instead of the fine dust I was after. After some vigorous heating to drive off the last impurities I managed to get the dry powder I wanted. I proceeded to place a small drop of the yellowish apple pie liquid onto a microscope slide, dusted it with a tiny amount of the charcoal, slid the slide onto the microscope’s stage, and peered downward.

At four-hundred-times magnification the powder particles were huge, filling almost the entire field of view. I was worried that I’d not ground the charcoal up finely enough and was about to remove the slide when I noticed a group of much smaller black particles in the bottom left. Letting my eye adjust and keeping as still as possible, I suddenly saw it. They were moving. Not in a gentle flowing way that might have suggested currents in the liquid, but with an agitated jittering. I could see immediately why Brown had initially thought he’d discovered living molecules; they really did look as though they were dancing about. I was genuinely delighted, a similar feeling to when I first looked through a telescope at a yellowish dot in the sky to see a perfect little image of Saturn, complete with rings and pinprick moons, hanging in the blackness of space. It may sound silly, but on seeing Saturn my instant reaction had been ‘Oh, my God, it’s real!’ Images in books or on TV are one thing, but seeing it with my own eyes made it real to me in a way it had never been before.

Those dancing black specks of incinerated apple pie had a similar, and completely unexpected, effect on me. To think that each wiggle, zig, and zag was caused by untold numbers of unseen blows from indescribably small and yet (suddenly) undeniably physical atoms was strangely affecting. As a physicist, the concept of atoms is so familiar it can breed a kind of unthinking complacency, and I realized that this was one of the few times I had really seen evidence of their existence with my own eyes, proof positive that at least some of this particular apple pie really was made of atoms.*

Of course, atoms are not the end of the story. Paradoxically, signs that they were made of even smaller things had been being uncovered in the labs of Europe for at least a decade by the time Perrin’s experiments sealed the deal for their existence. The consequences of these discoveries were to prove profound, triggering a revolution in our understanding of matter and the laws of nature, while unleashing forces that had been hitherto unimaginable.




CHAPTER 3

The Ingredients of Atoms

Atoms are small. Stupendously, indescribably, unimaginably small. How small? Well, you could line up around 5 million carbon atoms across the full stop at the end of this sentence. That probably doesn’t really help, to be honest. It’s a pretty hard ask to picture something that’s less than a millionth of a millimetre across. After all, what’s the smallest thing you’ve ever seen with your own eyes? Perhaps a speck of dust floating in a sunbeam, or a flea. Well, they’re both bloody gigantic next to an atom.

Given their mind-boggling smallness it’s pretty astounding that we can say anything at all about what atoms themselves are made from. That we can is ultimately down to four brilliant and, by today’s standards at least, staggeringly simple experiments carried out over a few decades around the start of the twentieth century.

This was the heroic age of experimental physics, when really profound discoveries could be made by just one or two people, beavering away in a dingy university laboratory. Today, making a major breakthrough in particle physics requires a gargantuan international effort involving thousands of physicists, engineers, and technicians and millions, if not billions, of euros, dollars, pounds, and yen. I work on the LHCb experiment with more than 1,200 people from across the globe, and we’re actually the smallest of the four big detectors at the Large Hadron Collider, a machine that itself took almost four decades to plan, design, and build. On the other hand, the very first subatomic particles were all found using equipment cobbled together on a shoestring budget that could fit comfortably on a laboratory workbench.

So as we probe deep into the atom in search of the basic ingredients of our apple pie, I’d like to take you back to this heroic age when the basic ingredients of atoms were first discovered. But before we do, it’s worth recapping what was thought about the structure of matter at the end of the nineteenth century. From John Dalton we have the idea that every chemical element is made from a corresponding atom, the smallest possible unit of matter. However, the indivisibility of the atom wasn’t universally accepted. In 1815, the English chemist William Prout had argued that all the different elements might ultimately be made out of hydrogen atoms stuck together, which he based on the curious fact that all the elements appeared to have atomic masses that were roughly whole number multiples of hydrogen’s. However, Prout’s hypothesis wasn’t widely accepted, partly since he’d obtained his data from some distinctly dodgy experiments combined with a bit of judicious rounding: partly because of awkward elements like chlorine, whose atomic mass was 35.5 hydrogens; and also because many chemists were appalled by the prospect of resurrecting the alchemists’ old get-rich-quick scheme of converting lead into gold, which if Prout was right, became a simple matter of chipping a few hydrogens off a lead atom.

The other
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