The Chemists and the Structure of Things

The pre-Socratic Greek philosophers attempted to reduce nature to a single originating influence.  For Thales, it was water.  For Anaximenes, it was the mist in the air.  For Heraclitus, it was fire.  And for Parmenides it was all of being.  Reality was a single, stationary, immutable, perfect sphere.

Parmenides was one of the Greeks who had come from the coast of Italy as a successor to the scientists of Miletus.  His only surviving work is a poem (of which only 150 of an original 3000 lines remain) in which he held that reality is unitary and that there is not possibility of change. Because nothing comes from nothing, everything must have always been present and existence must be eternal. All existence is timeless and immutable and a single unit.  The senses (which seem to catalogue change and variety) are deceiving.  Parmenides claimed that the truth cannot be known through sensory perception. Only pure reason (Logos) will result in the understanding of the truth of the world. This is because the perception of things or appearances (the doxa) is deceptive. This goes straight through to Plato and his shadows on a cave wall with the senses being deceptive and only the intellect being real. He was also a major influence on Zeno who was probably his student.
Empedocles was another of the southern Italians, having been born in Agrigentum (the Temple of Hera was built while he was a young man) in Sicily and having been considerably influenced by the teachings of fellow Sicilian Pythagoras.  He worked as a physician as well as a philosopher and poet. He was recognized as one of the important scientific authorities by both Plato and Aristotle. Like Parmenides, he wrote in poetry. But he had difficulty with the latter’s static view of the universe and his complete denial of information from the senses.  To get around the problem, he posited a universe composed of four elements (earth, air, fire, and water)—although he never used the word element, preferring roots—and two forces (love and strife).   The elements are eternal and equally balanced while the forces wax and wane. Although the elements never change, they recombine so that the things we see are created and disappear.
He proposed a perfect stage in which Love is totally in charge and all things are unified into a sphere, the perfect solid.  That sphere is the initial stage in the formation of the cosmos.  Within the sphere, the four elements are separated (although there is some mixing) with the earth at the center, water surrounding the earth, air in the next layer up and fire (with the sun) at the outside. Love would draw them back together, but strife keeps them separate.  The whole cosmos rotates around a central vortex which contains Love. Note that this also puts the elements in order from heaviest to lightest (fire clearly lighter than air since it rises). 

With Strife totally dominant, the elements would completely separate.  But Love exerts its influence and pulls them back together.  The mixing gives rise to the various forms of animal life. The interesting part of this is that Empedocles has succeeded in uniting cosmogony and zoology. Of course, the combining was not always perfect.  There were unattached arms and legs wandering around and oxen with men’s heads and vice versa. They gradually sorted themselves out as the forms most suited for survival (Darwin) did and the rest disappeared.
“And many monsters too the earth (in early days) essayed to produce, things coming up with strange face and limbs, the man-woman, a thing between the two and neither the one sex or the other, widely differing from both; some things deprived of feet, others again destitute of hands, others too proving dumb without mouth, or blind without eyes, and things bound fast by the adhesion of their limbs all over the body, so that they could not do anything no go anywhere nor avoid the evil nor take what their needs required.  Every other monster and portent of this kind she would produce, but all in vain, since nature set a ban on their increase and they could not reach the coveted flower of age nor find food nor be united in marriage.  For we see that many conditions must meet together in things in order that they may beget and continue their kinds; first a supply of food, then a way by which the birth-producing seeds throughout the frame may stream from the relaxed limbs; also in order that the woman may be united with the male, the possession or organs whereby they may each interchange mutual joys. And many of races of living things must then have died out and been unable to beget and continue their breed.  For in the case of all things which you see breathing the breath of life, either craft or courage or else speed has from the beginning of its existence protected and preserved each particular race.”
Using the water clock, he was also the first to find that air was distinguishable from empty space.  The clepsydra was a cone with a hole at the bottom.  If one put the wide end under water while closing the hole, no water entered because of the pressure of air in the cone.  On the other hand, if one put the wide end into the water and then covered the hole and removed the clepsydra, the water stayed inside because of the pressure of the air around it.  A later experiment proved that an inflated sheep’s bladder resisted pressure because of the air inside, but that one did not come from Empedocles.  This and  the strings of Pythagoras are the only two examples of experiments by ancient Greek scientists who tended more toward thought experiments—probably because they were so short of instruments to make observation more accurate.

He was a physician and was interested in bodies as well.  He thought that flesh and blood were composed of equal pars of earth, fire, water, and air.  Bone had a different proportion. Of course the elements all stayed so he also believed in reincarnation.
Diogenes Laertius said that Empedocles died by throwing himself into Mount Etna.  In one of his poems, Empedocles had described himself as a god and Diogenes suggested that he had committed suicide in that way to prevent his body from ever being seen but the volcano threw back one of his sandals so people would know it was a sham. Ironically, an underwater volcano off Sicily was named Empedocles in 2006.

But the jump toward modern chemistry came back at Miletus on the Asian Mediterranean coast. The exact dates of his birth and death—and most of the rest of his life—are unknown and how much of what is attributed to him was actually from Democritus is unknown as well.  He was roughly contemporary with Empedocles and probably studied at Elea under Zeno where he was exposed to the ideas of Parmenides (and maybe even to Parmenides himself).  He agreed that there had to be an indivisible basic piece of everything but, unlike Parmenides, he did not believe that it was an indivisible entire matter.  He thought the smallest piece was in indivisible particles. Some time around the middle of the century he founded a school at Abdera where Democritus was his pupil.  Although we credit Democritus with Atomism, Aristotle and Theophrastus credit his teacher Leucippus.
All that survives of what he wrote is: “Nothing happens at random, but everything from reason and by necessity.”

His theory was that the world was divided in two parts: the solid and the empty or void. The solid particles can combine in various ways to make the substances and inhabitants of the earth but they can never be destroyed.  Aristotle’s analogy was to the letters of the alphabet that can be combined in innumerable ways to make literature.

As Diogenes Laertius reports Leucippus' cosmology, worlds or kosmoi are formed when groups of atoms combine to form a cosmic whirl, which causes the atoms to separate out and sort by like kind. A sort of membrane of atoms forms out of the circling atoms, enclosing others within it, and creating pressure by whirling. The outer membrane continually acquires other atoms from outside when it contacts them, which take fire as they revolve and form the stars, with the sun in the outermost circle. Sounds like a cosmic snow globe.
Democritus was born in the northern Greek city (Thrace) of Abdera around 460 BCE and was almost certainly a student of Leucippus.  His father was quite wealthy and Democritus was able to travel (perhaps as far as India and Ethiopia) as a young man. He lived and studied in Egypt for five years. 

The theories and writings of the two are so close that is difficult to separate them and to appropriately assign authorship.  Democritus has gotten most of the credit for the atomic theory that is probably the most important one in early Greek philosophy.  Aristotle (who was from northern Greece) thought he was brilliant even though he disagreed with him.  Athens was not so impressed and Plato suggested that his books should be burned.
Perhaps as impressive as the theory of atomism is the fact that he was a determinist in an almost Enlightenment sense. “By necessity were foreordained all things that were and are and are to be.”   This was the first actual statement of determinism.  So it is the job of science to learn the causes.  He was convinced that everything in nature was a result of natural laws that could be learned and that nothing had to do with chance or randomness.  Teleologists ask “What purpose does this event serve?” while mechanists ask “What earlier circumstances caused this event?”  The former is Darwinian and was characteristic of medieval thought.  The latter is Newtonian and is characteristic of empirical science.
His atomic theory says that everything is made up of two things: atoms and the void. Atoms are indivisible; that there are an infinite number of them and that they are of an infinite variety that varies in size, shape, and temperature.  Atoms are eternal although the results of their combinations are not. They are also in constant motion which is caused by their colliding with one another, but the theory does not touch on what causes the initial motion.  
Aristotle criticized the theory for its lack of a “prime mover.” The two ancient Greek cosmologies came at this point to an irretrievable parting of the ways.  Democritus said that everything happened as a result of the interaction of the smallest particles and was a function of their differences in shape and movement.  Aristotle said that everything happened as a result of the design of the intelligence that had created it.

Of course, all this was a thought experiment since it would be 2000 years before any evidence for it was actually found. This is at the core of early Greek epistemology and even at the philosophy of Plato which pointed out that, since every one senses things differently, the senses cannot lead one to a true observation.  But in the Canons Democritus says there are two kinds of knowing, one through the senses and the other through the intellect. The sense of taste explanation is particularly cute.  Atoms are shed by objects which then land on the tongue.  Sharp edged ones give a bitter taste.  Soft, round ones roll pleasantly on the tongue and are sweet. Democritus said that the senses were excited when atoms from an object struck an organ of sensation and triggered perception.  He reasoned that different atoms struck different people looking at the same object so they could not possibly see exactly the same thing and, therefore, perception was an incomplete and unreliable reflection of reality. 

Of the perceptions, he calls the one through the intellect ‘legitimate’ attesting its trustworthiness for the judgment of truth, and through the senses he names ‘bastard’ denying its inerrancy in the discrimination of what is true. To quote his actual words: Of knowledge there are two forms, one legitimate, one bastard. To the bastard belongs all this group: sight, hearing, smell, taste, touch. The other is legitimate and separate from that. Then, preferring the legitimate to the bastard, he continues: When the bastard can no longer see any smaller, or hear, or smell, or taste, or perceive by touch, but finer matters have to be examined, then comes the legitimate, since it has a finer organ of perception.

This sounds suspiciously like the new physics of Heisenberg which holds that there is an absolute and unbridgeable limit to perception and measurement.

Although his mathematical works have not survived, Democritus was also an accomplished geometer and was the first to prove that the volume of a cone or a pyramid was 1/3 that of a cylinder or prism which have the same base and height. He also studied natural history and held that earlier humans lived by foraging for wild fruits and herbs and learned speech late.  He reckoned that language, clothing, and husbandry were gradually learned by trial and error.  This was all in direct contradiction to the theory of Hesiod who held that there had been a previous golden age from which we descended and from which we had deteriorated.

He also knew that the earth was round and assumed that the universe started in chaos and gradually organized as atoms came together to form larger, more complex units.  He assumed that the heavens contained large numbers of other worlds some of which had more than one sun or moon and that they were in a constant state of evolution and destruction. And for all that, he was known as the laughing philosopher for his unwaveringly sunny disposition.
But the determinism of Democritus was not easily or generally swallowed.  His contemporary Socrates found it particularly unacceptable.  At first, it must be said that, as far as we know, Socrates wrote nothing.  All we know of him is what was written by his students and associates—especially Plato. 

Socrates had no interest in looking at the world as a series of mechanical and predictable events. The only sentence in all the writings of the physicists that he found appealing was the opening of Anaxagoras’s Nature of Things which said, “In the beginning everything was in confusion, the Mind came and reduced them to order.”  Of course Anaxagoras never said another word about the concept of  mind, but that is what captured Socrates and he set out looking for evidence of use in how things were—for the teleological rather than the mechanistic.  And his change in emphasis would last to Newton. Of course, the paradox in that is that the Socratic method of breaking a complex problem into manageable parts is the exact description of what we call the Scientific Method.  A series of hypotheses are proposed, tested, and discarded until one that stands up best to questioning remains.
For Socrates, perception was variable from person to person and of no quantitative usefulness.  What was useful was the mind or the soul behind it.  And knowledge came not from observation but from divine inspiration. The one science that was interesting to Socrates was mathematics since mathematics was entirely an intellectual and not a perceptual exercise. 

Since most of what we know of Socratic philosophy comes directly from Plato, it is quite difficult to differentiate the two. 
Plato is best known to us as a philosopher and teacher (from his Academy) but he was also a creditable mathematician and his view of science would remain influential for over a millennium.

He was born in either Athens or Aegina and may have been related to kings of Athens and Messenia through his father and to the lawmaker Solon through his mother.  He was also related through his mother to two of the Thirty Tyrants who had ruled Athens after the First Peloponnesian War.

His Academy (named for the owner of the olive grove where the peripatetic lectures were held) functioned continuously until 529 AD when it was closed by Justinian I of Byzantium. 
Although the words are put in Socrates’ mouth, they have been given the name Platonism. "Platonism" is a term coined by scholars to refer to the intellectual consequences of denying, as Socrates often does, the reality of the material world. In several dialogues, most notably the Republic, Socrates inverts the common man's intuition about what is knowable and what is real. While most people take the objects of their senses to be real if anything is, Socrates is contemptuous of people who think that something has to be graspable in the hands to be real. In the Theaetetus, he says such people are "eu a-mousoi", an expression that means literally, "happily without the muses" (Theaetetus 156a). In other words, such people live without the divine inspiration that gives him, and people like him, access to higher insights about reality. Socrates’ idea that reality is unavailable to those who use their senses is what puts him at odds with the common man, and with common sense. Socrates says that he who sees with his eyes is blind, and this idea is most famously captured in his allegory of the cave, and more explicitly in his description of the divided line. The allegory of the cave (begins Republic 7.514a) is a paradoxical analogy wherein Socrates argues that the invisible world is the most intelligible ("noeton") and that the visible world ("(h)oraton") is the least knowable, and the most obscure.
According to Socrates, physical objects and physical events are "shadows" of their ideal or perfect forms, and exist only to the extent that they instantiate the perfect versions of themselves. Just as shadows are temporary, inconsequential epiphenomena produced by physical objects, physical objects are themselves fleeting phenomena caused by more substantial causes, the ideals of which they are mere instances. More explicitly, Plato himself argues in the Timaeus that knowledge is always proportionate to the realm from which it is gained. In other words, if one derives one's account of something experientially, because the world of sense is in flux, the views therein attained will be mere opinions. And opinions are characterized by a lack of necessity and stability. On the other hand, if one derives one's account of something by way of the non-sensible forms, because these forms are unchanging, so too is the account derived from them. It is only in this sense that Plato uses the term "knowledge.”
This coincides with the allegory of the divided line describing the levels of knowledge which also comes from the Republic.

The idea is that a perfect circle or a perfect triangle does not exist in nature and, since mathematics can conceive of it with no experience, that conception must be inborn.  There must be a perfect knowledge in the soul that is polluted by the senses and experience and that will only emerge in an afterlife when the purified soul is all that remains.  That is the idea that persisted and led to the persecution of Galileo.

Plato's influence has been especially strong in mathematics and the sciences. He helped to distinguish between pure and applied mathematics by widening the gap between "arithmetic", now called Number Theory and "logistic", now called arithmetic. He regarded logistic as appropriate for business men and men of war who "must learn the art of numbers or he will not know how to array his troops," while arithmetic was appropriate for philosophers "because he has to arise out of the sea of change and lay hold of true being." Plato's resurgence further inspired some of the greatest advances in logic since Aristotle, primarily through Gottlob Frege and his followers Kurt Gödel, Alonzo Church, and Alfred Tarski; the last of these summarized his approach by reversing the customary paraphrase of Aristotle's famous declaration of sedition from the Academy (Nicomachean Ethics 1096a15), from Amicus Plato sed magis amica veritas ("Plato is a friend, but truth is a greater friend") to Inimicus Plato sed magis inimica falsitas ("Plato is an enemy, but falsehood is a greater enemy"). Albert Einstein drew on Plato's understanding of an immutable reality that underlies the flux of appearances for his objections to the probabilistic picture of the physical universe propounded by Niels Bohr in his interpretation of quantum mechanics. Of course, Einstein would like Plato since he thought that the only worthwhile experiments were ones carried out in the mind.
The duality is still present.  Classical scientists who believe that the physical universe has its own existence and that life emerged from it and the Platonists or mystics who believe that the universe is only the interpretation of experience by living things and that life comes first and inanimate nature after.  Well, actually, the second is not unlike modern physics (Schrödinger’s Cat) which holds that nothing exists until it is observed.

Schrödinger and Einstein had exchanged letters about Einstein's EPR article, in the course of which Einstein had pointed out that the quantum superposition of an unstable keg of gunpowder will, after a while, contain both exploded and unexploded components.

To further illustrate the putative incompleteness of quantum mechanics, Schrödinger applied quantum mechanics to a living entity that may or may not be conscious. In Schrödinger’s original thought experiment, he describes how one could, in principle, transform a superposition inside an atom to a large-scale superposition of a live and dead cat by coupling cat and atom with the help of a "diabolical mechanism". He proposed a scenario with a cat in a sealed box, wherein the cat's life or death was dependent on the state of a subatomic particle. According to Schrödinger, the Copenhagen interpretation implies that the cat remains both alive and dead (to the universe outside the box) until the box is opened.
After roughly 1630, it was (under the influence of Descartes) generally assumed that the universe was composed of tiny corpuscles and that all of the phenomena of nature could be explained by the interaction of those corpuscles and were a function of their size, shape, and motion.  To be valid, the laws of nature had to describe the motion and interaction of the particles.

This was a huge leap because, prior to the 17C, the explanations for what happened in nature always fell back to the occult—for instance to Aristotle’s first principles and properties of matter such as the “natural state”
The idea that there was a basic living substance within everything persisted right through the Middle Ages and was at the heart of alchemy.  Alchemy was actually a centuries long search for the “living substance” that would allow one material—especially one metal—to change into another. 
Actually, the chemistry of metals (in a very limited form) goes back to about 5000BC in Persia and Afghanistan where people found that, if one dropped a piece of malachite (a combination of copper carbonate and copper hydroxide) in a fire, molten copper ran out.  They had been picking up bits of copper ore for centuries and knew that they could heat that ore and shape it. The good news was that it came out at a relatively low temperature.  The bad news was that it was too soft to hold an edge.  But, by serendipity, the same areas that have copper ores in Europe also have tin and (probably also by serendipity) metal workers found that mixing soft copper with even softer tin paradoxically created something hard—bronze.  It would be will into the twentieth century before chemists understood that the reason copper is soft is that its atoms lay in crystalline layers that slide easily on one another and that tin atoms which are “stickier” insert themselves in the layers and stop the slipping.  Bronze was discovered in the Middle East in about 3500 BC and spread all the way to China. By 2500 BC people had gone from picking up meteorites that contained iron to smelting iron (the oldest iron tool is a point from a broken tool buried in the side of an Egyptian pyramid).  By 800 AD, the Japanese had become excellent steel (iron alloyed with less than 1% carbon) makers and were producing swords of amazing sharpness and hardness. To be flexible, the Japanese swords are doubled as much as 15 times yielding 215 or over 30,000 layers.
Making weapons from alloys was the first kind of chemistry. Alchemy was the second.
The alchemists were practitioners of the Hermetic art named for Hermes Trismegistus (thrice great) the Greek god modeled after Thoth who was supposed to have written three volumes on alchemy, magic, and astrology that had been lost but for which the medieval alchemists searched and pined. The practical uses of alchemy tended toward metallurgy and medicine. They could make alloys, they were goldsmiths, and assayers of coins and jewelry. Cities like Paris and Prague had twisted streets with small, oddly shaped houses where the alchemists kept their laboratories and where they sequentially tried various chemical reactions in search of the formula which would unlock the power of nature.
Nicholas Flamel (1330-1418) was a French scrivener and manuscript purveyor who was said to have learned alchemy from a converso while on the road to Santiago de Compostela. He was believed to have discovered the philosopher’s stone and to have made his wife Perenelle immortal and to have died rich.
He was said to have purchased a 21-page book on alchemy and to have spent the rest of his life trying to decipher it.  The Jew in Spain had identified the book as that of Abraham the Jew and to have recipes for converting gold and silver which he was said to have been able to do in 1382.  He designed his own tombstone which was full of alchemical symbols. When his tomb was opened, it was empty and the rumor spread that he had not actually died.  He was said to have been seen in the Paris Opera in 1761.  His house at 51 Rue de Montmorency is the oldest house in the city and is currently a restaurant. Flamel also reappeared in Harry Potter and the Philosopher’s Stone and, with his wife, in Indiana Jones and the Philosopher’s Stone, Umberto Eco’s Foucault’s Pendulum, and Dan Brown’s Da Vinci Code.

For all the magic, chemistry in the Middle Ages had come far beyond anything the ancient world could do in producing metals, dyes and pigments, medicines, and explosives, but the whole thing lacked a structure that could be called science.  It was pure techne. It was control without any ability to explain or predict.

Beyond metallurgy, the only real chemists had been involved in attempts to create medicines, and the most famous (or infamous) of those was Theophrastus Bombastus von Hohenheim or—as he styled himself—Paracelsus.

Paracelsus (Aureolus Theophrastus Bombastus von Hohenheim) 

(1493-1541)
It is unclear why von Hohenheim took the name Paracelsus, although it has been suggested that he meant to imply that he was greater than the Roman writer.  Given his bent for self promotion and outré behavior, it is tempting to think that the adjective bombastic came from his middle name, but, sadly, the word is actually derived from bombaste, another name for cotton fluff.  Paracelsus was born in Einsiedeln near Zurich, the son of a physician and member of the Teutonic Order. He began training in medicine with his father and entered the University at Basle at the age of sixteen.  He finished his medical training at Ferrara under the great syphilologist Leonicenus in 1515. Besides learning medicine and surgery, Paracelsus turned his energies to astrology, alchemy, and magic, all of which he incorporated into his professional practice.


After leaving Ferrara, Paracelsus traveled widely and generally gravitated to society’s lower layers, learning much of practical value from barbers, tavern owners, midwives, bath keepers, and executioners. He was captured by the Tartars and taken to the court at Constantinople where he became one of the sultan’s favorites and was allowed to travel as far as China.


Eventually, Paracelsus returned to Germany and became surgeon to a variety of European armies before settling down to teach at Freiburg, Strasbourg, and eventually at Basle.  In the latter job, he championed Aristotle’s methods of observation and rejected Galen’s generally accepted authority to the extent of publicly burning the Roman physician’s books which earned him the sobriquet of Luther of the physicians.  His career at Basle was shortened by both his vehemence and accusations that he overcharged his patients, and he was forced to resume his wanderings.


Paracelsus believed disease was caused by the influence of the stars, but he also recognized the hereditary tendency to some afflictions and saw maladies such as concretions and calcifications as disorders of body chemistry. He believed some illnesses were psychogenic, some were from external poisons which he referred to as contagia, anticipating his student Severinus’s contribution to the theory of infectious disease. Paracelsus made opium a regular part of his pharmacopoeia, but he also recommended less beneficial remedies including mercury, arsenic, and lead.  He taught that all life originated in primordial ooze and that life forms gradually improved as the stronger ones defeated and removed the weaker. 


Paracelsus’s Treatise on Open Wounds (1528) and Chirurgica Magna (1536) were widely circulated.  In the latter, he anticipated Paré in his recommendation that wound treatment be kept as simple as possible: “Warily must the surgeon take heed not to remove or interfere with Nature’s balsam, but protect and defend it in its working virtue.  It is in the nature of flesh to possess, in itself, an innate balsam which healeth wounds.”  Paracelsus was widely loved and respected in his own lifetime, being mentioned by Shakespeare in the same breath as Galen. He died at age forty-eight, the victim of a Salzburg barroom brawl.

But it would have to wait for Robert Boyle for chemistry to actually become a science.

Boyle was born in Lismore Castle in Waterford County Ireland the fourteenth of fifteen children of the First Earl of Cork.  The Earl had come to Ireland in 1588 and acquired a great deal of land. His mother died giving birth to her last child when Boyle was three and his father died when he was twelve. Boyle learned Latin, Greek, and French as a child and was sent to Eton at age 8. From childhood he was profoundly religious and believed that God repeatedly saved him for a higher purpose and gave him his abilities as a researcher. While on the obligatory European tour as an adolescent, he had a major conversion experience. He "was suddenly waked in a Fright with such loud Claps of Thunder … & every clap … both preceded & attended with Flashes of lightning so numerous … & so dazling, that [he] began to imagine … the Day of Judgment's being come." This led him to vow that "all further additions to his life shud be more Religiously & carefully employ'd."

While in Florence (at age 15), he discovered and studied Diogenes Laertius and Galileo (who was still alive) and bordellos. After spending some time in Geneva, he returned to England at age 17 and settled on an estate his father had left him in Stalbridge in Dorset. He was a bit of a prig and it was there that in 1649 he had a furnace built and started experimenting. Although he never went to university, he did take up residence at Oxford in 1655 and started publishing the results of his chemical experiments and dissections. In 1688 he went to London and continued experimenting until his death in 1691.
From 1654 he had participated in the Invisible College, a group of men interested in the “new philosophy” who met frequently in London.  In 1659 he and Robert Hooke reproduced Otto von Guericke’s air pump and started experimenting with the properties of air which he published in 1660 as New Experiments Physico-Mechanicall, Touching the Spring of the Air and its Effects. In responding to critics of that book he first mentioned the fact that the volume of a gas varies inversely as the pressure exerted by the gas—Boyle’s Law (although the relationship had actually been noted by Henry Power the same year.  The Invisible College became the Royal Society of London for the Improvement of Natural Knowledge and was chartered by Charles II.
Boyle was aware of Francis Bacon and the Novum Organum and of Descartes but, although he admitted reading both, denied that he was a follower of either.  He did favor experiment and accumulation of data over hypothesis.  He was also a firm believer in the corpuscular theory and in the possibility of transmutation and was, in that sense, very much an alchemist.  He saw chemistry as a science of the composition of things and not just a way to do magic or medicine.  He understood the difference between compounds and mixtures and coined the term analysis for the process of dividing substances into their ingredients.  As a believer in the corpuscular theory, he thought that all elements were composed of particles of various sizes and shapes.  He shared that with Newton. But he made it a science: “Chemistry has made a very laudable progress in Experiments; but we may justly complain, that little Advances have been made towards the explication of ‘em . . . . No body had brought more Light into the Art than Mr. Boyle.”  Joseph Friend, Professor of Chemistry, Oxford, 1712, cited in Butterfield p. 204.

The elements had been earth, air, and water and even fire was thought to be an element that was released from compounds under certain conditions.  To think that air and water were composed of more basic elements was a classical paradigm shift.
For scientists of the early 18C, there was only one gas—air—and it was indivisible. That would have to go away before there could be any understanding of either combustion or respiration. The first shot at this was the phlogiston theory that substances contained something that was released in combustion to create fire and that left the original substance less for the loss. This was not altogether unreasonable and is another example of sensory appearance leading natural philosophers astray.  After all, if one watches something burn it is quite obvious that something (flame) is leaving the burning substance and, since flame always goes up, it is perfectly obvious that fire is lighter than air. And something burned is always of less weight and volume than it was before losing the substance responsible for fire.  Thus phlogiston. But the real change came with Joseph Priestley, Carl Wilhelm Scheele, and Antoine Lavoisier. 
Priestly was born in 1733 on a farm in the West Riding of Yorkshire, the oldest of six children of a dissenting cloth maker. He was initially raised by his grandfather and then by an aunt and uncle since his mother died when he was five and his father remarried. He was an academic prodigy and his aunt decided he was destined for the ministry since he knew Greek, Latin, and Hebrew when he was still a child. He was a rebel from childhood and, when he rejected Calvinism’s determinism, his church refused to allow him to become a full member.  A childhood illness left him with a lifelong stutter that initially convinced him he could never be a minister. He went on to study French, Italian, German, Chaldean, Syrian, and Arabic as well as mathematics, natural philosophy, logic, and metaphysics before returning to study for the ministry in 1752 when he was still only 19.
While at Daventry Academy (a dissenting college since non-Anglicans could not go to Oxbridge), he moved even further out of the mainstream and joined the Rational Dissenters who tried to unify study of nature and the Bible and to use the first to prove the truth of the second.

After graduation, he had an ill starred try as minister in a rural dissenting parish where his radical beliefs were poorly received by the relatively conservative rural congregation.  He moved on to Nantwich in Cheshire where the congregation was more receptive and where he started a school to augment his income.  In his school, he bought scientific instruments and taught the students natural philosophy along with Latin and English grammar (in which he was a published and widely recognized expert). In 1761 he left the pulpit for the academy at Warrington where he taught modern languages and rhetoric and married Mary Wilkinson. It was at Warrington that he (encouraged by Benjamin Franklin who visited the academy which was called the Athens of the North) to study electricity. The slide shows his machine for generating electricity which he produced and marketed with his brother Timothy. He was the first to propose that electrical force followed the same sort of inverse square law as Newton’s gravity.
In 1763 he returned to the pulpit in Leeds. He also began traveling regularly to London to attend meetings of the Royal Society. Here he went back to his theological radicalism and wrote Institutes of Natural and Revealed Religion that would become the doctrinal basis of Unitarianism.  He argued that the only acceptable religious truths were those that were consistent with one’s experience of nature. He challenged the divinity of Christ and the virgin birth but did argue that nature was itself evidence of a design and a designer. This would later be the basis of Thomas Jefferson’s religious beliefs. The establishment reaction was predictable and he engaged in a long series of pamphlet wars in an attempt to justify his beliefs.
He also became active in politics, particularly in challenging the Test and Corporation Acts that limited the political, educational, and economic opportunities of those who did not subscribe to the Thirty-nine Articles of the Church of England. William Blackstone had held that those who did not join the Church were criminals who could not be loyal subjects of the Crown.

He continued study of natural philosophy as a hobby, but, between 1767 and 1770, he presented five papers to the Royal Society, mostly on electricity.  Then he shifted to optics and the chemistry of air. He applied to be astronomer on James Cook’s second voyage to the South Seas but was rejected.  In preparation, he had worked out a way to produce soda water on the voyage which he incorrectly thought would protect the crew from scurvy.  He missed the commercial value of his soda water, but J.J. Schweppe did not. 

In 1773 he took a job as tutor to Lord Shelburne’s children, a job that had been created to give him an income while he continued his experiments. He also wrote three books on natural philosophy arguing that science would ultimately make people wealthier and happier and in which he seriously questioned the Cartesian mind body duality. He said that the human mind, like the rest of nature, was subject to causality and by implication that free will did not exist. The good news was that God created the laws so, to the extent that man could understand them, he would be perfected. He also became an active advocate and sometime participant in Theophilus Lindsey’s new Unitarian Church.
Between 1774 and 1786 he published six volume of Experiments and Observations on Different Kinds of Air in which he detailed the discovery of nitric oxide (nitrous air), anhydrous hydrochloric acid (vapor of spirit of salt or marine acid air), ammonia (alkaline air), nitrous oxide (dephlogisticated nitrous air), and oxygen (dephlogisticated air).  He also described the experiments that would lead to the delineation of photosynthesis. In 1774 he went to Paris where he reproduced his experiments for Lavoisier.  He made the dephlogisticated air by directing the heating rays from a magnifying glass onto mercuric oxide and capturing the gas that was emitted. He quickly realized that candles burned brighter in the new gas. After he went back to England, he tested it on mice and on himself (and wrote Franklin that only he and two mice had had the privilege of enjoying the new gas) and found it “five or six times better than common air for the purpose of respiration, inflammation, and, I believe, every other use of common atmospherical air.”
Scheele had actually isolated oxygen earlier but had not published his results. Lavoisier would come later and would try to claim the gas as his own.
Meanwhile, Shelburne had remarried and his new wife was no fan of Priestley so Priestley moved to Birmingham where his radical views were distinctly unpopular and he was forced out by a mob.  He tried to return to Leeds to teach and continue his research and his fight with Lavoisier over who had discovered oxygen which he still called dephlogisticated air. Lavoisier had jettisoned phlogiston while Priestley never did. He also continued publishing his radical ideas (especially rejection of the Trinity) and arguing that the Reformation had not nearly completed its work of removing corruptions from organized religion. When he became a vocal supporter of the French Revolution, his popularity reached a new low. Edmund Burke connected Priestley’s science to his politics and publically rejected both. In July 1791, a Birmingham mob burned his house.

The Priestley’s moved to Hackney where he took another teaching post and tried to rebuild with clothes, furniture, and books donated by friends.  He also began preaching that the French Revolution was the harbinger of the Second Coming. In 1794, Priestley moved to New York City just ahead of William Pitt’s trials of radicals for seditious libel.  They set up in Northumberland, Pennsylvania after a stop in Philadelphia where he preached several times in the local Unitarian Church.  Back in England, William Cobbitt published a pamphlet accusing him of treason for having left. His son died of malaria and his wife died soon after.  Another son was accused of having tried to poison the whole family although Priestley denied the charge.  He did help Jefferson plan the University of Virginia and wrote a history of Christianity that he dedicated to Jefferson. He died in 1804 and was buried in Northumberland.
Although Priestley found the gas and Lavoisier stole the idea and tried to steal the credit, it was Lavoisier who understood the chemistry.  He performed what is really a classical alchemical experiment.  The alchemists had believed that there were only two real substances in nature—mercury and sulfur—and they knew how to produce both.  Mercury could be made by heating mercurous oxide (remember Priestley) in which the red powder could be turned into a puddle of liquid mercury. And the process could be reversed as well with the mercury turned back into red mercurous oxide. Lavoisier did that in a closed system where he could measure the height of a column of liquid and get a direct measure of how much gas was removed from the air when liquid mercury was heated and turned into the red powder.  Then, with further heating, the process reversed and the column returned to exactly where it had started due to the release of precisely the same amount of oxygen. He had put two elements together and then taken them apart and had done it in an exactly quantitative method.

And that gets us to John Dalton. Like Priestley, he was the son of a man in the cloth trade (a weaver in this case) and, like Priestley, he was from a family of religious non-conformists—Quakers in his case.  He was also color blind and that condition is still occasionally referred to as Daltonism since he did a great deal of the original research into the problem. Like Priestley, he could not attend the major universities so he studied under John Gough, a blind philosopher.  Dalton became a teacher of mathematics at the dissenting New College in Manchester where he stayed until 1800 when the college went broke and he was forced to become a private tutor. From 1787 for the rest of his life, he walked every day and every day he recorded the rainfall (a trial in England) and the temperature in a diary that eventually had 200,000 entries.

· He had a somewhat pedestrian and particular mind.  He knew (from experiments already published) that water was made up of hydrogen and oxygen and he wondered why it was that they always came together in exactly the same amounts to make a given amount of water.  Moreover, the same regularity existed when carbon and oxygen came together to make fixed air and carbon and hydrogen to make methane.  He worked on it all through the summer of 1803 and finally realized that he was dealing with exactly what Democritus and Leucippus had proposed—the old atomic theory.  But now he was actually seeing evidence that atoms were real things with real weights and real properties, not just an idea in a clever mind.  He didn’t call them atoms but rather “ultimate or elementary particles” but they had a weight and they had characteristics and they could be weighed and characterized. “I should apprehend there are a considerable number of what may properly be called elementary particles, which can never be metamorphosed one into another.”  Sic transit Gloria alchemy.   In 1805 he published his theory that the quantities of oxygen and hydrogen that make up water or the carbon and oxygen that make up fixated air or carbon and hydrogen that make methane are always exactly in the same proportion and the reason had to be that there was a basic particle of each element involved.  In his initial paper, he identified six elements: hydrogen, oxygen, nitrogen, carbon, sulfur, and phosphorus.  For convenience, he assigned the weight of 1 to hydrogen. And, even better, every time he did an experiment in which he predicted the proportions of combination based on the fact that the components could only combine as whole numbers, it worked.  A good theory that allows explanation and prediction. The ratios were always whole numbers so there must be an indivisible basic element combining. There are five points: 

· The atoms of a given element are different from those of any other element; the atoms of different elements can be distinguished from one another by their respective relative atomic weights.

· All atoms of a given element are identical.

· Atoms of one element can combine with atoms of other elements to form chemical compounds; a given compound always has the same relative numbers of types of atoms.

· Atoms cannot be created, divided into smaller particles, nor destroyed in the chemical process; a chemical reaction simply changes the way atoms are grouped together.

· Elements are made of tiny particles called atoms.

His idea that atoms were the smallest parts of matter and could not be further subdivided would last until the nuclear age.

Dalton was awkward and a poor speaker and never married and had very few friends.  He lived for over 25 years with a minister in Manchester with occasional vacations in the Lake District.  In 1837 he had the first of three strokes which further impaired his speech but he was able to continue his experiments.  On July 26, 1844 he made his last diary entry. The next day, he was found dead on the floor next to his bed.
