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The chemists are a strange class of mortals who seek their pleasures
among soot and flame, poisons and poverty . . . yet among all these

evils I seem to live so sweetly . . . may I die if I would change places
with the Persian King.

John Joachim Becher, alchemist, ca. 1650



Apologia

A s a wise chemist once said, “There is an important question that
must be asked when approaching any difficult project for the first
time, and that question is, Why bother?” Consequently before writing
this history of chemistry, we had to ask ourselves, with so many ex-
cellent histories already available, why should we write one more?

One obvious reason of course is that there are new threads, such
as high-temperature superconductors, buckminsterfullerene, and the
cold-fusion fiasco, that need to be woven in. But another reason is ap-
proach: History is open to interpretation {(even history captured on
videotape, as we have seen), so there is always something to be gained
from trying a different approach.

The approach we chose is not that of exhaustive historical re-
search. What we have given here is an overview of the history of chem-
istry (though with accompanying footnotes and bibliography), and a
work completely derived from secondary sources (one venture into
primary sources embroiled us in medieval Latin before we abandoned
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APOLOGIA

it). To borrow a phrase from Bernard Trevisan (alchemist, 1300s), we
“looked for where most books were in agreement. . . . And in this way
... found the truth.”

The approach we chose is also not that of a technical treatise. A
quick scan through the pages reveals few formulas or equations and
recondite matter painted with a rather broad brush. We strove to con-
vey an intuitive understanding of concepts so that the interested reader
who goes on to the details encounters them on friendly terms.

The approach we did choose is that of a humanized history of
chemistry: one that tracks social history along with chemical history
and portrays the personalities of the people creating the history as well
as the events themselves.

We chose this approach because it quickly shows that chemical
inspiration is not limited to any one culture or climate, but extends all
over the globe. World politics dictate the rate and location of chemi-
cal discovery, and chemical discovery changes the politics of the world.
The approach also shows that chemical heroes are not limited to schol-
ars and academics, but include hedonists and hermits, dullards and
daredevils, saints and charlatans, doctors and lawyers, and men and
women working in garages and kitchen sinks. The creators of chem-
istry are capable of great inspiration but also of petty bickering, jeal-
ousy, obstinacy, chauvinism, and pride. Chemical theory is not the
product of biologically different brains but the fruit of ordinary, falli-
ble, human minds.

But did we choose this approach because it shows the great
chemists are not as great as we believed them to be? No. We chose it
because it shows that the potential for greatness is something within
us all.



Pretace

he history of chemistry is a story of human endeavor—and as er-

ratic as human nature itself. Progress has been made in fits and
starts, and it has come from all parts of the globe. Because the scope
of this history is considerable (some 100,000 years), it is necessary to
impose some order, and we have organized the text around three dis-
cernible—albeit gross—divisions of time: Part 1 (Chaps. 1-7) covers
100,000 Bce (Before Common Era) to the late 1700s and presents the
background of the Chemical Revolution; Part 2 (Chaps. 8-14) covers
the late 1700s to World War I and presents the Chemical Revolution
and its consequences; Part 3 (Chaps. 15-20) covers World War I to
1950 and presents the Quantum Revolution and its consequences—
and hints at revolutions to come.

There have always been two tributaries to the chemical stream:
experiment and theory. But systematic experimental methods were not
routinely employed until the 1600s—and quantitative theories did not
evolve until the 1700s—and it can be argued that modern chemistry
as a science did not begin until the Chemical Revolution in the 1700s.

Xi
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We argue however that the first experiments were performed by arti-
sans and the first theories proposed by philosophers—and that a rev-
olution can be understood only in terms of what is being revolted
against. Therefore we begin our story with the work of healers, artists,
clothiers, and metal workers and show how early philosophers—ex-
plicitly or not—used the observations of artisans to develop the first
chemical theories. One of these theories—the four-element (fire, water,
earth, and air) theory of Aristotle—became the focus of experimental
efforts for some two thousand years.

The reasons for that longevity are twofold. The theory had intu-
itive appeal: The four elements were supposed to be present in some
admixture in all materials, and indeed, when wood burned, it was pos-
sible to see the air (smoke) rising, water (sap) dripping, earth (ash)
forming, and fire (flame) leaving. The theory also held promise: If all
materials were composed of an admixture of elements, then it should
be possible to change the proportion in one material to create an-
other—that is, perform a transmutation. The most attractive transmu-
tation was from base metal to gold—and this transmutation was most
diligently pursued from the first millennium BcE to almost two millen-
nia after.

The efforts of alchemists—the testers of the theory of transmuta-
tion—constituted a divergence in the development of chemistry (the
mainstream, plodding accumulation of chemical fact by the artisan
would be the downfall of the theory), but it was an important diver-
gence. Alchemists developed techniques with applications in practical
chemistry, and they influenced the image of the chemical practitioner:
Chemical experimentation became associated with secrecy, magic,
mysticism, and fraud. Even after alchemists turned from the produc-
tion of gold to more altruistic endeavors, such as the production of
medicines (which we call the Chemical Reformation of the 1500s), it
took a while for the image of chemistry to change. Ultimately though,
this redirection—coinciding as it did with the Scientific Revolution of
the 1600s—lent new respectability to chemical experimentation and
inspired enough serious reconsideration to result in the Chemical
Revolution.

The Chemical Revolution—led by the French chemist Lavoisier—
was a revolution against imprecision in thought and experiment. The
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evidence of smoke vaguely supported the idea of air as an element,
but the precise thinker questioned whether smoke was the pure ele-
ment of air, and if so, why air sometimes took on different properties
and reactivities. The lightness of ash vaguely supported the idea that
something left the wood during heating, but the precise thinker asked
why metals gained weight when heated. The Chemical Revolution re-
jected—firmly and finally—magic as an explanation, reliance on au-
thority as proof, and nonverifiable speculations as chemical theory.
The Chemical Revolution established—firmly and finally—the need for
accurate quantitative measurements in experimental analysis, the need
for clear, explicit language in analytic thought, and the need for veri-
fiable experimental results to support chemical theory.

The result of the rejection of the four elements of Aristotle was
the introduction of dozens of others. Chemists used their new tools of
measurement and thought to discover new elements and new laws
governing their interactions. Chemistry became a science; chemical re-
actions became controllable; chemical production became an indus-
try; and the chemist became a professional.

For all the progress though, there remained one large theoretical
gap: What forces held elements together? The electrochemical theo-
ries of the 1800s explained how opposite electrical charges held some
species together, but they failed—as did every other theory—to ex-
plain the existence of the simplest compound, molecular hydrogen,
formed from two identical atoms of hydrogen. Without an explana-
tion, it was impossible to make further predictions except one: Another
revolution was needed. This time the revolution was much quicker in
coming. It arrived with the new century, the 1900s: The Quantum
Revolution.

Quantum theory, the basis of the Quantum Revolution, was the
result of a marriage of efforts: physicists worked with chemists to gain
an understanding of radioactivity, reactivity, and the structure of the
atom. Rutherford, the originator of the planetary model of the atom,
was a physicist by training, but he won the Nobel Prize in chemistry.
G.N. Lewis, a chemist, had the insight (born of an extensive knowl-
edge of chemical reactivity) to suggest the two-electron bond—the
foundation on which theoreticians built quantum theories of the chem-
ical bond. The explosion of experimental information and theoretical
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understanding begun before the Quantum Revolution—and now
quickened by it—forced a separation of subdisciplines. Biochemistry,
organic chemistry, inorganic chemistry, analytical chemistry, and phys-
ical chemistry became separate fields, though the interplay among them
was essential to the advancement of each.

And advancement is what chemists have achieved. We can now
predict the properties of materials before they are created—and pos-
tulate what materials were present at the inception of life itself. What
is over the horizon for chemistry? It is hard to say. Surely Aristotle
would have been surprised by the results of Lavoisier—and Lavoisier
would have been amazed by the conclusions of Lewis. So no doubt
will we be astounded—and delighted—with the chemistry to come.
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ca. 100,000—300 BCE:
Prehistoric Chemist to

Chemical Philosopher—
the Seeds

here are those who envision prehistoric peoples as grunting, stoop-

ing, quasi-humans with hair in unusual places, so there are no
doubt those who would take exception to the title with which this
chapter begins. Prehistoric implies before written record. If we define
science as the systematic recording and interpretation of observed phe-
nomena, then prehistory is prescience—“prehistoric chemist” is an eru-
dite oxymoron—and we are forced to jump to the first millennium BCE
for our story to begin.
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But too much would be lost with such a view: It did not take pen-
cil and papyrus for the chemical art to begin. Prehistoric peoples, toss-
ing bits of rock into fires and contemplating the color changes that
resulted, were in essence practicing chemistry. They—and their early
civilized progeny—accumulated the respectable repertoire of chemi-
cal materials, techniques, and observations on which further devel-
opments were built. They used paint. They controlled fire. They
fashioned clay pots. They gathered and worked metals. They practiced
the healing arts. We elaborate here on some of these accomplishments
because of their “chemical” nature; that is, they involve observing the
properties of materials and what happens when these materials inter-
act.

CHEMICAL TECHNOLOGY IN AN AGE OF STONE

Current evidence suggests (with some debate) that modern humans
originated in Africa as the Cro-Magnon about 100,000 BCE and even-
tually merged with or displaced the Neanderthal, Dali, and Ngandong.
It has also been suggested that in anatomy, behavior, and language,
the Cro-Magnon people were fully modern 35,000 years ago and a
Cro-Magnon could be taught to fly an airplane and could walk by us
unrecognized on a street.?

The Old Stone Age, or Paleolithic Age, extends to about 8000 BCE.
Paleolithic humans were food-gathering nomads who learned to use
language, control fire, and fashion tools of stone and bone. There is
evidence that during the upper Paleolithic period people cooked food,
which could easily be considered the first chemical process. Cooking
uses heat to break down the chemical networks in vegetable and mus-
cle fiber and accomplishes a sort of predigestion that takes some of
the burden off teeth, stomach, and intestine.

It is also known—from the existence of skulls with healed
wounds—that Paleolithic people cared for their sick and practiced a
primitive form of medicine. The practice of burying various implements
and food with corpses has been interpreted as having a religious sig-
nificance, but it could as easily have been an early attempt at sanita-
tion. Burying possessions of the dead (especially the last thing eaten)
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would be effective for disease control. Proving that Paleolithic people
had collections of healing herbs, or pharmacopoeia, is difficult because
herbs—unlike stone artifacts—decay and would not have survived in
a form that revealed their use. However in our era isolated cultures
have been found that still practice what could be classified as Stone
Age technology, and these cultures generally know of and use herbs
for antiseptics and analgesics. This preparation of materials for medi-
cine is a form of chemistry that we find in every age of our story.

Cave paintings, dating from about 20,000 years ago—perhaps nat-
urally preserved by salt deposits from seeping rainwater—show that
the Paleolithic Cro-Magnon also practiced art. The art may have been
a form of sympathetic magic—imitating a desired result to bring about
that result®—because game animals and successful hunts were subjects
of art, as well as prosperously plump, large-breasted women. Materials
used to create paintings were charcoal and sharpened lumps of col-
ored clay. Clay can acquire a red color from mercury sulfide (cinnabar),
red and yellow from different iron oxides, and brown from manganese
oxide. Dishes found near the paintings show that pigments were mixed
with fat for ease of application.

About 8000 Bce, when the last ice age ended, the Middle Stone
Age, or Mesolithic Age, began. People of this period are said to have
tamed the dog and hollowed out logs to make crude boats. They also
made the first pottery by sun baking clay, a chemical process that trans-
forms loose, liquidy hydrated silicates into a strongly bonded network.
Pottery appeared in Japan as early as 10,000 BCE and in the Americas
around 5000 BCE.

The Mesolithic people also used paint, and as shown by two
human skulls colored with cinnabar found in graves dating from the
Mesolithic period, they apparently used paint to adorn the human
body. Cinnabar has a dark red color, and it has been suggested that
the red skulls were a blood symbol or had some other deep, signifi-
cant, mystical meaning. But cinnabar is also an effective treatment for
nits and lice—which inhabit hair—and coating the skulls with cinnabar
may have been the loving gesture of some friend or relative who wished
to give a departed one a bit of comfort in death.'

The period from about 6000 to 3000 BCE is considered the New
Stone Age, or Neolithic Age. During this time, people learned to raise
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food and produce fire by friction—perhaps the first controlled chem-
ical reaction. They domesticated animals and invented the plow, the
wheel, and the sail. They learned how to spin and weave and make
kiln-fired pots. Then somewhere between 6000 and 7000 BCE, a new
material, copper, was hammered into shape.® This material allowed
people to fashion new tools that, with the development of agricultural
techniques, permitted the growth of farming communities in perma-
nent locations. Many food-gathering nomads became workers of the
land, and somewhere around 4000 BCE, civilization began.

CHEMISTRY AND CIVILIZATION TECHNOLOGY
TAKES ROOT

With the advent of civilization, chemical technology matured.
Techniques requiring permanent structures (such as furnaces for
smelting metals) could now be developed, and chemical processes
could be recorded, repeated, and refined. We can piece together a pic-
ture of the methods used from artifacts that remain. The most durable
of these are the metals, and metallurgy is the first chemical technol-
ogy whose history we are able to reconstruct with some surety.

METALLURGY

Metals were used by virtually all civilizations even when other seem-
ingly elementary technologies, such as the wheel, were not. Most
metals however react easily with oxygen, sulfur, and halogens—such
as chlorine, fluorine, and iodine—and exist in nature as ores; that is,
complex matrices of salts and silicates, such as feldspars, pyrite, and
bauxite. Silver and gold on the other hand are fairly unreactive, and
these may exist in nature as the pure metal (such as the nuggets of
gold found in riverbeds during the U.S. gold rush of 1849). Copper,
too, though most often found as an ore, can be found as deposits
of native metal. These three metals then can be worked by tech-
niques as simple as hammering and mined by techniques as simple
as gathering.
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Copper, Silver, and Gold

Because of its abundance relative to the others, copper was probably
the first of these metals to be collected. Worked copper beads dating
from about 9000 BCE, possibly used for decoration, have been found
in northern Iraq.® Native North American burial mounds from about
2000 Bce have been found to contain copper spear heads, chisels, and
bracelets. Pre-Columbian inhabitants of Ecuador worked native cop-
per by hot hammering, and they made small copper axes, bells, and
sewing needles.” Copper also appears in the earliest remains of
Egyptian, Mesopotamian, Indian, and Chinese settlements.

Gold nuggets are relatively soft (hence the legendary bite test of
gold coins), and these can be hammered together into sheets. This
property of gold, as well as its color, makes it desirable as a decora-
tive material—but fairly useless for anything more. The practical use
of gold for making corrosion-resistant electrical contacts and capping
teeth is a purely modern development. This makes all the more ludi-
crous the amount of human suffering that occurred for the sake of
gold. In Egypt gold was mined and processed by slaves, and because
there was an ample supply of condemned prisoners, prisoners of war,
and political prisoners (sometimes whole families with children), it
was cheaper to work them to death and replace them than prolong
their lives by humane treatment.

Silver can be found alloyed with gold in a material called elec-
trum. A number of methods can be used to separate silver from this
alloy and recover the gold, but presumably the earliest way was by
heating electrum in a crucible with common salt, sodium chloride.
With time, heat, and repetitive treatments, the silver was converted
into silver chloride, which passed into the slag: the layer of impuri-
ties that floats on molten metal during processing. However silver was
not always the unwanted product. In Egypt between the thirteenth
and fifteenth centuries BCE, pure silver was rarer and more costly than
gold.#

By 3000 BCE the Sumerians, perhaps while heating copper to make
it more malleable, had discovered that more copper could be retrieved
from the fire if the metal were heated with certain types of dirt and
stones—that is, certain earths. These earths were the metal ores, and
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the process they discovered, smelting, reduced metal salts to pure metal
by the action of carbon in the charcoal fire. The process of changing
metal salts into pure metal is known as reduction because the metal
without the accompanying oxygen, halogen, or sulfur of the salt weighs
less than the ore. Eventually metal workers learned to distinguish var-
ious metal-bearing ores by color, texture, weight, flame color, or smell
when heated (such as the garlic odor of arsenic ores), and they could
produce a desired material on demand.

Bronze

The Sumerians also mixed copper and tin to create a new material:
bronze. They found the new material relatively easy to cast and much
harder than copper alone. Bronze could be used to make more durable
hoes and spades, and knives that retained a cutting edge for a longer
time. Bronze was such an important discovery that an entire era of his-
tory, the Bronze Age, was once identified by its use. However this term
has lost its chronological meaning because different cultures discov-
ered the use of bronze at widely different times. Some cultures, such
as those in Finland, northern Russia, Polynesia, central Africa, south-
ern India, North America, Australia, and Japan, had no Bronze Age but
went directly from stone to iron. Egyptian bronze objects however date
from as early as 2500 Bce and possibly as early as 3000 Bce.

For the Egyptians to make bronze, tin ores probably had to be
imported—perhaps from Persia—and artisans working in Mesopotamia
during this era had to import their tin too. An arsenic-copper bronze
could be made when tin was scarce, but the practice seems to have
died out. (Fumes from the process would have caused arsenic poi-
soning, so it may have been the artisans, rather than the art, that
disappeared.) With bronze, then, a picture of a growing network of
Mediterranean trade begins to emerge. In fact there is some evidence
that the Assyrians, an exceptionally ruthless, unisex warrior society
that conquered the Mesopotamian valley ca. 1200 BCg, engaged in some
creative—if unethical—entrepreneurship. They apparently duped the
ancient Turks into believing that the nearest tin supply was in the
Hindu Kush—and charged the Turks accordingly, though the metal
actually came from a mine on the Turkish coast.’
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Next it was noticed that copper smelting went better when cer-
tain iron-oxide-containing earths were added. The iron-oxide miner-
als may have accidentally been included with the copper ores because
they are found in the weathered upper zones of copper sulfide de-
posits. Iron oxide improved copper smelting by acting as a flux: a ma-
terial that aids the removal of impurities by combining with them to
form a floating crust or slag. As a side product, bits of the new mate-
rial—iron—were formed.

Iron

Iron was known in Egypt perhaps as early as 3000 BCE, but it was called
the metal of heaven, implying that the first samples were meteoric in
origin. As such iron was rare and considered a novelty rather than a
commodity. However Mesopotamian and northern Syrian specimens
of smelted iron (from iron ore, not meteors) may have been produced
as early as 3000 BCE, and an iron foundry was operating in southern
Africa as early as 2000 BCE."

The first smelted iron was a spongy, pasty mass in a semi-liquid
slag because the actual melting temperature of iron is 1500 degrees
Celsius, whereas the temperature attainable by early charcoal fur-
naces was only about 1200 degrees Celsius. This product, later known
as bloom, required repeated heating and hot hammering to eliminate
the slag. Tempering was achieved by repeated cold forging and re-
heating.

Workers eventually increased the ratio of fuel to ore and employed
better bellows to raise the temperature of the ovens. But even so, pure
iron is softer than bronze and an inferior material for weapons and
other applications requiring durability. It remained to be discovered
that heating iron in the presence of carbon, which incorporates a very
small of amount carbon into the iron matrix, would significantly in-
crease the strength of the material.

This heating of iron in the presence of carbon, usually provided
by a charcoal fire, is called carburizing . Hindu physicians were among
the first to discover carburized iron, or steel, and use it for surgical
instruments. In China carburizing was done directly by using carbon-
rich iron ore. This technique was also discovered by an obscure
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Indo-European tribe called the Hittites, who employed it immediately
to make better weapons. With these better weapons, they were able
to march across Asia Minor and in 1200 BCE arrive menacingly at
Egypt's door.

CHEMICAL COMPOUNDS

In addition to pure metals and metal alloys, ancient chemical workers
also had a significant store of chemical compounds that they could
employ in various processes. As with the pharmacopoeia however,
these materials do not come down to us intact, so we must surmise
their use from archeological artifacts such as pestles, mortars, mills,
strainers, stills, and crucibles. One Mesopotamian find was a double-
rimmed earthenware pot, probably used for extracting plant oils or
essences. Raw material could be placed between two rims, a lid placed
over the vessel, and a solvent (water or oil) boiled in the bottom. Vapor
from the boiling solvent would have condensed on the lid, run down
over the raw material, extracted the desired ingredient, and dripped
back into the bottom of the pot—basically the same principle used in
coffee percolators today."

We also have an idea of some other commonly used compounds
because one fine third-millennium Mesopotamian day, an anonymous
Sumerian physician took a four-by-six-inch clay tablet and made a list
of his favorite prescriptions.

The Legacy of the Sumerian Physician

Some ingredients in the prescriptions were salts whose names appear
many times in our story: sodium chloride (known now as ordinary
table salt and found as natural deposits or obtained by evaporating sea
water), sodium carbonate (known later to Europeans as soda ash and
found as natural deposits or produced when plants rich in sodium are
burned), and ammonium chloride (known later to Europeans as sal
ammoniac and obtained by burning large masses of coal or from heat-
ing well-weathered camel dung). Minerals, such as alum, or potas-
sium aluminum sulfate, and gypsum, or calcium sulfate, were gathered
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and ground for medicines, though gypsum was also used as a type of
mortar.” Sodium nitrate, or potassium nitrate, both of which later
Europeans called saltpeter or niter, also appears in prescriptions. (Many
medicinal properties have been ascribed to niter through the ages and
it has been prescribed for conditions as diverse as sexual impotence,
asthma, and excess sexual desire, though most of these treatments
have proved ineffective. The value of niter really skyrocketed when it
was found to be an essential ingredient of gunpowder.) The colorless
crystalline compounds that make up niter are produced by the action
of bacteria on nitrogenous waste, such as urine and manure, and these
compounds are familiar to anyone who has had contact with stables.
Judging from later practices, the Sumerians probably collected niter
from the sides of sewers and animal yards, and it no doubt contained
a variety of contaminants. Of course none of the compounds were
the clean, well-formed crystals seen on the pharmacist’s shelf today.
They were more often dirty mixtures: Even one of the commonest
chemicals—water—was most often a murky, possibly brownish, ma-
terial.

Used either directly or in powdered or pulverized form, other in-
gredients in the prescriptions came from animals (milk, snake skin,
turtle shell), plants (myrtle, thyme), or trees (willow, pear, fir, fig, and
date). Sometimes prescriptions called for the desired constituent to be
extracted with boiling water, but if it were not water soluble, the con-
stituent could be extracted with beer or wine. The wine or beer, of
course, contained ethanol—a chemical as important then as it is now.
Ethanol is produced when certain single-celled fungi called yeast con-
sume sugars in a process called fermentation. Yeasts that cause fer-
mentation are found naturally on grapes, so fermentation can occur
spontaneously in high-sugar grape juice. Conditions that encourage
fermentation and ethanol production may have been known and ex-
ploited for as long as 10,000 years—making fermentation one of the
oldest, if not most celebrated, chemical processes. Ethanol is an ex-
cellent extractant for organic, or carbon-containing, materials, such as
plant oils or essences. The organic end of the ethanol molecule, con-
sisting of carbon and hydrogen, mixes well with plant materials, which
are also organic. The alcohol end of the ethanol molecule, consisting
of oxygen and hydrogen, mixes well with water, which also contains
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oxygen and hydrogen, in the familiar ratio HyO. Organic materials
mixed with the ethanol could be made into aqueous solutions, and
the extracts so obtained could have been stored, as today, in solid, lig-
uid, or powdered form.

The physician also used vegetable oils and animal fats as extrac-
tants and salves. Unfortunately knowledge of whatever curative value
the herbal remedies may have had is lost because our physician—
perhaps constrained by tablet size or the cumbersome nature of the
cuneiform script—failed to record what diseases they were used to
treat. Some of the therapeutic effects, however, may be surmised. For
example, in the twelfth prescription, the physician advises:

Sift and knead together—all in one—turtle shell, the sprouting
[sodium containing] naga-plant, salt, and mustard. Wash [the sick
spot} with quality beer [and] hot water; scrub [the sick spot] with
all of it. After scrubbing, rub with vegetable oil and cover with
pulverized fir."

The washing prescribed in this treatment cleaned the afflicted
area, and the salt and alcohol no doubt acted as antiseptics. Two of
the prescriptions on the tablet called for an alkali (sodium or potas-
sium) salt to be used together with natural fat—which produced a
soap—and this would again help clean a wound or diseased area if
externally applied.

Interestingly our Sumerian physician did not record incantations
or magic rituals to be used with the medicines, indicating that rituals
were either not used or not considered important enough to take up
limited space on the tablet. However in later Babylonian society, which
produced one of the first extensive written pharmacopoeias,'* sorcer-
ers became more important than physicians in treating disease. In fact
disease was taken to be demonic possession caused by sin, and drugs
were used to exorcise rather than cleanse the patient. Made deliber-
ately disgusting to drive out the demon (the poor patient had no choice
but to stay), remedies consisted of raw meat, snake flesh, wood shav-
ings, oil, rotten food, crushed bones, fat, dirt, and animal or human
excrement. We mention this here because the demonic theory surfaced
again—in Europe of the 1600s.
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The need for such drastic medical measures can be appreciated
by reflecting on the quality of life in these ancient cultures. People
died routinely from tooth decay, minor wounds, infections, and fever
that today could be treated in an hour with over-the-counter drugs.
People suffered from abscesses and blindness. Pain and parasites were
an accepted fact of life. Women had about the same chance of sur-
viving childbirth as they had surviving marching in war—which also
happened quite often—and a child’s chances of surviving infancy were
not much better.

Understandably ways of escaping life often became as important
as ways of preserving it, and one common escape was through art.
Though this expression of art often took the form of painted objects
and walls, another familiar vehicle was used: personal adornment.
Evidence of the importance of this particular form of art is found in
the biblical story of Joseph. In the story, the boy was thrown into a
pit and left to die by his brothers. His crime? They envied his coat of
many colors.

Pigment and Dye

Cloth was made from wool, cotton, and linen, but the most common
was wool. Dyes were generally organic, the name given to the class
of compounds formed from carbon and hydrogen, or hydrocarbons,
which at the time were extracted from animals and plants; inorganic
is the name given to all compounds other than hydrocarbons, which
were mainly derived from minerals. Several inorganic salts were used
as mordants: substances that fix the dye by chemically bonding with
both the dye and the protein structure of the cloth. A favorite blue dye
was indigo from the indigo plant (and we will see this dye make chem-
ical and social history again in the early 1900s ce [Common Era]).
Fermented in vats, the dye was colorless, but a cloth dipped in it and
exposed to air would turn deep blue in seconds. Other plants processed
for dyes included saffron, which produced a yellow dye, and madder,
which produced a red dye that has been found on the cloth of Egyptian
mummies. In Mesopotamia red dye came from kermes, pulverized
dried scale insects found on Mediterranean oaks. The most costly dye
was the purple dye obtained from the gland of a mussel found only
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in very specific locations on the Mediterranean coast. Each mussel har-
vested provided only a tiny amount of a creamy fluid with a garlic
smell (some reports say as many as 12,000 mussels were required for
an eyedropper-sized sample of dye™), but once processed it made an
exceptionally striking purple dye.

In addition to decorative clothing, cosmetics were also used to
enhance personal appearance, as were perfumes. One Babylonian text
specifically mentions that women worked as perfume preparers as well
as men, so women were involved in at least this area of early chemi-
cal technology, and they were most likely involved in others. As time
went on, these chemical technologies became more advanced, so that
the artisans were able to produce many more interesting and useful
materials. One of the most interesting is a material that like gold ini-
tially had no purpose other than the beauty it provided: glass.

Glass

Silicon forms roughly twenty-five percent of the earth’s crust, and it is
second only to oxygen in abundance. Most of the ground we stand
on is silicon-oxygen silicates, or what is commonly known as sand.
Glass, formed from fused silicates, has been created naturally in light-
ning strikes, volcanoes, or where meteorites have scorched the Earth.
Egyptians used glass as a glaze since Neolithic times, but purposeful
production of glass as an independent material probably did not occur
until 3000 to 2000 BCE in Mesopotamia.

Initially artisans made glass from sand or quartz (silicon dioxide)
and crude sodium carbonate, which in Egypt is found in dry lake beds
near Alexandria. Without sodium carbonate, 1700-degree-Celcius fires
are required to melt the sand (adding sodium carbonate lowers the
melting point by producing a sodium oxide flux). Glasses produced
with sodium however are somewhat soluble in water, and this mate-
rial was most often used for art, though an occasional vessel might be
created (for a privileged few) to hold ointments or other materials that
might be absorbed by ceramic pots.'* Around 1300 BCE artisans found
that incorporating calcium oxide, another chemical compound known
to the ancients, reduced the solubility of the glass. Called lime or quick-
lime by the later Europeans, calcium oxide is formed by heating cal-
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cium carbonate found in shells or natural deposits of limestone or
chalk. Once this technique was found, large-scale glass factories began
operating in Egypt.

The glass of these early civilizations was molded, not blown. It was
generally cloudy and blue (colored by copper compounds and some-
times cobalt), although some other colors were achieved. The Assyrians
used tin oxide and lead antimonate to color their decorative glass white
and yellow, respectively. It has been speculated that the Assyrians knew
how to make aqua regia (a mixture of nitric and hydrochloric acids) be-
cause they used gold salts to give a red color to their glass and aqua
regia should have been necessary to dissolve the gold.

OTHER MATERIALS AND METHODS

While the preceding technologies make an impressive list, they are
by no means an exhaustive one. For instance we have not gone into
the Hindu practice of leather tanning nor the Meso-American metal-
casting arts. One other technology we should probably quickly in-
clude, though admittedly more for the mystery that surrounds it than
for any particularly high degree of technical expertise, is the famous
art of Egyptian mummification. To create a mummy, Egyptians gut-
ted a corpse, filled the cavity with wine and perfume, drew the brains
out piece by piece through the nostrils with an iron hook (perhaps
the most mysterious part of the process), then steeped the body in a
bath of natron (sodium-aluminum-silicon-oxygen salt) for 70 days.
This process killed bacteria that cause decomposition and dehydrated
cells so that future bacteria would not find a pleasant home. They
then wrapped the body in waxed cloth bandages, smeared it with
gum, and sealed it in a sepulcher away from corrupting moisture and
air. All in all the process was not much more mysterious than salting
pork. '

With the development of mummification, glass, and dyes, we see
societies becoming successful enough to be able to dedicate time and
materials to tasks not directly associated with the day-to-day business
of staying alive. This trend culminated in a profession that required no
manual labor and produced no product but thought: philosophy.
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Civilization and chemical technology gave the philosophers time to
think—and something to think about.

CA. 2000—300 Bce: THE PHILOSOPHERS

While the collection of chemical facts continued to be enlarged by the
artisan, these facts were interpreted by the philosophers—who also
served as mathematicians, astronomers, anatomists, and physicists, as
well as theologians and political theoreticians. In fact not until the
1800s did European scientists begin to think of their work as separate
from that of philosophers. Though philosophy is common to all cul-
tures, the most influential in the development of modern chemistry
were the philosophers of Greece. These thinkers derived hypotheses
about the nature of matter and material interactions that helped and
hindered chemical developments over the next 2000 years.

EARLY GREEK CIVILIZATION

Around 2000 Bct the Minoans appeared as the first Aegean civiliza-
tion. Centered on the island of Crete just off the main peninsula of
Greece, the Minoans were an affluent and comfortable society. The
Cretian soil grew grape vines and olive trees and obtained metal by
trading timber, grapes, olive oil, wood, and opium with the Greek
mainland, Cyprus, Egypt, and the Levant coast of the Mediterranean.”
Cretians knew about concrete and ceramics, and they used these ma-
terials to create indoor sanitary systems that were unavailable in north-
ern Europe until around 1700 ce. The principal deity was female, and
Minoan women enjoyed complete equality with men, including the
professions of bull fighter and boxer.

This peaceful society was invaded and overrun by Mycenaeans
from mainland Greece around 1500 BCE. As a militaristic society, the
Mycenaeans built massive fortified walls around Greek cities and con-
centrated their efforts on manufacturing daggers, swords, helmets, and
shields. To provide materials for their armaments, they extended their
sphere of trade to the coast of Asia Minor, Rhodes, Syria, and the cen-
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tral Mediterranean. After about 1200 BcE a wave of invasions by Indo-
curopean Hellenic tribes from the Balkans led to the fall of the Asia
Minor base, Troy (the legendary Trojan War), and Greece entered a
dark age that lasted about 400 years.

This period ended around 800 Bce when the Indo-European groups,
now settled in their new home, reestablished trade with Asia and adopted
a version of the Phoenician alphabet. The increased efficiency, acces-
sibility, and versatility of writing that the phonetic (that is, Phoenician)
alphabet brought about—along with inexpensive writing materials, such
as papyrus from Egypt—has been compared to the invention of mov-
able type or in recent times to the development of the computer." One
of the products of this rich new medium of thought was the develop-
ment of a class of teachers who taught for hire the children of the
wealthy. These teachers—the philosophers—sought to derive (as all
teachers do today) reasonable explanations for the observed world.

GREEK PHILOSOPHERS

Explanations for the observed world were of course not new. They
were and still are the essence of religion. These new thinkers how-
ever did not necessarily invoke a deity in their explanations; that is,
they attempted to keep their reasonings rational (based on reason) as
opposed to mystical (based solely on intuition or faith). However just
as speculation on the nature of the world was nothing new, neither
was rational thought. The Babylonians, who had developed sophisti-
cated mathematics by 1600 BCE were at least in that area engaged in
rational thought. In Africa, Egyptian mathematical knowledge, as
demonstrated by land division, surveying, and the construction of the
pyramids, surely implied the capacity for rational thought. The ancient
Indian philosopher Kapila believed that all philosophic questions
could be reasoned out without resorting to mystical explanation, and
the Indian Nyaya Sutra, which may have been written anywhere be-
tween the third century BCE and the first century cg, lists principles of
argument and common fallacies of thought. Special attention here
though needs to be paid to the Greeks. For reasons political rather
than philosophical (to be explored shortly), it was the fate of the Greeks
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to expound the philosophy of nature, the natural philosophy, that
would have the greatest impact on future chemical events.

Thales, Anaximander, Anaximenes,
and Anaxagoras

In modern chemistry we credit some one hundred elements—and
counting—with being the basic stuff from which all matter is formed,
but there was no reason for this to be the first assumption, and it was
not. The initial thrust of the philosophical effort was to discover the
one basic stuff of nature—the primal substance, the material from which
all else is formed. This effort began for the Greeks around 600 BCE, on
the Aegean shores of Asia Minor, in the Ionian city-state of Miletos,
with the first of the Ionian philosophers, Thales.

Little is known of Thales’ life other than that he was born into a
distinguished family. We do not know why he chose a life of teaching
and philosophy, just that he did. Thales believed that the basic stuff of
nature should be one material, and he taught, possibly influenced by
Babylonian religious beliefs, that this basic substance was water. Thales
did not invoke religious justification for his theory, but instead reasoned
from observation that water could turn into air (evaporation) or become
solid (freeze), and thus form all things. This set the tone for future Greek
schools of thought: explanations for natural phenomena based on ob-
servational reasoning rather than transcendental inspiration.

Following Thales, his pupil Anaximander (in the mid-500s BCE),
proposed that the basic material of all things was something he called
apeiron. Anaximander did not have an exact description for the ma-
terial, but he claimed that worlds formed and disappeared as bubbles
in this apeiron. He theorized that our solar system came into being
when a mass of apeiron broke away from the infinite in a rotary mo-
tion that caused the heavy materials to concentrate at the center and
the edges to condense into the heavenly bodies. This compares with
modern cosmological theory,"” and it gives the impression of a curi-
ously accurate intuition about the physical world. On the other hand
Anaximander visualized Earth as a flat cylinder, thought that animals
originated from inanimate matter and humans from fish—which re-
minds us of the speculative nature of these theories.
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Anaximenes, who lived around 550 BCE, may have been a pupil
of Anaximander, but the former proposed that air was the primal sub-
stance. According to Anaximenes, air rarefied was fire, and condensed
air formed everything else (water, earth, and stones). In support of his
theory, he pointed out that air expelled through puckered lips be-
comes cold, whereas air expelled through an open mouth is hot: com-
pressed air condenses and expanded air is transformed into fire.

The last notable Ionian philosopher, Anaxagoras, lived around
400 BcE. Although born of wealthy parents, he apparently abandoned
his inheritance to pursue natural philosophy. Obviously little impeded
by custom, Anaxagoras also tossed aside the tradition of seeking one
primal substance and argued, “How could hair come to be from what
is not hair and flesh from what is not flesh?”? He proposed the exis-
tence of seeds: extremely small portions of everything that exists in
the visible world. These seeds were never created or destroyed, but
they constituted all material and formed new materials when mixed
or separated. However in contrast to later atomic theories, Anaxagoras
believed that all matter was infinitely divisible and the resulting smaller
portions contained portions of every other substance.

It is important to pause here and note what is evolving: The iden-
tity of the primal substance or substances was debated, but all the de-
baters seemed comfortable with the assumption that whatever it was,
this primal element (or elements) would be found in some portion in
all matter. This was the assumption under which chemists would labor
for the next 2000 years. One reason for its persistence was the intu-
itive appeal of arguments offered by philosophers, backed by every-
day observation, but another reason was the social upheavals that
scattered Greek philosophers throughout the Mediterranean like
Anaxagoras’ seeds.

This upheaval began when Persians invaded Miletos and Ionian
philosophers migrated to other parts of Greece. Anaxagoras traveled
to Athens where he is said to have proposed an accurate explanation
for eclipses. He was eventually prosecuted on a charge of impiety
when he asserted that the sun was an incandescent stone somewhat
larger than the region of the Peloponnese. Despite this initial seem-
ingly unimaginative reaction by the citizens of Athens, Athens was des-
tined to become an important center of philosophy.
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Pythagoras, Zeno, and Empedocles

Prior to Anaxagoras’ arrival in Athens, other philosophic traditions
had found a foothold in this fertile ground, including the school of
Pythagoras. Pythagoras himself, born on an Aegean island, had been
instructed in the teachings of the Ionia philosophers, but through
travel he had also become acquainted with Babylonian and Egyptian
mathematics. The blend of these influences prompted Pythagoras to
found a communal secret society devoted to mathematical specula-
tion and religious contemplation. The followers of Pythagoras (who
were said to have included men and women on equal footing) pro-
posed mathematical theories of matter, including five elements envi-
sioned as geometric solids: Earths were cubes, water was an
icosahedron, air was an octahedron, fire was a tetrahedron, and ether
(a nebulous element that filled spaces unoccupied by the other four)
was a dodecahedron.

A contrasting school of thought was that of Zeno of Elea. Zeno
insisted that matter is continuous, and he rejected the idea that it could
be broken down into individual particles of various elements. He ar-
gued that if two material particles are separated, then whatever sepa-
rated them must also be a thing; therefore material is continuous. The
continuity of matter was debated until the 1900s but without much
more input from Zeno. He joined a conspiracy to overthrow a tyrant
in his home city-state, Elea, and after refusing under torture to reveal
the names of his co-conspirators, his ideas died with him.

A third important school of thought that influenced the philoso-
phies of Athens was that of Empedocles. It is difficult to decide with
what trumpet blast to announce this name, but let it suffice to say that
Empedocles was the originator of the four-element theory of matter—
another idea that dominated Arabic and European chemical thought
until the close of the 1700s.

Though an aristocrat by birth, Empedocles was a disciple of the
equalitarian school of Pythagoras and refused the crown offered to
him by his home city-state when he assisted in overthrowing the rul-
ing oligarchy. Instead Empedocles instituted democracy. A prodigious
writer, he produced a treatise on medicine as well as the natural phi-
losophy in which he proposed that four elements (which he called
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roots)—earth, water, air, and fire—formed the basis for all things, and
two forces—love and hate—governed their intermingling. According
to Empedocles all four elements are found in all matter, but different
materials possessed different proportions of each.

Empedocles is also known for his proof by physical means that
air is a material body. Using a water clock (a cone with holes at the
bottom and top, which when placed in water sinks slowly to the
bottom, serving as a rough measure of time), Empedocles showed
that when he placed his finger over the opening at the top of the
clock, water would not fill the cone. When he removed his finger,
air rushed out. Given such a fine demonstration of logic and what
we know of his democratic beliefs, it is all the more curious that in
the end, Empedocles decided to declare himself a god and threw
himself into a volcano to convince his followers of his divinity.
Legend has it that the volcano threw back his sandals, and thus his
divinity denied.

Democritus and Leucippus

The last of the stage-setting philosophies that we examine is the im-
portant Greek atomistic theory: A theory whose precepts and name
reemerge continuously in our story. Though the beginnings of the
Greek atomistic theory are often attributed to Democritus alone, it is
likely that these notions originated with Leucippus, his teacher.
Democritus however was extensively traveled and he was known as
the laughing philosopher for his derisive assessment of humankind.
The writings of the teacher may have erroneously been credited to the
more famous pupil.

The essence of the theory was that matter is made up of an in-
finite number of solid atoms of elements in constant motion. These
atoms were thought to form materials with characteristics determined
by the atoms’ shapes (for instance membranes were woven from
hook-shaped atoms)—an idea that still had appeal in the chemical
philosophies of Western Europe in the 1600s. The atomic nature of
matter is an accepted theory today, though the atoms of modern the-
ory are vastly different from those conceived by Democritus, as we
shall see.
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Socrates

Such was the rich medium that nurtured Socrates. Short and stout, with
bulging eyes and a snub nose, Socrates was born of working-class par-
ents (his father may have been a sculptor and his mother a midwife),
and he served as a foot soldier in the Peloponnesian War—an expe-
rience that may have influenced his philosophy. Concerned with de-
veloping rules for a peaceful, ordered, ethical society, he used a
deductive method of reasoning that starts with a supposedly irrefutable
truth apparent to all rational beings, then draws conclusions from this
truth using clearly defined rules of logic. This may have worked well
for devising social systems—the irrefutable truth would be something
that all people in that particular society agreed on—but it does not al-
ways work well in chemistry. In chemistry, nature dictates the rules,
and they may not be immediately apparent to all rational beings.
Socrates rejected proof by analogy (for example, the first plant was
not watered, and it died; therefore the second plant will die if not wa-
tered) and inductive reasoning (for example, the first, second, and
third lemming drowned on falling into the sea, therefore the fourth
lemming will drown too) in favor of his deductive reasoning. But these
forms of reasoning are very useful in chemistry (and would serve plants
and lemmings in good stead, too). Future chemists who tried to ad-
here to strict Socratic logic were seriously hampered in this regard.
Socrates also rejected experimentation as a method for arriving at
truths, believing that the fundamental nature of the world could be dis-
cerned by mental reflection alone. So although his followers experi-
mented with the material world in the same sense that we all do—by
walking, eating, breathing (and observing what we walk on, eat, and
breathe)—they did not engage in deliberate experimental manipula-
tion of materials. Though this did not hold for long, and chemists were
soon up to their elbows in experiments, it did have a residual damag-
ing effect. Often chemists felt more comfortable believing in what they
reasoned they should be seeing rather than in what they actually saw.
Socrates was eventually tried on the charge of corrupting the youth
and introducing new gods and sentenced to death. (We may note here
that none of the characters in our chemical history ever endured legal
persecution for their chemical views, while political views caused sev-
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eral to suffer such a fate—a word to the wise for anyone choosing an
occupation.) Apparently friends offered to help Socrates escape, but
he believed that the verdict from a legitimate court should be obeyed.
He drank the hemlock poison and left his star pupil, Plato, to carry on
the debate.

Plato

Plato came from a distinguished Athenian family; his father even
claimed to be descended from the god Poseidon. Plato’s early ambi-
tions were probably political, but perhaps after the death of his teacher,
he became convinced that Athenian politics were no place for a per-
son of conscience. He turned to a life of philosophy and teaching in-
stead. However in contrast to his teacher, Plato believed that natural
philosophy was a worthy area for study as long as one removed the
taint of atheism (and threat of retribution) by making natural laws sub-
ordinate to the authority of divine principles.

A careful observer and cataloger of thought, Plato believed every-
thing could be understood by intellectual effort. As such his natural
philosophy, based on the four elements of Empedocles, had a very
clear, logical presentation. For example in the following excerpt from
Plato’s dialogue, Timaeus, metals are referred to as waters because
they melt, and gold is described as the perfect metal, other metals
being the same as gold but in impure form.

Congealmentsl:] . . . that which is the densest . . . is formed out of
the finest and . . . is that most precious possession called gold. . . .
This is unique in kind and has both the glittering and yellow color.
A shoot of gold which is so dense as to be very hard, and takes a
black color, is termed adamant. There is also another kind, which
has parts nearly like gold, . .. and this substance, which is one of
the bright and denser kinds of waters, when solidified is called
copper. There is an alloy of earth mingled with it which, when the
two parts grow old and are disunited, shows itself separately, and
is called rust.

Plato accepted the notion that all materials were made of differ-
ent proportions of the elements, but he refined this idea by adding
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that under the right circumstances, materials could, be changed into
one another or undergo transmutation. To promulgate his ideas (and
support himself), Plato founded the Athens Academy, an institute for
the systematic pursuit of philosophical and scientific teaching and re-
search. To this academy came a 17-year-old student who was to re-
main as a pupil and a teacher for the next 20 years: Aristotle.

Aristotle

Though orphaned at an early age, Aristotle came from a prominent
Macedonian (northern Greek) family, and his family saw to his edu-
cation. At the academy Aristotle accepted the idea of the four elements
and transmutation, but he rejected the idea that particles were made
of atoms and empty space. Air, he reasoned, would rush in and fill
any void. “Nature,” he is said to have stated, “abhors a vacuum.”?
Aristotle expanded a bit on the basic four elements by giving them
qualities, a sensory property associated with each: Hot and dry were
associated with fire; hot and moist, with air; cold and moist, with water;
cold and dry, with earth.

Aristotle used observation as well as pure reasoning to arrive at
his ideas. He reasoned that wood when burned produces smoke (air),
pitch (water), ash (earth), and fire; therefore wood is composed of these
elements. Flint when sparked produces fire; therefore fire is an element
in rock. Some rocks thrown in water bubble as air trapped in crevices
escapes. To someone with no other evidence to go on, this would prove
that air is an element in rock. Some crystals dissolved in water turn the
water cold; some crystals dissolved in water heat the water, so hot and
cold would appear to be qualities inherent in these materials.

Though Aristotle did not engage in systematic experimentation,
his reasoning from observation represents an application of inductive
logic, which has a more intuitive appeal than purely deductive rea-
soning when applied to natural phenomena, and this probably helped
the general acceptance of his ideas. Aristotle’s attitude was also teleo-
logical—that is, he believed the universe was governed by a purpose—
and he interpreted phenomena in light of how they fit into a general
scheme. This teleological approach was in harmony with Hebrew the-
ology and later with Christian and Islamic thought. For this reason or-
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ganized religion later supported Aristotle’s views and lent Aristotle pro-
longed authority. The views of Aristotle—accepted by many succeed-
ing writers and philosophers—became embodied in European
common speech and thought. Aristotle’s theory of the formation of
metals—a moist, vaporous exhalation combined with a dry, smoky
one—was still used in Europe in the 1600s. The existence of Aristotle’s
fifth element—the rather vague and immaterial ether—was still argued
in the 1900s.

In this chapter we have seen how primitive people acquired an
impressive knowledge of usable materials to make tools, heal wounds,
preserve meat, and color their lives. This acquisition of new materials
continues throughout our history—with some amazing materials to
come. We have also seen how the early Greek philosophers reflected
on these materials and their interactions, using methods of rational
logic (as opposed to mystical speculation) to arrive at the theory that
matter is composed of a basic set of elements and all matter contains
all elements. These early philosophers also proposed the possibility
of transmutation: the theory that under the right conditions, materials
could be changed into one another. The Aristotelian version of Greek
philosophy was to have the greatest influence on the subsequent de-
velopment of chemical thought because of its intuitive appeal, its fit
with other popular modes of thought, and because Aristotle served as
the tutor of the son of Philip of Macedonia. The boy, Alexander, was
evidently much taken by the things he learned at Aristotle’s knee. In
his subsequent career as Alexander the Great, this one student spread
Greek culture and Greek philosophical ideas from the borders of China
to the coast of Spain.
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ca. 300 BCE—600 CE:
Alexandria and Alchemy

B eginning in 335 BcE, the events of 10 short years reshaped the
Mediterranean world, seeded Greek culture from Egypt to the
Indus, and reset the course of chemical history. The agent of this change
was one man: the boyish, amiable, 23-year-old Alexander the soon-
to-be-Great.

Alexander was born to the business of conquering. His father,
Philip of Macedonia (the region directly north of Greece) is credited
with developing several military techniques, including the 10-deep
phalanx of pike carriers (an impenetrable and prickly front) and the
use of catapults in siege warfare (to keep defenders away from walls
while battering rams were applied). Philip’s goal was to unite the Greek
city-states (under his jurisdiction of course) and to this end he con-
quered Thrace, Thebes, and Athens. As part of his plan to assimilate
Greek ways, he had his son educated by the leading Greek educator
(and former Macedonian), Aristotle.

chapter
TWO

27



28

chapter TWO

From these two influences—warrior-father Philip and philoso-
pher—-mentor Aristotle—Alexander’s personality emerged: a mix of hard
brutality and supple idealism. When his father was assassinated,
Alexander assumed his place by driving his armies from Macedonia to
Syria, crushing Greek rebellions without mercy and selling whole pop-
ulations into slavery. But when Alexander captured the family of the
Persian king Darius, he declined his prerogative with the women and
offered them the courtesies due their royal status. On conquering the
remains of the Persian ex-empire, Alexander pushed his weary troops
into regions beyond that required to secure his borders, but on the death
march back from the Indus, Alexander poured his water ration on the
ground so they could see he would not take water when they had none.
He murdered one friend in a drunken rage, but on the death of another,
grieved until his own health was threatened. Alexander crushed free
city-states and was resented by the Greeks as a tyrant, but he revered
the gods of Egypt and was welcomed in that land as a deliverer.

Alexander’s ability to shrug off contradiction allowed him to be
one of the great homogenizing influences of the ancient world. He
dreamed of uniting East and West into one enlightened empire. He
founded some 25 cities throughout Asia and North Africa—most of
them called Alexandria—and peopled them with Greek veterans. In
this manner he produced the Hellenized world: Greek culture with a
Persian blend.

Alexander died of fever at age 33. There was some rumor that he
was poisoned. This could have easily been done by giving him a drink
of bad water (in those days it was well-known which sources had
tainted water and which had good). However he had been badly
wounded in battle, and he could not have lived much longer anyway.
As was customary for his people and his age, Alexander had much
stronger emotional and physical relationships with men than with
women, and this, plus campaigning, kept him from impregnating his
Persian wife Roxana until just before his death. With his heir appar-
ent in utero, Alexander is said to have whispered on his death bed
only that his realm go to the most worthy. His generals fought for some
40 odd years after his death to determine the most worthy, and they
ended by dividing his kingdom. When the dust and disputes were set-
tled, Ptolemy had Egypt and the surrounding areas, and Seleucus had
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Babylon, which included Asia Minor, Mesopotamia, and Persia. Though
our path soon leads us to Babylon, it is with the Greeks of Egypt that
our story of chemistry begins.

ALEXANDRIA OF EGYPT

Alexandria of Egypt is a port on the mouth of the Nile, opening onto
the Mediterranean. The ancient city was about 4 miles in length, built
in a regular pattern with streets crossing at right angles. Ptolemy, who
had himself been a student of Aristotle, quickly seized power in Egypt.
While the wars for the rest of Alexander’s empire raged—cities looted,
libraries destroyed, and scholars killed or dispersed—Ptolemy built in
Alexandria a center of learning for the Mediterranean and the Near East.

In Alexandria grew the hybrid culture that Alexander had sought:
a rich blend of philosophical traditions and practical knowledge. These
two types of learning—the philosophical and the technical—would
merge in a way unexpected even by Alexander. They created a new
sort of philosophic technology: alchemy.

ALCHEMY

Though alchemy refers to an Alexandrian practice, the word actually
has Arabic origins, so it is used rather prematurely here. A/ is an arti-
cle in Arabic, and alchemy is derived from alchymia, which means the
chymia—a general word for the practice of chemistry.

The origins of the word chymia are not known. Some historians
have speculated that it comes from an Egyptian word for black, mean-
ing the black soil of the Nile, some sort of black magic, or even the
black eye powder used to adorn the eyes and discourage biting flies.
Zosimos, an Alexandrian alchemist, offered another possibility. He said
the word was revealed to humankind by angels who fell in love with
mortal women. This is an explanation that the authors, as historians,
must reject but, as chemists, prefer.

Though derived from a general word for chemistry—meaning the
technology of the artisan—the word alchemy came to denote an
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offshoot from practical chemistry, which grew in parallel to the tech-
nology of the artisan. It was an extremely important offshoot—al-
chemical techniques and observations fed back into practical chemistry
(such as medicine, metallurgy, and art)—but beyond that alchemy is
important because it was a primary hypothesis testing. The object of
science is to explain and to predict, and Aristotle, with his explana-
tions of matter, had predicted transmutation: changing one material
into another. This was the hypothesis the alchemists put to the test
and would continue to test for the next 1000 years.

For alchemists the goal of transmutation varied. Most often it was
the production of gold, although it could be medicine or even trans-
muting old into young or earthly body into soul. The techniques of
transmutation also varied: Some alchemists took a pragmatic approach,
dissolving, melting, combining, distilling, but others used only magic
incantation. Most used both. The stakes were high (gold and eternal
life), and the practitioners inevitably attempted to hide their methods
and results, causing the practice to become associated with secrecy,
mystery, and strange happenings in the night. This caused the popu-
lar perception of alchemists to be less than good and that of other
chemical workers (healers, miners, and artisans) to sometimes suffer.
But alchemy served as the hope of the bewildered chemical worker,

"and it provided the inspiration to stay at the fires when the potters and

the weavers had gone home.

Of course from our enlightened perspective, the notion of uni-
versal transmutation may seem a bit bizarre, and we are tempted to
question the acumen of our forebears. Carefully considered however
alchemy as a first proposition is not all that unreasonable. Alchemists
believed in transmutation because they saw transmutation every day
of their lives in cooking, dyeing, bodily functions, or producing met-
als from ores. They also knew of the striking transformation of mer-
cury sulfide ore, cinnabar, into liquid mercury: Heating the ore drove
something off and left a puddle of silvery metal behind. If this were
not sufficient proof for transmutation, then they only had to show that
heated again, the puddle reformed as a red solid. It was not the re-
turn of cinnabar, as they thought—it was an oxide of mercury that also
happened to be red—but in the absence of additional information,
transmutation seemed as plausible an explanation as any.
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Furthermore when our first chemical forebears made a yellow or
gold-colored powder, they had no reason to believe that it was not
gold, so it was reported as such. When assay techniques became bet-
ter, they realized that the product was not gold, but having believed
for generations that the procedure produced gold, they blamed their
own techniques for the failure rather than the recipe.

Lastly, the seemingly exhaustive and thankless labor of the al-
chemist can be understood by realizing how tantalizingly close they
kept coming to their goal. Producing a yellow metal was almost pro-
ducing gold. As far as they knew, it might even be gold, just not of
such good quality as the stuff from the ground. And there were work-
ers out there feeding their families by making near gold that was pretty
darn good—good enough, as they said, “to deceive even the artisan.”

TECHNICAL TRADITION OF ALEXANDRIA:
THE UNKNOWN ARTISAN

Knowledge of this near gold comes to us because an artisan decided
to record the techniques for its production on papyri—and because
the Swedish diplomat who came across the papyri in the 1800s had
the sagacity to acquire them and ship them to Europe for study. After
some 85 years of study, scholars realized that two of the scrolls con-
tained descriptions of chemical processes.

The papyri seem to be in the same handwriting and to have been
written about the end of the 200s ce. They were most likely copies of
older works because slight copying errors can be found. The original
was probably written sometime after 100 BCE.

The first papyrus contains mostly recipes for dyeing and mor-
danting (fixing dyes) and preparing imitation gems. The following
recipe is for the preparation of copper acetate (verdigris), a green
material used in making artificial emeralds. Note that the copper is
specified as Cyprian copper. As we mentioned, because materials used
were rarely pure, materials nominally the same sometimes had a
different behavior chemically due to contaminants they contained.
Therefore the same material from different sources was sometimes
treated as an entirely different material.
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Clean a well-made sheet of Cyprian copper by means of pumice
stone and water, dry, and smear it very lightly with a very little oil.
Spread it out and tie a cord around it. Then hang it in a cask with
a sharp vinegar so that it does not touch the vinegar, and carefully
close the cask so that no evaporation takes place. Now if you put
it lin the cask] in the morning, then scrape off the verdigris care-
fully in the evening ... and suspend it again until the sheet be-
comes used up . .. The vinegar is . . . unfit for [consumption].?

The second papyrus however seems to be concerned mostly with
metals, including very matter-of-fact recipes for making false gold.

Manufacture of Asem [the alloy of silver and gold]: Take soft tin
in small pieces, purified forty times; take 4 parts of it and 3 parts
of pure white copper and 1 part of asem. Melt, and after casting,
clean several times and make with it whatever you wish to. It will
be asem of the first quality, which will deceive even the artisans.?

The recipes may have been used by an artisan in a workshop.
They are practical, with no reference to the mystical and no attempt to
obscure the content—contrasting sharply with later alchemical writings.
How they came to be preserved is a mystery. One thought is that they
may have been hidden in a mummy case for safekeeping. The owner
may also have wished to be buried with valued possessions, and writ-
ten procedures might be an artisan’s most valuable possession.

The roots of this pragmatic approach can be traced to mainland
Greece, for while it is true that the center of learning shifted from
Athens to Alexandria, Athens did not become a ghost town overnight.
In fact Plato’s Academy and Aristotle’s Lyceum were active for another
700 years. Wandering Greek philosophers—doing private tutoring,
making public speeches, and collecting whatever donations they
could—carried Greek natural philosophy throughout the Hellenized
world. And although traditionally the Greek philosopher was to rea-
son without resorting to the common labor of experiments, the suc-
cessor to Aristotle at the Lyceum, Theophrastus (ca. 315 BCE), was more
than an immaculate philosophizer. Theophrastus was an astute ob-
server of practical chemistry, as seen from his descriptions of the man-
ufacture of lead acetate (white lead):
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lead is placed in an earthen vessel over sharp vinegar, and after
it has acquired some thickness of a kind of rust, which it com-
monly does in about ten days, they open the vessels and scrape
it off. . . . What has been scraped off they then beat to a powder
and boil (with water) for a long time and what at last settles to
the bottom of the vessel is white lead.!

He also described the use of plaster of Paris:

The stone from which gypsum is made by burning is like alabaster.
Its toughness and heat when moistened is very wonderful. They
prepare it for use by reducing it to powder and then pouring water
on it and stirring and mixing well with wooden tools, for they
cannot do this by hand because of the heat. They prepare it in
this manner immediately before using, for in a very little while it
becomes hard . . .

This practical approach to chemistry might have continued un-
modified if Alexandria were not its next port of call.

Alexandrian Mysticism

In Alexandria however this pragmatism floated in a sea of other
isms: Aristotleism, Stoicism, Epicureanism, Neoplatonism, Gnosticism,
Zoroastrianism, Mithraism, and probably others whose names have
been lost. Of major importance to chemistry was Judaism and its out-
growths: Christianity and Islam.

Judaism can trace its roots to around 1800 Bce, when according
to tradition, a man called Abram was commanded by his god to change
his name to Abraham as a sign of his new status as the ancestor of a
people. Indeed Jews, Christians, and Muslims—three of the major re-
ligious influences in the modern world—all regard themselves as chil-
dren of Abraham. The first resulting civilization, the Hebrew, was in
many ways identical to that of its neighbors. The Hebrews were equally
fierce, territorial, and brutal. Their command of chemical technology
was also comparable to that of surrounding civilizations. They knew
about gold, silver, copper, iron, lead, tin, and the means of purifying
and working them. The Hebrews did however have one peculiarity.
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According to tradition the deity of Abraham insisted on being the sole
divinity—introducing the then novel concept of monotheism.

Monotheism helped guarantee the longevity of the culture: A
monotheistic religion could not be diluted by the assimilation of other
gods or customs. Equally importantly Abraham was from a nomadic
people and his god was a nomadic god, not associated with particu-
lar shrine. This made the religion transportable and allowed the Hebrew
civilization to survive as a culture even after the Hebrew people were
driven from their land and dispersed.

This dispersal (Diaspora) occurred around 590 BCE when
Babylonians destroyed Jerusalem and deported most of its inhabitants
to Babylon. During the Diaspora, as a minority population, the Hebrews
found cultural tolerance to be necessary. A humanitarianism devel-
oped that became a cornerstone in the Jewish and offspring religions.
In addition the Jews of the Diaspora found that to preserve their reli-
gion, each had to become responsible for a personal covenant with
their god and all individuals had to learn and understand the Torah—
the collection of sacred writings. Without a temple the book and learn-
ing became sacrosanct. This tradition of the sanctity of writings was
jointly held by several of philosophies, and was an important influ-
ence on the early intellectual development of Alexandria. When
Ptolemy founded the Museum in Alexandria, a research and teaching
institution modeled on the Lyceum at Athens, it was said to have em-
ployed a hundred professors (paid by the state), housed a zoo, a botan-
ical garden, an astronomical observation room, dissecting rooms, and
a tivrary of a~half-million scrolls.

ALCHEMY AS PRACTICED

From remnants of these scrolls we learn how the rich philosophic tra-
dition combined with practical technology to give us Alexandrian
alchemy, and at least in the beginning, the practical approach was dom-
inant. A common tactic for instance was to try to make a material ap-
pear more goldlike, on the theory that if it assumed enough of the
qualities of gold, it would eventually be gold—not an unreasonable
approach. When it was found that metal surfaces could be dyed white
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Figure 2.1. The alchemical sign of the serpent Ourobouros symbolized the eternal cycle
of changes: life and death, seasons, transmutation. (Courtesy of the John F. Kennedy
Library, California State University, Los Angeles.)

with arsenic sulfides and yellow with polysulfides, the search was on
for just the right dye to produce actual gold. Another theory involved
treating metals as living organisms that could be brought to gold per-
fection by isolating the soul of gold and transferring it to base metal.
As was common to all the approaches, the methods used included dis-
tillation, sublimation (transforming a heated solid into a gas with no
liquid phase), fusion (melting), solvation (dissolving), filtration, crys-
tallization, and calcination (heating to a high temperature without melt-
ing; this usually results in, oxidation—incorporating oxygen from the
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air). Because of their ability to effect change in materials, certain
reagents also became common in alchemical practice. Two important
ones were mercury, the liquid metal, and sulfur, the stone that burns.

In a process that is fascinating to watch, mercury poured on many
clean metals unites with the metal to form mercury-containing alloys,
or amalgams. This is in fact a well-known method for refining gold:
Gold is pulled from ore or another matrix into the mercury. The mer-
cury can then be driven off by heat, leaving behind the pure metal.
Surface amalgams formed this way were used by the alchemists to cre-
ate a silvery appearance. When treated with sulfur, the amalgams as-
sumed a yellow color, or were “transformed” into gold.

Also of interest were such corrosive substances as acids, hydrox-
ides, and ammonium chloride, which on heating turns into ammonia
and hydrochloric acid and readily attack metals. Because arsenic sub-
limes like mercury, forms soft alloys like mercury, and has a sulfide
that looks like the sulfide of mercury, alchemists regarded arsenic as
a kind of mercury, and much use was made of arsenic’s property of
coloring metals. Vitriols (copper and iron sulfates) were also of inter-
est to the alchemist, probably because of their colors. Copper sulfate
forms beautiful blue crystals and solutions, and iron sulfate is green.
We can confidently write about the preceding materials and techniques
because of the efforts of a few early alchemical practitioners to pre-
serve their knowledge in writing. Three are considered here: pseudo-
Democritus, Mary the Jew, and Zosimos.

Around 100 ce pseudo-Democritus (the original Democritus was the
Greek philosopher of ca. 450 BCE) wrote a treatise called Physica et mys-
tica (Natural and Mystical Things), a recipe book for dyeing, coloring,
and making gold and silver.®* Though it is impossible to identify all the
ingredients (the names were imprecise and the chemicals were impure),
he generally used whitish powders to color amalgamated surfaces to
look like silver and used yellow colorings to give the appearance of gold.

Although these recipes are still basically practical, we see mysti-
cism beginning to creep in. The recipes call on Greek and astrologi-
cal theories and contain references to shadowy magical practices. Each
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recipe ends with “nature triumphs over nature,” “one nature rejoices
in another nature,” or some other equally enigmatic phrase.

Mary the Jew
This progression from the practical to the obscure continued with the
work of the Alexandrian alchemist know as Miriam, Maria, or Mary the

Jew. Although no complete works by her have been found, enough
fragments exist to establish her as an historical fact. She was also men-
tioned by Zosimos and Pliny, a Roman historian. There is reason to
believe female alchemists were not unusual; frequent references to a
Cleopatra (the alchemist, not the queen) can be found, though only

the existence of Mary is known with any certainty.

Mary approached alchemy as a fusion of the rational, the mysti-
cal, and the practical, and she is remembered for the practical. Mary
introduced several types of apparatus, including a three-armed still, a
hot-ash bath, a dung bed, and a water bath. The water bath, a dou-
ble-boiler, is still known in France as the bain-marie.

In her theory Mary frequently refers to a medicine by which met-
als are transformed. She also attributes gender to the metals, stating
that the secret is to “Unite the male with the female, and you will find
what you seek.”” She writes that silver does this readily (perhaps with
reference to the action of mercury), but copper couples “as the horse
with the ass, and the dog with the wolf.”

Zosimos

We do not know why some alchemists chose to record their work and
others did not—it may have been a matter of literacy or lack thereof—
but occasionally we find some clues about personal motives. Zosimos,
who probably lived about 300 ck, addresses each of his 28 books to
his sister, Theosebeia, who was probably an alchemist herself. In at
least one letter he refers to her work by describing a failed procedure
tried by another alchemist: “Paphnutia was much laughed at, and you
will be laughed at too, if you do the same.”™ What is not known how-
ever is whether sister was meant figuratively or literally. Zosimos’ writ-
ings may have been the loving efforts of a brother to aid a sibling in
her chosen trade or correspondence with a female colleague.
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Zosimos relays practical information (he says it is good to hold
the nose when working with compounds of sulfur); he describes such
operations as fusion, calcination, solution, filtration, crystallization, and
sublimation; and he systematized his materials into bodies (metals),
spirits, vapors, and smokes. But with Zosimos the obscurity of al-
chemical writing deepens: Alchemical procedures were revealed to
him in dreams. In the following account of one of Zosimos’ dream, it
has been proposed that the dome refers to the glass condenser usu-
ally placed over a distilling apparatus (which shared the same name
as dome in Greek) and the 15 steps refer to the operations of distill-
ing, fusing, and so forth.

While saying these things, I fell asleep and I saw standing before
me at an altar shaped like a dome, a priest sacrificing. There were
fifteen steps to mount to this altar. The priest stood there, and I
heard a voice from above saying—*I have accomplished the act
of descending the fifteen steps walking toward the light. It is the
sacrifice that renews me eliminating the dense nature of the body.
Thus by necessity consecrated, I become a spirit.” Having heard
the voice of him who stood at the dome-shaped altar, I asked
him who he was. In a shrill voice he answered in these words,
“I am lon, priest of the sanctuaries, and I undergo intolerable vi-

olence ...”
After this vision, I awoke again and said, “What is the mean-
ing of this vision?” ... In the dome-shaped altar all things are

blended, all are dissociated, all things unite, all things combine,
all things are mixed and all are separated . . . Indeed for each it
is by method, by measure, by exact weight of the four elements
that the mixing and the separation of all things takes place . ..

Thou wilt find what thou seekest. The priest, this man of cop-
per . .. he has changed the color of his nature and has become
a man of silver. If thou wishest, thou wilt soon have him a man
of gold." "

Thrice Great Hermes

Another rather ethereal alchemical author of this period is Hermes
Trismegistus, or Thrice Great Hermes. Texts attributed to him were
Greek translations of Egyptian sacred texts attributed to Thoth, the god
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of wisdom. Fragments found on temple walls and in papyri show that
some 42 books covered various subjects, including alchemy. Though
the true author or authors will probably never be known, the books
found an audience when they were revived by medieval European al-
chemists, and these are of interest to us now because they are the ori-
gin of the term hermetic art in reference to the practice of alchemy.
The term bermetically sealed also comes from this source, and it refers
to a method for storing certain alchemical potions, probably in jars
with wax-sealed lids.

ALEXANDRIAN DECLINE

By the late 300s ce Alexandrian alchemy had moved almost completely
from the material to the mystical. In Alexandria this may have been
due to the influence of Eastern philosophies, but it may have also been
for another, simpler reason: Material methods did not work. They did
not produce gold. Without a systematic experimental method with
which to proceed, alchemists moved to the only other thing available
to them: magic. In the process the objective also shifted from solid
gold to a golden soul: Spiritual transmutation of the alchemist became
the new goal. Materials in the procedures slowly became less impor-
tant until secret ritual and incantations were the only ingredients left.
Now an alchemist could practice without ever breathing fumes or light-
ing a fire. This is not to say that material techniques might not have
seen a revival, but unfortunately about the same time, Alexandria as
a whole was undergoing an intellectual decline.

There was a gradual philosophical shift. In the 100s cE Gnosticism
became prominent and with it the belief that direct revelation from the
deity was the only source of knowledge. In the 200s Neoplatonism be-
came important and with it a contempt for reason and science. In ad-
dition there were two other events around 0 CE that on their own were
not disastrous but taken together resulted in stagnation and decline in
Alexandria.

One was the defeat of Cleopatra, the last of the Ptolemys, which
put the city under Roman rule. The other was that Jesus of Nazareth
began to teach in the Roman province of Palestine. The teachings of
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Jesus were adopted by a small Jewish sect, and—primarily through the
work of Paul of Tarsus—these eventually evolved into the separate re-
ligion of Christianity.

Starting about 100 cE these two events worked together in a way
that eventually ended the Hellenistic Age. Around 100 cE a Jewish re-
volt against Rome resulted in the annihilation of the Jewish popula-
tion, the destruction of a large portion of Alexandria, and the loss of
scholars and scholarship. In the 200s the political climate became more
repressive, culminating in the emperor Dioclectian’s order that all al-
chemical writings be destroyed—he was afraid that gold and silver
producers could create enough money to fund a rebellion.

Into this climate of repression philosophies spreading from Persia
and Babylon continued to bring uncompromising dualistic ideas of
good and evil, boasting extreme asceticism and mystical beliefs.
Christianity assimilated these ideas, and when Constantine (ca. 330 cg)
made Christianity the official cult of the Roman empire, suppressive
measures came with it. The Christians sought to destroy pagan phi-
losophy and alchemy. In Egypt pagan temples and libraries were
sacked. Around 400 ce in Alexandria, the last pagan philosopher, the
Lady Hypatia, was lynched by a mob of monks, and shortly thereafter
the Museum at Alexandria closed and its library was scattered. Around
500 ce the Academy in Athens was closed, and the remaining philoso-
phers fled to Persia. The Hellenistic Age was at an end.

There was however a savior for the wealth of Hellenistic schol-
arship. In the 400s the Christian church was violently divided over the
issue of the exact nature of the divinity of Christ, and Nestorius, a
monk, was excommunicated. He fled to Syria with his followers. These
people took with them what they could of Hellenistic learning, and in
the refugee monasteries of these dissidents, manuscripts were accu-
mulated and stored.

Around 500 the Nestorians were banished from Syria. They moved
to Persia where they were protected by the Shah. There they founded
schools in the style of Alexandria and translated the works of Plato,
Aristotle, and some of the early alchemical writers into Syrian.
Astronomy, astrology, medicine, and alchemy were among the sub-
jects taught at their schools—and from these schools we will see the
science of Alexandria resurface.
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In these schools alchemy was accepted as a serious subject of
study along with medicine and astronomy because, as we have seen,
alchemy appeared to be a reasonably logical theory. It found its in-
spiration in natural events and its confirmation in the appearance of
near success. So the question may then arise: If the theory was as de-
fensible as it sounds, then why did it not occur to other people in other
places?

The answer of course is that it did.

OTHER ALCHEMIES OF THE ALEXANDRIAN PERIOD:
INDIA AND CHINA

The Chinese and Indian civilizations that flourished around the same
time as Alexandria each developed an alchemical system of their own.
There certainly was some information exchange—India, on the well-
worn route of conquest, is thought to have had wandering bands of
artisans (similar to modern Gypsies) who traveled from the Indus to
Thrace and even Gaul® before 0 cE, and the Jews of the Diaspora es-
tablished communities in China and India as early as the 100s ce and
maintained links with each other, as well as with Rome and Greece.
But these systems were sufficiently different from the alchemy of
Alexandria to show that similar people contemplating similar grains of
sand can come up with similar ideas on their own. In fact it is in-
structive to ask why all societies did not develop an alchemy. The an-
swer—different for each society—may have depended on climate or
simply the relative value of gold.

The absence of alchemy in extreme northern regions might be
understood by considering climate: Daily survival no doubt took
precedence over alchemical speculation. Southern Africa however
was certainly warm enough—and had no lack of technology or soci-
etal organization: Beginning around 200 BcE, the kingdom of Kush
spread iron-making through the central south. But as we have men-
tioned at this time gold was useless except as decoration or a medium
of exchange, and the people of southern Africa did not really need
trade. Their growing season is essentially year-long, and southern
Africans have always practiced hunting and gathering along with land
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cultivation. Ancient cultures in southern Africa were said to have prized
iron over gold because it was more useful in hunting and farming. In
addition if they had really wanted gold, the people of southern Africa
had it readily available in and on the ground—which may provide
the answer to the next question: Who didn’t try to manufacture gold?
People who could go out and pick it up.

In Meso-America this may be the answer that applies. In 1534
Pedro Sancho reported a plenitude of Inca gold: “Amongst other things
there were sheepe of fine gold very great, and ten or twelve statues of
women in their just bignesse and proportion, artificially composed of
fine Gold . . .”? In 1586 Lopez Vaz reported “[Panama] is the most rich-
est Land of Gold then [sic] all the rest of the Indies.”* Not much moti-
vation for bending over gold-brewing caldrons here. This argument
may also apply to Japan, which is rich in mineral and surface gold, but
not rich in mercury: the perennial ingredient in alchemical recipes. The
observed transformations and interactions of this liquid metal were
among the more persuasive arguments for transmutation, and mercury
may have been as necessary for the development of alchemy as the
need for gold. There were however two regions that met our condi-
tions (a plenitude of mercury, a scarcity of gold, and motivation): India
and China.

In some ways the alchemies of India and China represent sepa-
rate microcosms of chemical history, but in other ways they are insep-
arable from the general history. The development of alchemy in these
two regions roughly parallels developments in the West—sometimes
leading and sometimes lagging. Therefore we introduce these two de-
veloping sciences here, along with their technical and philosophical
bases, and follow them through Alexandrian times. We will then return
in subsequent chapters to see how they contribute to the whole.

Medicine is always an inspiration for developments in chemistry, and
the pharmacopoeia of China is legendary. Some herbal and mineral
remedies that were taken over by European medicine include iron
(for anemia), castor oil, kaolin (a clay used to treat diarrhea); aconite
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(a tuber used as a sedative); camphor, cannabis, and chaulmoogra oil
(used for leprosy). The active agent of rauwolfia, used in China to in-
duce purgative vomiting, has been isolated, and it is currently used to
treat high blood pressure and some mental conditions.

The bronze age did not arrive in China until around 1500 BcEg, and
iron appeared only about 500 Bcg, but by the beginning of their al-
chemical age, around 100 c, the Chinese had knowledge of zinc and
brass (a copper-zinc alloy), mercury, sulfur, and several of the com-
mon salts, such as niter. In the 400s BCE an administrator made a list
of known materials that included lead oxide, lead carbonate, sulfur,
calcium carbonate, hydrated calcium sulfate, ferric oxide, niter, talc or
soapstone, hydrated magnesium silicate, potash alum (the double sul-
fate of potassium and aluminum), malachite (basic copper carbonate),
azurite, and others. The Chinese knew of corrosive sublimate (mer-
curic chloride) and calomel (mercurous chloride), and they could dis-
tinguish between them. They used mercury to extract gold and silver
by amalgamation, and toward the end of the Alexandrian period, they
used a tin—silver amalgam for dental purposes. This material repertoire
of China, combined with the philosophic tradition that we examine
next, provided fertile ground for alchemy’s growth.

CHINESE PHILOSOPHICAL TRADITION

Around 525 BcE a philosopher called Confucius (the latinized form of
K'ung-fu-tzu, or Master K'ung) set down a system of values by which
people were assigned roles in a fixed society. The resultant civil bu-
reaucracy, Confucianism, held China together through changing dy-
nasties, empires, and social upheaval, and it kept China intact as a
political entity for 2000 years. The Confucian philosophy concerned
itself with social systems, and not natural philosophy—at least not to
any great extent. There were however other philosophies that arose
in reaction to the rigidity of Confucianism, and these were concerned
with the nature of the world.

One such group of philosophers, aptly named the Naturalists, pro-
posed a world built of five elements—metal, wood, earth, water, and
fire—where all material substances arose from combinations of these
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five. They also employed the dualism of yin and yang. Yin, the female
principle, is the moon—negative, heavy, earthy—with the character-
istics of dryness, cold, darkness, and death. Yang, the male principle,
is the sun—positive, active, fiery—with the characteristics of wetness,
warmth, light, and life. Taoism (pronounced dowism) may actually
have been pre-Confucian, but it increased in popularity in reaction to
Confucianism. This philosophic group also embraced the concept of
five elements and yin and yang, believing for instance that all miner-
als or metals are essentially the same; these just differed in the amount
of yin and yang. The Taoists were also anti-intellectual, rejecting any
search for knowledge and advocating, at least at first, a return to a sim-
pler way of life. They believed that life, regulated on the principles of
Taoism, could be prolonged, and they searched for peace and longevity
in a rustic life spent in quiet contemplation.

Corruption of the ideal however eventually ensued. The search for
longevity turned into a search for immortality, and Taoism turned from
quiet contemplation to the practice of magic. The secret, they believed,
must be in the nature of gold: Gold is incorruptible and eternal; there-
fore those who manage to incorporate gold into their bodies achieve
an immortal state. The Taoists began to search for ways of making and
ingesting this potable gold. They began the search for elixirs.

At first these efforts received support from high places. The First
Emperor in the 200s cg, was apparently obsessed with the idea of
achieving physical immortality, and he was often under the influence
of one Taoist magician or another. The current court favorite was show-
ered with money and honors until the emperor became disillusioned
and issued the ultimate dismissal. Finally a magician from the Shantung
coast persuaded the emperor to consume elixirs made from mercury
transmuted into gold, and significantly the emperor died during a trip
to the Shantung coast. At least two other emperors died as a result of
elixir poisoning or debility caused by it.

This brings up the same type of question we asked about
Alexandrian alchemy: Why did the alchemists continue in the face of
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such obvious evidence of the futility of their course (the dead emper-
ors)? The answer, according to the scholar Joseph Needham,” again
may be found in their seeming partial success. The bodies of those
who die from mercury and other heavy-metal poisoning tend to have
delayed decomposition, probably due to the poisoning of bodily bac-
teria as well. Therefore those who die after taking elixirs may have ap-
peared to have cheated death—at least a bit—so the deaths inspired
further research instead of withdrawal of the theory.

All this deadly experimentation however may not have been for
naught. Chinese alchemists did find some mercury compounds that
were excellent for getting rid of fleas and lice (soap was still a luxury
in those times), and other scholars credit the richness of Chinese cui-
sine to the Taoist habit of experimentally eating all sorts of organic
and inorganic substances. Another outcome may have been the dis-
covery of anesthetics and other items of their tremendous pharma-
copoeia. According to Edwin Reischauer and John Fairbank:

Most Chinese scientific inquiry, for that matter, seems to have
grown out of the activities of the curious, experimenting Taoist
alchemists and magicians, and perhaps one reason why later
Chinese thinkers turned their backs so emphatically on scientific
experimentation was its association in their minds with Taoism.*

One is tempted to say that it left a bad taste in their mouth.

Around 150 Bce an imperial edict demanded public execution for
those who counterfeited gold. This time it may not have been inspired
by a fear of fortunes amassed for rebellion but simply by the death of
too many prominent people. Alchemy however continued to be prac-
ticed. By 140 cE the atmosphere had again become tolerant enough
that a Chinese book on alchemy appeared.

Wei Po-Yang

Very little is known from direct sources about the life of this first au-
thor on alchemy. Wei Po-Yang may have been from a shaman (magi-
cian—technician) family, though in Po-Yang’s first work, Tshan Thung
Chhi (Kinship of Three), he says of himself only that he kept away
from government service.
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Although the Kinship of Three is extremely obscure, one of the
more decipherable descriptions is that of making a mercury-lead amal-
gam. In the following, yellow sprout refers to the yellow lead oxide
film that forms on the surface of molten lead.

From the very beginning of Yin and Yang, lead ore encloses the
“yellow sprout.” . . . The “flowing pearls” [mercury] . . . has a ten-
dency to escape . . . Eventually when [they] get the “golden flower”
[they] turn and react with it, melting into a white paste or solidi-
fying into a mass. It is the “golden flower” that first undergoes
change [for] in a few moments it melts into a [viscous] liquid. [The
two substances now fuse together and] assume a disorderly ap-
pearance like coral or horse-teeth. The [essence of] Yang then
comes forth to join it, and the nature of things is now working in
harmony. Within a brief interval of time [the two substances] will
be confined within a single gate.”

Po-Yang says that eating gold promotes longevity, and he dis-
cusses making potable gold (gold-colored powders or liquids). Though
he is well aware of the nature of true gold, he and other alchemists
thought of potable gold as a different kind of gold.

Ko Hung

The other important writer on alchemy and maker of potable gold, Ko
Hung, lived ca. 300 cg, and we know a few more details of his life. Ko
Hung started out as a officer in the military, where he fought in the
suppression of some rebellions. However he shunned a military ca-
reer, and with the support of his father who had risen to governor of
Shao-ping, Ko Hung managed to study alchemy and medicine with
the scholars. He traveled and studied plants and mineral substances,
especially in the south. He later used his bureaucratic connections to
be appointed magistrate in a region close to some cinnabar deposits
that he needed for his work. On the way to assume the post however,
he passed through some mountains and decided to stop for awhile.
He ended up living in the mountains, writing his book, and doing al-
chemical experiments until he died. Somewhere in this sequence of
events, Ko Hung married. His wife, Pao Ku, was also an alchemist,
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and this was apparently not exceptional. A number of women appear
in drawings and written records of alchemy, and descriptions of sev-
eral female adepts can be found in the works of Ko Hung.*

From his writing it can be seen that Ko Hung is also well aware
of the nature of true gold. When describing a colleague putting a pinch
of something into boiling lead and tin to make silver, Ko Hung adds:

Of course these are counterfeit things. For example, when iron is
rubbed with stratified malachite [a copper carbonate], its color
changes to red like copper. Silver can be transformed by the white
of an egg so that it looks yellow like gold. However, both have
undergone changes outside, but not inside.?

But in his monumental Pao Pbu Tzu (Book of the Preservation of
the Solemn Seeming Philosopher), Ko Hung gives recipes for making
gold out of mercury, lead, and other ingredients, many of which were
really just yellow-colored mercury-containing precipitates. He ascribes
to these mixtures a number of beneficial properties, and along with
recipes, he describes some physiological effects that include visions
and symptoms of mercury poisoning.

INDIAN TECHNICAL TRADITION

We know about early Indian metallurgical technology from such arti-
facts as steel found in graves from the 500s—600s BCE and a wrought-
iron pillar near Delhi some 1500 years old. Information about other
chemical technologies comes almost exclusively from medical writ-
ings: the Charaka, ca. 100 cg; the Susruta, ca. 200 cg; and the Vagbbata,
ca. 600 ce. These writings show that India had an extensive pharma-
copoeia (intoxicating plants, laxatives, diuretics), metallurgy (gold, sil-
ver, tin, iron, lead, copper, steel, bronze, brass), and a repertoire of
other practical chemicals (alcohol, caustic alkalis, chlorides, and sul-
fates of iron and copper).

Indians used alcohol as an analgesic, stopped bleeding with hot
oils and tars, removed tumors, drained abscesses, repaired anal fistu-
las, stitched wounds, performed amputations and cesarean sections, and
they knew how to splint fractures. Their fumigation of wounds is one
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of the earliest efforts at antiseptic surgery. They were however forbid-
den to cut the deceased, so anatomical studies had to be performed on
bodies sunk in a river for several days, then pulled apart. This did give
them a fairly good understanding of bone structure and muscles but a
poor understanding of the soft organs, more subject to decomposition.

In the Susruta physicians are advised to treat skin lesions with
caustic alkalis, wait the space of time it takes to say one hundred words,
and then neutralize with acid.® The procedure would be agonizing,
no doubt (lye, a caustic alkali, is used as a drain cleaner), but it would
effectively sterilize a wound. Caustic alkali is also recommended for
making incisions and to remove growths; it was regarded as superior
to cutting instruments because it cauterizes the wound as it is made.”

Early Indian natural philosophies had much in common with China,
Alexandria, and Greece. As early as 1000 Bce the Vedas (a collection
of Hindu sacred writings) identified five elements—earth, water, air,
ether, and light—and suggested that animated atoms of these elements
combined to make all things. Tantrism, an important philosophic, so-
cial, and religious system, in some ways similar to Taoism, may have
developed quietly from 100-300 ck, but it began to be influential ca.
400 ce. The essence of Tantrism is the search for spiritual power and
the ultimate release from earthly ties. Techniques include sacred syl-
lables and phrases (mantras), symbolic drawings, yoga (a concentra-
tion technique), and secret rites. The Tantric cult provided India with
an ingredient for alchemy as essential as the belief in transmutation,
lust for gold, or the availability of mercury: a touch of the mystic.

The Vedas hint at an association between gold and long life, and the
idea of transmuting base metals to gold appears in Buddhist texts from
100400 ce—roughly the same time as in Mediterranean texts. The
practice of Indian alchemy is verified in the 600s by accounts of Chinese
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travelers and Indian alchemists with particular skills (such as prepar-
ing strong mineral acids to transform metals by dissolving them) were
welcomed at the Chinese imperial court.

Indians, like Chinese alchemists, were more concerned with mak-
ing gold elixirs than money, but they wanted to use the elixirs for med-
icines, not immortality. Tantrism provided other routes to immortality.
There is evidence that the adepts knew how to color metal and make
“gold,” but they placed little importance on this skill. Whether or not
all Indian alchemists adhered to such noble goals however must re-
main conjecture because detailed records were not kept until the 600s
cE. Early Indian chemical history is disappointingly poor in informa-
tion on individual personalities. Considering the number of women
who held positions of power and prominence—there were monar-
chies headed by women; women worked as accountants, judges,
bailiffs, and guards; some early Indian tribes were named after women;
and women fought in armies (not as an occasional Joan of Arc but as
part of the regular troops)?—there may very well have been female
alchemists paralleling those in China and Alexandria, but this is cur-
rently uncertain. Nagarjuna (which means a name to conjure with) is
the only early alchemist of whom we have any concrete knowledge.

Nagarjuna
The name Ndgdrjuna was used by at least two other authors from
100-800 ck, so it is not clear exactly which Nagirjuna was the alchemist.
A translation of a Sanskrit text into Chinese in the 400s cE gives the
name of the author as Nagarjuna, the Buddhist philosopher who was
the founder of the dialectical Madhyamika logic and associated with

the beginnings of Tantrism. This particular Nagarjuna is quoted as say-
ing:

By drugs and incantations one can change bronze into gold . . .
By the skillful use of chemical substances, silver can be changed
into gold and gold into silver . .. By spiritual power [an adept]
can change even pottery or stone into gold . .. [and] One mea-
sure of a [certain] liquid [prepared] from minerals can change a
thousand measures of bronze into gold.”
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Despite the difficulty in dating events in early Indian history, these
quotes confirm the practice of alchemy by at least this time.

Modern scholars were not the only ones to have difficulty with
dating. The Chinese traveler Hsian-Chuang, writing in the 600s, re-
ports that “Nagarjuna was deeply versed in the techniques of phar-
macy, and by eating certain preparations he had attained a longevity
of several hundreds of years, without any decay either in mind or
body.”*

To add to the dating difficulties, there is the obscurity of the Tantric
writing (there is a story of a Tantrist poet who chanted a poem to a
thousand people—but he was understood by only one). Tantric texts
could be read on several different levels: the yogic, the liturgical, the
sexual, or the alchemical. For instance the same word is used for di-
amond, thunderbolt, penis, emptiness, or vacuity; and it is difficult to
tell erotic imagery from alchemical technique.

Tantric mysticism, as with the mysticism of Alexandria and China,
had its dark side too. A Chinese traveler ca. 600 ce described ascetics
who engaged in necrophilia and necrophagy, drank from skulls, and
ate feces and other filth. Sex was associated with sadism, and there
were ritual cruelties, including human sacrifice and mutilations. These
practitioners were however most decidedly on the fringe. In fact they
rejected the Hindu social system in general, including the caste sys-
tem. But they had their influence: The art of alchemy continued to de-
velop in India, but it veered from its practical pursuit of medicines into
this realm of deviant magic.

So we now have some new threads to follow: the chemistry of
China and India. These chemical traditions were in many ways sepa-
rate, but the cultures were connected by war, and they had some
alchemical elements in common. In subsequent chapters, we see in-
terchange increase world wide due to improvements in travel, maps,
trade, and major amalgamating forces known as empires—not in the
Alexandrian sense of whirlwind conquest but rather stable political
systems that successfully held and administered such vast regions as
the empires of Rome and Islam.
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ca. 200 BCE—1000 CE:
From Rome to baghdad

In the period 200 Bce-1000 cE ideas and traditions of the Greeks
spread from Rome to Baghdad, and along the way the practical store
of chemical knowledge grew and the theory changed. But at the end
the theory arrived in recognizable form at Europe’s door.

ROME CA. 200 Bce-600 ce

The original site of Rome consists of a group of seven hills: high
ground that was ideal for defense from other humans and malaria-
bearing mosquitoes—these mosquitoes will also play an influential
role in the later European development of chemistry. The
communities scattered throughout the hills consolidated, and they
were ruled by monarchies until about 500 BCE, when this system was
replaced by a republican form of government. Around 400 BcE the
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Romans set off to conquer Italy, and by the 200s they had control of
the peninsula.

The Romans then engaged Carthage for control of the
Mediterranean. In this war Hannibal crossed the Alps into Italy—in
15 days with elephants, foot soldiers, cavalry, and battle gear. In this
passage he reportedly used vinegar to break up large stones block-
ing his path (meaning, we assume, stones larger than an elephant
could handle). This however could not have been vinegar as we know
it today—a five percent solution of acetic acid—because this mater-
ial will not dent rocks unless one has a great deal of time (millennia)
and a great deal of vinegar (oceans). Hannibal may have used some
sort of explosive, or he may have used one of the strong salt solu-
tions sometimes referred to as vinegar in those days. These strong
salt solutions do not freeze at normal water-freezing temperatures
(which is why salt is poured on icy roads to form a salt solution that
freezes only at low temperatures). The salt solution could have been
poured into the rocks during the relatively warm Alpine days, then
when the temperature fell to the nighttime extremes, the salt solu-
tions would have finally frozen, expanded, and cracked the rock. If
this were the rock-breaking mechanism, the success of these meth-
ods certainly depended on luck and time, and it is doubtful that
Hannibal used it routinely on the 15-day march. But if it were used
once and worked, that may have been enough to make it into the
history books. (But then Hannibal is also said to have catapulted ves-
sels of poisonous snakes onto the decks of his enemy’s ships, which
seems a bit too dramatic and difficult to be real: If he had vinegar
strong enough to crack rocks, why did he not catapult this onto the
enemy ships?)

As it was however Hannibal managed to harry Rome for quite a
while until Rome employed his tactics and attacked him on his home
front, Africa. Forced to return to Africa, Hannibal was eventually de-
feated, leaving the Mediterranean in Roman control. Greek cities that
had sided with Hannibal were made Roman colonies, and the Romans,
like the Egyptians, assimilated Greek culture, so that educated Romans
became bilingual in Latin and Greek. Seemingly unstoppable now,
Rome went on to conquer areas in southern Europe, Macedonia,
Greece, Gaul, Britain, Egypt, Asia Minor, and Persia.
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IMPERIAL ROME

Administering such a large area with a mixed society of slaves, citizens,
plebeians, and provincials—and with a powerful standing army—
proved to be too much of a strain on the republican form of govern-
ment. An effort to stabilize and centralize resulted in Julius Caesar’s
dictatorship ca. 40 BCE. From there the succession of Roman emperors
is a fascinating story of heroism, depravity, genius, idiocy, and the full
range of brilliance and breakdown in human behavior. Through it all
however the emperors had one thing in common: Their principal job
was administrative.

Each emperor handled piles on piles of papers every day. Every
citizen had a right to petition, and they routinely did. Laws, decrees,
and appointments had to be read and acted on. Armies had to be po-
sitioned, garrisoned, and fed. All of this administrative nightmare (ac-
complished without Fax machines or conference calls) inspired a
passion for record keeping, and enlightening records on technology
were also kept.

A pragmatic people, the Romans applied their energies to politi-
cal and military systems and spent little time contemplating the secrets
of nature. They imported their chemical knowledge from Greece and
conquered territories, and they did not add much that was their own.
They did however do an excellent job of cataloging this knowledge:
The encyclopedias and compendiums they assembled were still rec-
ognized as authorities in Europe in the 1600s.

The authors of these volumes had the advantage of a large terri-
torial range and varied populations from which to draw. For example
Dioscorides (actually a native Greek) traveled as a surgeon with the
armies of Nero and wrote a pharmacopoeia of about a thousand sim-
ple drugs, including opium and mandragora, used as surgical anes-
thetics, and such inorganic preparations as mercury, lead acetate,
calcium hydroxide, and copper oxide. Equally representative of this
genre is the 37-volume Natural History, which the author Pliny claimed
to contain 20,000 important facts, extracted from 2000 volumes by a
hundred authors. Pliny is credited with the origin of the word ency-
clopedia because of his stated attempt to bring together the scattered
material belonging to the encyclical population or enkyklios paideia.
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Pliny’s efforts made him the de facto authority on scientific matters up
to the time of the European Middle Ages.

Pliny

Pliny lived in the first century Cg, around the time of the reign of Nero.
Born in Gaul, Pliny served in the army on campaign in Germany, then
studied law, and then devoted himself to scholarly study and writing.
On the accession of Emperor Vespasian, with whom Pliny had served
in Germany, Pliny went to Rome and assumed various official posi-
tions.

Pliny wrote many books; however his Natural History is the only
one that has been preserved. In this work, Pliny recorded whatever
information he could find and not having a mechanism to verify each
fact, he recorded most of it unverified. A well-known example is his
description of the unicorn and the phoenix, written just as sincerely as
his description of lions and eagles. Some have seen this as a fault on
his part—almost a laziness—but we think the circumstances of his
death refute that: He succumbed to vapors caused by the Vesuvius
eruption that destroyed Pompeii because he went ashore for firsthand
observation.

Pliny was probably just guilty of a forgivable credulousness; he
certainly saw enough in his life to allow him to believe anything was
possible. Also given his dull encyclopedic task, he should be forgiven
for preferring more colorful explanations. Pliny was after all a product
of his time. Seneca, the Stoic philosopher who killed himself at Nero’s
command, also compiled an encyclopedia no more critical than Pliny’s.
Celsus (a name we will hear again) wrote a comprehensive treatise on
medicine compiled from hearsay if not directly translated from the
Greeks. And when we read in modern histories of how Hannibal used
vinegar to crack rocks, this lessens our criticism of Pliny.

Pliny’s reports sometimes reflect his travels. He talks about fumes
from a silver mine in Spain that were dangerous, especially to dogs.
(Carbon dioxide may have been the culprit. Although not usually
thought of as poisonous, its density would cause it to accumulate near
the ground where dogs would be trying to breathe, and it could kill
by asphyxiation.) Pliny also reports that Gauls—indigenous northern
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Europeans—dyed their hair red with soap. (The soap may have just
taken dirt off a naturally red-headed people). And Pliny did strive to
be comprehensive. He recorded processes involving metals, salts, sul-
fur, glass, mortar, soot, ash, and a large variety of chalks, earths, and
stones. He describes the manufacture of charcoal; the enrichment of
the soil with lime, ashes, and manure; the production of wines and
vinegar; varieties of mineral waters; plants of medical or chemical in-
terest; and types of marble, gems and precious stones. He discusses
some simple chemical reactions, such as the preparation of lead and
copper sulfate, the use of salt to form silver chloride, and a crude in-
dicator paper in the form of papyrus strips soaked in an extract of oak
galls that changed color when dipped in solutions of blue vitriol (cop-
per sulfate) contaminated with iron.

Pliny’s reports also show that almost all of the elements for alchemy
could be found in the technology of Rome. They were acquainted with
mercury and mercury-gold amalgams (used to recover gold from the
ashes of clothing decorated with gold-thread), and they knew how to
make fake gold by using bronze dyed with ox gall for stage crowns.
But Pliny discusses tests to differentiate real from artificial gold, and
there is no mysticism nor claims of manufactured authentic gold. Pliny’s
writings also show that the Romans had and used a variety of organic
and inorganic dyes, but whereas the Alexandrians had taken the ex-
istence of dyes as evidence of transmutation, Pliny just reports them
as a matter of fact and draws no further inference. He mentions the
use of indigo, purple, white, orange, green, red, black, and various
shades of these, and he says the colors were used in murals, on stat-
ues, ships, and the funeral pyres of gladiators.

When reporting medicines, however, Pliny’s lack of discrimina-
tion becomes an impediment. Not only is every possible remedy re-
ported (a headache is cured by touching an elephant’s trunk to the
head, and the cure is more effective if the animal sneezes), but every
possible preparation seems to be recommended for the same disease,
and each cure seems to have universal restorative powers. For instance
bitumen (crude natural tar) is said to stop bleeding, heal wounds, drive
away snakes, treat cataracts, leucoma, leprous spots, lichens, prurigo,
gout, fever, and “straighten . . . out eyelashes which inconvenience the
eyes.” Rubbed on with soda, bitumen soothes aching teeth; taken in
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wine it calms a chronic cough, relieves shortness of breath, and checks
diarrhea. Bitumen and vinegar are said to dissolve accumulations of
clotted blood and relieve lumbago and rheumatism. A poultice of bi-
tumen with barley flour is used to draw together severed muscles.
Burning bitumen detects epileptics, and fumigation with bitumen
checks prolapse.

Some of these claims of course may have had some basis, such
as the use of bitumen to stop bleeding or seal wounds. If taken with
wine, the wine itself may have been the active agent. Bitumen said to
“dispel . . . congestion of the womb . . . [and] hasten . . . menstruation™
may have referred to its use as an abortificant (effective because of
general toxicity to the system). But in most medical matters Pliny was
out of his league. An informed compilation of the medical arts was as-
sembled only slightly later and then by a Greek: Galen.

Galen

Galen of Pergamos, ca. 150 cE, was the son of an architect, but he
seems to have had no choice but to go into the medical trade. The city
in which he was born had a shrine to a healing god, and many dis-
tinguished personalities from Rome visited the shrine for cures. The
high priest of the shrine kept a troop of gladiators, which gave Galen
ample opportunity to examine wounds and judge the effects of med-
ical treatment. Galen’s father financed his studies in Asia Minor, Corinth,
and Alexandria, and on his return he became chief physician for the
gladiators, which again increased his practical knowledge.

Shortly thereafter, like other ambitious Greeks, Galen traveled to
Rome. He soon achieved a reputation for devising cures when others
could not, and he was not modest about his success. He left when the
plague came to Rome, though he claimed to be escaping the constant
harangue of his envious enemies rather than the disease. After the
plague Galen returned, and he was appointed physician to Commodus,
the heir to the throne. This light duty gave him time to write—and
write he did.

Galen wrote on his anatomical studies, which were based on
primates because dissection of the human body was illegal at the
time. The anatomy was close to human but with enough important
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exceptions to cause confusion for later generations of followers.
Galen also wrote on his medical philosophy; he believed that good
health required a balance between four humors: phlegm, black bile,
yellow bile, and the blood. He studied the function of arteries and
veins, and he came close to elucidating a theory of circulation. Galen
had a powerful influence on medicine for the next 1400 years, and
at the end of that period, we will hear of him again.

Galen also believed a physician should be a philosopher, and in
his writings he commented on, and criticized, the impact of Judaism
and Christianity on Roman life. His concern was understandable. The
impact by his time was starting to be considerable.

RISING CHRISTIANITY

In the beginning followers of Jesus were just one Jewish sect among
others and a small one at that. It was primarily through the work of
Paul, a Hellenized Jew of the Diaspora, that this sect became
Christianity, with its broad and elaborate theology. It was Paul who
took Christianity to the Roman Empire.

By the 100s ce the Christian church had a hierarchy of officers—
bishops, presbyters, and deacons—and in general these early church
administrators were fairly hostile to pagan science and philosophy.
Part of this was just Roman anti-intellectualism, but they also felt the
need to defend their fledgling religion against the questioning meth-
ods associated with the doctrines of Plato and Aristotle. One such early
Christian, Irenaeus (ca. 180 cg), commented that the heretics “strive to
transfer to ... matters of faith that hairsplitting and subtle mode of
handling questions which is, in fact, a copying of Aristotle.”* Another,
Tertullian (late 100s to early 200s), said, “Philosophers . . . indulge in
stupid curiosity on natural objects™ and asked the famous rhetorical
question, “What has Athens to do with Jerusalem?” We see the affect
of these attitudes again in medieval Europe, where they serve to slow,
though not stop, scientific inquiry. Eventually this new, more rigid re-
ligion gained momentum in the Roman Empire: The austerity of its
structure offered stability to a culture attempting to shore its own crum-
bling form.
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DECLINING ROME

Starting around 200 the Roman Empire began to disintegrate—a process
referred to by historians as the Decline of Rome, and these same his-
torians have been guessing the cause ever since. Some historians have
credited the Decline to a general moral decay, but while there were ex-
cesses—institutionalized torture; chronic matri-, fratri-, and homicide;
bloody games that passed for public entertainment; and sexual prac-
tices that can only be described as extremely creative—most societies
of that time were far from demure. Other historians have pointed to im-
perialism, with its accompanying class strife and dependence on the
military. As evidence of this they give the succession of 12 emperors
who nearly all came to violent deaths—and almost all at the hands of
the soldiers who put them on the throne. From our perspective of chem-
istry though one other theory is especially interesting. This is the the-
ory that the emperors of the Decline suffered from lead poisoning.*

It is true that one of the symptoms of lead poisoning is irritabil-
ity, and from the number and forms of capital punishments, it can read-
ily be substantiated that these emperors were easily annoyed. 1t is also
true that the Romans used lead in early water systems and drinking
vessels, and they added lead to wine to suppress souring. (Souring of
wine is caused by the buildup of vinegar—acetic acid. Lead forms a
salt with the acetate ion.) But before accepting the theory that lead
poisoning caused the Decline, some caution must be applied. At least
some Romans recognized the hazards of lead and probably limited
their intake. For instance the architect Vitruvius noticed the poor health
and deep pallor of lead workers and recommended earthenware pipes
for conducting water. So the Decline is probably still best explained in
more prosaic terms: pressures for change from within and without and
leaders inadequate to meet the challenge of change.

Whatever the cause, the empire split in two in the late 300s: The
eastern half, the Byzantine Empire, survived more-or-less intact for the
next thousand years, but the western empire dissolved into a confu-
sion of loosely adhering wartime federations. In the 400s these were
overrun by Attila the Hun, and Rome itself was sacked by Goths.

In the east Emperor Justinian in the 500s strove to protect what
was left of the old Roman Empire by throwing up intellectual walls.
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He closed the remaining learning centers in Athens, and he had all
pagan icons destroyed. He demoted Jews in status, and he restricted
their freedom to practice religion. He alienated the Nestorians and
Monophbysites (heretics who refused to accept the relationship of God
the father to God the son described by the Justinian church), and he
drove them from the empire. In this last act however, he actually pro-
moted the preservation of some Hellenized culture. When these
heretics fled and found refuge in Persia, they took their Greek learn-
ing with them. This is the trail that we take up next.

THE ARABS CA. 600-1000

In the biblical story of Abraham, an Egyptian slave, Hagar, bore
Abraham a son. But when Sarah, his wife, had her own son, she de-
manded that Abraham send Hagar away. Hagar and the child wan-
dered in the desert, but they managed to survive. According to the
Islamic account, the son, Ishmael, founded a line of his own: the Arabs.
Out of this line, ca. 570 cg, came Mohammad ibn Abdullah: Mohammad,
the founder of Islam.

The practice of making raids on neighboring communities for food
and booty was well established in Arabic culture (having arisen natu-
rally in this region of meager resources), and followers of Islam ex-
celled at raiding. Eventually Mohammad conquered and united the
tribes in the area, and he converted all the pagan shrines to Islam.
When Mohammad died his successors, the caliphs, continued this tra-
dition, and for the followers of Islam—the Muslims—conquest became
a way of life. The force was so astoundingly successful that between
640 and 720, Egypt, Persia, Syria, North Africa, and Spain all fell to
Muslim invaders. Within a hundred years of Mohammad’s death, the
Islamic empire stretched from the Himalayas to the Pyrenees.

There are several myths associated with Islamic empire build-
ing—one being that it was entirely hostile; however Alexandria, for
instance, surrendered almost without a fight, perhaps preferring the
Muslims to their Byzantine rulers. Another misconception is that the
war was waged to propagate a religious faith—not so, it was a war to
secure booty. Islamic invaders did not actively promote conversion to
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Figure 3.1. The influence of the ancient Islamic Empire is seen in many places in the
modern world. The lamp of learning shown on the shield of Augusta College, Augusta,
Georgia, U.S.A. has its orgins in Arabic culture.

Islam (although they did not discourage it). primarily because follow-
ers of Islam were not taxed and full-scale conversion reduced the tax
base. Within the Islamic empire Jews and Christians were allowed full
religious liberty, as were Zoroastrians, Buddhists, and Hindus.

The third and probably most prevalent misunderstanding is that
Arabs had designs on Europe. But there is no evidence that Arabs
wanted to incorporate Europe. The only Arab army venturing beyond
Spain was there by invitation from a European ruler trying to settle a
personal score. Arabs disliked the northern European climate, which
was so much cooler than the Mediterranean, and they saw no partic-
ular revenue to be gained from a people struggling to feed themselves.
They thought of Europeans as backward, and Arabs were rather put
off by their hygienic practices—or lack thereof. So Spain was where
the Arab conquest stopped. This toehold however turned out to be of
tremendous importance to our chemical history: It opened Europe to
the learning of the Arabs, the Greeks, and the East.
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ISLAMIC INTELLECTUALISM

These Muslim imperialists were a vibrant, fresh, and intellectually
eager people. The Islamic religion requires individuals to understand
the Koran for themselves; therefore the literacy rate was high. (In
contrast the Roman Christian church relied on interpretation of the
Bible by church leaders, which meant that only the clergy had to
read.) This emphasis on literacy translated into an interest in all in-
tellectual pursuits, including alchemy and chemical technology, and
learning was acquired from native scholars, schools, and libraries.
Some of the learning however was acquired by less comfortable
means.

Greek Fire

Arabs first became aware of the incendiary weapon called Greek fire
when it was used against them by the Byzantines. In fact it may have
been the decisive factor that prevented the fall of Constantinople and
kept the eastern Roman Empire alive. Sprayed from a pumplike de-
vice onto attacking ships, Greek fire was a viscous liquid that ignited
on contact with water and burned fiercely. Perhaps invented by a
Jewish architect, Callinicus of Heliopolis, the ingredients for Greek fire
were kept a state secret, known only by the Byzantine emperor and
the Callinicus family.

The precise composition is still unknown, but from its reported
properties, some inferences can be made. It was probably some self-
igniting mixture, such as quicklime in a petroleum base. Quicklime, a
crude form of calcium oxide obtained by heating limestone or shells,
generates a good deal of heat when combined with water. If a mix-
ture of quicklime and petroleum is exposed to water, the heat can ig-
nite the petroleum.

Supposedly sand, urine, and vinegar were the only effective means
of extinguishing Greek fire. “Vinegar,” again probably meant a strong
salt solution that formed a crust after evaporating, extinguishing the
flames by excluding oxygen. “Urine” probably also meant some sort
of concentrated solution, such as old, evaporated collections of urine,
which would contain considerable sediment. Fresh urine would not
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have worked because fresh urine is mostly water—and probably not
many volunteers could be found for the application.

Such chemical weapons were certainly not new to the world.
Besieged towns had thrown pots of burning sulfur, asphalt, and pitch
on soldiers since at least 200 ct. Liquid petroleum or naphtha from oil
wells, together with burning pitch and sulfur were used by Assyrians
and Peloponesian Greeks. The ignition mechanism was not particu-
larly new either. Pliny reported that quicklime mixed with petroleum
or sulfur burst into flame spontaneously when wet with water. Such a
mixture may have been used “magically” to light lamps in shrines from
the 200s ce. The innovation of the architect of Constantinople may have
been the siphonlike mechanism used to deliver Greek fire. As such it
was a triumph of chemical engineering as much as of chemistry.

In any case Muslims quickly learned the trick. During the Crusades
Europeans fighting Muslims in Syria and Egypt encountered Greek fire.
In the end the invention may have been turned against its inventors
and perhaps used in the sack of Constantinople in the 1200s. Greek
fire disappeared from use in this particular form after the fall of
Constantinople in 1453, but chemical weapons, incendiary and other-
wise, are still with us, and they surface in this history again.

ARAB ALCHEMY

Despite their trial by Greek fire, the Arabs prevailed and began the
work of assimilating the accumulated knowledge of their subject states.
Baghdad became the leading intellectual center of Europe, Asia, and
Africa, and learned people from all over were invited to teach in Arab
courts. Among these were Hindu scholars, physicians, and scribes, and
because India had some exchange with China (the Tantrists venerated
18 magician—alchemists, at least two of whom were Chinese), access
to Indian knowledge meant some access to Chinese knowledge too.
One particular piece of information transmitted to the Arabs and ulti-
mately, as we will see, to the West was a formula for an explosive mix-
ture that came to be known as gunpowder. This mixture of potassium
nitrate (niter), sulfur, and carbon explodes because the solids react
when ignited to form gases (carbon monoxide, nitrogen, and sulfur
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dioxide), which take up a lot more room than the beginning solids,
and the expansion takes place very quickly.

Muslim rulers also patronized Alexandrian refugee scholars, and
they had the works of Plato, Aristotle, Galen, pseudo-Democritus,
Zosimos, and others translated into Arabic. In this way Arabs came
into contact with the practice of alchemy and quickly made it their
own. The main contribution of the Arabs to alchemy was to tone down
the mystical and to take an approach more akin to the practical ap-
proach of the early Alexandrian alchemists. Perhaps the Arabs felt less
compelled to invoke magic to attain results because they were as in-
terested in the process as in the goal. Whatever the reason, the alchemy
eventually inherited by Europe used methods that had come back
down to earth.

Probably based on the Aristotelian qualities for the elements,
Arabic alchemists proposed that all materials had natures—such as
heat, coldness, and dryness—and the task of the alchemist was to pre-
pare the pure natures, determine the proportion in which they entered
into substances, and then recombine them in proper amounts to give
the desired products. For instance certain organic materials when
heated produce gases, inflammable materials, liquids, and ash. These
were taken to correspond to air, fire, water, and earth—elements that
must have comprised the original material. Each of these separate com-
ponents was then distilled to isolate the pure nature of the element:
heat, coldness, wetness, or dryness. “Coldness” was painstakingly iso-
lated by evaporating water to dryness with tens to hundreds of distil-
lations. The result, “a white and pure substance {that] when . . . touched
by the smallest degree of moisture, dissolves and is again transformed
into water,”” was undoubtedly residual salts that had been dissolved
in the original impure water. (Such dissolved salts are responsible for
water spots that form on dishes left to dry in air.) But these were taken
by the alchemist as evidence of the validity of the theory.

Characteristics of Arabic alchemy are evident in the work of the
following personages identified with it. Although the actual existence
of some of these personalities as individuals is questionable, they were,
as composites or otherwise, historically influential: The fairly clear writ-
ten records of their work were the base on which European alchemy
was to be built.
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Jabir ibn Hayyan

Reminiscent of Aristotle, Jabir proposed that there were two exhala-
tions: “earthy smoke” (small particles of earth on the way to becom-
ing fire) and “watery vapor” (small particles of water on the way to
becoming air). These, he believed, mingled to become the metals. But
Jabir modified the Aristotelian approach by proposing that exhalations
underwent intermediate transformations into sulfur and mercury be-
fore becoming metal. The reason for the existence of different kinds
of metals, he believed, was that the sulfur and mercury were not al-
ways pure. He proposed that if the right proportions of sulfur and mer-
cury with the right purity could be found, then gold would result.

As an Arab alchemist Jabir believed in the value of experimenta-
tion, but he could not completely avoid the mystical influences preva-
lent in his day. The Jabir Conpus, originally credited to Jabir, is written
in a heavily mystical style, but the standard methods of crystallization,
calcination, solution, sublimation, and reduction are clearly discussed,
as well as such diverse processes as the preparation of steel and hair
dye. Although Jabir probably produced some of the writings, all the
works ascribed to him could not have done by one person, and these
were probably really the collected works of a secret society called the
Faithful Brethren or Brethren of Purity. In addition the work appears
to have been completed around 1000, while the person identified as
Jabir died in the 800s; different parts of the work are also written in
different styles, as would occur with different authors. Some later Latin
books were credited to Geber, a latinized form of Jabir, but they do
not have an Arabic counterpart, and these were probably written after
1100.

Abu Bakr Mohammad ibn Zakariyya al-Razi
(aka Rhazes)

A more corporeal personage, Abu Bakr Mohammad ibn Zakariyya al-
Razi must have been of a wealthy family because he was able to study
music, literature, philosophy, and magic as well as alchemy. He also
studied medicine under a Jewish convert to Islam, and he wrote ex-
tensively on medicine, natural science, mathematics, astronomy, phi-
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losophy, logic, theology, and alchemy. He was said to be a man with
a large square head, and when he taught he sat his own pupils in front,
sat their pupils behind them, and other pupils behind them. If some-
one came with a question, it was directed to the back row first, then
if unanswered, it was passed up the rows until it reached al-Razi.

Because of the extent of the Islamic Empire, Arabs knew and used
many more naturally occurring chemical materials than did Alexandrian
chemists. In his important alchemical work, the Secret of Secrets, al-
Razi sets down this knowledge, classifying chemicals by origin—ani-
mal, vegetable, mineral, or derived from other chemicals—and dividing
minerals into six classes (an extension of an earlier classification by
Zosimos). There are bodies—metals (fusible substances that can be
hammered); spirits—sulfur, arsenic, mercury, and ammonium chloride
(substances that volatilize in fire); stones—marcasite, magnesia (sub-
stances that shatter on hammering); vitriols —sulfates (soluble com-
pounds of metal with sulfur and oxygen); boraces—borax (a naturally
occurring sodium-boron salt), natron (naturally occurring sodium car-
bonate), and plant ash; and salts—common salt (sodium chloride, table
salt), potash (potassium carbonate from wood ash), and niter (potas-
sium and sodium nitrate).

Notably systematic, al-Razi relied on observed and verifiable facts,
and he almost entirely avoided mysticism. For instance the following
recipe for sharp waters, a strong caustic solution, is very clear, and it
could easily be followed in any general chemistry laboratory today.

Take equal parts of calcined al-Qili [sodium carbonate] and un-
slaked lime [calcium oxide] and pour over them 4 times their
amount of water and leave it for 3 days. Filter the mixture, and
again add al-Qili and lime to the extent of one-fourth of the fil-
tered solution. Do this 7 times. Pour it into half (the volume) of
dissolved sal ammoniac [ammonium chloride]. Then keep it; for
verily it is the strongest sharp water. It will dissolve Talq (mica)
immediately .

Of interest for his religious philosophy as well as his alchemical
pursuits, al-Razi chose a rational source for morality, and he rejected
divine intervention entirely. He found no value in traditional religious
beliefs; he said that these beliefs were the sole cause of war. That he
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could hold this conviction and still function freely in Islam society
shows the tolerance of the culture at that time.

Ali al-Husayn ibn Sina, aka Avicenna

Avicenna, to use the Westernized version of his name, was one of the
most prolific and influential of the Arabic authors of his time. A Persian
physician living around 1000 cg, Avicenna prepared his own medicines
and investigated alchemical gold making too. The reasons for his range
of accomplishments were threefold: his own natural energy, his early
training, and his broad experience—though unhappily, the last was
forced on him.

As a child he was said to have been precocious, memorizing long,
involved works of literature. Exposed to philosophy and learning by
his scholarly father, Avicenna studied Islamic law, medicine, and meta-
physics. As a young man he earned a reputation as an able physician,
and he gained access to the royal library of the ruling dynasty by suc-
cessfully treating an ailing prince.

This ruling dynasty, though, was eventually deposed, and
Avicenna became an exile. He finally found another court to employ
him as physician and even twice to appoint him vizier. But this last
proved unfortunate because the position subjected him to political in-
trigues. Avicenna occasionally had to go into hiding, and he was once
imprisoned. Despite political turmoil around him however, Avicenna
managed to continue his work.

He is said to have carried out his duties as physician and admin-
istrator during the day, then hold boisterous discussions with students
through the night. Even in prison Avicenna continued to write. When
his patron was deposed, Avicenna again suffered imprisonment, and
he was finally forced to flee. He and a small group of followers
eventually found another court where he completed his works.
Unfortunately, as part of his duties at this new court Avicenna had to
accompany his new patron onto the battlefield. Avicenna fell sick on
one of these trips and died despite his own attempts at a cure.

During his lifetime Avicenna produced an impressive body of
work. In some 200 medical treatises he wrote on the contagious na-
ture of tuberculosis, described pleurisy and several varieties of nervous
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ailments, and he pointed out that disease can be spread through con-
tamination of water and soil. As a chemist, Avicenna classified miner-
als into stones, fusible substances, sulfurs, and salts. As an alchemist
he rejected the theory that metal could be treated with elixirs and made
into gold. He believed if transmutation were possible at all, metal would
have to be broken down into its constituents and reassembled.

His major work, the Canon of Medicine,is a systematic encyclo-
pedia based on his reading of Greek physicians of the Roman imper-
ial age, other Arabic works, and to a lesser extent his own clinical
knowledge (his notes had been lost during his wanderings). The Canon
of Medicine served as an authority for Arab and then European med-
icine for the next 500 years. When his authority, like Galen’s, finally
fell from glory, it was in Europe of the 1500s, and the event made
chemical history again.

Arabs in Islam found unity and inspiration, and on its strength they
built an empire. The Islamic Empire accumulated Greek, Latin, Indian,
and Chinese knowledge, imported alchemy and chemical technology
from their tributary territories, and with their passion for all knowl-
edge and science, Arabs broadened the base of these fields and made
alchemy pragmatic again. Eventually though the empire began to suc-
cumb to forces reminiscent of those responsible for the Roman de-
cline. There was a gradual breakup: In the 700s an Arab prince declared
Spain independent of the caliphate, and later Egyptian Arabs broke
away too. The empire was also harried by outsiders—Mongol and
Hun—along with the vaguely annoying nip of another gnat: the
Crusades. Though the Arab people continued in the next centuries to
contribute to chemistry (in fact until modern times, for example with
the 1990 Arab-American winner of the Nobel Prize for chemistry), the
pennant for now was passed.
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ca. 1000—-1200: Alchemy
Translates from East
to West

hough the Arabs started their march out of Mecca in the 600s, it
took until the 1100s for Arab learning, including the alchemical tra-
dition, to find its way to Europe. The primary problem was there was
no structure to receive it. When a structure was found, it came from a
reluctant benefactor: The Christian church, which eventually emerged
as a stabilizing force in Europe and the monasteries became centers
of learning. But church leaders encouraged only religious learning and
distrusted secular education and philosophy, believing that such in-
quiries would erode their religion of unquestioning faith.
With an upsurge of urban development in the 1100s, the centers
of learning shifted from monasteries to towns with newly founded uni-
versities. Though still treading lightly in the face of church opposition,
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European academics at these universities began to study newly trans-
lated Arabic and Greek texts on mathematics, philosophy, astronomy,
medicine—and alchemy. Through the work of these academics the
information was eventually assimilated: Encyclopedists compiled the
information in encyclopedias, Scholastics interpreted the knowledge
in the context of revealed religion, and Empiricists tried the new knowl-
edge out.

WESTERN EUROPE CA. 1000-1100 ce

The decline of the Roman Empire was followed by a period of disor-
der, fragmentation, and invasion from Celts, Goths, Visigoths, and
Vandals. During this time the Christian church took over many of the
functions of the old empire, including the administration of justice,
record keeping, and most importantly the preservation of knowledge.
At first the organization of the Christian church was simple, but under
the influence of pagan religions, rituals began to grow, and a hierar-
chy of professional priests, patriarchs, and bishops became necessary
to administer them. The bishop at Rome became especially impor-
tant—the holder of this position eventually become pope of the Roman
Catholic Church—though this authority was not recognized by the
Byzantine Empire and initially not even by everyone in Western Europe.

Two events strengthened and established the Christian church as
the organizing power in Europe: Charlemagne in the 800s and 200
years later, the Crusades. Charlemagne, a Frankish warrior, managed
for a moment to subjugate the vast portion of Europe that now
approximately includes Germany, France, Belgium, Netherlands,
Switzerland, Austria, and northern Italy, and forcibly to convert the pa-
gans within his domains to Christianity. In 800 the Pope crowned him
emperor of the Romans—creating what was later known as the Holy
Roman Empire—and set a precedent for papal involvement in secular
affairs. But within a hundred years Charlemagne’s empire had disin-
tegrated into scattered groups that fought fairly continuously among
themselves. Royal authority fell off as feudal lords grew in strength and
number, and government became increasingly fragmented. By the
1000s Western European people were locked in a philosophically
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unproductive state. Feeling very much under siege they spent their
time trying to survive. They worked from sunrise to sunset, and only
the richest had other than earth floors and straw beds. Everyone, even
the wealthy, had only coarse food—black or brown bread, salted meat,
and fish, apt as not to be putrid; and they daily faced starvation and
disease. Two centuries of battle had created a class of warring knights
who now turned on each other. Compete chaos threatened until a so-
lution was found. The knights were sent on Crusades.

THE CRUSADES

The Crusades brought to Europe something new: unbridled, institu-
tionalized intolerance. Crusaders, heading to the Holy Land, slaugh-
tered Jewish communities in France and Germany along their way. The
Christians staying at home wanted to do their part, so they held pogroms
in the crusaders’ wake. By the 1100s Crusades were being launched
against Europeans—against the heathen Slavs and Wends, and then
north, forcing Prussian and eastern Baltic peoples to become Christian.

The new intolerance established anti-Semitism and anti-Paganism
as a permanent part of European culture, radicalized an otherwise be-
nign Islam, and had many repercussions throughout the history of
chemistry. The Crusades however did add strength and unity to the
Christian church, and when the revival in chemical learning came, the
church was the first to stir.

MONASTICISM

Monasticism, originating in Egypt, was the basis for this revival. As an
institution Christian monasticism underwent several reforms that ren-
dered it independent of secular leaders and made it able to pursue an
agenda of its own. To remain independent however, monasteries had
to be more-or-less self-sufficient, so in addition to the traditional me-
dieval monk bent over a manuscript, these monks were farmers, physi-
cians, and artisans. As literate artisans they were able to record what
had been an oral tradition of practical chemical technology inherited
from the Roman Empire and introduced by invasions. One such monk
was Theophilus, a Benedictine.
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Theophilus

Theophilus was probably a pseudonym of Roger of Helmarshausen, a
German metal worker who made a gilded and engraved portable altar
that can still be found in the Franciscan monastery of Paderborn,
Germany. In addition to being a practicing artisan, the scholar
Theophilus produced a compendium of the known crafts of the early
1100s called On Divers Arts. In this three-book work he describes with
notable clarity and detail oil painting, wall painting, dyeing, gilding,
manuscript illumination, ivory carving, and glass and metal working,
including the art of making stained glass. His recipe for making red
mercury sulfide pigment is

Take sulfur . .. break it up on a stone, and add to it two equal
parts of mercury, weighed out on a scale. When you have mixed
them carefully put them into a glass jar. Cover it all over with clay,
block up the mouth so that no fumes can escape, and put it near
the fire to dry. Then bury it in blazing coals and as soon as it be-
gins to get hot you will hear a crashing inside, as the mercury
unites with the blazing sulfur. When the noise stops immediately
remove the jar, open it, and take out the pigment.!

Once recorded however these technologies were little modified
or improved. The practical chemistry of Theophilus turned out to be
the practical chemistry of the European Middle Ages. Chemical work-
ers made dyes, soaps, and metals, but the methods were kept secret
and handed down in unaltered, unimproved form. What would evolve
in medieval Europe was alchemy, and in the 1100s this alchemy was
just in the process of being discovered.

RECONQUISTA

The Arabs in Spain welcomed the new monastic Christian scholars in
their libraries and schools, and contact with the Arabs fed a European
revival. By the end of the 1000s some European nations felt strong
enough to start pushing the Arabs back. They were by then aware of
the treasures of texts available in the Arabic language, so when they
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reconquered, they were careful not to destroy these works. Arab Sicily
was taken by the Normans in 1091, but Muslim physicians and other
scientists stayed at the Norman court. In Spain after the reconquest of
Toledo in 1085, a translation center was established, employing bilin-
gual and trilingual Arabs, Christians, and Jews.

THE TRANSLATORS

Arab works on medicine, mathematics, astronomy, philosophy, and
alchemy—with influences from India and China mingled in—were
translated and preserved. Of the people who translated works perti-
nent to chemistry, the names of most non-European Arabs and Jews
have been lost. Some names of European workers are, however, still
known. For instance one Gerald of Cremona made translations of al-
Razi, Aristotle, Euclid, and Galen and the Canon of Avicenna ca. 1150.
Another two on whom we have some biographical information are
Robert of Chester and Adelard of Bath.

Robert of Chester and Adelard of Bath

Probably one of the first translators, Robert of Chester (ca. 1150), was
English and associated with the Christian church, perhaps as a cleric.
He and his friend Hermann the Dalmatian were living in Spain and
studying astrology when Peter the Venerable (a French abbot who ar-
gued for peaceful missionary Crusades) found them and asked them
to translate the Koran. After finishing this work Robert translated The
Book of the Composition of Alchemy.

Western Europe still thought of itself as the remains of the Roman
Empire, and the language spoken there was called Latin, though it was
evolving and merging into French, Italian, English, German. In his pref-
ace to the translation Robert states, “Since what Alchymia is . .. your
Latin world does not yet know, I will explain in the present book.”

Robert also translated the algebra of mathematician Al-Khwarizmi
and introduced this part of mathematics to Europe. Part of the reason
for Europe’s eventual acceptance of Aristotle as an authority—and
transmutation as a possibility—was the fact that it reached Europe at
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the same time as the mathematics of Greece and the Islamic Empire.
Though the concepts of zero and negative numbers were probably
Indian in origin,’ Arabic mathematicians incorporated theses ideas into
their mathematics along with the mathematical system of the Greeks,
Egyptians, and Babylonians. To European scholars of the 1000s-1100s,
algebra must have appeared as an oasis of reason, offering refreshing
precision and clarity in a world of mysticism and confused collections
of technologies.

Adelard of Bath was also English, and he also translated mathe-
matical works, including the Arab version of the Elements of Euclid.
He is said to have obtained a copy for translation in Spain while he
traveled disguised as a Muslim student. If this story is true, then he
was familiar enough with the Arabic language to pass himself off as
a native speaker, which attests to his ability as translator. He must also
have been an accomplished mathematician because he composed an
abridged version of the Elements as well as an edition with a com-
mentary. Adelard traveled in France, Italy, Syria, Palestine, and Spain
before returning to England to become the tutor of the future Henry
II. A prominent writer on scientific subjects, Adelard held that the new
secular learning was not always compatible with traditional Christian
thought, and he showed in this way that he retained some of the free-
thinking spirit of his adopted Arab personae.

This influx of information whet the appetites of Europeans for
more. Merchants, royalty, and popes all sent agents to Spain to learn
Arabic and bring home manuscripts. The monastic storehouses began
to fill—and just in time, for the Islamic world soon ceased to provide
more.

DECLINE OF ISLAMIC INFLUENCE

In the 1200s the free spirit of inquiry characteristic of Muslim scholars
suffered a fatal blow at the hands of a young Mongol warlord known
as Genghis Khan. Bursting out of Asia, by 1227 he had become the
greatest conqueror the world had ever known. His tactic was terror.
Those who surrendered had only to pay tribute; those who did not
were sacked, murdered, and destroyed. After he died his sons raided
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Europe and Russia, and the third Great Khan turned on Islam. After
destroying the Assassins en route, he moved on Baghdad. The city was
stormed and sacked, and the last caliph was rolled up in a carpet and
trampled to death by horses (there was a superstition against spilling
his blood).

The Mongol invasion devastated major Arab cities and destroyed
libraries, manuscripts, and schools. Arabs turned to the task of saving
what they could rather than developing anything new. In 1260 with
the defeat of a Mongol general, Mongol invincibility was shattered,
and the reign of terror was brought to an end; however by this time
the closing in of Arab intellectualism was complete. The Arabs, like
societies before them and societies since, put up walls—mental as
much as real. Their knowledge however had been preserved and by
this time passed to the West.

CA. 1200: A SCHOLARLY AGE

Invasions of Europe continued into the 1200s, but by this time the
former backwater of the Roman Empire had the strength to resist.
Populations were still thin and feudalism still flourished, but free towns
were growing and with them, centers for learning. Universities were
founded at Naples, Paris, Oxford, Cambridge, Seville, and Siena.

Universities at this time generally followed one of two patterns:
Italian, Spanish, and southern French universities were owned and
operated by students themselves. They hired (and fired) teachers and
decided on the size of their salaries. On the other hand, universities
in northern Europe consisted of teaching guilds, with each faculty (arts,
theology, law, medicine) headed by an elected dean. Originally a
“college” was subsidized housing for poor students, but when it was
realized that better discipline could be maintained when all students
lived in colleges, colleges became centers of instruction as well as
residences.

With the exception of the age of matriculation—which in the 1200s
was 12-15 years old—students then were as they are now. There were
reports of drunken confrontations between students and local toughs,
and students in Paris were caught playing dice on the altar of Notre
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Dame. The local populace often denounced universities as hot beds
of heresy, paganism, and worldliness, and it was said that students
“seek theology at Paris, law at Bologna, and medicine at Montpellier,
but nowhere a life that is pleasing to God.™

Among all the celebration however, some teaching did occur. The
teaching method was lecture, and students took notes on wax tablets
for discussion later. The curriculum in the first universities included
grammar, rhetoric, logic, or dialectic for a bachelor’s degree and arith-
metic, geometry, astronomy, and music for a master's degree—but not
much history nor natural science. However monks of mendicant or-
ders (such as Franciscans and Dominicans) taught at universities for a
living, and through their teachings Arabic translations moved from
monasteries to the medieval world.

At first the Christian church condemned the newly translated works
of Aristotle. There were some specific points of contention, such as
Aristotle’s concept of the world as eternal and the idea that there were
no rewards or punishments after death. But in addition the church was
hostile to rationalism—the use of human reason rather than faith, to
seek answers. Church leaders were particularity hostile to Aristotle’s
works on natural science, going so far as to forbid their teaching. But
these works continued to be studied (the ban itself may have inspired
their illicit study), and through the efforts of such apologists as Thomas
Aquinas—who pointed out that reason and faith should not contradict
each other if they come from the same divine source—natural science
as a legitimate study was restored. By the mid-1200s it became a re-
quirement for a Master of Arts degree.

Information also continued to come from contact with Arabia and
Asia. The Muslim Empire was under assault from the Mongols, but the
Mongols, like the Arabs before them, were more interested in the eco-
nomic advantages of conquest than absolute intellectual rule. They tol-
erated local religions and customs—as long as they did not interfere
with tax collection—and land trade between China and Europe be-
came easier (it was even encouraged) during the Mongol era.

Venetian traders (Marco Polo was one) and Jewish and Islamic mer-
chants (by 1163 there was a synagogue in China) carried out this trade.
Technology, such as the Chinese use of gunpowder in bombs and rock-
ets, found its way along the trade routes. India, active alchemically and
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commercially, produced the text Sukraniti in this period, which gives
several of its own recipes for gunpowder. The Islamic alchemists were
not as prolific as they had been, but contributions from them contin-
ued to trickle, through trade and translators, to the West.

Information exchanges however were not always congenial. In
the opening years of the 1200s, crusaders, with mixed motives of fi-
nancial opportunity, cultural jealousy, and religious zeal, attacked and
sacked Constantinople, burning, looting, killing, raping, and trampling
treasures and books underfoot. The Venetians, who had lately joined
the crusaders, understood the value of books and managed to salvage
some, but much was lost—along with the conduit of learning that
Constantinople had provided between East and West.

But no matter how the new information found its way, new aca-
demics in the new institutions had plenty of it, so they did the histor-
ically logical thing: They began assembling al! their information, new
and old, into a compact and convenient form. They began writing
encyclopedias.

THE ENCYCLOPEDISTS

These were not however encyclopedias as we think of them today:
These encyclopedias rarely had distinctive headings or titles, making
it difficult at times to distinguish one article from the next. There were
no running heads, cross references, nor an alphabetical arrangement
of subjects, and because they were assembled before the invention of
printing, entries were handwritten. The encyclopedists themselves
were church people and mostly men, though some encyclopedists
were nuns, and sometimes the encyclopedias, painstakingly assem-
bled, represented an entire life’s work.

Bartholomew the Englishman
and Vincent of Beauvais

One example of this special breed is Bartholomew the Englishman.
Bartholomew appears to have been a Franciscan who taught at the
University of Paris. His encyclopedia, Liber de proprietatibus rerum
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(Book of the Properties of Things), consists of 19 volumes and used
Greek, Jewish, and Arabic sources. Bartholomew reported on the
Aristotelian theory of the elements along with the sulfur-mercury the-
ory of the Arabs. He also reported that transmutation was possible—
just very hard to achieve.

Vincent, a French Dominican priest and tutor to the two sons of
Louis IX, labored 30 years to produce his encyclopedia, Speculus majus
(Great Mirror). By mirror, he meant that the encyclopedia would show
the world what it was and what it should become; by great, he must
have meant the 10,000 chapters, in 80 volumes. His work covered
history from creation to the time of Louis IX, summarizing all science
and natural history known to the West at that time, quoting over 300
authors, and covering literature, law, politics, and economics. The
Speculus majus contained chemical and alchemical information, but in
a manner similar to Pliny, the information was unverified and unex-
plained. It remained for another group of scholars (collectively known
as the Scholastics) to interpret and reconcile the new knowledge with
religions of divine revelation, such as Judaism or Christianity. There
were both Jewish and Christian Scholastics, though the Christian
Scholastics were by far the more influential.

THE SCHOLASTICS

These commentators were guided by Scholasticism, a philosophy that
taught that the best argument was backed by accepted authority. In
Europe of the 1200s the highest authorities were the Bible, the Christian
church leaders, and, after exposition by the Scholastics, Aristotle.

This passionate reverence for authority in the Scholastic approach
encouraged a credulousness that influenced thinking for the next sev-
eral centuries. Scholastics believed in astrology, magic, enchantment,
necromancy, and whatever potency of animals, plants, gems, or stones
they had read about in the works of the Arabs. Their readers, believ-
ing them, perpetuated these beliefs. Thus Scholasticism did much to
disseminate information, but it may have impeded the development of
systematic scientific inquiry. Of these new Scholastics perhaps the most
influential for natural science was Albert the Great.
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Figure 4.1. Albertus Magnus, the chemist’s patron saint. The authors of this text hope
Saint Albert smiles now. (Courtesy of the John F. Kennedy Library, California State
University, Los Angeles.)

Albert the Great

Albertus Magnus, or Albert the Great, was the oldest son of a wealthy,
noble German family and reportedly a very short man. Considering
that the average height in this era was only around 5 feet, by mod-
ern standards he must have been very short indeed. In his twenties,
he joined the Dominican order and was sent to a Dominican monastery
at the University of Paris. There he came in contact with the newly
translated Greek and Arabic works and became an adherent of
Scholasticism. After a ban by Christian leaders on the teaching of
Aristotle’s work on natural philosophy, Dominicans realized there
was something important afoot, and they asked Albert to explain in
Latin the principle doctrines of Aristotle, so that they could read them
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with understanding. So inspired Albert began his work “to make in-
telligible to the Latins™ all branches of natural science, logic, rhetoric,
mathematics, astronomy, ethics, economics, politics, and meta-
physics.

He wrote commentaries on all the known works of Aristotle (both
genuine and pseudo-Aristotle), paraphrasing the originals and adding
digressions, observations, speculations, and “experiments” (by which
Albert meant a process of observing, describing, and classifying). But
in deference to the opinions of the Christian leaders, he said, “I ex-
pound, I do not endorse, Aristotle."

Albert also reported, in the manner of the encyclopedists, practi-
cal as well as philosophical information, mentioning that mercury is a
kind of poison that “kills lice and nits and other things that are pro-
duced from the filth in the pores.” (In the cooler climates of Europe
the Eastern habit of regular bathing, though finding some popularity
with relocated crusaders, had not yet taken hold completely.) Albert’s
De Mirabilibus Mundi (On the Marvelous Things in the World) reports
superstitious hearsay: “if the wax and dirt from a dog’s ears are rubbed
on wicks of new cotton, and these . . . lighted, the heads of persons
present will appear completely bald.”™ But it also reports technical in-
formation, such as a recipe for phosphorescent ink made from “bile
of tortoise and luminous worms™ (the bile probably used to make an
emulsion of the unfortunate glow worms). Though believing in the
strength of authority, Albert was at least partially critical. When quoting
dubious reports (such as those of ostriches eating iron), he was care-
ful to add that he had not actually witnessed the event or “I was there
and saw it happen.””

Albert believed, as some did not, that there was more to science
than the science of Aristotle. He was interested in alchemy but skep-
tical about reported transmutations: “I myself have tested alchemical
gold and found that after six or seven ignitions it was converted into
powder.”"! In the end however he bowed to authority and reported al-
chemical gold and iron as real materials, but he said that they lacked
some of the properties of the natural species (for example alchemical
iron is not magnetic). Albert did however believe that the best infor-
mation on materials came from alchemists, as opposed to that given
by mathematicians or astrologers.
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While working on his various commentaries, which took 20 years
to complete, Albert became quite respected and enjoyed a reputation
as an authority in his own right. He may have been quoted as often
as the original Arabian philosophers and even Aristotle. Association
with Albert was likewise a step toward respect and authority: Among
Albert’s disciples was the famous Thomas Aquinas.

Albert preferred to devote himself to study, teaching, and writ-
ing, but as so often happens in the academic world, then and now,
it was assumed that because he excelled at research, he would be
equally proficient at memo writing. Thus Albert was transferred to
administration. This was the usual route for the educated in his time,
and in Albert’s case the assignments came from as high as the pope,
so he complied. When he went on his official trips through the parts
of Germany under his supervision, Albert, a sincerely religious per-
son, went barefoot as a symbol of the humility of his order. Toward
the end of his life however, Albert attained a position that allowed
him more freedom in choosing his assignments, so he did return to
teaching. He still traveled though on behest of the pope and preached
to the nobility throughout Europe, urging them to support the
Crusades.

There is a story that as a young monk, Albert was not especially
bright, but the Virgin appeared to him and told him she would help
him advance. She asked him to choose between theology and phi-
losophy, and he chose philosophy. The Virgin, disappointed, granted
his wish, but told him he would return to his former feebleminded-
ness before he died. He was reportedly senile from about 1278, and
he died around 1280."

THE EMPIRICISTS

Despite the almost complete reliance on authority however, the age
also enjoyed a brief burst of experimentation. But the experiments—
though groundbreaking for their day—were tinged with prior expec-
tation and (speaking kindly) imperfect technique. These limitations
can be see in the work of the empiricist Roger Bacon and in writings
attributed to Ramon Lull.
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Roger Bacon

Roger Bacon, also known as Doctor Mirabilis (Wonderful Teacher),
was born around 1214 to a wealthy family, trained in the classics,
geometry, arithmetic, music, and astronomy, then became an Oxford
Franciscan. At Oxford, Bacon concentrated his research on mathe-
matics, optics, and alchemy as well as Greek, Hebrew, and Arabic. In
his day however a cleric was better off studying theology than science.
Bonaventura, the general of the Franciscan order, expressed the sen-
timent succinctly by saying, “The tree of science cheats many of the
tree of life, or exposes them to the severest pains of purgatory.” Bacon
however continued on his course, and when he began teaching in
Paris, he also began a life-long series of run-ins with the established
church.

He was abruptly shunted back to Oxford, but he continued to
spend time, energy, and money (supposedly his family’s—a Franciscan
should have no personal funds) on books, assistants, instruments, and
the friendship of scholars. None of this was part of his job in the fac-
ulty of arts (when the sciences were studied, rational discussions were
favored over experimentation), and it did not help relations with his
order. But Bacon believed in the adage that no one can know that fire
burns until a hand is put into the flame.

A few words of qualification are in order here. Bacon, like others
of his age, believed some concepts to be self-evident, and not requir-
ing examination. When he said that “nothing can be certainly known
but by experience,”" he also meant the experience of faith, spiritual
intuition, and divine inspiration. Bacon did however classify natural
science into perspective (optics), astronomy, alchemy, agriculture, med-
icine, and experimental science (scientia experimentalis), being one of
the first to consider experimentation as a distinctly separate pursuit.
Bacon made systematic observations with lenses and mirrors, seriously
studied the problem of flying with a machine with flapping wings, and
conducted limited experiments with alchemy. He might have done
more, had it not been for the scrutiny of his superiors.

In the mid-1200s as a result of his long-standing conflicts with
Franciscan authorities, Bacon was exiled from Oxford, and as a result
he was unable to continue his work. He felt (as he wrote) buried. He
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wrote vehement letters to the pope, trying to convince him of the
place of science (and alchemy) in a university curriculum. Bacon pro-
fessed the purpose of alchemy to be “to make things better . . . by art
than by nature.”” Anticipating the iatrochemists (medical alchemists)
of the 1500s, he stated that alchemy “not only provides money and
infinite other things for the State, but teaches ... how to prolong
human life as far as nature allows it to be prolonged.”* To support
his arguments, Bacon proposed to put together for the pope a grand
compendium of studies in natural science, mathematics, language,
perspective, and astrology. The pope however had the mistaken im-
pression that the work was an accomplished fact and ordered Bacon
to send him a copy.

For reasons not quite clear, the pope also asked Bacon to do this
in secret (the pope may have thought some valuable knowledge would
be included), posing a dilemma for Bacon: He was under papal or-
ders to produce a work on the sciences—which meant going against
the wishes of his superiors—but he was ordered to keep the work a
secret, so he could not even tell them for whom he was doing it.
Impressively, considering the impediments, Bacon managed to com-
plete an Opus majus (Great Work), an Opus minus (Lesser Work), and
an Opus tertium (Third Work). Ironically after such a heroic effort, the
pope died before reading any of Bacon’s work. For us however these
works provide valuable insight into the chemical knowledge of the
day. For instance in his Opus majus, Bacon describes gunpowder:

that boyish trick which is performed in many parts of the world
... [which] by the force of that salt called sal petrae [niter], such
a horrible noise is produced in the rupture of . .. a little parch-
ment . . . is felt to surpass the noise of violent thunder, and its
light surpasses the greatest flashes of lightning. . .. But take 7
parts of saltpeter, 5 of young hazelwood [charcoal] and 5 of sul-
fur . .. and this mixture will explode if you know the trick.”*

Bacon is sometimes credited with having introduced gunpowder
to the West, but if it was already used for children’s firecrackers, it was
already fairly well-known. Albert the Great also mentions it in his writ-
ings, and Albert probably obtained his information from the Liber
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ignium ad comburendos bostes (Book of Fires for Burning Enemies),
ascribed to Marcus Graecus. The Liber ignium was probably first com-
piled in the 700s, but it did not reach Europe until about Bacon’s time.
It describes among other things incendiary substances, phosphores-
cent substances, Greek fires, and other explosives containing niter
(potassium nitrate). This work was probably written by a Jew or
Spaniard (or Spanish Jew) in the 1100s or 1200s.

Although Bacon does not tell us the “trick” of gunpowder, other
recipes, such as the purification of potassium nitrate with charcoal, are
very clear and could easily be followed, contrasting sharply with al-
chemical writing in the next century.

Carefully wash the natural saltpeter and remove all [visible] im-
purities. Dissolve it in water over a gentle fire, and boil it until the
scum ceases to rise, and it is purified and clarified. Do this re-
peatedly until the solution is clear and bright. Let this water de-
posit the . . . [saltpeter] in pyramids, and dry them in a warm place.
Take this stone and powder it and immerse in ... water.. ..
Dissolve over a gentle fire. ... pour the hot solution upon the
charcoal and our object will be achieved. If the solution is good,
pour it out, stir with a pestle, collect all the crystals you can, and
draw off the water.”

Having completed the three books, Bacon, still bravely at odds
with his superiors, in 1271 wrote his Compendium studii philosopbiae
in which he lambasted the Church of Rome for corruption, pride, lux-
ury, and avarice. But while Bacon was critical of authority, authority
was critical of him. Not only did it look askance at his interest in
science, some officials went as far as believing he dealt with evil
spirits.

In the late 1200s Bacon was tried by the Franciscans and con-
victed of “suspect innovations” (novitates suspectas). It was not clear
that he was actually imprisoned (which considering conditions in pris-
ons of the time would have been very harsh treatment) or just put
under house arrest. In any case nothing is reported of him again until
almost the close of the 1200s, when his Compendium studiae theolo-
giae appears. The exact date of Bacon’s death is not known, but it
was soon thereafter. He may have in the end been reconciled with
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the Franciscans, because he is buried at Greyfriars, the Franciscan
church at Oxford.

The chemical historian J. R. Partington adequately summarized
Bacon’s personality when he stated that “Bacon had too good an opin-
ion of his own undoubted genius . . . not clearly appreciating that . . .
the ‘Domini canes’ were not chosen as the instrument of the Inquisition
without foundation, and it fell to a Dominican to judge Joan of Arc.”®
But then Partington goes on to assert that this assurance was not
misplaced:

Both Albert and Roger were courageous men. Many things on
which they wrote were highly suspect and regarded with much
disfavor in the Church. Albert, more circumspect and calmer, over-
came much of this prejudice; Bacon, rash and often violent, merely
accentuated. it. After them no Churchman could or did neglect
the new knowledge which they had revealed.

Writings Attributed to Ramon Lull

Ramon Lull, the philosopher, was also a courageous and interesting
personality, and though he probably did not try alchemy himself, his
name was ascribed to several alchemical texts after his death. Born
around 1230 in Catalonia (now northern Spain), Lull was the product
of a romantic age. Reared in the royal court of Majorca, he was a poet,
scholar, and writer in Latin, Catalan, and Arabic. He married and at
first seemed content with his courtly life. Around the age of 30 how-
ever, inspired by visions of the crucifixion of Jesus, Lull turned his en-
ergies to mysticism and theology.

Lull developed a brand of theological philosophy in which he
strove to relate all forms of knowledge and thereby demonstrate the
godhead in the universe. He did this with complicated tables of theo-
logical propositions that he sought to interrelate. He also believed that
the conversion of the Muslims could be achieved by logically refuting
Islam, preferring informed missionary work over military force as a
method for recovering of the Holy Land. Able to speak Arabic, Lull at-
tempted to organize a school of Oriental languages so that missionar-
ies could preach his ideas to the Muslims in their own tongue, but
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these visionary efforts met with limited success. His own proselytizing
efforts met with limited success too: In Algiers, Lull was stoned to death
by an unreceptive Islamic mob.

It was probably the mysticism of Lull (culminating in his famous
mystical work, The Book of the Lover and the Beloved, still studied by
philosophers today) and his complicated, cryptic logic that attracted
alchemists to his writings and led them to adopt his name as their own
(thus beginning the multiplication of his personalities). Alchemical
works began to appear that were attributed to him but dated some
years after his death. It is possible that these writings were published
posthumously (alchemical works would have been an embarrassment
to a practicing theologian), but the reported posthumous personal ap-
pearances are doubtful.

Whoever the author is, the works are listed here with the works
of the empiricists because they contained systematic accounts of the
theory and practice of alchemy, and these works are notably devoid
of allegory or deliberate obscurity. Anachronistically systematic, the
author(s) used the letters of the alphabet to symbolize alchemical prin-
ciples, materials, and operations and arranged them in tables. Recipes
were then given as combinations of these letters—including recipes
for some interesting new reagents: mineral acids and an alcohol that
would burn.

ALCOHOL

As we have mentioned, people had fermented alcoholic solutions in
the form of beer and wine since prehistoric times. While in dilute so-
lutions of beer and wine, alcohol will not burn, but ethanol, the type
of alcohol found in beer and wine, is flammable in its pure state. The
isolation of ethanol in a form pure enough to burn had to wait for
improvements in the art of distillation, such as better glassware, the
use of cooled coils for improved separation, and the discovery that
some salts added to the distillation vessel pulled water from the al-
cohol-water mixture. The first people to try adding salts may have
been following an Arabic alchemical notion that a dry essence should
combine with a wet essence, and in this case, the alchemy worked.
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Some salts absorbed enough water so that the resulting alcohol in-
flamed when lit.

The earliest European account of the preparation of alcohol is in
a manuscript of the 1100s: De Commixtione puri et fortissimi xkok cum
Il gbsuf tbmkt cocta in efus negoii vasis fit aqua guae accensa flam-
mam incumbustam servat meteriam. The chemical historian Berthelot
showed that by substituting the letters in the three words in cipher—
xkok, gbsuf, and tbmkt—with the letters that proceed them in the al-
phabet, the words could be decoded to vini, parte, and salis, so that
the resulting passage read, “On mixing a pure and very strong wine
with a third of a part of salt, and heating it in vessels suitable for the
purpose, an inflammable water is obtained that burns away without
consuming the material [on which it is poured].” The cipher must
have worked until the 1200s, because it took until then before the pro-
cedure was commonly know.

Once it became widely known alcohol was used as a medicine,
appearing to be a virtually universal panacea. Externally applied it
helped to heal wounds, dry sores, and remove dirt. Internally applied
it alleviated pain and served as a mood elevator. By the next century
a Catalonian monk, John of Rupescissa, referred to alcohol as aqua
vitae, the water of life, and prescribed it as an elixir for sick metal—to
make it gold—as well as for human health. Other medical practition-
ers used alcohol—an excellent solvent for organic materials—to extract
oils from plants, and they investigated medicinal properties of extracts.

MINERAL ACIDS

The European discovery (or rediscovery as far as other parts of the
world were concerned) of mineral acids was as exciting to the al-
chemist as the purification of alcohol to the physician. The common
organic acids had been available—acetic, citric—but these are weak
acids with limited dissolving powers. The mineral acids (sulfuric, ni-
tric, and hydrochloric)—formed by heating certain salts and con-
densing the gas-phase product (in the presence of water vapor, which
the alchemist had no way of excluding, had they known it existed)—
were strong acids with much greater dissolving powers. Aqua regia,
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a mixture of nitric and hydrochloric acids, dissolved—lo and behold—
even gold. This gave ideas to some Europeans who had been read-
ing about a theory of transmutation and how, with the right ingredients
and the right combination, one could cook up a fortune in a back-
room vat. The stage was set for the European alchemist.

So although initially resisted by the established church, chemical
information from Arabs and Greeks philosophy eventually found its
way to Europe. Europeans learned about gunpowder, mineral acids,
and probably alcohol (though they may have reinvented it for them-
selves based on information from Arabic texts). The information was
then gathered into encyclopedias, and scholars contemplated and di-
gested its meaning and interpreted it within the framework of their
own schools of thought. There were also a few brave souls who ex-
perimented with some of the information: It was the Europeans’ turn
to give alchemy a try.
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ocieties rarely develop in an orderly way. They grow by leaps and

lags: boom, then famine; peace, then war; revolution, then reac-
tion. By the 1300s Europeans had new material—alcohol and acids—
and a new direction—alchemy—but European chemistry did not move
ahead. Society, responding to the seemingly uncontrollable disasters
of their age, cowered intellectually. From the promising beginnings of
logical reasoning and exploration of the chemical arts, they backslid
into superstition and fear.

Toward the end of the 1400s however, three inventions intro-
duced from the East—gunpowder, block printing from movable type,
and the compass—broke this lethargy and got things on the move
again. Gunpowder made rubble out of the fortifications of feudalism;
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movable type secularized learning; and the compass opened up new
worlds.

This revival climaxed in the first half of the 1500s with the religious
Reformation in which Protestantism was established as a rival to the au-
thority of the Catholic Church. The Reformation was such a radical break
with tradition that it precipitated a period of mayhem, which was fol-
lowed by a period of appreciation for law and order manifested in the
growth of royal absolutism and sovereign states. Interestingly chemistry
in the 1500s tracked this same sinusoidal curve: In the early part of the
century, practical medicine repudiated the ancient authority of Galen
and Avicenna in favor of new, radical alchemical cures; this was fol-
lowed in the latter half of the century by a period of reorganization and
reorder that constituted, for chemistry, a reformation in its own right.

EUROPE CA. 1300

By the 1300s European feudalism had declined; the number of towns
had increased; and the newly centralized Catholic Church maintained
an intellectual life of its own. Translated and compiled texts filled the
monasteries; ideas from China and India filtered in through travel and
trade. Everything indicated a Europe poised for progress, but for chem-
istry this was not to happen. For the next 200 years, European wheels
spun. There was a flurry of activity, but the paths were in circles.

This was not the case outside of Europe: By 1300 Chinese and
Indian alchemists were actively engaged in iatrochemistry—the ap-
plication of alchemy to medicine—but iatrochemistry did not fully
evolve in Europe until 200 years later. Chinese and Indian alchemical
writers also devoted much thought to the proper design of a labora-
tory, another concept that did not appear in European alchemical lit-
erature until about 1500. For example an Indian treatise of this period,
the Rasaratnasamuchchaya, contains the following description:

The Laboratory is to be erected in a region, which abounds in med-
icinal herbs and wells . . . it is to be furnished with the various ap-
paratus. The phallus of mercury lemblem of Siva, the creative
principle] is to be placed in the east, furnaces to be arranged in the
south-east, instruments in the south-west, washing operations in the
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west, drying in the north-west. The koshti apparatus for the extrac-
tion of essences, the water vessels, a pair of bellows and various
other instruments are also to be collected as also [are] the threshing
and pounding mortars, the pestles, sieves of various degrees of fine-
ness, edrth for the crucibles, charcoal, dried cow-dung cakes, re-
torts'made of glass, earth, iron and conch-shells, iron-pans, etc.!

A laboratory so equipped was clearly designed by someone with
a knowledge of many chemical processes, such as reduction, distilla-
tion, extraction, and digestion (dissolving in acid or caustic solutions)
and capable of performing some fairly intricate chemical investiga-
tions. Other sections of this work describe ideal students in the lab
(though few would meet such stringent requirements today):

The pupills] should be full of reverence for [their] teacher, well-
behaved, truthful, hard-working, obedient, free from pride and
conceit and strong in faith . . . used to life upon proper diet and
regimen . . . well-versed in the knowledge of the drugs and plants
and in the languages of many countries . . . (ibid.)

Requirements likewise were placed on the professor: “The in-
structor must be wise, experienced, well-versed in chemical processes,
devoted to the Siva and his consort Parvati, sober and patient” (ibid).

It is impossible to tell if Eastern ideas on iatrochemistry and sys-
tematically designed laboratories gradually made their way to Europe
or later arose spontaneously in European minds, but it is clear that
these ideas appeared in India and China first and were not immedi-
ately assimilated by the Europeans. The question then arises, Why not?
One answer might be found in the series of disasters—natural, politi-
cal, and consequentially intellectual—that assailed Europe at this time.

DISASTERS OF THE 13008

Starting in the 1300s a series of local famines took a heavy toll, but the
real calamity struck around the 1340s: the bubonic plague, the Black
Death. Within a few decades almost half the population of Europe
died. Towns, especially vulnerable to the communicable disease, fell
into ruin. The new centers of freedom and learning closed their doors.
Progress ground to a halt.
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Responding to madness with madness, political powers of the pe-
riod engaged in almost incessant war. In a series of battles between
England and France called the Hundred Years’ War, bands of English
soldiers ravaged the French countryside until the illiterate peasant girl,
Joan of Arc, led a French revival. Though she was caught and burned,
this just freed the English to turn to their own troubles, and in the late
1400s, suffer the internal War of the Roses.

Responding to what was believed to be the devil running amok,
Europeans in this deeply religious and superstitious age became more
religious and superstitious. Extreme forms of penitence, such as flagel-
lation, increased in practice. The Spanish Inquisition was established to
ferret out heretics and questionable Christians. The Jews of Spain were
offered expulsion or conversion (thereby depleting Spain of many of
the scholars who had been instrumental in its intellectual revival), but
converts were suspect, too, and many died with the Inquisition’s some
13,000 victims. Christian Europe consigned itself to an all-out war against
witches, pagans, sorcerers, Jews, and anyone doing anything outside
the established norm. Those accused of being witches had a particu-
larly virulent holocaust unleashed on them: They were hunted, tortured,
and executed—sometimes in mass campaigns. Many times these un-
fortunate women were midwifes and healers—repositories of medici-
nal and chemical knowledge—but it was believed that those with powers
to heal could have learned these secrets only from the devil; therefore
they must also have the powers to harm.? Alchemists had to take care
that their powers were not interpreted as derived from the same source.

Consequently European alchemists at this time were a cautious lot, and
not given to great leaps of imagination. A number of alchemical man-
uscripts were produced, but they mainly repeated what had been said
earlier, 2 number of experiments were tried, but they mainly repeated
what had been done earlier. Alchemists cloaked their work in symbol-
ism and mystery—presumably to hide “the great secret"—but the ab-
struseness may have served another purpose: It is difficult to accuse
one of unorthodoxy if no one can discern what has actually been said.
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Figure 5.1. A drawing of witches brewing by Botticelli. (Courtesy of Alinari/Art
Resource, New York.)
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Mercury for example was variously referred to as doorkeeper, our
balm, our honey (our referring to the clique of alchemists), oil, urine,
May-dew, mother egg, secret furnace, oven, true fire, venomous
dragon, Theriac, ardent mine, green lion, bird of Hermes, and two-
edged sword that guards the tree of life.’ Birds flying to heaven and
back symbolized sublimation and distillation; a devouring lion repre-
sented corrosive acid. The serpent or dragon represented matter in its
imperfect state (traceable to the Alexandrian alchemy of Zosimos), and
marriage or sexual union symbolized the alchemical process itself
(traceable to the Alexandrian alchemy of Mary the Jew). Symbols from
the pervasive Christian religion were also used to describe the al-
chemical process. The alchemical death and rebirth of metals paral-
leled the death and resurrection of Jesus; the trinity of God paralleled
the trinity of salt, sulfur, and mercury, thought by some to be part of
all metals.

A question that must come to mind at this point is this: If they
had so valuable a secret that it had to be written in code, then why
did alchemists write books—in code or otherwise—and risk someone
deciphering the code and learning the secret? One possible answer
may be the income gained from selling the books to other alchemists.
Most alchemists were clerics (the group most likely to be literate) and
impoverished (either by circumstance or vow to their church). And
while they might claim to pursue alchemy for the glory of the Christian
church, the Christian church did not support this rather questionable
means to its ends. Equipment had to be purchased, and glassware was
crude and easily broken. Many times artisans had to be paid extra to
work in secret because alchemists did not have approval of superiors
or the trust of their neighbors or because alchemists feared that some-
one might discover what they were working on and attempt to force
from them a secret they did not have.

Whatever the motivation, the mystic aura of writings and the
secrecy of practitioners promoted a general mistrust of the alchem-
ical art. Another class of alchemist who did little to allay the per-
ception were the inventive souls who shunned reliance on authority
for defiance of authority—alchemists who rose above the mire of
mysticism to see the true route to making gold—the alchemical
swindler.
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Figure 5.2. An alchemist of the European Middle Ages tending his fire. (Courtesy of
E.F. Smith Collection, Special Collections, University of Pennsylvania.)

The Alchemical Swindler

In the 1300s and 1400s continuous wars and power plays created a
great demand for gold, and the swindler indulged in a lively game:
Find powerful nobles in need of funds; put on a good show and con-
vince them to invest; collect all you can; then run for your life.

To gain the confidence of their patrons, these swindlers, with great
pomp and mystery, mixed together strange and foul mixtures and pro-
duced gold by using caldrons with false bottoms, hollow stirring rods
plugged with black wax, or chunks of minerals or charcoal contain-
ing small amounts of gold. In another trick they took a nail, half iron
and half plated gold, and painted it black. When dipped in the ap-
propriate liquid, the paint washed away, and the nail appeared to turn
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to gold. Coins made from an alloy of silver and gold (which was white
in appearance) could be dipped in nitric acid, which would dissolve
the surface silver, so that the coin appeared to turn into gold. Some of
these coins can be seen today in museums. We have to admire the
skill of these swindlers and ask who was the better chemist: the scholar
or the con?

The game however was not without risks. An impatient patron
might decide to imprison a swindler to extract the “secret” more di-
rectly—or more likely, having lost faith after a time, seize the culprits
and hang them for fraud. Death was certainly the fate of many, in-
cluding one female alchemist, Marie Ziglerin, burned at the stake in
1575. A certain German noble is said to have kept a special gallows,
painted in gold, to be used only for alchemical swindlers. Given the
distrust engendered by these swindlers—and the horror associated
with the black magic practiced by some—secular and spiritual leaders
issued decrees against alchemists and even the possession of alchem-
ical paraphernalia. Dominican friars threatened to excommunicate al-
chemical clerics; Dante consigned his alchemical character to hell. If
there had been any impetus for chemical experimentation before this
time, it was certainly discouraged now.

USHERING IN A NEW AGE

Toward the end of the 1400s however, the spell began to break. Modern
printing came into use around 1450, and in 1464 the Earl of Warwick
used gunpowder and cannon to knock down Bamborough castle,
changing warfare forever. Political change accompanied technical ad-
vance. Constantinople fell to the Ottoman Turks in 1453, and its schol-
ars were sown throughout Europe. In the watershed year of 1492
Ferdinand and Isabella concluded the reconquest of Spain and financed
the voyages of Columbus.

Philosophical changes accompanied the technical and political. In
the 1300s a movement in opposition to Scholasticism, commonly known
as the European Renaissance, began to stir, and by the 1400s it had
wrought its change. For alchemy however this did not necessarily bode
well. Petrarch, one of the motive forces for the Renaissance movement,
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said, “Thely} are fools who seek to understand the secrets of nature.™
The alchemical attempt to make gold had degenerated into mysticism
and magic; it had become riddled with artifice and fraud, and it was
doomed to wither on the vine. However the alchemical study of mate-
rial interactions still found an application once it was slightly reformed.

CA. 1500: CHEMISTRY REFORMS

The basis for reformation in chemistry like the religious Reformation
undertaken by Martin Luther at the same point in history was the re-
jection of established authority. Such an action may not seem all that
daring by today’s standards, but we must remember that in the 1500s,
authorities thus challenged had a millennia of precedent to authorize
them—and dissidents in any arena were often subjected to a heavy
hand (the Spanish Inquisition with all its associated horrors was in full
force). It took courageous people to lead such rebellions and high
ideals to drive them. The rejection of religious authority was so revo-
lutionary that it led to civil uprisings, oppressions, and bloody reli-
gious wars. The reformation in chemistry was accompanied by much
less bloodshed, but it, too, was a radical departure from the way things
had been. The driving idea for the Chemical Reformation was that
alchemy could be used for something other than the manufacture of
gold; that is, it could be used to make medicines as well. This may
seem mild and certainly not revolutionary until we recall that to pro-
pose this meant to reject the teachings of the time-honored medical
authorities of the day: Galen, Hippocrates, and Avicenna. It was in fact
such a radical stance that it required its own firebrand as forceful as
Luther to promote it. This new application of alchemy to medicine, ia-
trochemistry, found its champion in Philippus Theophrastus Aureolus
Bombastus von Hohenheim—aka Paracelsus.

Paracelsus

Paracelsus—a sobriquet coined by its bearer to denote his superiority
to the ancient Greek medical authority Celsus—was born about 1490
(perhaps 7 years the junior of Luther), probably near Einsiedeln, in the
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Figure 5.3. Paracelsus. (Courtesy of the John F. Kennedy Library, California State
University, Los Angeles.)

canton Schwyz, a lead-mining region of Germany. At the age of 16 he
entered the University of Basel, but he quit to study alchemy under
Hans Trithemius, the abbot of Sponheim. Paracelsus did not find this
study satisfying either, and he abandoned it for work in the mines in
Tirol.

In the mines he learned the physical properties of minerals, ores,
metals, and mineral waters, and he observed the accidents and dis-
eases that were part of the lives of the miners. For the next 10 years,
he roamed through Europe, studying in nearly every famous univer-
sity. He may have traveled as far as Constantinople, Egypt, and Tartary,
talking with—and learning from—Gypsies, conjurers, charlatans, sor-
cerers, midwives, bandits, convicts, and thieves.
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By the end of this time, Paracelsus had gathered quite a bit of in-
formation, much of which had to do with remedies and cures. Although
it is debatable whether he actually earned any kind of a degree in med-
icine, he pronounced himself a physician and began to prescribe. The
medicines he prescribed however were not the traditional herbal reme-
dies described by Galen but a potpourri of his acquired folk remedies
and new medicines that he himself invented, applying his alchemical
talents.

Alchemy has always had transmutation for a goal, and for
European alchemists this usually meant transformation from base metal
into gold, although some alchemists, such as John of Rupescissa,
adopted the Eastern-type goal of transmuting diseased flesh into
healthy flesh with an alchemical elixir. Paracelsus on the other hand
extended the definition of alchemy to any process in which naturally
occurring substances were made into something new: “For the baker
is an alchemist when he bakes bread, the vine-grower when he makes
wine, the weaver when he makes cloth.” He even went so far as to
give the name Archaeus to what he imagined to be an alchemist in the
body that directed digestion. However the most important use of
alchemy, he believed, was to prepare medicines to restore the chem-
ical balance of a body disturbed by disease.

Accordingly Paracelsus went to work concocting chemical reme-
dies. In what may have been the first generalized series of chemical
reactions, he subjected a large number of metals to a standardized set
of procedures and obtained a series of salts (solutions of which he
called ofls) for use as medicines. Paracelsus may also have been the
first European to use tincture of opium (an alcohol extract of opium),
which he named laudanum, to treat disease. The action of the opium
may have been more an analgesic than an actual cure, and how much
self-prescription (if any) he indulged in, we do not know, but we do
know that his writings were not of enduring importance, partially be-
cause of a strange, rambling, and confused style. Paracelsus also used
the relatively new (since Galen) medicine, distilled ethanol, and he is
said to have been the first to use the word alcohol to describe this dis-
tilled essence of wine. Originally a name for an Eastern eye makeup,
al-kubl, or al-kohol, had come to mean any very finely divided pow-
der, then “the best or finest part” of a substance.’ That Paracelsus



chapter FIVE

thought alcohol was the finest part of wine is evident by the consis-
tent reports that he drank a great deal and often retired for the evening
on a tavern floor.

But whatever cures, real or apparent, effected from salts and
opium, Paracelsus’ greatest triumph was the use of mercury to treat
syphilis, the new disease of the day.” While syphilis today is charac-
terized as a slowly developing disease causing genital sores and even-
tually leading to more serious symptoms if untreated, in Europe of
1495 it was described as causing pustules to cover the body from head
to foot, skin to peel from faces, and to result in death within a few
months. By the mid-1500s syphilis appears to have evolved into a dis-
ease closer to that known today. (It has been suggested that the mi-
crobe developed a less virulent form so that the victim would stay alive
longer, ensuring the spread of microbes). But it was still a dreaded dis-
ease, and orthodox medicine, coming from Hippocrates, Avicenna,
and Galen and relying on herbal remedies, had no effect on it. Topical
applications of mercury however did. In fact until the 1900s a better
treatment for syphilis could not be found.

Paracelsus may have heard of the treatment in his travels (Bhava
Mista at this same time prescribed mercury for the syphilis brought
into India by the Portuguese),® or the discovery may have been
serendipitous, based on Paracelsus’ adoption of the extension of
the mercury—sulfur theory of the Islamic alchemists to a tria prima
consisting of mercury (soul), sulfur (spirit), and salt (body). But
while Paracelsus was on this one occasion very successful, there is
no record of the number of people he adversely affected while ex-
perimenting with potions that were not effective, and it may have
been considerable. He did however have a talent for observation;
for instance he described the relationship between cretinism in chil-
dren and the existence of goiters in their parents. His greatest con-
tribution to medicine may have been the idea that doctors should
act on what they observe rather than blindly following accepted
authority.

His successes gave him the confidence (which in truth he never
lacked) to criticize physicians of the time and to point out their igno-
rance and greed. However of the iatrochemists (that is, spagyric physi-
cians), Paracelsus said:
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1 praise the . . . spagyric physicians, for they do not consort with
loafers or go about gorgeous in satins, silks and velvets . . . but
they tend their work at the fire patiently day and night. They
do not go promenading, but seek their recreation in the labo-
ratory, wear plain leathern dress and aprons of hide upon which
to wipe their hands, thrust their fingers amongst the coals, into
dirt and rubbish and not into golden rings. They are sooty and
dirty like the smiths and charcoal-burners, and hence make lit-
tle show . .. do not highly praise their own remedies, for they
well know that the work must praise the master, not the mas-
ter [the] work. . . . Therefore they let such things alone and busy
themselves with working with their fires and learning the steps
of alchemy.®

Then around 1525 when Paracelsus was in his late thirties, he
had the good fortune to be called to Basel to consult on a serious
leg infection being suffered by Johannes Froben, a famous and
influential humanist and publisher. Although amputation was being
considered, Paracelsus advised less drastic treatment, and Froben
survived, crediting Paracelsus with the cure. This and the medical
advice he gave to another famous and influential humanist, Erasmus,
who happened to be staying at the Froben house at the time, won
Paracelsus the position of town physician in Basel, and shortly
afterward he began giving lectures on medicine at the local univer-
sity.

The lectures broke completely from tradition: They were in
German, not Latin, (we note that Luther also took the radical step of
translating the Latin Bible into German), and the lectures contained
more practical information than theory. Not only did Paracelsus dis-
miss the works of Galen and Avicenna, he is said to have tossed a
copy of Avicenna’s Canon into a student bonfire and expressed the
hope that the author was in like circumstances. (Again we note the
similarity to Luther. Luther, threatened with excommunication by an
edict from the pope—a papal bull—solemnly and publicly burned the
bull.)

Paracelsus’ reputation for cures grew as did his practice but un-
fortunately so did the ranks of his enemies. These enemies included
physicians who maintained that he had no degree and therefore no
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qualifications, and pharmacists who felt—because he preferred to mix
his own drugs—that they were being deprived of rightful income.
When his patron Froben died 2 years after Paracelsus’ cure (it is not
known if Froben’s leg was again involved), his enemies began to gain
strength.

This growing hostility came to a head when Canon Cornelius von
Lichtentels apparently promised Paracelsus the exorbitant fee he de-
manded when the canon experienced agonizing abdominal pain but
when cured by a few of Paracelsus’ opium pellets, refused to pay. The
courts sided with the canon, and Paracelsus, never shy, voiced his
opinion of the courts. Afterward his friends convinced him it was pru-
dent to leave Basel at once.

Cast out from Basel, Paracelsus began new wanderings, which
ended when he was in his fifties and the Archbishop Ernst invited him
to settle in Salzburg under the archbishop’s protection. A few months
later however, Paracelsus died, and like many of the details of his life,
the cause of his death is uncertain. Some say he was thrown from a
height by his enemies, others say he died in a drunken debauch. Some
say he died quietly in an almshouse, which may be the most difficult
report to believe.

Though there were other chemical authorities who, like
Paracelsus, believed that there was a need to combine practical chem-
ical knowledge with theoretical research and that the direction of re-
search should be pragmatic, they did not rush to be associated with
him, primarily because of his rash outspokenness and the excesses
proposed by his followers. These included using mercuric sulfide to
treat epilepsy; zinc sulfate to treat nearsightedness; lead sulfide for
diseases of the spleen; iron sulfide to cure diabetes; and mercuric
oxide to treat all manner of malaise, even though the effects of mer-
cury poisoning—loosening of teeth, palsy, nervous disorders, and
death—were well known at the time. These other chemical author-
ities took a more judicious tack: They compiled books. This effort
was encouraged by an increase in support for education coupled
with the 1450 invention of movable type. As a result chemical knowl-
edge could be standardized, it was no longer subject to copyist er-
rors, and it was available in much greater quantities and at a much
lower price.
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THE NEW CHEMICAL AUTHORITIES
Biringuccio and Agricola

For example Vannoccio Biringuccio, an Italian, wrote De la pirotech-
nia (Concerning Pyrotechnics), published in 1540, which details as-
saying and smelting major metal ores—gold, silver, copper, tin, iron,
lead, and mercury—and alloys, casting, bell making, explosives, fire-
works, and some alchemy. Often cited as the first printed book on
metallurgy and metallurgical chemistry, this work became a standard
reference for metalworkers in the 1600s.

Georgius Agricola wrote on the methods of geology and miner-
alogy. Though he was acquainted with Biringuccio’s work and copied
some from it, Agricola emphasized individual experimentation and ob-
servation. Used as a reference for well over a century, his works in-
cluded clear instructions and descriptions that were of considerable
assistance to the infant chemical industries of the times. De re metal-
lica (On Metals), written when Agricola was 61, consists of 12 books
(a book then was about the size of what would now be considered a
chapter) on mining, metallurgy, and geology, and it is superbly illus-
trated with woodcuts. Agricola discussed the geology of ore bodies,
surveying, mine construction, pumping, ventilation, and water power.
He described assaying, enriching ores before smelting, and procedures
for smelting and refining. He also discussed the production of glass
and of a variety of chemicals used in smelting operations. The work
served as a textbook and guide for miners and metallurgists for the
next 200 years, and it retained such an interest that in 1912, mining
engineer H. C. Hoover and L. H. Hoover (later better known as President
and Mrs. Herbert Hoover) provided an English translation.

Agricola included some sections on chemical theory, but they are
pragmatic and skeptical of transmutation and showed an unfavorable
reaction to Paracelsus. An even more vehement critic of Paracelsus’
was Andreas Libau, or Libavius in the Latin form.

Libavius
Libavius was born in Germany around 1560. The son of a weaver, he

attended school at the Hale Gymnasium, then at 18, he attended the
University of Wittenberg (Hamlet’s university). This achievement at-
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tests to his tenacity and talents because, at this time, sons of the work-
ing class rarely attended universities. (There were some universities
for women, but these were rarer still.) Libavius was also riding on the
post-Reformation crest: Now that religion had become more a debat-
able matter than a fact of life, there was a need for serious, knowl-
edgeable, and effective religious leaders in both Protestant and
Catholic countries. This gave education a boost that occasionally found
its way down to the working class. The main body of Libavius’ opus,
Alchymia—considered the first chemistry textbook—is a clear and
highly systematic survey of contemporary descriptive chemistry. The
main work and supplements of Alchymia total over 2000 pages, and
the book contains 200 illustrations. The main work is in four parts:
“Eacheria” (which is concerned with techniques and equipment,
including furnaces, sublimatories, distillation apparatus, crucibles, mor-
tars, and vials); “Chymia” (which contains details of chemical prepa-
rations); “Ars Probandi” (which contains methods of chemical analysis);
and a section on the theory of transmutation.

In “Chymia,” Libavius gave clear directions for preparing aqua
regia, sulfuric acid, and what may have been the first directions for
making hydrochloric acid by heating saltwater in the presence of clay.
Libavius may have also been the first to show that sulfuric acid can be
made by burning sulfur with niter (potassium nitrate), and he proved
that the acid so obtained was identical to that prepared by distilling
green vitriol (hydrated ferric sulfate) or alum (hydrated potassium alu-
minum sulfate). He also described the synthesis of stannic chloride
(which he prepared by heating tin with mercuric chloride) and the
blue color given by ammonia with copper salts—both possibly for the
first time. “Ars Probandi” was divided into two parts: scevasia and er-
gastia. The scevasia included information on using balances, on al-
chemical symbols, and methods for preparing crucibles, fluxes, and
acids. The ergastia gave information on assaying techniques for met-
als, minerals, and mineral waters.

Libavius also included in Alchymia a design for a chemical labo-
ratory. In addition to the main laboratory, his ideal “chemical house”
contained a chemical storeroom, a preparation room, an assistant’s
room, crystallization and freezing room, a sand and water bath room,
a fuel room, and a wine cellar. He did not however include a balance
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room: Precise measurements were not yet used, and chemistry was
still not a quantitative science.

So we see that in the 1300s and 1400s, the chemical arts advanced
little (with the possible exception of the art of the alchemical swindler).
The technical advances of chemistry in the 1500s also seem pedes-
trian, but this period was anything but a pause. During this Age of
Reformation chemistry underwent its own reform. The goal of chem-
istry was realigned and redefined. Mining, medicine, and alchemy were
intertwined. The ancient authorities were tried and found wanting, and
the task of establishing new authorities was taken on. A new empha-
sis was placed on chemical preparations for medicine, which had a
stimulating effect on chemical research.

In many ways the Chemical Reformation set the stage for what
we will soon refer to as the Chemical Revolution. But with the refor-
mation also came reaction, and there were some hesitant steps back-
ward—then forward—as we see in the 1600s.
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E urope in the 1600s was in an ambiguous age. The first part of the
century saw the English Civil War in which Charles I was beheaded,
but the latter part of the century saw the English Bloodless Revolution
in which James II was politely dismissed and replaced with the monarch
of parliament’s choice. On the continent the Thirty Years’ War marked
the last major European war of religion, but the first of the pan-European
nationalistic struggles for power. Feudalism for the most part had ended,
but the fencing in of feudal estates caused more homelessness than
liberation. World exploration and colonization resulted in an influx of
new products and information, but these also reestablished the archaic
practice of slavery. Europeans adopted sugar, tobacco, and coffee
habits, but modern hygiene habits were still a long way off: Samuel
Pepys gives an implicit picture of the odors of seventeenth-century
London when he reports that his neighbor’s sewage was dumping into
his basement, but he did not know it until he stepped in it.

chapter
SIX
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For the macroscopic sciences of physics and astronomy, it was
the age of Scientific Revolution; but for chemists dealing with the
contortions of unseen molecules, fundamental principles remained ob-
scure. There was a feeling that the underlying theory for their investi-
gations—that matter was composed of some number of elements and
that these elements were present in all matter—was not providing an-
swers, but chemists did not have the information needed for a new de-
finition. By the end of the 1600s however, they would be closing in.

THE SCIENTIFIC REVOLUTION

The premier spokesperson for the philosophy that spurred the Scientific
Revolution—René Descartes—was a soldier of fortune. French-born
René Descartes joined the army in his early twenties and fought in the
early stages of the Thirty Years’ War. In the midst of the realities of this
war, he developed his relentlessly rigorous philosophy that allowed
only one basic premise—cogito ergo sum: I think therefore I am.
Descartes and the English philosopher Francis Bacon proposed that
truth could only be arrived at by careful, stepwise analysis that in-
cluded a review at each step for oversight and accepted nothing as
true unless clearly proven to be such. We find the origin of our mod-
ern scientific methods in these two philosophers. As elegantly stated
by Bacon, “We are not to imagine or suppose, but to discover, what
Nature does or may be made to do.™

To our modern way of thinking, this approach appears to be noth-
ing more than sound experimental method, but in an age when divine
revelation could be taken as proof, it was revolutionary. Descartes,
Bacon, and their contemporaries—Spinoza (an outcast Dutch Jew and
expert lens maker), Hobbes (a timorous English tutor), and Leibnitz
(a dexterous German mathematician, philosopher, historian, and sci-
entist)—completed the overthrow of Scholasticism by rejecting all re-
liance on authority, no matter how venerable. Buoyed by discoveries
of Newton and Galileo, they viewed the universe as a machine gov-
erned by fixed, fathomable laws rather than divine discretion.

But Newton'’s laws of motion apply to macroscopic objects—can-
non balls and moons—and chemists could not yet use these laws to
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describe attractions between atoms (if chemists had even known for
certain that atoms existed). When laws governing these attractions were
finally understood in the 1900s, the solution would have surprised even
Newton. However the Scientific Revolution provided chemists with en-
couragement—it showed the possibilities.

In this wavering age however, the Scientific Revolution was not
without opposition. The Catholic Church had finally incorporated the
views of Aristotle into Christian dogma, and now any statement counter
to Aristotle could be considered heretical. Galileo? observed the heav-
ens through the newly discovered telescope and obtained evidence
for the sun-centered planetary system proposed by Copernicus and
Kepler. (Kepler used observations by Tycho Brahe and his sister
Sophia—a student of chemistry as well as astronomy). However hear-
ing the Inquisition’s objections—and shown the Inquisition’s instru-
ments of torture—Galileo recanted. He probably reasoned—and rightly
so—that suffering on his part would not alter the orbits of the planets
and that he would be vindicated in the end. And in the end he was:
The Vatican vindicated him in the early 1990s.

The eon straddling of the age was shared by chemistry. Side by
side, the Rosicrucian society of mystical alchemists thrived with the
French Academy of Sciences and the English Royal Society, both formed
for discussion and dissemination of scientific discovery. The modem
word chemistry came into use in the very early 1600s, but as a collec-
tive term for alchemy and iatrochemistry, and only much later in the
century did it describe an independent field of study. If chemistry were
practiced more often to make medicine than gold, this was only be-
cause gold and silver from the Americas made gold making less worth
the effort. There were though those who would still try it: in 1603 the
Scottish alchemist Alexander Seton was imprisoned and tortured in an
attempt to extract the secret of his well-publicized transmutations. At
the other end of the century, no less than Charles II of England un-
dertook transmutations. Mercury fumes from his various researches
may have contributed to his final illness. Even Newton, whose con-
cept of gravity was a triumph of the mechanical view of the universe,
spent considerable effort attempting to decode alchemical books.

But also during this century phosphorus was discovered by
Hennig Brand; iatrochemicals were manufactured on an industrial



110 chapter SIX

scale by Johann Glauber; and Nicholas Lemery wrote Cours de
chymie, a clear, concise chemistry textbook, and he made a living
from chemical lectures and sales of his text. We choose Johannes van
Helmont as our 1600s chemical exemplar because he also exempli-
fies the age: He is at times impressively progressive, at other times
depressingly archaic.

Johannes van Helmont

Johannes (Joan) Baptista van Helmont, born in Brussels in the late
1500s to a family of landed gentry, had difficulty finding an intellec-
tual home. Initially he studied arts, but believing academic degrees a
vanity, he took no degree in this course of study. He studied under
mystics as well as Jesuits, and he studied the classics as well as con-
temporary authors. He studied medicine, but after a time gave away
his books to other students, saying later he should have burned them.

Figure 6.1. Johannes van Helmont and son, Franciscus Mercurius. It is a devoted fa-
ther and chemist who names his son for his science. (Courtesy of the John F. Kennedy
Library, California State University, Los Angeles.)



ca. 1600: Philosophers of Fire

In the manner of Paracelsus, Helmont then turned to travel as a means
of acquiring medical knowledge.

By the turn of the century his idealism must have given way to
some practicality, because he had acquired a medical degree and begun
practicing medicine. He had some success as a physician, and he was
apparently able to offer some relief during a 1605 epidemic of the plague.
He must have found medicine in the trenches disturbing because he
soon declared “{I} refuse to live on the misery of my fellow men” or “to
accumulate riches and endanger my soul,” and he turned instead to
private research. By Helmont’s time the word chemist had come to mean
someone who prepared medicines, extracts, and salts, and the word al-
chemist, now almost synonymous with swindle, was starting to fall out
of use. Helmont, lacking a name to describe a person doing chemical
research, called himself a philosopbus per ignem, a philosopher of fire.*

He was affluent enough to have retired when he became (through
marriage) a manorial lord. “God has given me a pious and noble wife.
I retired with her ... and for seven years I dedicated myself to py-
rotechny [chemistry] and to the relief of the poor.” He and his wife had
an unspecified number of daughters and one son, Franciscus Mercurius,
a name that celebrated his father’s devotion to the chemical arts.

When considering Helmont’s medical theory, we must remember
that in the 1600s medicine was in as much a state of flux as was chem-
istry. Medicine had long been a matter of tradition and superstition.
And though Paracelsus had demonstrated that new remedies might oc-
casionally be found in chemical preparations (at least mercury worked
against syphilis), medicine was far from using strict empirical meth-
ods. So while Helmont progressively questioned the therapeutic ef-
fects of sweating and bleeding, he used the specific gravity of urine
as a diagnostic tool, and came close to identifying stomach acid as hy-
drochloric acid, he regressively put faith in such foul remedies as worms
from the eyes of toads.

Helmont was living in Belgium, a Spanish possession, at the time
of the Spanish Inquisition, and when an article written by Helmont
was published (probably without his permission) defending a rather
bizarre cure for wounds, the Inquisition inquired. In the treatment the
wound itself was only cleaned and bound, while the weapon that
caused it was taken away and treated with medicinal ointments and
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salves. Ironically the technique may have had a higher cure rate than
conventional treatments that applied noxious chemicals or dirty herbal
preparations to the wound. The Inquisitors however were not amused
by such magical methods when practiced by the laity.

Helmont was condemned for heresy, arrogance, and association
with Lutheran and Calvinist groups. Helmont prudently acknowledged
his error and revoked his “scandalous pronouncements,” but he was
still arrested, and after several interrogations, he was placed under
house arrest. The house arrest was lifted after 2 years, but church pro-
ceedings against him were not formally ended until 8 years later, 2
years before his death.

Helmont’s chemical theory was also a curious blend of the archaic
and the advanced. Many of his day accepted the dissolution of metals
in acid as evidence of transmutation, and transmutation was also used
to explain the reaction (called displacement in modern terminology)
wherein an iron horseshoe left in a stream naturally rich in copper
salts eventually becomes coated with a copper layer. Helmont was able
to discern the difference and denied that either of these reactions was
transmutation, but this did not stop him from believing in the possi-
bility. He gave an account of what he sincerely believed to be a trans-
mutation of 8 ounces of mercury into gold achieved by a quarter of a
grain of a yellow powder given to him by a stranger.

1t is hard to know what actually happened. Mercury is well known
for its combining powers, and it very well may have incorporated some
yellow colored material and become a yellow-colored solid (this was
how false gold was made by artisans), but it is difficult to conceive of
a material that could do so in such small amounts. It may have been
that the scale Helmont used was wrong, or maybe the person who
gave him the powder also gave him a vessel to use with it, and some-
thing in the vessel entered into the reaction. The charlatan was still ac-
tive at this time, and many were capable of pulling off such a deception.

So Helmont continued to vacillate from revolutionary to reac-
tionary throughout his life. He rejected the Aristotelian four elements
(at great personal risk, it should be noted), but then replaced them
with water and air, pointing to the biblical story of the creation of the
heavens and water on the first and second days. On the other hand
he made extensive use of the balance, and as a result of his careful
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observation, he was convinced that nothing is created or destroyed in
a chemical reaction.

In his famous willow tree experiment (actually suggested 200 years
before), he weighed a willow seedling, then planted it in a tub with
200 pounds of soil. After watering it for 5 years, he removed the tree
and reweighed it and the soil. He found that the tree had increased in
weight but the soil weighed the same. He therefore concluded that the
tree had converted the water into wood. The experiment of course is
sorely lacking in controls: The water should have also been weighed,
but that would have been difficult because of spillage, leakage, and
evaporation. Also the plant’s intake of carbon dioxide and output of
oxygen were ignored because Helmont had no idea this was occur-
ring. But the basic idea was there: Matter had to be accounted for in
the balance. Whatever was put into a reaction should come out in one
form or another.

Such ideas were not unique to Helmont. His German contempo-
rary, Angelus Sala, dissolved a weighed amount of copper in sulfuric
acid, chemically recovered the metallic copper, and found that it weighed
the same as the copper he began with. Sala was also able to show that
he could artificially produce a hydrated copper sulfate identical to a nat-
urally occurring substance, a revolutionary thought for the time. But Sala
did not have the prestige and influence of Helmont, so his work—though
remarkable for the time—did not have the impact that Helmont’s had.

Not all of Helmont’s impact however had to do with his prestige.
He made important contributions, such as his description of a whole
new class of substances: gas. Helmont coined the word gas, probably
based on chaos, and though most of the gas he produced was carbon
dioxide (obtained by burning charcoal, fermenting grapes, or the ac-
tion of acids on carbonate salts), he also obtained impure samples of
nitrogen oxides (from the action of nitric acid on metals); sulfur diox-
ide (from burning sulfur); chlorine and nitrosyl chloride (from the
reaction of nitric acid with ammonium chloride); and a mixture of hy-
drogen, methane, and carbon monoxide (from the dry distillation of
organic material and from intestinal gas, which he also knew to be
flammable). He called this gas phase spiritus sylvestris (wild spirit) be-
cause he believed it could not be restrained to a vessel or reduced to
a visible state. When chemists began to tame this wild spirit—gas—
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and apply their results to an unexplained problem—combustion—
much needed new theories slowly emerged.

CA. 1600: CHAOS, COMBUSTION,
AND THE SKEPTICAL CHEMIST

Though recognized as a subject worthy of study, gases could not im-
mediately be attacked experimentally because of technical problems.
The first of these was containment. Helmont did not always appreci-
ate the volume of gas that would be released in his reactions, so he
routinely burst the crude and delicate glassware of the day. In fact he
believed gases could not be contained, and he left the matter there.
However a Benedictine monk, Dom Perignon, showed that efferves-
cence in his newly invented beverage, champagne, could be trapped
in glass bottles with bits of the bark of a special oak tree. The resul-
tant cork was a triumph for celebrants and chemists alike.

Another worker, Jean Bernoulli, used a burning glass (a lens used
to focus the sun—soon to be standard equipment in the chemist’s
repertoire) to ignite gunpowder in a flask. To avoid repeating the shat-
tering experience of Helmont, Bernoulli did his work in an open, rather
than a sealed, system, running a tube from the ignition flask to a vat
of water. He was able to show in this manner that gases from the re-
action occupied a much larger volume that the gunpowder (and be-
came wet in the process).

Otto von Guericke designed a practical air pump in the mid-1600s,
and armed with this and new techniques for containment—corks and
Bernoulli’s vat—a group of young scientists took on the task of de-
termining the qualities of Helmont’s gases. Working primarily in Oxford,
England, they were called, appropriately enough, the Oxford Chemists:
Boyle, Hooke, and Mayow.

Robert Boyle

Robert Boyle was born to a noble family of vacillating fortunes. His
father had gone to colonize southwestern Ireland in the 1500s and
had become rich and influential. He lost his property in a rebellion
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Figure 6.2. Robert Boyle, the skeptical chemist. (Courtesy of the John F. Kennedy
Library, California State University, Los Angeles.)

however and returned to England only to be thrown into prison for
misusing his position in Ireland and funds entrusted to him. Eventually
acquitted (and financially recovered), the elder Boyle bought Sir Walter
Raleigh’s estates in Ireland. He again accumulated wealth through
influence and industry, and he was made earl of Cork in 1620. Boyle
was his fourteenth child.

Boyle’s family background is important because his inherited
wealth allowed him the freedom and finances to pursue his chemical
investigations. He had as fine an education as could be acquired at
the time. He was taught at home by private tutors, then at Eton, a dis-
tinguished public school. Under the auspices of an older brother, Boyle
traveled in Europe and was tutored in the liberal arts and practical
mathematics. In the course of his travels, Boyle made a trip to Italy to
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be introduced firsthand to the work of the recently deceased Galileo.
He became an enthusiastic proponent of the new science.

With the outbreak of civil war in England, Boyle’s father, a Royalist,
again suffered a setback in fortune and soon died. The young Boyle
returned home to live simply and modestly in the family home. He
did not take a strong interest in politics (probably wise considering
the family history and the current atmosphere), and after 10 years
(around the mid-1600s), apparently longing for a richer intellectual at-
mosphere, Boyle moved to Oxford. There he performed experiments
for a time in lodgings next to University College, and he took part in
a discussion group called the Invisible College.

A lifelong bachelor, Boyle was of rather frail health, though we
wonder how much of his health would have been spared if he had
not had an interest in chemistry. Boyle, like many other early chemists,
reported faste among the properties of many reagents, and he was
fond of dosing himself and friends with various preparations. Partially
because of his bad health, he eventually moved to London to live with
his sister. Boyle set up a modest laboratory at the back of her house,
which became a meeting place for science-oriented intellectuals and
a center for research.

Boyle was a prodigious worker, and he performed experiments
on many chemical systems, but his experiments on the nature of
Helmont’s gases are of crucial interest here. When Boyle learned of
Guericke’s air pump, he immediately began investigation. The income
left by his father was sufficient to have instruments made and to em-
ploy assistants. One of these, Robert Hooke—an important investiga-
tor in his own right—built an air pump. Boyle attached it to the
perennial chemist’s glass bulb and began experimenting. Within a mat-
ter of a few years, he had enough results to compile a book, New
Experiments Physico-Mechanicall, Touching the Spring of the Air and
Its Effects. '

This was Boyle’s first scientific publication and the one that es-
tablished his fame. In it he reported that sound did not propagate in
a vacuum and that air was truly necessary for life and flame. In the
appendix of the second edition (issued only a few years later), he elab-
orated on his observation of the elasticity of air, noting that the vol-
ume occupied by air was inversely proportional to the pressure applied
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(squeezing on a balloon makes it smaller). This generalization became
known as Boyle’s law, although in France, it is referred to as Mariotte’s
law because Edmé Mariotte also described it, albeit later than Boyle.
Mariotte gave no credit to Boyle, but he claimed no originality either,
treating it instead as one of several well-known laws of air.

Boyle explained the elasticity of air by assuming that air consisted
of corpuscles defined in the manner of René Descartes and that “each
corpuscle endeavors to beat off all others from coming within the lit-
tle sphere requisite to its motion about its own center.” Though lack-
ing the mathematical treatment necessary for its full elucidation, this
notion anticipated the currently accepted theory of the behavior of
gases—the kinetic theory of gases—which is based on the motion of
their constituent particles.

Boyle and his contemporaries considered air to be one substance,
attributing differences in reactivity to differences in purity. For instance
they saw that air generated by dropping steel filings into acid ignited
when lit with a candle, whereas room air did not. Actually they were
lucky that this was all they saw: The gas they were generating was hy-
drogen, and hydrogen mixed with oxygen can ignite with an explo-
sion.

Boyle also investigated the common observation that metals, when
calcined (heated strongly in air), increase in weight. We know now
that metals heated this way gain weight because they combine with
the oxygen in the air. If this process is carried out in a sealed con-
tainer, the weight of the system as a whole—the metal, the air, and the
container—should remain the same. Boyle heated metals in a sealed
retort, but when he weighed it, he failed to account for the inrush of
air that occurred when he opened the heated vessel. Boyle reported
an increase in the weight of the whole system and therefore concluded
that the increase was due to fire passing through the pores of the glass.
When it was suggested to Boyle that he should have weighed the re-
tort before breaking the seal, Boyle reported that he had but obtained
the same final weight! It was probably a faulty vacuum seal rather than
a preconception on Boyle’s part that caused him to report this false
result. Boyle, more than many thinkers of his age (and indeed more
than many thinkers of our own age) had an independent, logical, and
open mind. He understood the importance of strict experimental
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procedure. Rationalists, such as Leibniz, doubted the value of investi-
gation by experiment because they believed they could arrive at truth
by logical reasoning and that experiment was good only for confir-
mation. But Boyle conducted long disputes with rationalists, defend-
ing experiment as a means of proof.

The systematic Boyle also found rankling the imprecise language
of chemical theorists of his day. To call the attention of his colleagues
to these inconsistencies, he wrote in 1661 the classic didactic dialog 7he
Sceptical Chymist. In it Boyle used the familiar device of a conversation
among a group of friends—Themistus (defender of the Aristotelian the-
ory of four elements), Philoponus (defender of the Paracelsian theory
of three), Eleutherius (an uncommitted participant), the recorder of the
conversations (whose name is not disclosed), and Cameades (the skep-
tical chemist)—to attack both the Aristotelian and Paracelsian systems.

In the 1600s the concept of an element was essentially the same
as the Aristotelean concept: An element was a fundamental compo-
nent of all matter. Thus if sulfur were considered an element, then sul-
fur must be found in everything from gold to grape juice. Boyle was
not happy with this concept of an element, but he did not really offer
anything in its place, though the following quotation from The Sceptical
Chymist is sometimes given as evidence that he did:

And to prevent mistakes, I must advertize you, that I now mean
by Elements ... certain Primitive and Simple, or perfectly un-
mingled bodies ... of which all those called perfectly mixed
Bodies are immediately compounded, and into which they are ul-
timately resolved.®

But this definition is compatible with what chemists of the 1600s viewed
as elements as well as the modern view, so it is doubtful that Boyle
meant anything new. He likewise offered no new list of what should
be considered an element, but this may be to his credit. Boyle knew
the definitions were faulty, but he did not feel on firm enough exper-
imental ground to offer an alternative. He did however hypothesize
that there could be more than four elements and even perhaps more
than five. He would have been interested to know that today we list
109, and we are looking for more.
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Boyle’s contributions to chemistry, beyond his work on gases, are
substantial. They include systematic studies of reactions between acids
and bases; some of the earliest application of plant-derived acid and
base indicators; and duplicating the process of isolating phosphorus.
In The Skeptical Chymist Boyle seems to question transmutation, but
he never really abandoned a belief in alchemy. When he died, he left
Newton a sample of a red earth that he believed would turn mercury
into gold. However this incongruous end was in an incongruous age.
One group guarded new discoveries as alchemical secrets, while an-
other group quarreled over who had announced new discoveries first.
One of the foremost members of this latter group was the former as-
sistant to Boyle: Robert Hooke.

Robert Hooke

Robert Hooke was by all accounts ill-natured, but he lived with such
constant discomfort, real and imagined, that he could not have been
otherwise. The son of an English minister, he was born with a skele-
tal defect that gave him a twisted frame and such poor health that he
was not expected to survive infancy. Survive he did, but he continually
suffered from headaches and other maladies, perhaps compounding
his condition with hypochondria.

His family attempted to educate him for the ministry, but he was
not diligent in this study. On seeing a clock dismantled however, he
built his own out of wood, then proceeded to construct his own me-
chanical toys. When his father died, the family, believing that he had
some talent in art, gave him 100 pounds and sent him to London to
buy an apprenticeship to a painter. On arrival in London however,
Hooke reneged on the apprenticeship, pocketed the money, and some-
how managed to be admitted by the master of Westminster School.
There Hooke learned Latin, Greek, and mathematics, reading (by his
own account) the first six books of Euclid in a week.

With this background Hooke hired out as an assistant to physi-
cians. He was apparently so valued in this capacity that one physician
recommended him to Boyle at Oxford. At about this same time how-
ever, with the fall of Cromwell and the restoration of the Stuarts, many
in the Invisible College circle of students and teachers were dismissed
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due to their political leanings. A few moved to London, where they
reorganized and—after a couple of years—accepted the king’s pa-
tronage and became the Royal Society.

The Royal Society continues to be important in the history of chem-
istry as a forum for discussion and a vehicle for publication. It is still
very important, and membership in this organization, which is by elec-
tion, is considered England’s highest scientific accolade. Philosophical
Transactions, an instrument of the Royal Society and the world’s old-
est currently continuing scientific journal, was founded in 1665. Part
of the initial success of the Society lay in the fact that it hired Hooke
to be the curator of experiments.

In the rarefied intellectual atmosphere of London, Hooke began
his independent career of many astoundingly diversified achieve-
ments. He enunciated the relationship known as Hooke's law, which
states that stretching in an elastic body, such as a spring, is propor-
tional to the force applied. This law was later used to describe the
motion of atomic nuclei in molecules. Hooke used a telescope to
make several original astronomical observations and a microscope to
describe snowflakes, cells (a word he first used), and microscopic fos-
sils. Hooke speculated on using the barometer to predict weather, but
he later doubted its efficacy, confounded no doubt by variables that
weather forecasters still struggle with today.

Appointed surveyor of London after the Great Fire, Hooke amassed
a considerable sum of money, and with this and his new, respected
position, he should have been a contented man. But in Hooke’s diary
we see a lonely person in pain. He never married but had a succes-
sion of mistresses, some of whom took monetary advantage of him.
His poor health now included a chronic and painful sinus inflamma-
tion accompanied by headaches, vomiting, giddiness, sleeplessness,
indigestion (possibly worms), and nightmares. These various maladies
he occasionally treated with alcoholic overindulgence, and when a
rare night passed peacefully, he noted it in his dairy as “Slept well.
Deo Gratias.™

Hooke was chronically embroiled in various controversies in
which he felt that his ideas had been usurped without proper credit.
As with most things of this sort, there was probably some basis for his
feelings. It has been reported that Newton, due to disagreements with
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Hooke, refused to acknowledge Hooke’s contributions to the study of
light and delayed the publication of Opticks for two decades after
Hooke’s death.”® When the one true love of his life, Grace, his niece,
ward, and later mistress, died, Hooke became even more reclusive and
cynical. His illnesses and discomforts must have increased because it
was said that in his last 2 years, he neither undressed nor went to bed.
But despite whatever flaws of personality, it should be noted that when
he died at 68, the entire membership of the Royal Society attended his
funeral to mourn his passing.

Hooke contributed substantially to the advancement of chemistry.
In addition to his work with Boyle, he pointed to some directions for
future chemical research. In his book describing his observations with
a microscope, Micrographia, Hooke put forth a theory of combustion
in which he states that a substance common to both potassium nitrate
and air, nitrous air, is the agent of combustion. But as with many of
his insights, he did not pursue the idea further (a habit that was the
source perhaps, of his perception that others usurped his ideas), leav-
ing this to the next person we encounter, John Mayow.

THE QUESTION OF COMBUSTION

We might have expected Boyle’s observations on the physical prop-
erties of the gas phase to excite a flurry of experimental activity in
this direction, but the opposite occurred. Boyle’s results seemed to
show that all gases behaved alike, so there seemed to be no need for
further research. Boyle himself realized there was more to be dis-
covered, as he stated in the late 1670s in Suspicions about the Hidden
Realities of the Air. But what other investigators found more inter-
esting was Boyle’s observation that air had something to do with
combustion.

To the delight of children and the despair of insurance agencies,
combustion, though commonplace, still remains one of the most spec-
tacular and fascinating chemical reactions. Aristotle believed fire to be
one of the four constituents of matter, and he reasoned that during
combustion, this element was released. Paracelsus reasoned that all
that burned contained sulfur; therefore he considered this substance
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to be an element and a component of all compound things. The function
of air in supporting combustion was seen by the alchemists as vaguely
mechanical: a means by which heat and fire were carried off. All these
speculations sounded reasonable enough, and they could be envi-
sioned without too much imagination. The only problem was that tin
smiths and lead smiths kept pointing out with irritating regularity that
the materials they worked with gained weight when heated, which
should not have been occurred if the element of fire were released.

But this observation did not cause the four-element theory im-
mediate, insurrmountable problems. For one reason the significance
of weight gained or lost in chemical processes did not become a cen-
tral part of chemists’ thinking until the late part of the next century,
although it was hinted at in the work of Helmont and Angelus Sala.
When it was observed that metals heated to a high temperature in air
(a process called calcination) gained weight, some imagined—as did
Cardanus in the mid-1550s—that the element of fire was somehow
working against gravity, buoying the metal up while it was still part of
it. Others, such as Boyle, attributed the weight gain to the absorption
of some part of the heat or light or flame. A few, such as John Mayow
and a certain Jean Rey, found a more plausible explanation—and one
that won out in the end.

John Mayow

John Mayow was born to an old, established, and respected Cornish
family. Though a practicing physician, he dedicated much of his per-
sonal time to scientific research, and he was an intimate of the Oxford
group and eventually a Fellow of the Royal Society. In the course of
his work, Mayow made two important advances in gas-handling tech-
niques: He showed that gas could be transferred from one vessel to
another underwater and that volumes of gas could be directly com-
pared if they were at the same pressure. He achieved this equalization
of pressure by leveling the water inside and outside a gas-containing
vessel with a siphon. Mayow also did some interesting, and (some say)
precocious work on the theory of combustion.

The level of understanding about this important reaction is sum-
marized in Boyle’s researches on the subject. Boyle knew that air was
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involved in combustion because if he dropped a combustible mater-
ial on a red-hot plate under vacuum, nothing happened. If he admit-
ted air, the material burst into flame. Mayow refined this observation
by conducting a series of experiments in which he showed that only
part of the air was used in combustion and respiration. He inverted a
glass vessel over a candle or an animal perched on a pedestal in a tub
of water, equalized the water levels inside and outside the glass ves-
sel by means of his siphon, then watched the water level rise as the
candle burned or the rodent breathed. Because part of the air was still
left when the candle or rodent extinguished, he knew that this sec-
ond type of air could not support combustion or respiration. He named
the first part of the air, the part that supported combustion, nitro-aer-
ial. Mayow then made a leap in imagination to conclude that weight
gained by metals during calcination was due to absorption of nitro-
aerial particles.

Mayow came enticingly close to anticipating by a hundred years
the oxygen theory of Lavoisier. But before too much is read into his
insight, we must note that in a style reminiscent of the alchemists, he
overinterpreted his result and began seeing nitro-aerial particles every-
where: Rays of sun were nitro-aerial particles; iron, because it sparked
when struck, contained nitro-aerial particles. And Mayow was not the
only one to come up with such a notion. Though not so well devel-
oped, the idea was earlier expressed by Jean Rey, a French physician,
who explained why lead and tin gained weight on heating by saying,
“[Weight] comes from the air, which ... mixes with the calx ... and
becomes attached to its most minute particles . . .”"! However he did
little experimental work. He did point out (with his own leap of intu-
ition and in anticipation of the law of definite proportions) that the in-
crease in weight never exceeds a certain amount: “Nature in her
inscrutable wisdom has set limits which she never oversteps.”
Unfortunately Mayow was confounded by another law of nature: An
idea is not recognized until its time has come.

The delay in the development of an accurate theory of combus-
tion however cannot be blamed entirely on timing. Some credit has to
go to the rivalry of another theory of combustion that was being de-
veloped at the time. It, too, had a very logical derivation and in addi-
tion a catchy name—phblogistor (flo-jis"-ten). Phlogiston was supposed
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to be a material that leaves a substance undergoing combustion.
Although little more than a rehash of Aristotle’s fire element, this time
the theory was supported by methodical experimentation. And though
this theory was proved incorrect—some say it was a roadblock in the
development of chemistry—the debate it inspired was eventually the
basis for an new age in chemistry. The story starts with an interesting
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