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Notice to the reader 

The language of chemistry has its own alphabet. Its 
letters are symbols of chemical elements; the number of 
combinations of letters, words composed of them, is infinite— 
the endless variety of chemical compounds. More than four 
million chemical compounds are known at present and 
this number increases each week by six thousand. Appar-
ently, . this "word-building" in chemistry is a non-stop 
process. 

Individual letters or elements are much fewer in number: 
today there are only one hundred and seven of them. Several 
thousand years were required to compile the alphabet of 
the language of chemistry but most of the letters were 
deciphered only during the last two hundred years. It was 
during this short span of time that chemistry emerged as 
a science. 

All chemical compounds that constitute living and 
inorganic matter are diverse combinations of eighty-odd 
elements. The remaining known elements are practically not 
found in nature. Scientists created them artificially by 
means of nuclear reactions. More new elements can be 
obtained in this manner and we do not know how many of 
them. But it is quite clear that the chemical alphabet is 
not complete yet. 

In this book we shall describe how the alphabet of 
chemistry has been designed and how the inquisitive mind 
of the researchers discovered new chemical elements, one 
after another. 

Books have been written about practically all chemical 
elements—enough to stock a great library. They describe 
minerals and ores containing chemical elements, processes 
of their extraction, physical and chemical properties of 
the elements, and their uses. Many elements are surprisingly 
abundant.: they can be used in the widely disparate and 
unexpected fields for the good of mankind. Almost every 
element has an important role to plav in today's advanced 
science and technology. 
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The history of chemical elements begins with their 
discovery. Although hefty volumes in which elements are 
described in detail pay very little attention to their dis-
coveries, they are a major part of the history of human 
knowledge. 

Each element has its own "biography", interesting in its 
own way. The history of the discovery of many elements has 
not yet been exhaustively studied and quite a number of 
unclear issues should be cleared by historians of chemistry. 
Perhaps you will be one of them... 



Introduction 

About eighty years ago Clemens Winkler, the German 
chemist who discovered germanium which had been pre-
dicted by D. Mendeleev under the name of "eka-silicon", 
likened the world of the elements to the theatre stage where 
scene after scene is played out with elements, as charac-
ters. Each element, Winkler said, plays its own role. 
Sometimes it is a subsidiary role, sometimes it is a leading 
role. 

In this way the scientist characterized the significance 
of the elements already discovered and known to man. 

From the standpoint of the history of discovery, there 
can be neither leading nor subsidiary elements. All elements 
can lay equal claim to our attention. 

Therefore, it is up to us to decide in what sequence the 
history of the discovery of the elements should be presented. 

We can describe elements in the order of increasing atomic 
numbers: hydrogen, helium, lithium ... up to element 
No. 107, which is still unnamed. Or we may describe the 
history of the discovery of the elements that compose the 
successive groups of the periodic system. Or we may deal 
with the elements in an alphabetical order. 

We believe that all these ways of presentation are not 
very successful since they distort the chronology of discov-
eries. And it is exactly the chronology that we want to make 
the basis of presentation here. 

But at first let us try to understand clearly what is meant 
by the term "a chemical element". 

Tlu> Concept of a "Chemical Klement" 

An element is the totality of atoms of a certain type. 
An atom consists of a nucleus and electrons surrounding it. 
A nucleus has an integral positive charge denoted by the 
Latin letter Z. The charge, in its turn, is determined by 
the number of elementary particles (protons) contained in 



12 Introduction 

the neucleus. The charge of the proton (positive) is equal 
in magnitude to that of the electron (negative). This means 
that the number of protons (Z) in the nucleus determines the 
number of electrons in electron shells of the atom. The 
chemical properties and behaviour of the elements depend on 
how the electrons are distributed in the shells. Consequently, 
the nuclear charge Z determines the properties of the 
chemical element. In addition, Z coincides with the atomic 
number of the element in the periodic table. For instance, 
the nucleus of the oxygen atom (atomic number 8) has 
a positive charge equal to 8, i.e. it contains 8 protons. 

Thus, an element is a set of atoms with the same nuclear 
charge Z which determines the position of the element in 
the periodic system. 

Can atoms of the same element differ from one another? 
The answer proves to be "yes". In addition to protons, 
a nucleus contains neutrons. As regards their mass, neutrons 
differ only slightly from protons, but, in contrast to pro-
tons, they carry no charge: they are neutral. There are no 
nuclei without neutrons (the only exception is the nucleus 
of the lightest element, hydrogen, which is just a single 
proton; however, there are different types of hydrogen atoms 
whose nuclei contain neutrons as well). The total mass of 
protons and neutrons in a nucleus determines the mass of 
the atom since the masses of electrons are negligibly small 
(an electron is 1840 times lighter than a proton). The varieties 
of the atoms of this or that element whose nuclei contain 
a different number of neutrons are called isotopic atoms or 
isotopes. The word "isotope" originates from the Greek isos, 
"the same", and topos, "place". This means that all the 
isotopes of the same element occupy the same position in 
the periodic table. About three-fourths of the naturally 
occurring elements have isotopes or, as is said, represent 
a pleiad of isotopes. The remaining elements have no 
isotopes, i.e. they exist only in one variety of atoms. 

Even though the concept of "a chemical element" seems 
to be quite definite, in reality it is a rather abstract term 
denoting only a group of atoms with a given nuclear charge. 
In practice we deal with elements either as constituents 
of various chemical compounds or as simple substances. 
A simple substance is a free form of an element which makes 
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it possible to see what the element looks like. Some elements 
occur in nature only as simple substances, others—as simple 
substances or as constituents of compounds, and still others 
exclusively in combinations with other elements. The 
representatives of the last group are especially numerous. 
The forms of existence of elements in nature played an 
important role in the history of their discovery. 

Where the Name "Element" Came from 

Historians of chemistry have no consensus on this 
question and only more or less plausible assumptions can be 
made. The fact is that the concept of "an element" used in 
ancient times was wider in its meaning than that assigned 
to a chemical element now. It was to a great extent of a 
philosophical nature. 

One of the hypotheses explaining this is as follows. 
The word "element" originates from the letters of the Latin 
alphabet: I, m, n, and t which are pronounced as "el"-"em"-
"en"-"te" (in Latin it is "elementum"). Probably, producing 
the word "element" in this way the scientists wanted to 
emphasize that as words are composed of letters, different 
compounds can be represented as constituted by elements. 
Such interpretation is as simple as it is unexpected. There 
are other explanations as well but we shall not dwell on 
them. 

How "an Element" Became 
"a Chemical Element" 

Before the modern model of the atom evolved, the concept 
of an element had been purely speculative. One of the defini-
tions of an element belongs to Aristotle, one of the greatest 
philosophers of antiquity, who wrote: "Elements are simple 
substances of which the universe is composed and one of 
which cannot be separated into the other." Aristotle held that 
there is one primary matter and four fundamental qualities: 
heat and coldness, dryness and wetness. Their combinations 
are material elements: fire, water, air, and earth. Accord-
ing to Aristotle, all bodies are composed of these elements. 
Aristotle's teaching was the theoretical foundation of al-
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chemy and various natural philosophy schools for many 
centuries to come. 

Only in the 16th century Paracelsus, a famous physician 
and scientist, brought the elements "closer to the earth". 
He suggested that all substances consist of three sources, 
mercury, salt, and sulphur, which are the carriers of three 
qualities: volatility, solidity, and inflammability. 

Hints for a proper understanding of the nature of elements 
can be found in the teaching of Robert Boyle, an outstand-
ing 17th century English chemist. In his book The Sceptical 
Chemist Boyle criticized the view of elements as carriers 
of certain qualities. Elements, according to Boyle, must be 
material in their nature and constitute solid bodies. Boyle 
also spoke against the belief that the number of elements 
is limited, thus opening up possibilities for the discovery 
of new elements. Nevertheless, it was still a long way to 
a-clear understanding of what a chemical element is and, 
therefore, scientists could not properly explain the discov-
eries of new elements. 

Antoine Lavoisier's views were a considerable step for-
ward in this field. He clearly stated his conceptions of 
simple bodies: he believed that all substances which 
scientists had failed to decompose in any way were elements 
and he divided all simple substances into four groups. 

The first group comprised oxygen, nitrogen, hydrogen, as 
well as light and "thermogen" (which was, of course, a 
mistake). A. Lavoisier considered these simple substances 
to be real elements. Into the second group Lavoisier included 
sulphur, phosphorus, coal, a radical of muriatic acid (later 
called chlorine), a radical of hydrofluoric acid (fluorine), 
and a radical of boric acid (boron). According to Lavoisier, 
they all were simple non-metallic substances capable of 
being oxidized and of producing acids. The third group 
comprised simple metal substances: antimony, silver, arse-
nic, bismuth, cobalt, copper, tin, iron, manganese, mercury, 
molybdenum, nickel, gold, platinum, lead, tungsten, and 
zinc. They also could be oxidized and form acids. And, at 
last, the fourth group included salt-forming compounds 
("earths"), which, however, were known to be complex: 
lime (calcium oxide), magnesia (magnesium oxide), baryta 
(barium oxide), alumina (aluminium oxide), and silica 
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(silicon oxide). In 1789 the fact that these substances are 
oxides of unknown elements was only a conjecture. This 
classification and comments were still greatly confused and 
unclear, but, nevertheless, they served as a programme 
for further research into the nature of elements. 

Lavoisier drew no distinction between the concepts of 
"an element" and "a simple body". They were clearly stated 
only in the 19th century owing to the development of the 
atomic and molecular theory and to the work of D. I. Men-
deleev. 

Was There Any Order 
in the Discoveries of Elements? 

It would seem more logical to put this question towards 
the end of the book when the reader is already acquainted 
with the history of the discovery of each element. All 
discussions should be supported by the facts and we shall 
do so in due time. Here we shall give only the general 
picture, "a bird's-eye view" of the problem so to speak. 

Open pages 253-255 of the book where a chronological 
table of the discoveries of the elements is given. Which 
of them were discovered in the first place? For about ten 
of the elements the column "Date of Discovery" contains, 
instead of an exact date, the words "known in antiquity". 
The concept of antiquity is rather loose and the words mean 
only that these elements were known long before our time. 
Of course, we do not know who discovered them. Archaeolo-
gists, whose science is very far removed from chemistry, give 
more or less reliable information on the time when an element 
was used by man for the first time in antiquity (without, 
of course, being perceived as an element). Here is the list 
of elements known in antiquity: iron, carbon, gold, silver, 
mercury, tin, copper, lead, sulphur. Even a beginner in 
chemistry understands that these elements differ broadly 
in their properties. Why then do they occupy the first place 
in the list of the discoveries of elements? Is it because 
they are the most abundant elements on Earth (see the 
Figure on the end fly-leaf)? 

As regards abundance, only iron and carbon are among the 
ten of the most abundant elements. Sulphur is also fairly 
abundant. The remaining are rare on Earth. 
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Topmost in the list of the most abundant elements are 
oxygen, silicon, and aluminium. Man breathed oxygen un-
aware that it is a chemical element up to the end of the 
18th century. Silicon is the earth's main material but it was 
discovered only in the 19th century just as aluminium 
although clay (alumina) had been used for ages. 

All this shows that abundance of chemical elements is by 
no means related to the date of their discovery. Hence, the 
statement "the more, the earlier" is erroneous. But why 
were these elements known from time immemorial? 

In spite of the difference in their properties, these 
elements have something in common. Most of them occur in 
nature not in the form of chemical compounds but as simple 
substances. For instance, even at present we come across 
reports of finds of gold nuggets. To find them, no chemical 
work is required. It is enough just to look for them. Silver 
and sulphur occur on Earth in a free state (but mainly as 
constituents of minerals); copper and mercury are encountered 
in a free state much less frequently. This is why these 
elements were among the first ones to be discovered by man. 
A special place is held by carbon; perhaps, it was actually 
the very first element which announced its existence as 
ashes of the first camp-fire. Iron gave its name to a whole 
epoch in the history of mankind—the Iron Age. Many 
scientists believe that our forebears first began to use iron 
in a free state, namely the meteorite iron. And only later 
did the primitive metallurgists learn to smelt iron from 
iron ore. Tin and lead were smelted from minerals. Extrac-
tion of these metals from compounds (the modern term is 
"the reduction processes") is relatively simple and could 
be done by people who knew next to nothing about chemical 
procedures. 

In various regions of the globe people began to use this 
or that element at different times. And, therefore, the most 
exact discovery date can usually be found from the first 
mention of an element's use. Obviously here the term 
"discovery" is arbitrary and has almost nothing in common 
with its meaning in later time when human knowledge 
attained a higher level. 

The age of discovery of chemical elements began only in 
the second part of the 18th century. Preceding millenia had 
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seen the discovery of only five new elements: arsenic, anti-
mony, bismuth, phosphorus, and zinc. They were discovered 
by chance by alchemists who in vain were looking for the 
philosophers' stone. The peculiar properties of these elements 
were of great help in their manipulations (such as, for 
instance, amazing luminescence of phosphorus in the dark 
and unusual features of arsenic compounds). 

The discovery of new chemical elements became a routine 
matter and not a stroke of good luck only after two main 
conditions had been met. First of all, chemistry had begun 
to take shape as an independent science, its experimental 
methods had become satisfactory, and scientists had learnt 
how to determine the composition of minerals, those treasure-
troves of chemical elements. Secondly, most scientists came 
at last to a consensus on the conception of a chemical 
element. It was the beginning of a great analytical period in 
the development of chemistry in the course of which a large 
part of naturally-occurring elements were discovered. 

Particularly interesting is the story of the discovery 
of hydrogen and elementary atmospheric gases, nitrogen and 
oxygen. It became possible owing to the progress in 
pneumatic chemistry. For a long time the study of gases was 
the priviledge of physicists and for a long time discoverers 
of new gases believed that they were only varieties of air. 
The realization that these varieties are chemical elements 
was slow in coming. It was, first of all, necessary to review 
cardinally the old theoretical conceptions and to reject 
the so-called theory of phlogiston, which was believed to 
be the primary matter of combustion. We shall come back 
to the phlogiston theory later. These efforts of scientists 
brought due rewards: the discovery of nitrogen, hydrogen, 
and oxygen played a gigantic role in advancing the most 
important concepts of modern chemistry, its theoretical 
foundations and experimental methods. 

Thus it does not seem paradoxical any more that oxygen 
(the most abundant element constituting almost one half of 
the earth's crust by mass) was discovered so late. Chemistry 
had to stand firmly on its feet to be able to identify oxygen 
as a new simple substance. Adequate methods of investiga-
tion were required for this purpose. 

Various analytical methods, constantly perfected, were 
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the-key factors which led, step by step, to the discovery 
of new chemical elements. But chemical analysis by itself 
was not enough to fill all the boxes in the periodic table. 
The scientists divined the existence of many new elements 
not because they discovered them, figuratively speaking, 
on the bottom of a test tube. These elements made their 
existence in nature known in another way (especially those 
of them whose abundance is very low). 

Billions of years were required for the formation of the 
earth's crust with its minerals and ores—a process bearing 
witness to many whims of nature which, to be more exact, 
reflect the laws of geochemistry. Some elements were less 
fortunate: they did not succeed in forming their own min-
erals, that is, those in which they would be the principal or, 
at least, a noticeable component. They exist only as admix-
tures to all sorts of minerals consisting of other elements. 
They seem to be widely dispersed in the earth's crust and are 
called "trace" elements. Only in the rarest cases do they form 
their own minerals and if the scientists were lucky to come 
across them, the new element immediately became the target 
of chemical analysis. As we shall see later, this was the 
case of germanium extracted from argyrodite, a uniquely 
rare mineral. 

The other trace elements have quite a different history. 
Cesium, rubidium, indium, thallium, and gallium are classic 
examples of new chemical elements which were identified 
at first without the help of chemistry. They announced 
themselves with the aid of a peculiar visiting card—their 
spectrum. It was spectral analysis, a new research method, 
that contributed to their discovery. If a grain of a substance 
is introduced into the flame of a gas burner and the light 
passes through a prism, the refracted light contains a number 
of differently arranged spectral lines of various colours. 
Studying the spectra of known elements, scientists came to 
the conclusion that each element has its own spectral picture. 
Spectral analysis at once showed itself as a powerful research 
tool. If the spectrum of a compound contained unknown lines, 
it was logical to assume that this compound contained a new 
element. Cesium, rubidium, indium, thallium, and gallium 
were discovered exactly in this manner. However, in such 
cases it took courage for scientists to announce the existence 
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of new elements since they had not a grain of them in their 
hands and did not know their properties. 

Such unusual chemical elements as helium, neon, argon, 
krypton, and xenon were discovered by their spectra. They 
were termed noble or inert gases. Their content in the 
atmosphere is extremely low. For a long time these gases 
were considered to be quite incapable of chemical reactions 
and some even believed that the name of "a chemical element" 
was inapplicable to them. Inert elements were discovered 
without the aid of chemistry but their extraction from the 
atmosphere and separation from one another became possible 
only after the development of methods of gas liquefaction 
at low temperatures. 

Naturally, the history of the discovery of chemical elements 
was to an extent affected by the abundance factor: the 
elements less abundant in nature were discovered later. The 
history of natural radioactive elements gives a fine illustra-
tion of this idea. They were discovered at the end of the 
19th and beginning of the 20th century. And if it had not 
been for a very important event they would have remained 
unknown to mankind for a long time since neither chemical 
nor spectral methods of analysis could detect the negligible 
concentrations of these elements. The event was the discovery 
of a new physical phenomenon called radioactivity. Some 
substances can spontaneously and continuously emit radia-
tion. At first it was established that this property is peculiar 
not to these substances in general and even not to the 
constituent chemical compounds but to specific chemical 
elements, uranium and thorium, placed at the very bottom of 
the periodic table. In the studies of radioactive substances 
it was noticed that sometimes their radiation is much 
stronger than that typical of uranium and thorium atoms. 
It was suggested that this radiation was due to unknown 
radioactive elements. The suggestion was confirmed by the 
discovery of polonium and radium. This led to another 
research method —the radiometric method—which, in the 
long run, led to the discovery of other natural radioactive 
elements. In this example radioactivity served as an identi-
fication mark. The radiometric method is incomparably more 
•'•lisitive than other methods of detection of elements. 

A tier the late twenties of our century there were no more 
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discoveries of the elements existing in nature. But this 
was not the end of history of discoveries of new elements. 
However, the word "discovery" acquired a new meaning. It 
now referred to elements not existing on Earth but prepared 
artificially by means of nuclear reactions. It was a problem 
of extreme scientific and technical complexity which was 
tackled by scientists of many countries. All artificial or 
synthesized elements are radioactive, and therefore, the 
radiometric method has played a most important role. Here 
the decisive word was said by physicists. But chemists were 
confronted with a very difficult problem. Even in our time 
many synthesized elements can be obtained in the amounts 
of just a few atoms. When these atoms are highly radioactive 
their lifetime is only a fraction of a second. Therefore, 
chemists must show miracles of inventiveness to study their 
properties. 
. This, in a nutshell, is the centuries-long process of discov-

ery of the chemical elements, whose symbols now appear 
in the Mendeleev's Periodic Table. We shall consider this 
process in detail. Let us now have a closer look at the 
principal characters of this narrative—one at a time. 

But, first, a few words about the structure of the book. 
It consists of two parts. The first part deals with the natural 
elements, the second part—with the synthesized ones. It is 
obvious that the first part must begin with the description 
of the elements known in antiquity (Chapter 1); then we 
shall dwell on the elements discovered in the Middle Ages 
(Chapter 2). The term "discovery" cannot properly be ap-
plied to the elements described in these chapters. It acquired 
the present-day meaning only after the concept of "a chemical 
element" was made more precise. This was facilitated by 
the progress in pneumatic chemistry and by a gradual 
refutation of the phlogistic theory and accompanied by the 
discovery of oxygen, nitrogen, and hydrogen as well as the 
understanding of their elementary nature (Chapter 3). 

A considerable number of new chemical elements was 
discovered in the second half of the 18th century and the 
first half of the 19th century with the aid of the chemical 
analysis (Chapter 4); the electrochemical method played 
a certain role in the separation of some alkali and alkaiine-
earth metals (Chapter 5). At the turn of the fifties of the 
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last century the spectroscopic method was developed, with 
the help of which it became possible to identify several new 
elements on Earth (Chapter 6). 

Of special interest is the discovery of rare earths, noble 
(or inert) gases, and, finally, the elements predicted by 
D. I. Mendeleev on the basis of the periodic system. 
Although these elements were discovered by means of chemi-
cal analysis and spectroscopic method, the histories of the 
above groups of elements are in many respects highly indi-
vidual and separate chapters have been devoted to their 
presentation (Chapters 7, 8; and 9). No less peculiar is the 
history of the two stable elements which proved to be the 
last to be discovered on Earth—hafnium and rhenium 
(Chapter 10). The first part of the book ends with the history 
of radioactive elements (Chapter 11), which introduces the 
reader to the world of radioactivity, the world of unstable 
elements and isotopes the most of which were obtained 
artificially by means of nuclear reactions. 

The second part of the book comprising two chapters 
(Chapters 12 and 13) is devoted to synthesized elements. In 
Chapter 12 the reader will be introduced to the synthesis of 
new elements within the previous boundaries of the periodic 
system—from hydrogen to uranium (technetium, prome-
thium, astatine, francium). Chapter 13 covers the history of 
transuranium elements and prospects of nuclear synthesis. 

The book ends with statistical data on the history of 
the elements. The concept of "discovery of a chemical ele-
ment" is discussed again along with false discoveries of 
chemical elements (the section about false discoveries has 
been written by V. P. Mel'nikov). 



Part One 

Elements Discovered 
in Nature 

Most chemical elements known at present have been 
discovered in nature (in various ores and minerals, the 
earth's atmosphere, etc.) and one can say with confidence 
that there are no more undiscovered elements in nature, 
including both stable elements and those referred to as 
naturally radioactive ones. They can be called elements 
"discovered by means of analysis". They exist independently 
of man, his knowledge, and methods of investigation. They 
existed at the earliest stages of evolution of the solar system 
when the Earth was being formed as a planet. 

How these elements were discovered is the subject of the 
first part of our book. 

More than 90 per cent of elements occurring in nature are 
stable, i.e. not radioactive. They occupy boxes from 1 to 
83 in the periodic table, i.e. from hydrogen to bismuth. 
There are two gaps in this sequence corresponding to the 
elements with Z = 43 (technetium) and Z = 61 (prome-
thium). The strange properties of atomic nuclei have made 
all the isotopes of these elements radioactive with relatively 
short lifetimes; therefore, technetium and promethium have 
not been preserved in nature but decayed and transformed 
into the neighbouring stable elements. 

The number of naturally radioactive elements on Earth 
is considerably smaller than that of stable ones. In the 
periodic table they begin with polonium (Z — 84) and end 
with uranium (Z = 92). Among them only thorium and 
uranium have very long half-lives; therefore, they have 
survived on Earth since the time of its formation and their 
amounts are rather noticeable. That is why uranium and 
thorium have been discovered as new chemical elements long 
before scientists succeeded in observing radioactivity. The 
amounts of other naturally radioactive elements (polonium 
radon, radium, actinium, and protactinium) are much 
smaller, 



Chapter 1 

Elements Known in Antiquity 

Antiquity is, of course, a loose concept and, therefore, 
this heading under which we discuss several chemical 
elements is, to a great extent, arbitrary, though it has 
been widely used in history. This chapter deals with elements 
(mainly, metals) the use of which is either mentioned in 
various written sources of the distant past or can be estab-
lished from the archaeological data. 

The use of the term "discovery" is in this case quite ar-
bitrary. Historically speaking, principal characters of this 
chapter were recognized as independent chemical elements 
relatively recently. A description of the early history of 
the elements of antiquity will of necessity have to pass 
over in silence the dates and the authors of the discoveries. 
Therefore, the manner of presentation of material in this 
chapter is rather unusual. It will be a short report on these 
elements and their application in the distant past. 

The chapter is devoted to seven metals of antiquity: gold, 
silver, copper, iron, tin, lead, and mercury—the "magnifi-
cent seven" of metals that played a tremendous role both 
in the development of civilization and in various schools of 
natural philosophy. We shall tell you about sulphur, which 
was widely used long before our time, and about carbon. 
It may well be that carbon is the oldest chemical element 
known to mankind. Therefore, we shall begin the history of 
chemical elements with carbon. 

Sometimes zinc, platinum, antimony, and bismuth are 
also said to be known in antiquity but there is no definite 
proof of that. 

Carbon 

The exact date of the discovery of carbon cannot be 
ascertained. However, it is not difficult to find out when 
carbon was identified as a simple substance. Let us direct 
our attention to "The Table of Simple Bodies" compiled by 



24 Part One. Elements Discovered In Nature 

A. Lavoisier and published in 1789. Carbon appears as 
a simple substance in it. However, the time that carbon 
needed to occupy its place in the Table is measured not by 
years and even not by centuries but by millenia. Man had met 
carbon even before he could make fire—in the form of woods 
burnt by lightning. After man had learnt how to start a fire, 
carbon became his constant "companion". 

Carbon played an important role in the progress of the 
phlogistic theory. According to this theory carbon was not 
a simple substance but pure phlogiston. By studying com-
bustion of coal and other compounds, A. Lavoisier was the 
first to show that carbon is a simple substance. Here we are 
going to digress a little from the story about how carbon 
found its identity. 

In nature carbon occurs in two allotropic modifications— 
diamond and graphite, both known to man for a long time. 
The fact that diamond burns without a residue at very high 
temperatures was also known long ago. Nevertheless, dia-
mond and graphite were believed to be two quite different 
substances. The discovery of carbon dioxide was an event 
which helped to establish that diamond and graphite are 
modifications of the same substance. After experimenting 
with the burning of diamond and charcoal, A. Lavoisier 
established that upon combustion both substances yield 
carbon dioxide. This prompted the conclusion that diamond 
and coal have the same origin. The name "carboneum" 
(carbon) appeared for the first time in the book "Methods 
of Chemical Nomenclature" (A. Lavoisier, L. Guyton de 
Morveau, C. Berthollet, and A. Fourcroy) in 1787. 

A parallel can be drawn between the element itself, known 
from time immemorial, and its Latin name whose root orig-
inates from Sanscrit, one of the oldest known languages. 
In Sanscrit "era" means "to boil". The name "carbon" was 
suggested in 1824. 

In 1797 S. Tennant discovered that combustion of equal 
amounts of diamond and graphite liberates equal amounts of 
carbon dioxide; in 1799 L. Guyton de Morveau confirmed 
that carbon is the only constituent of diamond, graphite, and 
coke. Twenty years later he succeeded in transforming dia-
mond into graphite and then into carbon dioxide by careful 
heating. But the reverse transformation of graphite into 
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diamond was beyond the power of the science of the 18th and 
19th centuries. It was only in 1955 that a group of English 
scientists obtained artificial diamonds for the first time 
in the world's history. Synthesis was performed at 3 000°C 
under a pressure exceeding 109 Pa. 

Soon after the synthesis of diamond Soviet scientists 
prepared a new substance, carbine, which, as has since been 
proved, is a new, third allotropic modification of carbon. 
The carbon atoms in it comprise long chains. This, substance 
resembles soot. 

The study of carbon and its compounds laid the founda-
tion of a vast field of chemistry—organic chemistry. 

Sulphur 
Sulphur has been known to man for a very long time. Even 

in times of Homer ancient Greeks used the specific properties 
of sulphur dioxide liberated in the burning of sulphur for 
disinfection of homes. Deposits of native sulphur have also 
been known from ancient times. Thus, Pliny the Elder de-
scribed the deposits of sulphur in Italy and Sicily. Sulphur was 
used for making dyes and treating fabrics. Like carbon, from 
the earliest times sulphur was used in pyrotechnics. The 
composition known by the name of "Greek fire" and invent-
ed, apparently, in the 5th century A.D. in Byzantium 
was a mixture of finely ground sulphur (one part), coal 
(two parts), and saltpeter (six parts). It is interesting to note 
that this composition differs only slightly from that of black 
(smoky) gunpowder. 

The fact that sulphur is a good combustible material 
and combines readily with a great number of metals is 
responsible for its "privileged" position among other sub-
stances in the Middle Ages. Alchemists considered sulphur 
as the element of combustibility and a constituent of all 
metals. Very unusual properties were often attributed to 
sulphur, although some alchemists described its real 
properties rather accurately. 

The elemental nature of sulphur was established by 
A. Lavoisier. However, in spite of the fact that by the 
beginning of the 19th century sulphur had already been 
recognized as an independent element, experiments had to be 
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carried out to elucidate the exact composition of native 
sulphur. In 1808 H. Davy suggested that sulphur in its usual 
state is a combination of small amounts of oxygen and 
hydrogen with a great amount of sulphur. This questioned 
the elemental nature of sulphur but in 1809 Gay Lussac 
proved it beyond any doubt. In 1810 H. Davy pointed out 
that the presence of oxygen in sulphur may be due to sulphur 
oxides present in native sulphur. The oxygen content in 
sulphur varied depending on the deposit where the samples 
were taken. From the standpoint of modern chemistry one 
may say that oxygen found by Davy in sulphur was not the 
oxygen of sulphur oxides but that of oxysulphides of various 
metals, which are always present in sulphur. 

The origin of the Latin word "sulphur" is unclear. 

Gold 

Karl Marx wrote: "Gold is in fact the first metal that 
man has discovered".* 

This is really so. Gold articles were found in excavations 
together with stone tools dating from the Neolithic Age. 
But in those times people, evidently, used gold found by 
chance. Only after the emergence of classes in society first 
attempts were made to mine gold. The explanation is simple. 
Gold was particularly suited to play the function of money 
due to its properties of immutability, easy divisibility, 
and high cost. 

As an ornamental material, gold began to be used from 
time immemorial. During excavations of pyramids of all 
dynasties in Egypt archaeologists found in great numbers 
not only gold jewelry but also household articles. 

Gold was known not only in Egypt. As early as in the 
10th century B.C. it was used in China, India, states of 
Mesopotamia. In Greece gold coins circulated as far back as 
in the 8th-7th centuries B.C. In Armenia gold coins appeared 
in the 1st century B.C. Thus, gold was known to the peoples 
of ancient states in Europe and Asia. The oldest gold mines 
were found in India and Nubia (North-East Africa). 

* Karl Marx: "A contribution to the critique of political economy." 
Lawrence and Wishart, London, 1971, p. 156, 
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The processes of gold purification known in antiquity did 
not yield the pure metal but usually alloys consisting of 
gold and silver which were named azem. A natural gold-
silver alloy—electrum—was also known. 

No other metal has played so sinister a role as gold in 
the history of mankind. Wars were waged, nations and 
states were annihilated, monstrous crimes were committed 
for the sake of gold. But possession of gold did not bring 
peace to man. On the contrary, sorrow and fear of losing 
this treasure filled his soul. 

The alchemic period between the 4th and the 16th cen-
turies was a gloomy one in the history of the search for gold. 
The efforts of alchemists were directed towards the search 
for the "philosophers' stone" which, they held, possessed the 
property of transforming base metals into gold. Alchemy did 
not start from scratch but had important precursors. Egypt's 
fast rise was due to the fact that Egyptians possessed the 
secret of gold extraction. It was also known that iron articles 
that remained in copper mines for a long time became coated 
with copper. Iron was believed to transform into copper. If 
it was so, why could not other metals be transformed into 
gold? Native lead sulphide almost always contains an 
admixture of silver, which could sometimes be extracted. 
Could not silver be formed on lead? And, finally, progress 
in alchemy Was facilitated by the idea about the unity of 
matter according to which all substances consist of the 
same components in different ratios. 

All the attempts to find the "philosophers' stone" turned 
out to be unsuccessful (as one should have expected), although 
many alchemists gave their lives for the idea. All reports 
about the discoveries of methods of preparing gold from 
other metals were pure charlatanism. 

Alchemy was still flourishing in Europe when the first 
Spanish conquistadors set out for South and Central America. 
In the land of Incas they were amazed by the tremendous 
amounts of gold. For Incas gold was a sacred metal, the Sun 
God's metal, and colossal amounts of gold had accumulated 
in the temples. When the Spaniards took Atahualpa, the 
Great Inca, prisoner, they promised him freedom for a fan-
tastic ransom of almost 50 m3 of gold. But Francisco Pizarro 
thought it dangerous to free the Great Inca and, without 
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waiting for the ransom, the Spaniards executed Atahualpa. 
When the Incas learned about the death of their leader, the 
caravan consisting of 1 100 llamas carrying gold had already 
been on its way. Incas hid the gold in the mountains of 
Azangaro ("the remotest place"). But they could not hide all 
their treasures. Spaniards captured and looted Cuzco, one of 
Peru's richest cities. They melted the priceless creations of 
ancient craftsmen into gold ingots and sent them to Spain. 

In Russia mining of gold began in 1600 but it was not 
until the 19th century that the large-scale extraction of this 
metal started. 

The Latin name for gold, aurum, originates from the word 
Aurora (dawn). 

Silver 
Silver is a more active metal than gold but, although its 

abundance in the earth's crust is about fifteen times that 
of gold, it occurs much less frequently in a native state. 
It is not surprising that in antiquity silver was valued 
higher than gold. In ancient Egypt, for instance, the ratio 
between the costs of these metals was 2.5 : 1. Gold was used 
mainly for coins and jewelry; silver had other uses: for 
example, for making water vessels. 

In the 4th century B.C. the army of Alexander the Great 
conquered Persia and Phoenicia and invaded India. Here the 
Greek army was struck by an outbreak of a mysterious gastro-
intestinal disease and the men demanded to be sent home. 
Interestingly, the Greek military commanders fell victim to 
the disease far less frequently than their men, although 
they shared all the burdens of camp life with the soldiers. 
More than two thousand years had passed before scientists 
found an explanation of it. The soldiers drank from tin cups 
and their superiors from silver ones. It was proved that 
silver dissolves in water forming a colloid solution that 
kills pathogenic bacteria. And although the solubility of 
silver in water is low, it is quite enough for disinfection. 

Silver mines have been known from time immemorial. The 
largest deposits of silver were in Greece, Spain, and Germany. 
After the discovery of America silver deposits were also 
found in Peru and Mexico. Lead minerals are often observed 
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as constituents in silver ores. An old process of extracting 
silver from such ores is described as follows. Silver ore 
was ground, washed with water, and dried. Then it was fused 
together with flux and the alloy thus obtained was heated 
with charcoal. The resulting alloy of silver and lead was 
calcinated. On heating in air silver is practically unoxi-
dized whereas lead transforms into oxide almost completely. 
The melting point of lead oxide is 896°G and that of silver, 
960°C. Thus, practically pure silver was obtained. At present 
more perfect processes of purifying silver are-used. 

Silver like gold was used in coins but the cost of silver 
compared to that of gold was gradually decreasing. In 1874 
the cost of one pound of gold was equal to that of 15.5 
pounds of silver but after the discovery of silver deposits 
in Australia this ratio fell to 1 : 46. In England bimetallism, 
i.e. the use of gold and silver jointly as a monetary stand-
ard, was discontinued in 1816. Later other countries followed 
this example. 

Russian words "rubl"' (rouble) and "kopeika" (kopeck) owe 
their origin to silver. Rouble came into being in Kievan 
Russia in the 13th century—a silver bar weighing about 
200 grams. It is believed that in the process of manufacturing 
roubles a long silver bar was cast and then hacked into parts 
("rubit"' is the Russian for "to hack"). The word "kopeika" 
appeared somewhat later (in 1534) when coins with an image 
of a horseman holding a speak ("kop'e" in Russian) were 
first minted. 

The name "silver "seems to stem from the Assyrian "serpu" 
or Gothic "silbur". The Latin argentum originates most 
likely from the Sanscrit arganta, which means "light, 
white". 

Copper 
According to the French chemist M. Berthelot, mankind 

came to know copper more than five thousand years ago. 
Other scientists believe that this acquaintance is much 
older. Copper and its alloy with tin (bronze) had for a long 
time been the most widely used metals. These two materials 
marked a whole epoch in the history of mankind—the Bronze 
Age. Why did copper play such an important part? Copper 
is fairly abundant in nature and can readilv be worked. 



30 Part One. Elements Discovered In Nature 

At first people used only native copper but later rising 
demand led to the processing of copper ores. It is comparative-
ly simple to smelt the metal from ores with high copper 
content. As early as the third millenium B.C. copper was 
widely used for manufacturing various tools. The Egyptian 
Pyramid of Cheops was built with gigantic stone blocks 
each of which was hewn with copper tools. 

Among the copper mines of antiquity the particularly 
famous ones were those on the island of Cyprus to which, as 
has been suggested, copper owes its name (cuprum in Latin). 

Only when man had learned to produce bronze, stone tools 
were completely replaced with bronze ones. Most likely 
bronze was first obtained by chance. This is evidenced by the 
archaeological finds on the island of Crete dating back to 
about 3500 B.C. which revealed not only copper but bronze 
articles as well. At first bronze was rather expensive and 
was used mainly for jewelry and luxury articles. In ancient 
Egypt mirrors were made from bronze. Bronze, like copper, 
proved to be an excellent material for relict makers and 
sculptors. As early as the 5th century B.C. man learned 
to cast bronze statues. Particular progress in bronze 
sculpture was made in ancient Greece beginning with the 
Mycenaean period. At our times copper and bronze still 
retain this role. 

Besides bronze, another wonderful copper alloy, brass, 
has been known for a long time. It was prepared by fusing 
copper with zinc ore. Ancient Egyptians, Indians, Assyrians, 
Romans, and Greeks knew copper, bronze, and brass. Both 
copper and bronze were used for making weapons. In excava-
tions dated back to the 8th-6th centuries B.C. in Altai, 
Siberia, and Trans-Caucasus archaeologists found knives, 
arrow-heads, shields, and helmets made from bronze and 
copper. In ancient Greece and Rome copper and bronze were 
also used for making shields and helmets. Copper found 
other uses in firearms when they had been invented. 

Iron 
Iron is the second most abundant metal in nature after 

aluminium. But native iron is extremely rare. Probably, the 
first iron used by our forefathers was of a meteoritic origin. 
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Iron oxidizes readily in the presence of water and air and 
is found mainly in the form of oxides. Oxidation of iron 
is responsible for the fact that extant articles made of 
iron in antiquity are extremely rare. Man discovered iron 
about five thousand years ago. At first iron was very expen-
sive and was valued much higher than gold; very often iron 
jewelry was set in gold. 

Peoples of all continents became aware of gold, silver, 
and copper approximately at the same time; but in the case of 
iron the situation is different. Thus, in Egypt and Meso-
potamia the process of extracting iron from ores was dis-
covered two thousand years B.C.; in Trans-Caucasus, Asia 
Minor, and ancient Greece at the end of the second millenium; 
in India in the middle of the second millenium; and in 
China much later, only in the middle of the first millenium 
B.C. In the countries of the New World Iron Age began 
only with the arrival of Europeans, i.e. in the second 
millenium A.D.; some African tribes began to use iron 
skipping the Bronze Age period in development. This is due 
to the difference in natural conditions. In countries where 
natural resources of copper and tin were small, a demand 
arose for replacing these metals. America had one of the 
largest deposits of native copper and, therefore, it was not 
necessary to search for new metals. Gradually, production 
of iron grew and iron began to pass from the category of 
precious metals into that of ordinary ones. By the beginning 
of the Christian era iron was already widely used. 

Among all metals and alloys known by that time, iron was 
the hardest one. Therefore, as soon as iron grew relatively 
cheap, various tools and weapons were manufactured from it. 
At the beginning of the first millenium A.D. production of 
iron in Europe and Asia had made considerable progress; 
particularly great successes in smelting and processing 
iron had been achieved by Indian metallurgists. 

It is interesting to have a look at the development of 
iron production methods. At first man used only meteoritic 
iron, which was very rare and therefore expensive. Then 
people learnt how to produce iron by intensively heating 
its ores with coal on windy sites. Iron thus obtained was 
spongy, of low grade, and with large inclusions of slag. An 
important step in iron production was made with the inven-
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tion of a furnace open at tne top and lined with a refractory 
material inside. Excavations of ancient towns in Syria 
indicate that iron of a rather good quality was produced in 
this way. Later, people noted that cast iron, which had been 
considered to be a waste product, could be transformed into 
iron, the process requiring much less coal and yielding high-
quality iron. 

By the end of the 15th century first smelting furnaces 
appeared producing exclusively cast iron. Iron and steel 
smelting processes were rapidly improving. In 1855 there 
appeared the converter process of steel making which is 
still used. The Martin process developed in 1865 yields 
steel almost free of slags. 

A chemical symbol Fe originates from the Latin ferrum, 
which means "iron". 

Lead 

Lead is very rarely encountered in a native state but 
is smelted fairly easily from ores. Lead became known to 
Egyptians simultaneously with iron and silver and was 
produced as early as the second millenium B.C. in India and 
China. In Europe production of lead began somewhat later 
although in the 6th-century B.C. records we find mention of 
lead which was brought to the Tyre trade fair. Lead was 
produced in great amounts during the reign of Hammurabi 
in Babylon. For a long time lead was confused with tin. Tin 
was named "plumbum album" and lead—"plumbum ni-
grum". Only in the Middle Ages were they recognized as 
different metals. 

Greeks and Phoenicians started many lead mines in Spain 
which later were taken over by Romans. In ancient Rome 
lead was widely used: for making crockery, styluses, and 
pipes for the famous Roman water-main. Lead was also 
used for manufacturing white lead. The island of Rhodes 
was the biggest exporter of white lead. The process of its 
preparation is still used as follows: lead pieces are immersed 
into vinegar and the salt thus obtained is boiled with water 
for a long time. But red lead was first obtained unexpectedly. 
When a fire broke out in the Greek port of Piraeus barrels 
with lead were enveloped in flames. After the fire had been 
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extinguished, red substance was found in the charred bar-
rels—it was red lead. 

Although in Russia lead has been known for a long time, 
up to the 18th century the process of lead production was 
very primitive. After the invention of firearms lead was used 
for making bullets and the military importance of lead is 
still great. But in addition to its "military" uses,'lead has 
many peaceful ones; for instance, typographical types are 
made of its alloy with antimony. Lead is also used for pro-
tection against radiation in experiments. 

Greeks named lead molibdos; its chemical symbol Pb 
originates from Latin plumbum. 

Tin 
Tin typically occurs in nature in the form of the mineral 

cassiterite. It is believed that man discovered tin about 
6-6.5 thousand years ago, i.e. in the same period as copper. 
Tin was widely known in the Mediterranean countries, 
Persia, and India. Egyptians imported tin for the production 
of bronze from Persia. In his book Ancient Egyptian Materials 
and Their Production A. Lukas writes that although in 
Egypt tin ores were not known, the oldest known tin articles 
were found in burial sites of the 18th dynasty (1580-
1350 B.C.) (in particular, a ring and a vessel). Tin was 
known not only in the countries of the Mediterranean. 
Julius Caesar mentioned production of tin in central regions 
of Britain. Cortez, when he arrived in South America in 
1519, found that tin coins were widely circulating in Mexico. 
However, the time of discovery of tin in America is not 
known. 

In antiquity tin was used not only as a component of 
bronze but also for making crockery and jewelry. Pliny the 
Elder and Dioskorides mention tinning of copper plates to 
protect them from corrosion. 

Up to the 13th century England was the only country in 
Europe where tin was produced. Tin was fairly expensive. In 
mid-16th century its cost was equal to that of silver and it 
was used for manufacturing luxury goods. Then, as its 
production increased, it found many applications, for 
instance, for making tin plate. 
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The Latin for tin (stannum) stems from the Sanscrit stan 
which means "solid". The chemical symbol Sn originates 
from the Latin name. 

Mercury 

There is a science-fiction story by a Russian scientist 
I.A. Efremov The Lake of the Mountain Spirits. Anybody 
who visited the lake in a sunny weather died. People living 
in the area were sure that the lake was inhabited with evil 
spirits who hated all visitors. When geologists reached 
the lake high in the mountains, they were amazed to learn 
that the lake contained not only water, but also native' 
mercury. And the "evil spirits" were nothing but mercury 
vapour; in hot weather they rose above the surface of small 
and large mercury pools surrounding the lake. 

Indeed, mercury is often found in native state, sometimes 
in most unexpected places. For instance, in some mountain 
regions of Spain mercury was found at bottoms of wells. In 
antiquity mercury was known in China and India. Mercury 
was also found in excavations of Egyptian tombs dating 
from about the middle of the second milienium B.C. Most 
researchers believe that cinnabar was the only mercury-
containing mineral known in antiquity. Theophrastos 
(300 B.C.) described the process of extracting mercury from 
cinnabar by treating it with copper and vinegar. Man dis-
covered mercury in ancient times owing to the fact that 
it is comparatively easily liberated from cinnabar at a 
sufficiently high temperature. 

The world's biggest mercury deposit is at Almaden (Spain). 
Exploitation of this deposit began at the time of the Roman 
Empire, and Romans extracted 4.5 tons of mercury annually. 

In antiquity mercury had many uses. Mirrors were made 
with amalgamated mercury; mercury and its compounds were 
used as medicines. Cinnabar was mainly used as a pigment; 
and not for producing pure mercury. Before the invention of 
the galvanization process, mercury had been used in gilding 
and silvering processes. Amalgam of the metal was applied 
to a metal plate and heated to a high temperature. When 
mercury evaporated a thin coat of gold or silver remained 
on the plate. But this process was very unhealthy. Mercury 
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played an important role in studies of gases; it was used in 
gas pumps and gas vessels. 

Aristotle named mercury "liquid silver" and Dioskorides 
named it "silver water". From this comes the Latin name 
of mercury—hydrargium. 



Chapter 2 

Elements Discovered 
in the Middle Ages 

There are several chemical elements the history of whose 
discovery is not clear. We had every reason to classify the 
nine elements described in Chapter 1 as the elements of antiq-
uity. For the five elements—phosphorus, arsenic, antimony, 
bismuth, and zinc—discussed in this chapter, there is 
evidence that people knew these elements (with the exception 
of phosphorus), or at least their ores and minerals, in 
prehistoric times, or at any rate before the Christian era. 
But the knowledge of them was confused and ambiguous. It 
became better much later, at the time of alchemistry when 
various chemical procedures were performed in laboratories 
and chemist's shops. Although their nature remained un-
clear, they were a basis of many useful compounds (par-
ticularly, acids and salts). 

Medieval chemists discovered the elements that we shall 
describe in this chapter. But analytical chemistry was 
as yet non-existent and the bare acquaintance with these 
elements cannot be described as their discovery. 

Thus, phosphorus, arsenic, antimony, bismuth, and zinc 
have unusual histories. By a strange caprice of nature, P, As, 
Sb, and Bi are in the main subgroup of the fifth group of 
the periodic table and the similarity in their properties 
often resulted in confusion. 

As the order in which these elements were discovered is 
not very important, we shall begin our discussion with 
phosphorus. 

Phosphorus 

Interestingly, among all elements of antiquity and 
Middle Ages only phosphorus has the exact (within a year) 
date of the discovery, namely 1669. There is no reliable 
information whether man had known phosphorus or its com-
pounds before that or not. The unexpected discovery of 
phosphorus in the 17th century profoundly impressed the 
academic world and was a real sensation owing to unusual 
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property of the substance (it is too early to name it an 
"element"): it glowed in air at room temperature. Such 
compounds (for instance, Bologna stone—the product of 
calcination of baryta with coal and oil, i.e. barium sul-
phide BaS), were called "phosphors" (from the Greek phos, 
light and phoro, to bear). Thus, the name appeared prior to 
the discovery of the element itself. 

The history of its discovery was also unusual. There once 
lived in Hamburg a bankrupt merchant by the name of Hen-
ing Brand. At that time alchemy had already begun to lose 
ground but the belief in the "philosophers' stone" was still 
alive. H. Brand was one of those who believed in it. With 
a view to mending his business, he began to search for pri-
mary matter in various compounds. Human urine was one 
of the materials he analysed. H. Brand evaporated urine 
up to a syrupy liquid, distilled it, and obtained a red liquid 
which he named urine oil. Having distilled this liquid once 
more, Brand saw a black precipitate at the bottom of his 
retort. After prolonged calcination the residue transformed 
into a white glowing substance precipitated on the walls of 
the vessel. Imagine the joy of the alchemist! He was sure 
that he had succeeded in isolating elementary fire. H. Brand 
tried to keep his discovery a secret and continued the work 
with phosphorus hoping to obtain gold from other metals. 
These efforts, as one might have expected, were in vain. 

But H. Brand could not keep his secret for a long time 
and he finally revealed it himself. Having failed to obtain 
gold from other metals, Brand decided to put the new re-
markable substance on sale keeping secret the method of its 
preparation. But in this attempt he also failed. As soon as 
phosphorus became known in Europe, it attracted attention 
of many scientists: the famous mathematician G. Leibniz, 
J. Kraft, J. Kunkel, R. Boyle, Ch. Huygens, and many other 
chemists and physicists. J. Kunkel, who was at that time 
the alchemist at the court of the Prince of Saxony, sent 
J. Kraft, his assistant, to Hamburg to get the secret of 
phosphorus preparation from Brand. J. Kraft bought the 
secret for 200 thalers but it did not reach Kunkel. Kraft de-
cided to keep the method of preparing the new substance to 
himself; he went on a trip of Europe to impress society with 
the marvellous substance's glow. J. Kunkel tried to prepare 
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phosphorus himself and after long work he succeeded in 
separating the new element. 

The details of the method by which H. Brand prepared 
phosphorus did not reach us but the method of Kunkel (1676) 
is known rather well. Fresh urine was evaporated forming a 
black precipitate which was heated at first carefully and 
then intensively with sand and coal. After removal of 
volatile and oily compounds, phosphorus precipitated on cold 
walls of the retort as a white deposit. The following chemical 
reactions were involved in the process: 

i 
(a) NaNH4HP04 —* NaP03 + N H s f + H 2 0 

t 

(b) 2NaP03 + Si0 2 —» Na2Si03 + P 2 0 5 

(c) P 2 0 5 + 5C P2 + 5COf 
However, Kunkel also decided not to make the method 

public. In 1680 R. Boyle became the third scientist to obtain 
phosphorus by approximately the same method; he reported 
it in a private letter to the London Royal Society. A. Han-
ckewitz, Boyle's assistant, organized production of phos-
phorus on a fairly large scale, deriving large profits since 
phosphorus was expensive. 

It was believed for a long time that phosphorus existed 
only in one (white) allotropic modification but in 1847 
A. Schroeter, heating white phosphorus up to 300°C without 
air, obtained red phosphorus, which, in contrast to the white 
phosphorus, was neither toxic nor combustible in air. In 
1934 P. Bridgeman obtained the third modification, namely, 
black phosphorus, having subjected phosphorus to heating 
under high pressure. 

Arsenic 

Arsenic compounds, namely its sulphides As2S3 (orpiment) 
and AS4S4 (realgar or sandarac), were well known to Greeks 
and Romans. Orpiment was also known under the name of 
"arsenic". Pliny the Elder and Dioscorides mentioned the 
toxicity of these compounds; Dioscorides noted calcination 
of "arsenic" to obtain white arsenic (oxide). 
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Arsenic is sometimes found in nature in native state and 
is fairly easily extracted from its compounds. It is not 
known who was the first to produce elemental arsenic. 
Usually its discovery is ascribed to the alchemist Albert the 
Great. Paracelsus described the process of preparing metallic 
arsenic by the calcination of "arsenic" with egg-shells. 
According to some reports, metallic arsenic was known much 
earlier but it was considered to be a variety of native 
mercury. This is due to the fact that arsenic sulphide re-
sembles one of mercury minerals and the extraction of 
arsenic from its ores is rather simple. 

In the Middle Ages arsenic was known not only in Europe 
but in Asia as well. Chinese alchemists could extract arsenic 
from its ores. Medieval Europians had no way of knowing 
whether death of a person was caused by arsenic poisoning 
but Chinese alchemists had a method of making sure. Un-
fortunately, their method of analysis is unknown. In Europe 
the test for estimating arsenic content in human body and 
the food eaten before death was developed by D. Marsh. 
This test is very sensitive and is still used. 

Since arsenic sometimes accompanies tin, there are re-
ported cases (for instance, in Chinese literature) when 
people were poisoned by water or wine kept for some time 
in new tin vessels. 

For a long time people confused white arsenic, pr its 
oxide, with arsenic itself believing the two to be the same 
substance. The confusion was eliminated at first by H. Brand 
and then by A. Lavoisier who proved that arsenic is an 
independent chemical element. 

Arsenic oxide has for a long time been used to kill rodents 
and insects. The symbol As originates from the Latin word 
arsenicum whose etymology is obscure. 

Antimony 

Antimony and its compounds have been known from 
times immemorial. Some scholars say that metallic antimony 
was used in South Babylon for making vessels about 
3400 years B.C. But in antiquity antimony was mainly 
used for making cosmetics such as rouge and black paint 
for eye brows. In Egypt, however, antimony was apparently 
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unknown or almost unknown. This is borne out by finds 
from Egyptian burial sites, particularly, by painted mum-
mies. 

In antiquity antimony was confused with lead. It was 
only in alchemical literature of the Renaissance period 
that antimony was given a sufficiently accurate description. 
For example, G. Agricola clearly pointed out that antimony 
is a metal different from other metals. Basilius Valentinus 
devoted to antimony a whole treatise, Triumphal Carriage 
of Antimonium, in which he described the uses of antimony 
and its compounds. 

There are several interpretations of the Latin name of 
antimony antimonium. Most likely it originates from the 
Greek word antimonos, which means "an enemy of solitude", 
and underlines simultaneous occurrence of antimony and 
other minerals. 

Bismuth 

Bismuth has been known to mankind for centuries but for 
a long time it was confused with antimony, lead, and tin. 
Paracelsus, for instance, said that there were two varieties 
of antimony—a black one used for the purification of gold 
and very similar to lead, and a white one named bismuth 
and resembling tin; a mixture of these two varieties resembles 
silver. From the chemical standpoint this confusion can 
easily be explained. Antimony and bismuth are analogues 
of each other and have common features with lead and tin, 
the elements of the previous group. 

Agricola, unlike Paracelsus, gave a rather detailed 
description of bismuth and of the process of its extraction 
from ores mined in Saxony. Miners thought that bismuth, 
as well as tin, was a variety of lead and that bismuth could 
be transformed into silver. 

In Central Russia bismuth has been known since the 
15th century. With the development of book-printing bis-
muth, along with antimony, began to be used for casting 
typographical types. In literature few elements have such 
a great number of names as bismuth. E. von Lippmann in 
his book History of Bismuth from'1480 to 1800 gives twenty 
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one names of this metal used in Europe. A sufficiently clear 
idea of bismuth as an independent metal was formed only 
in the 18th century. 

Zinc 
Zinc is also one of the elements whose compounds have 

been known to mankind from time immemorial. Its best-
known mineral was calamine (zinc carbonate). Upon calcina-
tion it yielded zinc oxide, which was widely used, for 
instance, for treating eye diseases. 

Although zinc oxide is comparatively easily reduced to 
free metal, it was obtained in a metal state much later than 
copper, iron, tin, and lead. The explanation is that reduc-
tion of zinc oxide with coal requires high temperature (about 
1100°C). The boiling point of the metal is 906°C; therefore, 
highly volatile zinc vapour escapes from the reaction zone. 

Before metallic zinc was isolated, its ores were used for 
making brass, an alloy of zinc and copper. Brass was known 
in Greece, Rome, India, and China. It is an established fact 
that Romans produced brass for the first time during the 
reign of Augustus (B.C.20-A.D.14). Interestingly, the 
Roman method of preparing brass was still used up to the 
19th century. 

It is impossible to establish when metallic zinc was 
obtained. In ancient Dacian ruins an idol was found contain-
ing 27.5 per cent of zinc. Zinc was possibly obtained during 
brass production as a side product. 

In the 10-llth centuries the secret of zinc production was 
lost in Europe and zinc had to be imported from India and 
China. It is believed that China was the first country to 
produce zinc on a large scale. The production process was 
extremely simple. Earthenware filled with calamine were 
tightly closed and piled into a pyramid. The gaps between 
the pots were filled with coal and the pots were heated to red 
heat. After cooling the pots, where zinc vapours condensed, 
were broken and metal ingots were extracted. 

Europeans rediscovered the secret of zinc production in 
the 16t,h century when zinc had already been recognized as 
an independent metal. During the next two centuries many 
chemists and metallurgists worked on with methods of zinc 
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extraction. A great deal of credit should go to A. Marggraf 
who published in 1746 a large treatise, Methods of Extraction 
of Zinc from Its Native Mineral Calamine. He also found 
that lead ores from Rammelsberg (Germany) contained zinc 
and that zinc could be obtained from sphalerite, natural zinc 
sulphide. 

The name "zinc" originates from the Latin word denoting 
leucoma or white deposit. Some scholars relate "zinc" to the 
German word zink, which means lead. 



Chapter 3 

Elements of Air and Water 

This chapter is devoted to three elemental gases—hydro-
gen, nitrogen, and oxygen—whose discovery was the most 
important event in chemistry of the second half of the 
18th century. Nitrogen and oxygen constitute almost the 
whole of the earth's atmosphere, other gases being only 
present in low concentrations. Hydrogen and'oxygen form 
water—one of the most amazing compounds. All three 
elements together with carbon comprise organic compounds 
and are found in all animals and plants without exception. 

Discovery of hydrogen, nitrogen, and oxygen and their 
proper understanding played an extremely important role in 
the development of chemistry since it contributed to the 
emergence of many modern concepts. Here is a short list of 
achievements directly related to the discovery of these gases: 
the oxygen theory of combustion (A. Lavoisier); the atomistic 
theory (J. Dalton); the theory of acids and bases; the use of 
oxygen and hydrogen scales of atomic weights (masses); 
conception of hydrogen as primary matter which gave rise 
to all other elements (V. Prout). 

The discoveries of hydrogen, nitrogen, and oxygen occupy 
a special place in the history of elements. The understanding 
of the real nature of these elements was a complex, contra-
dictory, and prolonged process. Discovering new gaseous 
products in the course of chemical reactions (hydrogen, 
nitrogen, and oxygen), scientists did not know yet that 
they were dealing with new chemical elements. 

From time immemorial only one type of gas, namely air, 
was known; it was studied by physics and was not in 
chemistry's sphere of interests. The gaseous products that 
were formed during various processes (for instance, fermenta-
tion or putrefaction) were considered by scientists to be 
varieties of air. The concept of a "gas" appeared only at the 
beginning of the 17th century. It was introduced by J. Van 
Helmont, a famous natural scientist. He derived it from the 
Greek word chaos. Once J. Van Helmont burnt 62 pounds of 
wood and obtained only one pound of ash. What was the rest 
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of the wood transformed into? Into a "wood spirit" (spiritus 
silvester), the scientist believed. He wrote that he called 
this previously unknown "spirit" by a new name "gas". Now 
we know that the scientist obtained carbon dioxide which was 
produced again by the English physicist J. Black only over 
100 years later. But J. Van Helmont did not understand his 
discovery: he saw in the "wood spirit" only a variety of air. 

Therefore, we have no right to apply the term "the 
discovery of a new element" in its latter-day sense to the 
constituents of air and water. On the other hand, the dis-
coveries of hydrogen, nitrogen, and oxygen differ consider-
ably from those chance discoveries that had taken place in 
the pre-scientific period. Firstly, in the 18th century there 
was a well-developed theory named "the theory of phlo-
giston" (the phlogistic theory). Secondly, the gaseous 
state of matter became at last, owing to J. Van Helmont, the 
subject of chemical study, and to a new branch of chemistry-
pneumatic chemistry was born with its own research methods 
and laboratory equipment. In other words, the discovery 
of elemental gases became possible due to purposeful ex-
perimental work based on theoretical conceptions. And be-
fore we begin the story of these elements, we have to consider 
the phlogistic theory and pneumatic chemistry. 

In essence the phlogistic theory was very simple and, 
therefore, seemed to be very convincing. Its name originates 
from the Greek word phlogistos, which means "combustible". 
The theory provided an explanation of processes taking 
place during combustion, calcination of metals, and respira-
tion, the essence of which was unclear. So the idea of a 
substance which is the main participant in all the above 
processes—phlogiston—was put forward. 

Although ideas about materia ignea were expressed in one 
form or another by several scientists, the German chemist 
and physician G. Stahl is regarded as the true founder of 
the phlogistic theory. He reasoned in the following way. All 
bodies can burn only owing to the presence of phlogiston 
in them. The more phlogiston a body contains, the more 
actively it burns. Coal is an example of a substance which 
is almost pure phlogiston. Upon calcination, metals lose 
phlogiston and transform into "calx" (earths). The addition 
of phlogiston to calcinated metal produces pure metal again. 
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Calcination of metal scale with coal is a good illustration. 
This process was well known even to primitive metallurgists. 

From the standpoint of modern chemistry all this means 
that in the course of an oxidation reaction (for instance, 
the formation of an oxide during calcination of a metal) 
phlogiston is lost; on the contrary, in a reduction reaction 
(calcination of metal oxide with coal) phlogiston is ac-
quired. Everything is so simple and clear. But even a be-
ginner in chemistry will understand that the phlogistic 
theory is erroneous. It follows from this theory that the 
weight of the substance upon combustion must decrease 
rather than increase; a metal oxide must be lighter than the 
metal itself. According to the phlogistic theory, metals 
should be considered as complex compounds (metal plus 
phlogiston) and their oxides (earths) as simple substances 
(metal minus phlogiston). 

And, nevertheless, the phlogistic theory was recognized 
for about a century and was earnestly advocated by famous 
chemists of that time including G. Cavendish, J. Priestley, 
and C. Scheele whose names are associated with the discovery 
of the elements of air and water. At the initial stages of 
their discoveries the concepts of the phlogistic theory 
played an important role. 

New interest in the study of gases contributed to the 
development of pneumatic chemistry, and it was the second 
inevitable step towards the discovery of hydrogen, nitrogen, 
and oxygen. The study of gases had for a long time been made-
difficult by the absence of adequate methods for their 
preparation and collection, and analysis of their properties. 
Bladders of animals were almost the only experimental 
vessels for collecting and weighing the liberated gases. It 
proved much more difficult to study gases than solids or 
liquids. 

At the beginning of the 18th century S. Hales, an English 
scientist, invented a pneumatic bath. In this apparatus the 
vessel where a gas was formed (a retort with a reaction 
mixture) was separated from the collector for the liberated 
gas. The collector was a flask which was turned upside down 
and filled with water. Penetrating into the flask, the gas 
bubbles displaced water and the flask became filled with 
the gas under study. 
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J. Black (an English scientist, one of the founders of 
pneumatic chemistry) also made use of the pneumatic bath 
to study compounds known for a very long time—lime and 
magnesia alba (calcium and magnesium carbonates). Their 
calcination or reaction with acids produces a gas. Now we 
can easily guess that this gas was the same "wood spirit" 
J. Van Helmont had obtained by burning charcoal. Helmont, 
however, did not go beyond establishing the fact and offer-
ing some vague speculations. Black advanced much further. 
He noticed that compounds formed upon calcination or in 
the reactions with acids can be transformed into the initial 
state. 

Now a chemist would comment upon this achievement in 
the following way: the scientist carried out a forward reac-
tion (decomposition of carbonates into oxides and carbon 
dioxide) and a reverse reaction (addition of carbon dioxide 
to the oxides yielding the initial product). The mass of the 
initial products was completely restored and, thus, J. Black 
succeeded in what others had failed. 

He weighed some gas in a bound state, referring to it as 
"bound" or "fixed" air. The gas was liberated during fermen-
tation processes or combustion of charcoal but it did not 
sustain respiration or combustion. Black believed this 
gas to be an independent constituent of atmospheric air. 

Thus, in 1754 carbon dioxide was discovered under the 
name of "fixed" air. This event was of an extreme importance 
for the subsequent discovery of other gases mainly because 
of the fact that after inevitable arguments and discussions 
the scientists began to consider carbon dioxide to be not 
a variety of air but an independent substance different from 
air and contained in many solids. And since on addition of 
carbon dioxide to oxides the mass of the product formed 
exceeded that of the initial product, the main principle of 
the phlogistic theory was undermined. It was however a long 
time before the significance of this fact was recognized and 
the phlogistic theory ceased to be the only basis for the 
explanation of many observations of pneumatic chemistry 
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Hydrogen 

Hydrogen is one of the most striking elements of the 
periodic system, its number one, and the lightest of all the 
existing gases. It is the element whose discovery was 
indispensable for the solution of many problems of chemical 
theory. It is an element whose atom, losing its only valence 
electron, becomes a "bare" proton. And, therefore, chemistry 
of hydrogen is, in a way, unique; it is the chemistry of an 
elementary particle. 

Once D. I. Mendeleev called hydrogen the most typical 
of typical elements (meaning the elements of the short 
periods in the System), because it begins the natural series 
of chemical elements. 

And such a fascinating element is readily available: 
it can be obtained without difficulty in any school labora-
tory, for instance, by pouring hydrochloric acid on zinc 
shavings. 

Even in those bygone times, when chemistry was not a 
science yet and when alchemists were still searching for 
the "philosophers' stone", hydrochloric, sulphuric, and 
nitric acids as well as iron and zinc were already known. 
In other words, man had in his possession all components 
whose reaction could give rise to hydrogen. Only a chance 
was needed and chemical literature of the 16-18th centuries 
reported that many times chemists observed how the pouring 
of, for instance, sulphuric acid on iron shavings produced 
bubbles of a gas which they believed to be an inflammable 
variety of air. 

One of those who observed this mysterious variety of air 
was the famous Russian scientist M. V. Lomonosov. In 1745 
he wrote a thesis, On Metallic Lustre, which said, among 
other things: "On dissolution of some base metal, especially 
iron, in acidic alcohols, inflammable vapour shots out from 
the opening of the flask...." (According to the terminology 
of those times, acidic alcohols meant acids.) Thus, 
M. V. Lomonosov observed none other than hydrogen. But the 
sentence went on to read: "...which is phlogiston." Since 
metal dissolved in the acid liberating materia ignea or 
"inflammable vapour", it was very convenient to assume that 
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dissolving metal releases phlogiston: everything fits nicely 
into the theory of phlogiston. 

And now is the time to meet the outstanding English 
scientist H. Cavendish, a man fanatically devoted to science 
and an excellent experimenter. He never hurried with making 
public his experimental results and sometimes several years 
had to pass before his articles appeared. Therefore, it is 
difficult to pinpoint the date when the scientist observed 
and described the liberation of "inflammable air". What is 
known is that this work published in 1766 and entitled 
"Experiments with Artificial Air" was done as a part of 
pneumatic chemistry research. It is also likely that the 
work was performed under the influence of J. Black. 
H. Cavendish had become interested in fixed air and decided 
to see whether there existed other types of artificial air. 
In this manner the scientist referred to the variety of air 
which is contained in compounds in a bound state and which 
can be separated from them artificially. H. Cavendish knew 
that inflammable air had been observed many times. He 
himself obtained it by the same technique: the action of 
sulphuric and hydrochloric acids on iron, zinc, and tin, but 
he was the first to obtain definite proof that the same type 
of air was formed in all cases—inflammable air. And he was 
the first to notice the unusual properties of inflammable air. 
As a follower of the phlogistic theory, H. Cavendish could 
give only one interpretation of the substance's nature. Like 
M. V. Lomonosov, he identified it as phlogiston. Studying 
the properties of inflammable air, he was sure that he was 
studying the properties of phlogiston. H. Cavendish believed 
that different metals contain different proportions of 
inflammable air. Thus, to the fixed air of J. Black, the 
inflammable air of H. Cavendish was added. Strictly speak-
ing, the two scientists discovered nothing new: each of them 
only summarized the data of previous observations. But this 
summing up represented considerable progress in the history 
of human knowledge. 

Fixed air and inflammable air differed both from ordinary 
air and from each other. Inflammable air was surprisingly 
light. H. Cavendish found that phlogiston, which he had 
separated, had a mass. He was the first to introduce a quan-
tity to characterize gases, that of density. Having assumed 
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the density of air to be unity, Cavendish obtained the density 
of 0.09 for inflammable air and 1.57 for fixed air. But here 
a contradiction arose between Cavendish the experimenter 
and Cavendish the adherent of the phlogistic theory. Since 
inflammable air had a positive mass, it could by no means 
be considered to be pure phlogiston. Otherwise, metals 
losing inflammable air would have to lose mass as well. 
To avoid the contradiction, Cavendish proposed an original 
hypothesis: inflammable air is a combination of phlogiston 
and water. The essence of the hypothesis was that at last 
hydrogen appeared in the composition of inflammable air. 

The evident conclusion is that Cavendish, like his prede-
cessors, did not understand the nature of inflammable air, 
although he had weighed it, described its properties, and 
considered it to be an independent kind of artificial air. 
In a word, Cavendish, unaware of the fact, studied "phlo-
giston" obtained by him as he would have studied a new 
chemical element. But Cavendish could not perceive that 
inflammable air was a gaseous chemical element—so strong 
were the chains of the phlogistic theory. And having found 
that the real properties of inflammable air contradicted this 
theory, he came up with a new hypothesis, as erroneous as 
the theory itself. 

Therefore, strictly speaking, the phrase "hydrogen was 
discovered in 1766 by the English scientist H. Cavendish" is 
meaningless. Cavendish described the processes of prepara-
tion and the properties of inflammable air in greater detail 
than his predecessors. However, he "knew not what he was 
doing". The elementary nature of inflammable air remained 
beyond his grasp. It was not the scientist's fault, however; 
chemistry had not yet matured enough for such an insight. 
Many years have passed before hydrogen became, at last, 
hydrogen and occupied its proper place in chemistry. 

Its Latin name hydrogenium stems from the Greek words 
hydr and gennao which mean "producing water". The name 
was proposed in 1779 by A. Lavoisier after the composition 
of water had been established. The symbol H was proposed 
by J. Berzelius. 

Hydrogen is a unique element in the sense that its isotopes 
differ in their physical and chemical properties. At one 
time this difference prompted some scientists to consider 
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hydrogen isotopes as independent elements and to find 
for them special boxes in the periodic table. Therefore, 
the history of the discovery of hydrogen isotopes is of special 
interest, as a continuation of the history of hydrogen itself. 

The search for hydrogen isotopes began in the twenties 
of this century but all attempts were unsuccessful, result-
ing in the belief that hydrogen had no isotopes. In 1931 it 
was suggested that hydrogen, nevertheless, contains a heavy 
isotope with a mass number of 2. Since this isotope had to 
be twice as heavy as hydrogen, the scientists tried to isolate 
heavy hydrogen by physical methods. In 1932 the American 
scientists Urey, Brickwedde, and Murphy evaporated liquid 
hydrogen and, studying the residue by spectroscopy, found 
a heavy isotope in it. In the atmosphere it was discovered 
only in 1941. The name "deuterium" originates from the 
Greek word deuteros which means "second, another one". 
The next isotope with a mass number of 3, tritium (from 
the Greek tritos—the third), is radioactive and was dis-
covered in 1934 by English scientists M. Oliphant, 
P. Hartec, and E. Rutherford. The name "protium" was 
assigned to the main hydrogen isotope. This is the only case 
when isotopes of the same element have different names and 
symbols (H, D, and T). 99.99 per cent of all hydrogen is 
protium; the rest is deuterium with only traces of tritium. 

Nitrogen 

Although fixed air (carbon dioxide) and inflammable 
air (hydrogen) were later found in the earth's atmosphere, 
their discoveries did not result from the study of atmospheric 
air. The latter was still regarded as "classical" air and 
nobody had any idea that it was a mixture of gases. It was 
the study of atmospheric air, however, that made it possible 
for pneumatic chemistry to obtain the most valuable 
results. 

The study of the atmosphere led to the discovery of nitro-
gen. Although it is associated with the name of a certain 
scientist and a certain date, this certainty is misleading. 
It is rather difficult to separate the history of nitrogen 
discovery from the mainstream of pneumatic chemistry; one 
can only think of a more or less logical sequence of events. 
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Very early in history man came across nitrogen com-
pounds, for instance, saltpeter and nitric acid, frequently 
observing liberation of brown vapours of nitrogen dioxide. 
Obviously, it would be impossible to discover nitrogen by 
decomposing its inorganic compounds. Tasteless, colourless, 
odorless, and chemically rather inactive, nitrogen would 
have remained unnoticed. 

Therefore, it is not easy to decide where to begin the 
story of the discovery of nitrogen. Although our choice 
may seem subjective, we start with 1767 when H. Cavendish 
and J. Priestley, another outstanding English physicist, 
chemist, and philosopher, set out to study the action of 
electric discharges on various gases. There were only few 
such gases at that time: ordinary air, fixed air, and in-
flammable air. Although the experiments did not produce 
definite results, it was shown later that electric discharge 
in humid air yields nitric acid. Later this fact proved to 
be useful for the analysis of the earth's atmosphere. 

In 1777 H. Cavendish reported in a private letter to 
J. Priestley that he had succeeded in preparing a new variety 
of air named by him asphyxiating or mephitic air. Cavendish 
repeatedly passed atmospheric air over red-hot coal. The 
resulting fixed air was absorbed with alkali. The residue 
was mephitic gas. Cavendish did not study it thoroughly 
and only reported the fact to Priestley. Cavendish returned 
to the study of mephitic air much later, did a large work but 
the credit for the discovery had already gone to another 
scientist. 

When Priestley received the letter from Cavendish he 
was busy with important experiments and read it without due 
attention. Priestley burned various inflammable compounds 
in a given volume of air and calcinated metals; the fixed air 
formed during these processes was removed with the aid of 
limewater. The main thing which he noticed was that the 
volume of air decreased considerably. A reader will prompt 
that as a result of metal calcination or combustion of 
compounds the oxygen present in the apparatus was bonded 
and nitrogen remained. Priestley, however, had no idea about 
the existence of such a gas as oxygen (two years later, 
however, he became one of its discoverers) and, to explain 
the observed phenomenon, he turned to phlogiston. Priestley 
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believed that the result of metal calcination was due 
exclusively to the action of phlogiston. The remaining air 
is saturated with phlogiston and, consequently, it can be 
named "phlogisticated" air; it sustains neither respiration 
nor combustion. 

Thus, Priestley was in possession of a gas which sub-
sequently became known as nitrogen. But this extremely im-
portant result was treated by him as something of secondary 
importance. The existence of "phlogisticated" air was for 
Priestley evidence of the fact that phlogiston did play a 
role in natural processes. This story shows once more how 
the erroneous phlogistic theory hampered the discovery of 
elemental gases. 

So, neither Cavendish nor Priestley could understand the 
real nature of the new gas. The understanding came later 
when oxygen appeared on the scene of chemistry. The 
English physician D. Rutherford, the pupil of J. Black, who 
is considered to be the discoverer of nitrogen, did, in prin-
ciple, nothing new compared with his famous colleagues. 
In September 1772, Rutherford published a magisterial 
thesis On the So-Called Fixed and Mephitic Air in which he 
described the properties of nitrogen. This gas, according to 
Rutherford, was absorbed neither by limewater nor by alkali 
and was unsuitable for respiration; he named it "corrupted" 
air. 

Not properly discovered or understood as a gaseous 
chemical element, nitrogen in the seventies of the 18th 
century had three names which confused still more the fuzzy 
chemical concept muddled by the persisting influence of the 
phlogistic theory. Phlogisticated, mephitic, or corrupted 
air was yet to receive its final name. 

This name was proposed in 1787 by A. Lavoisier and other 
French scientists who developed the principles of a new 
chemical nomenclature. They derived the word "azote" 
from the Greek negative prefix "a" and the word "zoe" 
meaning "life". Lifeless, not supporting respiration and 
combustion, that was how the chemists saw the main pro-
perty of nitrogen. Later this view turned out to be erroneous: 
nitrogen is vitally important for plants. The name "azote", 
however, remained. The symbol of the element, N, originates 
from the Latin nitrogenium which means "saltpeter-forming". 
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H. Cavendish studied the properties of nitrogen in detail. 
He was one of the first scientists to believe that phlogistic-
ated air is a component of ordinary air. One day, in the 
course of his experiments Cavendish questioned the homo-
geneity of phlogisticated air. He passed an electric spark 
through its mixture with oxygen transforming the whole 
into nitrogen oxides which were removed from the redaction 
zone. But every time a small fraction of the phlogisticated 
air (nitrogen) remained unchanged and did not react with 
oxygen. It was a very small fraction, a slightly noticeable 
gas bubble—only 1/125 of all nitrogen taken for the experi-
ment. Cavendish could not explain the reason for this phe-
nomenon observed in 1785. The answer was found only over 
one hundred years later. You will read about it in Chapter 9 
devoted to inert gases. 

Oxygen 

One can safely say that none of the chemical elements 
played such an important role in the development of chemistry 
as oxygen. This life-giving gas enabled chemistry to make 
such great progress at the end of the 18th century which 
had never been possible before. First of all, oxygen over-
turned the phlogigtic theory which had seemed immovable. 
Erroneous as it was, this theory was undoubtedly of some 
historical usefulness. For the time being the theory of 
phlogiston made it possible somehow to systematize the 
existing chemical conceptions and to consider various proc-
esses in nature and laboratory from a common (though er-
roneous) standpoint. This gave a certain purposefulness to 
the research. Hydrogen and nitrogen were found from the 
phlogistic conceptions but the study of these "varieties of 
air" made il possible to accumulate new facts whose explana-
tion demanded a different approach. Figuratively speaking, 
chemistry needed a new look at itself, and oxygen made it 
possible. 

... In defiance of the theory of phlogiston, vague con-
jectures were repeatedly made that combustion of inflam-
mable compounds and calcination of metals drew a "sub-
stance" from the air. In 1673 R. Boyle concluded that when 
lead and antimony are calcinated a very fine "materia ignea" 
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passes into the metals and combines with them, increasing 
their weight. "... the good Robert Boyle's opinion is false," 
Lomonosov wrote 80 years later. The famous Russian 
scientist said that air participates in the processes of com-
bustion—particles from the air mix with the compound being 
calcinated and increase its mass. 

In the period when pneumatic chemistry was gaining 
ground, the French chemist P. Bayen wrote a paper (1774) 
in which he discussed the causes for an increase in the mass 
of metals during calcination. He believed that a peculiar 
variety of air—an expansible fluid, heavier than ordinary 
air—was added to a metal in the process of calcination. 
Bayen obtained this fluid by thermal decomposition of 
mercury compounds. And, conversely, acting on metallic 
mercury, the fluid transformed it into a red compound. 

Bayen, unfortunately, only established the facts and did 
not pursue the subject further. However, you will see later 
that the scientist was actually dealing with oxygen. Re-
member two things: the date 1774 and the compound ob-
served by Bayen—red mercury oxide. In the same year 
J. Priestley experimented with the same compound. Shortly 
before, he had discovered that in the presence of green plants 
fixed air, not supporting respiration, turned into ordinary 
air suitable for respiration by living organisms. This fact 
was extremely important not only for chemistry but for 
biology as well. Priestley proved for the first time that 
plants release oxygen. 

In the early 1770's so-called saltpeter gas was already 
known. It was liberated in the reaction of diluted nitric 
acid with iron shavings (it is nitrogen oxide in modern 
terminology). It turned out that saltpeter gas can be trans-
formed (by its reaction with iron dust) into another variety 
of air supporting combustion but not supporting respiration. 
Thus, J. Priestley discovered another nitrogen oxide, N20, 
and named it, according to the logic of the phlogistic theory, 
dephlogisticated saltpeter gas. 

August 1, 1774, which was to become a milestone in the 
history of chemistry, was a usual day of hard work for 
J. Priestley. He placed red mercury oxide into a sealed 
vessel and directed on it sunbeams, focused with a big lens. 
The compound began to decompose yielding bright metallic 
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mercury and a gas (several years later this gas would be 
named "oxygen" and become the third elemental gas). 
Unlike nitrogen, oxygen was not initially isolated from the 
atmosphere. The new air variety was extracted from a solid. 
The gas discovered by Priestley proved to be suitable for 
respiration. A candle burnt in the atmosphere of this gas 
much brighter than in ordinary air. Nothing was observed 
when the new gas was mixed with air but, being mixed 
with saltpeter, the gas yielded brownish vapours (known at 
present to be N02 formed from NO). A similar, although 
not so pronounced, picture was observed when saltpeter was 
reacted with ordinary air. Priestley had only to say: "The 
new gas is a component of air." But he was not ready yet 
to do so and named the new variety of air "dephlogisticated" 
air—something quite natural for a follower of the phlogistic 
theory. 

After the discovery—and this is an important detail in 
the history of oxygen—Priestley left for Paris where he 
told Lavoisier and some other French scientists about his 
experiments. Lavoisier appreciated at once the importance of 
the experiment of his English colleague—he had a much 
clearer idea about it than Priestley. But Priestley kept 
talking about dephlogisticated air, still in the grip of his 
delusion (which is another proof of the vitality of the 
phlogistic theory). Unable to see the greatness of his own 
discovery, Priestley considered dephlogisticated air to be 
a complex substance. Only in 1786, influenced by the ideas 
of Lavoisier, did he begin to view it as an elemental gas. 

Thus, we owe the discovery of oxygen to P. Bayen and 
J. Priestley. However, a third name should be added—that of 
the famous Swedish chemist C. Scheele. It became widely 
known to the scientific community when Scheele published 
the book Chemical Treatise About Air and Fire. Written 
in 1775, it appeared only two years later for which the 
publisher was to blame. This disappointing fact deprived 
Scheele of the right to be named the discoverer of oxygen 
although he described it as early as 1772 and his description 
was much more detailed and accurate than that of Bayen 
and Priestley. Scheele obtained oxygen ("fiery air") in 
various ways, by decomposing inorganic compounds. Distil-
lation of saltpeter with sulphuric acid yielded brown vapours 
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C. SCHEELE 

which became colourless at high temperatures. Scheele 
collected these vapours and named the new gas "fiery air". 
In this gas, like in Priestley's, a candle burned much brighter 
than in ordinary air. Scheele believed that fiery air was 
a component of ordinary air. Mixing it with mephitic or 
corrupted air of Rutherford, Scheele prepared a mixture 
which did not differ at all from ordinary air. In fact, the 
scientist realized that atmospheric air is a mixture of gases 
Which later were to be known as nitrogen and oxygen. 
However, this seems to be easy only with our superior 
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knowledge. Scheele was deluded by his devotion to the 
phlogistic theory. Burning inflammable air (hydrogen) in 
a vessel with air, the scientist did not detect any products 
of the reaction of inflammable air with fiery one. His con-
clusion was that this reaction produced heat. Scheele 
reasoned that fiery air, combining with phlogiston, produces 
beat (which had, according to Scheele, a material nature) 
whose "decomposition" yields fiery air. 

Scheele discovered fiery air knowing nothing about 
Priestley's experiments, and informed Lavoisier about it on 
September 30, 1774. Regretfully, Scheele's results were 
published too late. Had they appeared earlier, the difficult 
and contradictory process of elucidating the nature of 
elemental gases would have been accelerated. 

Their real understanding was made possible by Lavoisier, 
one of the most outstanding chemists of all times. During 
the period dominated by the phlogistic theory, vast exper-
imental material was accumulated which led to revolution-
ary changes in chemistry. The main credit for this goes to 
A. Lavoisier owing to whom oxygen was properly understood. 
F. Engels wrote: "Lavoisier was able to discover in the 
oxygen obtained by Priestley the real antipode to the fan-
tastic phlogiston and thus could throw overboard the entire 
phlogistic theory. But this did not in the least do away 
with the experimental results of phlogistics. On the contra-
ry, they persisted, only their formulation was inverted, 
was translated from the phlogistic into the now valid 
chemical language and thus they retained their validity."* 

Lavoisier's road to the discovery of oxygen was much 
straighter than that of his contemporaries. At first the 
French scientist also appealed to the phlogistic theory, but 
the more experimental facts he obtained, the more inclined 
he became to discard it. By November 1, 1772, he had 
finished the description of his experiments on the combustion 
of various compounds in air. He concluded that the mass 
of all substances, including metals, increases upon combus-
tion and calcination. 

* Friedrich Engels, "Old preface to Ariti-Diihring. On dialec-
tics", Progress Publishers, Moscow, p. 49, 
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A. LAVOISIER 

Since these processes require a great amount of air, 
A. Lavoisier made another conclusion: air is a mixture of 
gases with different properties. A certain part of it supports 
combustion and becomes bonded to the burning substance. 
At first A. Lavoisier assumed that this type of air is similar 
to the fixed air of J. Black but soon he saw his error. In 
February 1774, the French scientist discovered that air which 
interacts with a substance during combustion is most suit-
able for respiration. Thus, A. Lavoisier met face to face with 
oxygen but refrained from announcing the discovery of a new 
gas since he was going to perform some additional experiments. 

In October 1774, Priestley reported to Lavoisier about 
his discovery revealing to the French chemist the real signifi-
cance of his own findings. He immediately began to exper-
iment with red mercury oxide which was the most suitable 
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"generator" of oxygen. In April 1775, Lavoisier made a report 
to the Academy of Sciences: "Memoir on the Nature of the 
Substance which Combines with Metals upon Calcination and 
Increases Their Weight"—the announcement of the discovery 
of oxygen. Lavoisier wrote that this type of air had been 
discovered almost simultaneously by Priestley, Scheele, 
and by him. At first he said that it was "very easily inhaled 
air" but then changed the name for "life-giving or invigorat-
ing" air. 

This fact alone shows how far behind Lavoisier left his 
contemporaries in understanding the nature of oxygen. 
Invigorating air became the subject of comprehensive studies. 
At a later stage the scientist came to the conclusion that "the 
most easily inhaled air" is an acid-forming principle, the 
most important part of all acids. Later it was shown that 
this belief was erroneous (when oxygen-free acids were de-
scribed with hydrohalic acids as an example). But in 1779 
Lavoisier thought it possible to reflect this property of the 
new gas in its name of "oxygen" derived from the Greek 
for "producing acid". 

Determination of the water composition became a major 
advance of the oxygen theory. In 1781 H. Cavendish observed 
that inflammable air upon combustion is transformed almost 
completely (together with dephlogisticated air) into pure 
water. But he published his results only in 1784. Lavoisier 
knew about these experiments and, after repeating them, he 
concluded that water is not a simple substance but a mixture 
of inflammable and invigorating air. Since the conclusion 
was made in 1783, Lavoisier is held by many to be the 
first one to have established the composition of water. In 
reality, however, H. Cavendish was the first. Determination 
of the composition of water made it possible to get an insight 
into the nature of hydrogen. 

What makes the history of the discovery of oxygen inter-
esting is that the process was not a single event. Several 
stages were passed: from an empirical observation of oxygen 
to a proper understanding of its nature as a gaseous chemical 
element. It should also be mentioned that the discovery of 
oxygen (as well as of other elemental gases) was not the 
doing of one man. Engels wrote: "Priestley and Scheele 
had produced oxygen without knowing what they had laid 
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their hands on ... . And although Lavoisier did not produce 
oxygen simultaneously and independently of the other two, 
as he claimed later on, he nevertheless is the real discoverer 
of oxygen vis-a-vis the others who had only produced it 
without knpwing what they had produced."* 

* Friedrich Engels. Preface to the second edition of Capital, 
vol. 2, Progress Publishers, Moscow, p. 15, 



Chapter 4 

Elements Discovered 
by Chemical Analysis 

This chapter is devoted to the description of the elements 
that were discovered owing to chemical analysis of natural 
substances, mainly, various minerals. With .progress of 
chemistry its role in the study of inorganic nature was 
becoming more and more important. The chapter begins 
with the discovery of cobalt and ends with the discovery 
of vanadium. It covers the time period of about 100 years 
(from 1735 to 1830). During this period more than 30 chemi-
cal elements were discovered due to the development of the 
chemical analysis. Of course, analysis played an important 
role in the discovery of some other elements as well, for 
instance, of rare earth elements, but because of the specific 
histories of these elements they will be discussed in a 
separate chapter. 

Cobalt 

The history of the discovery of cobalt can conveniently 
be started with the history of its name. Cobalt owes its name 
to the mineral which medieval Saxony miners named 
"cobold" after the evil spirit who was assumed to inhabit the 
mineral. This mineral closely resembled silver ore but all 
attempts to produce silver from it were unsuccessful. 

Blue cobalt glasses, enamels, and pigments were known 
as early as 5 000 years ago in ancient Egypt. In Pharaoh 
Tutankhamen's tomb archaeologists found fragments of 
blue glass. It is not known whether the preparation of blue 
glasses and paints on the basis of cobalt compounds was due 
to chance or whether it was a conscious effort. At any rate 
the method of their preparation remained unknown for 
a long time. Its first mention dates back to 1679. 

Cobalt was discovered by the Swedish chemist G. Brandt 
in 1735. In his "Dissertation on Semi-metals" Brandt wrote 
about a new semi-metal, cobold, discovered by him. By 
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semi-metals the scientist meant compounds whose properties 
resemble those of known metals but which are not malleable. 
He described six semi-metals: mercury, bismuth, zinc, 
antimony, cobalt, and arsenic. Since the majority of bismuth 
ores contain cobalt, G. Brandt proposed several methods to 
distinguish between cobalt and bismuth. 

In 1744 G. Brandt found a new mineral which contained 
cobalt, iron, and sulphur. It proved to be cobalt sulphide 
Co3S4. 

Later G. Brandt studied cobalt in detail. At the turn of 
the 18th century cobalt and its compounds were studied by 
T. Bergman, L. Thenard, L. Proust, and J. Berzelius, which 
made cobalt a well-investigated element. It must be added 
that for a long time many chemists did not believe in the 
discovery of cobalt. In 1776 the Hungarian chemist P. Pa-
daxe said that cobalt was a compound of iron and arsenic; 
but he considered nickel, which had already been discovered 
by that time, to be a chemical element. Only by the end of 
the 18th century, the efforts of many scientists confirmed 
the discovery of G. Brandt. 

Cobalt, as well as nickel, is often present (and sometimes 
in great amounts) in meteorites. In 1819 the German chemist 
F. Stromeyer reported the discovery of cobalt in a meteorite 
and somewhat later S. Tennant found nickel in the same 
meteorite. 

Nickel 
Cobalt has very much in common with nickel, its neigh-

bour in the periodic table. First of all, nickel is also of 
"devilish" origin. Its name derives from the German "kupfer-
nickel" ("copper devil") and belongs to the mineral described 
in 1694 by the Swedish mineralogist U. Hierne, who mistook 
it for copper ore. When repeated attempts to smelt copper 
from it failed, the metallurgists decided that it must have 
been Nick, the evil spirit of'the mountains, at his tricks. 

People came to know nickel ages ago. Back in the 3rd 
century B.C. the Chinese made an alloy of copper, nickel, 
and zinc. In the Central Asian state of Bactria coins were 
made from this alloy. One of them is now in the British 
Museum in London. 
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Confusion about the composition of kupfernickel remained 
even after the mineral had been described. In 1726 the 
German chemist I. Link studied the mineral and established 
that its dissolution in nitric acid yields a green colour. He 
concluded that the mineral was most probably a cobalt ore 
with admixtures of copper. When Swedish miners found 
a reddish mineral which, being added to glass, did not 
produce a blue colour, they named it "cobold that had lost 
his soul". It was also one of the nickel minerals. 

That was how matters stood up to 1751. That year the 
Swedish mineralogist and chemist A. Gronstedt took an 
interest in the mineral found in a cobalt mine. In one of his 
experiments he immersed a small piece of iron into an acid 
solution of this ore. Had copper been present in the solution, 
it would have been deposited on iron in a free state. To his 
great surprise nothing of the kind happened. The solution 
did not contain copper. This contradicted the existing be-
liefs about this ore. Cronstedt began a thorough investigation 
of the green crystals dispersed in the ore. After a great 
number of experiments, he isolated a metal from kupfernickel 
which did not resemble copper at all. Gronstedt described 
this metal as solid and brittle, weakly attracted by a magnet, 
transforming into a black powder when heated, and yielding 
a wonderful green colour upon dissolution. Cronstedt con-
cluded that, since the metal was contained in kupfernickel, 
the name could be retained and shortened to nickel. At 
present it is known that kupfernickel is nickel arsenide. 

Many chemists in Europe recognized that a new element 
had been discovered. But some scientists held that nickel 
was a mixture of cobalt, iron, arsenic, and copper. All 
doubts were removed in 1775 by T. Bergman who showed 
that mixtures of these elements taken in any proportions 
did not possess the properties of nickel. 

Manganese 
Manganese compounds and, in particular, its oxide— 

pyrolusite (MnOa)—have been known from ancient times and 
used for making glass and pottery. In 1540 V. Biringuccio, an 
Italian metallurgist, wrote that pyrolusite was brown, did 
not melt, and gave a violet colour to glass and ceramic when 
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added to them. Another characteristic of pyrolusite was 
observed—its ability to make clear yellow and green glasses. 

The Austrian scientist I. Kaim seems to be the first to 
have obtained a small amount of metallic manganese in 1770. 
He heated a mixture consisting of one part of pyrolusite 
powder and two parts of black flux (i.e. a mixture of coal 
with K2C03) and obtained bluish-white brittle crystals. 
Apparently, it was contaminated manganese but the scientist 
only concluded that the metal obtained was iron-free and did 
not complete his studies. 

The subsequent story of manganese is associated with 
T. Bergman who by that time had already confirmed the 
discovery of nickel. He characterized pyrolusite in the 
following way: the mineral called "black magnesium" is 
a new earth; it should not be confused either with roasted 
lime or with "magnesium alba" (i.e. magnesium oxide). 
However, T. Bergman failed to separate the metal from 
pyrolusite, in contrast to I. Kaim. 

C. Scheele was the third chemist who tried to separate 
a new element from this mineral. In 1774 he submitted his 
paper "On Manganese and Its Properties" to the Stockholm 
Academy of Sciences; in it he summed up the three years of 
studies of pyrolusite. In this extremely informative paper he 
reported the discovery of two metals (barium and manganese) 
and described two gaseous elements (later identified as 
chlorine and oxygen). Scheele established that manganese 
oxide differed from all earths known at the time. 

There are two significant dates in the history of manganese: 
May 16 and June 27, 1774. On May 16 Scheele sent I. Gahn, 
his friend and compatriot, a sample of purified pyrolusite 
and asked him to decompose it. Gahn placed a mixture of 
pyrolusite powder, oil, and ground coal into a coal crucible 
and calcinated it for an hour. On the bottom of the crucible 
he found a regulus of the metal whose weight was only one 
third that of the initial pyrolusite. On June 27, having 
received from Gahn the sample of the new metal, Scheele 
wrote to his colleague that he considered the regulus obtained 
from pyrolusite a new semi-metal different from all other 
semi-metals and closely resembling iron. The term "semi-
metal" was retained in chemistry and metallurgy for some 
time. Thus, Gahn succeeded in separating metallic manga-
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nese. It may be said that he completed the discovery of this 
element, although manganese obtained by him had a high 
carbon content (pure metal was obtained later). 

In 1785 the German chemist J. Ilsemann obtained metallic 
manganese independently of Gahn and Scheele by heating 
a mixture of pyrolusite, fluorspar, lime, and coal powder. 
The product was intensely calcinated. The resulting manga-
nese was, moreover, even less pure. At first the metal was 
named in Latin "manganesium" which derived from the old 
name of pyrolusite "Lapis manganensis". When in 1808 
magnesium was obtained, to avoid confusion the Latin 
name of manganese was changed for "manganum". 

Barium 

Barium, as well as his analogues in the second group of 
the periodic table, is not encountered in nature in the native 
state. Sulphates and carbonates are the most typical barium 
minerals. One of barium minerals attracted attention of 
alchemists back in the early 17th century (in 1602, to be 
exact). 

In that year V. Casciaralo, a shoemaker from Bologna, 
noted that heavy spar (barium sulphate), heated with coal 
and drying oil and then cooled to room temperature began 
to emit a reddish glow. The mineral, named Bologna stone, 
Bologna phosphorus, sunstone, and so on, was barium 
sulphide BaS. The unusual luminescence was immediately 
interpreted in many different ways. For instance, the French 
chemist N. Lemery wrote in his "Chemistry Course" that 
the ability of Bologna stone to luminesce in the dark is due 
to the presence of sulphur. Another mineral displaying this 
property is Bolduin phosphorus (anhydrous calcium ni-
trate). 

For a long time (up to 1774) heavy spar was confused with 
limestone; they were believed to be two varieties of the same 
compound. In 1774 Scheele, studying pyrolusite together 
with Gahn, discovered a new compound which gave a white 
precipitate under the action of sulphuric acid. Scheele 
established that heavy spar contained an unknown earth which 
was named "baryta" one. 
5-1054 
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By the last quarter of the 18th century barium oxide 
was known rather well; it was suggested that it contained an 
unknown metal. This belief was supported by A. Lavoisier 
in his "Textbook of Chemistry". In "The Table of Simple 
Bodies" barite is considered a simple substance. However, 
only in 1808 did H. Davy succeed in preparing the new 
metal by the method which he had used for obtaining 
calcium (see Chapter 5). 

The name of barium originates from the Greek baros 
(heavy) since barium oxide and its minerals were primarily 
characterized by their great mass. 

Molybdenum 

The molybdenum story is not rich in events. It is even 
trivial. Only one detail is of interest: this rare element 
was discovered very early, namely, in 1778, when the chemi-
cal analysis was just coming of age. Molybdenum was first 
separated in the form of oxide. The name "molybdenum" 
had appeared long before the new element was discovered. 
It originates from the Greek names molybdena for a lead 
mineral (lead glance) and molybdos for "lead", the two re-
sembling each other. There was another mineral which 
also resembled these two very much; later it became known 
as molybdenite (molybdenum sulphide). 

In 1754 the Swedish mineralogist A. Cronstedt differen-
tiated these minerals, saying that molybdenite possessed 
some peculiar properties. But proof of that was required. 
By a lucky coincidence, the report of the molybdenite study 
fell into Scheele's hands. In 1778 he performed an analysis 
of molybdenite. The treatment of molybdenite with strong 
nitric acid resulted in the formation of a bulky white mass 
which Scheele described as a peculiar white earth. At the 
same time nitric acid had no effect on graphite. Thus, the 
difference between graphite, and molybdenite became evi-
dent. Scheele named the white earth "molybdic acid" since 
it had acid properties. Having calcinated molybdic acid, 
the Swedish chemist obtained molybdenum oxide, i.e. an 
oxide of a new metal. This is what Scheele believed and his 
belief was shared by his compatriot T. Bergman. 
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After that it was important to extract the metal from 
the molybdic earth. To do that Scheele planned to calcinate 
the earth with coal. But for some reason he could not perform 
the reaction himself and asked his friend P. Hjelm to do it. 
In 1790 Hjelm complied with the request. However, molyb-
denum obtained by him was contaminated with carbon and 
molybdenum carbide. The credit for preparing pure molyb-
denum (by reduction of the oxide with hydrogen) went to 
J. Berzelius (1817). 

Tungsten 
Although tungsten is also a rare element, it was discov-

ered (in the form of its oxide) as early as the last quarter 
of the 18th century. To some extent it was a matter of chance 
but progress in analytical chemistry also contributed to the 
discovery of tungsten. 

The name "tungsten" appeared much earlier. In German 
it means "wolf's froth". The point is that in smelting of 
tin from some ores a part of smelted metal was irretrievably 
lost. Medieval miners believed that tin was "devoured" by 
the mineral that was contained in the ore like a sheep 
is devoured by a wolf. This mineral was named tungsten or 
wolframite. As time passed, tungsten attracted ever in-
creasing attention of the scientists. In 1761 the German 
mineralogist I. Lemann analysed wolframite but did not 
find any new components in it. His compatriot P. Wolf 
for his part said that wolframite contained "something". 
Another strange mineral, "tungsten" or "heavy stone", was 
also known. It was found in 1751 by A. Gronstedt. In 1781 
this mineral attracted the attention of C. Scheele who treated 
tungsten (calcium wolframate) with nitric acid and obtained 
a white substance resembling molybdic acid. An analyst 
par excellence, Scheele showed the difference between the 
two acids and, consequently, he is considered to be the 
discoverer of tungsten. 

At the same time T. Bergman, Scheele's compatriot, was 
also at the threshold of discovery. In his opinion, tungsten, 
due to its high density, could contain baryta earth. Studying 
the mineral, the scientist found a white substance in it 
which he called tungstic acid. But after that Bergman f CHOW-
S' 
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ed a wrong path, believing that Doth tungstic and molybdic 
acids were arsenic derivatives; however, ho did not check 
this assumption. In 1783 two Spanish chemists, the F. and 
H. D'Egluar (brothers), separated a white acid from wolfram-
ite which proved to be similar to tungstic acid. Like Berg-
man and Scheele, the Spanish chemists succeeded in extract-
ing metallic tungsten. 

Tellurium 
In the second half of the 18th century a strange bluish-

white ore was discovered in Austria or, to be more exact, in 
the part of it that was called Siebengebirge (Seven Moun-
tains). It was strange because there was no common opinion 
about its composition. The debates mainly revolved around 
the question whether it contained gold or not. Its names 
were also unusual: paradoxical gold, white gold, and, 
finally, problematic gold. Some scientists believed that there 
was no problem at all, and the ore, most likely, contained 
antimony or bismuth, or both. In 1782 the mining engineer 
I. Muller (later Baron von Beichenstein) subjected the ore 
to a thorough chemical analysis and extracted metal regu-
lusesfrom it which, as it seemed to him, closely resembled 
antimony. But in the following year he decided that in 
spite of the resemblance, he was dealing with a new, pre-
viously unknown metal. Not relying upon his own opinion, 
the scientist consulted T. Bergman. But1 the sample of the 
ore sent to Bergman was too small to come to a definite 
conclusion. It was only possible to establish that Muller's 
metal was not antimony, and that was the end of the matter. 
During the next fifteen years nobody recalled the discovery 
of the Austrian mining engineer. Tellurium's real birth was 
still ahead. 

Its second birth was promoted by the German chemist 
M. Klaproth. At the Berlin Academy of Sciences session on 
January 25, 1798, he reported about the gold-bearing ore 
from "Seven Mountains". Klaproth repeated what Muller had 
done in his time. But if the latter was in doubt there was no 
doubt for M. Klaproth. He named the new element "tellur-
ium" (from the Latin tellus for "Earth"). Although Klaproth 
had received the reo sample from Muller, he did not want 
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to share the glory of the discoverer of tellurium with him; 
we, for our part, think that the role of the German chemist 
was no less important. At any rate he revived the forgotten 
element. 

There is reason to helieve that a third person was also 
involved in the discovery of tellurium. He was P. Kiteibel, 
a Professor of the Pest University in Hungary, a chemist and 
botanist. In 1789 he received a mineral which was assumed 
to be molybdenite containing silver from a colleague. 
P. Kiteibel extracted a new element from it. Then he 
established that the same element was present in problematic 
gold. Thus, P. Kiteibel discovered tellurium independently 
of other scientists. It is a pity that he did not publish at 
once his findings but instead sent a description of his inves-
tigation to some of his colleagues and, in particular, to the 
Viennese mineralogist F. Estner. M. Klaproth learned about 
Kiteibel's results through F. Estner and spoke favourably 
of them without actually corroborating them. I. Muller 
wrote to M. Klaproth several years later and the latter found 
time to reproduce the results of his correspondent. After that 
Klaproth considered him to be the only author of the dis-
covery, and he underlined this in his report. 

For a long time tellurium was regarded as metal. In 1832 
Berzelius showed its great similarity with selenium and 
sulphur, and tellurium was once and forever classified as 
a non-metal. 

Strontium 
In 1787 a new mineral, strontianite, was found in a lead 

mine near the village of Strontian in Scotland. Some miner-
alogists classified it as a variety of fluorite (CaF2). The 
majority of scientists, however, believed that strontianite 
was a variety of witherite (barium mineral BaC03). 

In 1790 the Scottish physician A. Crawford thoroughly 
studied the mineral and came to conclusion that the salt 
obtained by the action of hydrochloric acid on strontianite 
differed from barium chloride. It dissolved in water more 
readily and its crystals were of different shape. Crawford 
decided that strontianite contained a previously unknown 
earth. 



70 Part One. Elements Discovered in, Nature 

At the end of 1791 the Scottish chemist T. Hope concerned 
himself with studying strontianite, and established the diffe-
rence between witherite and strontianite. Hope also noted 
that the strontium earth reacted with water more vigorously 
than quicklime; it dissolved in water much more readily than 
barium oxide, and all strontium compounds turned the 
flame red. T. Hope proved that the new earth could not be 
a mixture of calcium and barium earths. Lavoisier suggested 
that the new earth was of metallic nature but only H. Davy 
succeeded in proving it in 1808. 

The history of the discovery of strontium would be in-
complete if we did not mention another scientist to whom, 
undoubtedly, a great deal of credit for studying strontianite 
should be given. He was the Russian chemist T. E. Lovits 
who concluded, independently of other scientists, that 
strontianite contained an unknown element. Lovits was the 
first to discover strontium in heavy spar. The method of 
preparing metallic strontium suggested by H. Davy did 
not yield a sufficiently pure product. It was only in 1924 
that P.v Danner (USA) obtained pure strontium by reducing 
its oxide with metallic aluminium or magnesium. 

Zirconium 

Zirconium oxide closely resembles aluminium oxide or 
alumina. For a long time the latter effectively concealed the 
presence of the former. Nobody suspected an unknown ele-
ment in zirconium minerals known as early as the Middle 
Ages. Thus, zirconium, one of the most abundant metals on 
Earth (0.02%) remained "invisible" up to the end of the 
18th century. Today the mineral zircon is the main source 
of zircQnium; it occurs in two varieties: hyacinth and jargoon. 
Already in old times hyacinth was known as a precious stone 
owing to its beautiful colours ranging from yellow-brown 
to smoky green. 

It was believed that the composition of hyacinth was 
similar to that of ruby and topaz. 

Zircon was analysed more than once and every time erro-
neously. In 1787 the German chemist J. Wiegleb, when 
analysing Ceylon zircon, found only silicon dioxide and 
small admixtures of lime, magnesia, and iron. Earlier such 
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a skilled chemist as T. Bergman had established that Ceylon 
hyacinth contained 25% silicon dioxide, 40% aluminium 
oxide, 13% iron oxide, and 20% lime. The element known 
subsequently as zirconium was safely "hidden" in aluminium 
oxide. 

This natural camouflage was revealed in 1789 by M. Klap-
roth. He heated zircon powder (a sample similar to that 
used by T. Bergman) with alkali in a silver crucible. The 
alloy was then dissolved in sulphuric acid and from the 
solution M. Klaproth separated a new earth which he named 
zirconium. His analytical results demonstrated'25 per cent 
silica, 0.5 per cent iron oxide, 70 per cent zirconium earth. 
As we see, there is nothing in common with Bergman's 
results. In the same year Guyton de Morvean, separating 
zirconium from hyacinth found in France, confirmed Kla-
proth's results. 

Preparing metallic zirconium turned out to be not so 
simple. In 1808 H. Davy tried in vain to decompose zircon-
ium earth with electric current. It was not before 1824 that 
Berzelius obtained contaminated zirconium by heating a dry 
mixture of potassium, potassium fluoride, and zirconium in 
a platinum crucible. Zirconium received its name from the 
mineral. 

Uranium 

There is hardly another chemical element that from 
near oblivion sprang to instant fame. This is uranium occupy-
ing box No. 92 in the periodic table. Discovered in 1789, 
uranium did not interest chemists for a long time and even 
its atomic mass was determined incorrectly. Its practical 
use was confined to making coloured glass. But in 1906 in 
the eighth edition of Principles of Chemistry Mendeleev 
appealed to those who were searching for new subjects of 
investigation to pay close attention to uranium compounds. 
The reason Mendeleev gave was that two most important 
events at the end of the 19th century science were related to 
uranium: the discovery of helium and the discovery of radio-
activity. And, finally, is it a mere chance that uranium is 
the last in the series of naturally occurring chemical ele-
ments, the heaviest of them? 



72 Part One. Elements Discovered in, Nature 

Some scientists have referred to the ninety second element 
as element No. 1 of our century. 

And yet, there was nothing extraordinary about the dis-
covery of uranium about two hundred years ago. It was like 
many others during the emergence of analytical chemistry. 
There is no doubt about the name of the discoverer— 
M. Klaproth. True, the actual extraction of uranium is 
associated with the name of another scientist (we shall come 
back to it later). 

Pitchblende had been known to man for ages. When 
chemical analysis was still in its infancy, pitchblende was 
considered to be an ore of zinc and iron. More accurate 
knowledge of its composition was to come later. 

When a pitchblende sample fell into the hands of Kla-
proth, he dissolved a piece of the mineral in nitric acid and 
added potash to the solution. Yellow precipitate was formed 
which was soluble in the excess of potash. The precipitate 
was small greenish-yellow crystals in the form of hexagonal 
prisms. Gradually the scientist made the conclusion that he 
had obtained a salt of a new element. Having prepared an 
oxide, the scientist tried to separate pure metal. And when 
a lustrous black powder was formed on the bottom of the 
crucible, the German scientist decided that the aim was 
attained. But Klaproth was mistaken. At the most he 
obtained a mixture of oxide with a small amount of the 
metal. Indeed, chemists were yet to see how difficult it is 
to extract pure uranium. 

Confident of success, M. Klaproth proposed the name "ura-
nium" for the element discovered. The chemist wrote: "In 
old times only seven planets were known and thought to 
correspond to seven metals, and according to this tradition 
the new metal should rightfully be named after the planet 
which has been recently discovered." It was the planet 
Uranus discovered in 1781 by the English astronomer 
Herschel. After that it became fashionable to name newly 
discovered chemical elements after celestial bodies. Uranium 
had been included in the list of simple substances and made 
its way to chemical textbooks, but metaHic uranium re-
mained unobtainable for a long time to come. There were 
even scientists who were doubtful about the discovery of the 
German chemist. Six years after Klaproth's death (1817), 
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J. Arfvedson, the pupil of Berzelius, decided, perhaps, 
following his teacher's advice, to remove these doubts. 
He tried to reduce dark-green uranium oxide with hydrogen. 
Arfvedson believed that the initial material was the lower 
oxide (we know now that the Swedish scientist worked 
with U308). The reaction yielded a brown powder (U02). 
J. Arfvedson, however, .thought that he extracted metallic 
uranium. 

It was only in 1841 that the French chemist E. Peligot 
succeeded with the aid of a new reduction method. He heated 
anhydrous uranium chloride mixed with metallic potassium 
in a closed platinum crucible and obtained a black metallic 
powder. Its properties noticeably differed from those which 
M. Klaproth used to ascribe to metallic uranium. Therefore, 
some historians of science associate the real discovery of 
uranium with the name of E. Peligot. 

Ingots of the metal were produced by the French chemist 
A. Moissan who melted it in an electric furnace invented by 
him in which a very high temperature could be attained. The 
scientist produced the first ingot in May, 1896, and gave it 
to Becquerel. With the aid of the sample A. Becquerel 
established that radioactivity is a property of the elemental 
uranium. This property attracted everybody's attention to 
uranium for the first time. 

At one time uranium gave a lot of trouble to D. I. Men-
deleev when the scientist was working on his periodic table. 
The atomic mass of uranium was considered to be 120 and, 
therefore, uranium was placed in the third group as a heavy 
analogue of aluminium. But this allocation by no means 
agreed with the properties of uranium. Mendeleev concluded 
that the atomic weight had been determined incorrectly 
and proposed to increase it by 100 per cent. This put uranium 
in Group VI under tungsten and made it the last element 
in the periodic table. 

Titanium 
W. Gregor was not a chemist. But sometimes this English 

clergyman did chemical experiments since his hobby was 
mineralogy. From time to time W. Gregor studied the com-
position of various minerals and so succeeded in the work 
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that afterwards J. Berzelius respected him as a prominent 
mineralogist. 

One day W. Gregor became interested in the composition 
of black sand whose deposit he found in the Menaccin valley 
on the territory of his parish. This black sand, resembling 
very much gunpowder, mixed with dingy-white sand of a dif-
ferent kind attracted W. Gregor's attention. Having separated 
specks of black sand, he analysed them; you will judge the 
carefulness of this analysis from the following figures: 

g 

40 jg per cent (these 9/16 is especially impressive) is iron 

oxides; 3 per cent is silica, and 45 per cent is accounted 
for by the compound described by Gregor as reddish-brown 

15 lime. And 4 ^ per cent was lost during the analysis. In 
this list it is the reddish-brown linte that is of interest. It 
dissolved in sulphuric acid yielding a yellow solution. 
Under the action of zinc, tin, or iron, the solution turned 
purple. Gregor wrote an article, reporting his findings. Being 
very modest, he believed that his investigation was in-
complete. He only set forth some facts the explanation of 
which was the privilege of more knowledgeable scientists. 

His friend, mineralogist D. Hawkins, convinced Gregor 
that the black sand was a new unknown mineral. Such an 
opinion from a man who knew about mineralogy not less 
than Gregor, suggested to the latter that the black sand 
contained a new metallic substance. Gregor proposed to 
name it "menaccin" in honour of the place where the sand 
had been found, and the sand itself menaccite (or menaccon-
ite). Now this black sand is named ilmenite and has the 
formula FeTi03. All this goes to show that titanium was 
discovered in 1791 by W. Gregor. 

But many historians of science believe that M. Klaproth 
was the discoverer of titanium although the merit of Gregor's 
work is unquestionable. But the English clergyman was too 
unambitious. Klaproth chose another way. Of course, he read 
Gregor's report but did not immediately grasp its meaning. 
In 1795 Klaproth succeeded in separating an oxide of the new 
element from the mineral brought from Hungary. Now this 
mineral is known as rutile (TiOa). The oxide separated by 
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Klaproth and the menaccin earth found by Gregor turned 
out to be very much alike. Soon Klaproth established that 
he and Gregor had discovered the same element. 

The German scientist named the element "titanium" from 
mythological "Titans"—the sons of Ge (the goddess of 
Earth). Pure metallic titanium was obtained only in 1910. 

Chromium 
Siberia may be said to be the birthplace of chromium as 

we shall see later; in the 18th century the mineral crocoite, 
known at the time as red lead ore, was found there. Some 
other chromium ores had been known much earlier. And 
this is not surprising since chromium is one of abundant 
elements (0.02 per cent of the total mass of the earth's 
crust). But it is not easy to separate chromium even in the 
form of oxide and for the time being this task was beyond the 
power of chemists. Although chromium compounds have 
different colours, this peculiar fact did not attract the 
attention of scientists to chromium minerals. 

The only exception was crocoite. For the first time it 
was analysed in 1766 by the German chemist I. Lehmann 
who lived at the time in St. Petersburg. Treating the mineral 
with hydrochloric acid the chemist obtained a beautiful 
emerald-coloured solution. But his conclusion was erroneous: 
crocoite contained lead contaminated with impurities. These 
impurities could only be chromium since crocoite is lead 
chromate PbCr04. I. Lehmann was not destined to establish 
the composition of the mineral. 

For the second time crocoite became the object of study 
in 1770 when P.S. Pallas, a St. Petersburg Academician, was 
describing the Berezov mines in the Urals: "This lead ore 
comes in different colours but more often looks like cinnabar. 
The crystals of this heavy mineral shaped as irregular pyra-
mids are imbedded in quartz like little rubies." 

P.S. Pallas was a traveller, geographer and mineralogist, 
and not a chemist. But it was he who introduced crocoite to 
laboratories in Western Europe. A sample of the mineral fell 
into the hands of the well-known chemist L. Vauquelin. 

Three decades passed since I. Lehmann had studied cro-
coite. During this time the scientists repeatedly tried to 
determine its composition but failed to find any new elements 
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in it. The results obtained were very contradictory. For in-
stance, there was an analyst who reported that lead ore 
contained molybdic acid, nickel, cobalt, iron, and copper. 
In his first experiments L. Vauquelin also made mistakes 
and found lead dioxide, iron, and alumina in crocoite. 

In 1797 the French chemist decided to study crocoite 
more thoroughly. Step by step Vauquelin refuted the results 
of all the previous analyses and at last drew a conclusion 
that crocoite contained a new metal with properties quite 
different from those of other metals. 

L. Vauquelin boiled powdered crocoite with potassium 
carbonate. The product was lead carbonate and a yellow 
solution which contained, in the scientist's opinion, a potas-
sium salt of an unknown acid. The solution acquired bright 
and diverse colours when various reagents were added: 
mercuric salts yielded a red sediment, lead salts gave a yellow 
sediment, tin chloride turned the solution green. All these 
results convinced Vauquelin that he was dealing with a new 
element. Its separation in the form of oxide was rather 
simple after that. 

Many years later D.I. Mendeleev wrote in his Principles 
of Chemistry that the Uralian red chromium ore, or chro-
mium-lead salt, had given Vauquelin the means to discover 
chromium. Vauquelin derived this name from the Greek 
chroma meaning "colour" because of the bright colouring of 
its compounds. For the sake of justice we should note that 
the name "chromium" for the new element was proposed by 
Vauquelin's compatriots A. Fourcroy and R. Hauy. In-
dependently of Vauquelin and almost simultaneously with 
him the presence of a new metal in crocoite was established 
by M. Klaproth who, however, did not prove it as clearly 
as his French colleague. 

Numerous attempts to obtain pure chromium were un-
successful. L. Vauquelin himself tried to prepare it but most 
likely it was chromium carbide that he obtained. 

Beryllium 

Academician A.E. Fersman, the outstanding Soviet geo-
chemist, called beryllium one of the most remarkable 
elements having tremendous theoretical and practical 
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importance. However, beryllium is not outstanding in any 
one of its qualities; it has typical properties of metals. What 
is really remarkable, is the extremely fortunate combination 
(as if purposely invented by nature) of different properties. 
Beryllium clearly illustrates how the history of a chemical 
element is affected by its properties. As regards its chemical 
behaviour, beryllium has much more in common with alu-
minium (its diagonally neighbouring element in the periodic 
table) than with magnesium, its direct analogue in the same 
group. That is why aluminium was masking the presence of 
beryllium (as well as of zirconium) in natural minerals for 
such a long time. 

Because of a pronounced amphoteric nature of beryllium, 
all attempts to obtain beryllium compounds in a sufficiently 
pure form were unsuccessful for a long time. As a result, 
many properties of the element and especially its valence 
and atomic mass were determined incorrectly. Consequently, 
the place of beryllium in the periodic table was not definitely 
found for a very long time. Only after it had been firmly 
established that beryllium is bivalent, that the formula of 
its oxide is BeO, and atomic mass is 9.01, was it once and for 
all placed in the upper box of the second group. A great 
contribution to that was made by the Bussian scientist 
I.V. Avdeev. 

The history of beryllium minerals goes far back into the 
past when such precious stones as beryls and emeralds were 
already known. 

One of the first scientists to begin the study of beryls 
in 1779 was F. Achard, Professor of Chemistry at the Berlin 
Academy of Sciences. Before that time he had become famous 
for developing an industrial method of making sugar from 
sugar beet. The German chemist performed six analyses. His 
results recalculated in modern terms show that beryls con-
tain 21.7% silicon oxide, 60.05% aluminium oxide, 5.02% 
iron oxide, and 8.3% calcium oxide. The total was only 
95.07% (five per cent was missing!) but F. Achard had no 
comment on this. 

Similar figures were obtained in 1785 by J. Bindheim: 
in his case the "calculation^" yielded the sum of the com-
ponents of 101 per cent. So, nothing particular was found 
about beryls. 
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In 1797 M. Klaproth, who by that time had already dis-
covered uranium, titanium, and zirconium proving himself 
an outstanding analyst, received from the Russian diplomat 
and author D. Golitsyn samples of Peruvian emeralds and 
analysed them. But M. Klaproth did not wind up with 
100 per cent either (66.25% silica, 31.25% alumina, 0.5% 
iron oxide, total 98%). The scientist did not know where 
2 per cent had disappeared and did not try to explain. So he 
was not fated to add the discovery of the fourth element 
to his record. 

At the same time, in France, another analyst L. Vauque-
lin, no less skillful than M. Klaproth, was at work. Beginning 
with 1793 he continued to study beryls and emeralds. But 
Vauquelin found nothing except ordinary components 
(silica, alumina, lime, iron oxide). Later Vauquelin re-
called how difficult it had been to recognize a new substance 
when its properties were so similar to those of already known 
ones. The scientist meant a close similarity between oxides 
of aluminium and unknown beryllium. 

Anticipating the events a little, we shall call Vauquelin 
the real discoverer of beryllium. The logic of discovery was 
not simple and it, undoubtedly, does justice to the scientist. 
He reasoned in the following way: beryl and emerald are 
very much alike as regards their composition and the shape 
of crystals. The crystal shape is absolutely the same but 
what about composition? Vauquelin's predecessors found 
the same components (alumina, silica, lime) in both minerals 
but their content varied. 

After the first unsuccessful experiments L. Vauquelin 
decided to see why the components content varied so widely. 
Could it be that the minerals contained "something" else 
which was either lost in the course of the reaction or, figura-
tively speaking, was "hiding behind the backs" of one of the 
components (for instance, alumina). 

L. Vauquelin had a certain psychological advantage. In 
1797 he discovered chromium, which imparts a greenish 
colour to emerald and is absent in beryl. Hence, the difference 
between beryl and emerald is an established fact. But not 
only chromium could be responsible for the difference. 
February 14, 1798, should be considered as the birthday of 
beryllium. On that day Vauquelin made a report to the 
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Paris Academy of Sciences, "About Aquamarine, or Beryl, 
and the Discovery of a New Earth in This Mineral". He told 
the audience how he had performed five analyses and how 
he had become more and more convinced of the existence 
of the new earth. The first results were as follows: 

Beryl: 69 parts of silica, 21 parts of alumina, 8-9 parts 
of lime, and 1V2 parts of iron oxide. 

Emerald: 64 parts of silica, 29 parts of alumina, 2 parts 
of lime, 3-4 parts of chromium oxide, and 1-2 parts of water. 

Whether it was intuition or something else, but Vauquelin 
suspected that in both cases alumina contained an impurity. 
It resembled alumina very much and, therefore, it was rather 
difficult to detect it. The brilliant intuition of an analyst 
helped the scientist to discover that the impurity (the new 
earth), unlike alumina, did not form alum. Later he found 
other differences. But similarity prevailed over difference 
enabling beryllium to hide for so long behind aluminium. 
If beryllium earth is not alumina, L. Vauquelin thought, it is 
none of the known earths since it differs from them much more 
than alumina. The scientist proposed to name the new ele-
ment "glucinium" (symbol Gl) from the Greek glykys which 
means "sweet". The present name "beryllium" was proposed 
by M. Klaproth who justly noted that some compounds of 
other elements are also sweet. 

As an interesting historical detail we should like to 
mention that Vauquelin analysed Altaian beryls presented 
to him by French mineralogist and traveller E. Patren. 

The discovery of L. Vauquelin was confirmed by I. Gme-
lin, the German chemist, a professor of chemistry in Got-
tingen. He analysed Siberian beryls from Nerchinsk and 
made the same conclusions as Vauquelin. Metallic beryllium 
was isolated in 1828 by F. Wohler and E. Bussy who treated 
beryllium chloride with potassium metal. It was thirty years 
after the discovery of beryllium. 

Niobium and Tantalum 

The early histories of these elements are so intertwined 
that it is hardly worthwhile to consider them separately. 
Their common history begins on November 26, 1801, when 
Ch. Hatchett made a report to a session of the Boyal Society 
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about the discovery of a new element. Communications of 
this type had long ceased to be a sensation. Hatcliett's 
report "Analysis of a Mineral from North America Con-
taining an Unknown Metal" was received quietly. True, 
Hatchett got his sample not from the New World but from 
a place much nearer—from the British Museum. The 
Museum's catalogue described the mineral as "a black ore 
sent to the Museum by Wintrop from Massachusetts".. 

At first Ch. Hatchett assumed that the object of his study 
was a variety of Siberian chromium ore and tried to isolate 
chromic acid from it. But things took a different turn. Now 
it is known that the mineral from Massachusetts contained 
a variety of metals and it was not easy to extract a new 
element from it. There was no chromium in the mineral and 
Hatchett concluded that the compound which he had 
separated was not chromic acid but an oxide of an unknown 
metal. In honour of its place of origin, the English scientist 
named the mineral "columbite" (from Columbus and Colum-
bia, the former name of America). The element was named 
"columbium". A year later, in 1802, an event took place 
which added a little zest to the trivial discovery of colum-
bium. In December 1802 the Swedish chemist A. Ekeberg, 
who analysed some minerals found near the village of 
Itterbul, described the discovery of an oxide of a new metal. 
The white oxide mass did not dissolve even in a groat excess 
of strong acids. 

The futility of all attempts to dissolve the oxide prompt-
ed Ekeberg to name the new metal "tantalum" after the 
"torments of Tantalus" which means useless and futile work. 
The mineral was named "tantalite". A. Ekeberg was firmly 
convinced that he had discovered a new element and this 
conviction was shared by many scientists. The more sur-
prising were the results of the English chemist V. Wollaston 
who announced in 1809 that he found no difference between 
columbium and tantalum and that the two were one and the 
same element. Oxides of these metals had similar densities 
and seemed to Wollaston to be rather similar in their 
chemical properties. His article was titled "On the Identity 
of Columbium and Tantalum". This meant that A. Ekeberg 
only rediscovered columbium, confirming the discovery 
made by Ch. Hatchett. 
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Berzelius held a different opinion. He supported the 
name "tantalum" given to the new element by Ekeberg and 
believed that the names of the English and Swedish chemists 
must stand together in history. In autumn 1814, Berzelius 
wrote in a private letter to the Scottish chemist Th. Thomson 
(the first advocate of Dalton's atomic theory) that he by 
no means wanted to belittle Hatchett's achievement but 
deemed it his duty to note that the properties of tantalum 
and its oxide had been almost unknown before Ekeberg's 
work. Berzelius thought that t'he columbic acid of Hatchett 
was a mixture of tantalum oxide and tungstic acid, but soon 
it became clear that there was no tungsten in colum-
bite. 

Three decades later one of Berzelius' pupils, H. Hose, 
resolved the dispute once and for all. He proved that tan-
talum and columbite were not identical; hence, Hatchett and 
Ekeberg had discovered two different elements. 

Rose analysed columbites and tantalites from different 
deposits. And every time he found that, along with tantalum, 
they contained another element whose properties were close 
to those of tantalum. Rose named the "stranger" "niobium" 
(Niobe was Tantalus' daughter). In the summer of 1845, the 
scientist studied the same mineral in which Hatchett once 
detected columbium and isolated niobium oxide from it, 
which proved to be similar to columbium oxide. 

At last the confusion was cleared. It had arisen because 
niobium and tantalum have very similar properties and are 
always present together both in columbites and tantalites. 
As a matter of fact, Hatchett and Ekeberg discovered both 
elements simultaneously and could not detect any difference 
between them. In the mineral studied by Hatchett niobium 
(columbium) undoubtedly predominated. Therefore, the 
most important event in the biography of both elements was 
the development of a method for separating niobium and 
tantalum. This was done in 1865 by the Swiss chemist 
J. C. Galissard de Marignac who found the difference in 
solubilities of potassium fluotantalate and fluoniobate in 
hydrofluoric acid. In the same year'de Marignac correctly 
determined the atomic masses of niobium and tantalum 
for the first time. Many chemists tried to obtain them in 
a pure state but, as a rule, wound up with contaminated 

(i-insd 
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inetals. Not before the beginning of the 20th century did 
W. von Boiten of the USA obtain niobium and tantalum of 
higher than 99 per cent purity. 

Platinum Metals 

The history of platinum metals (ruthenium, rhodium, 
palladium, osmium, iridium, and platinum) is full of false 
discoveries of chemical elements made in the studies of these 
metals and due to the great difficulties involved in studying 
natural ores containing platinum and accompanying metals. 
Platinum that mankind had come to know prior to the real 
discovery of this element contained different impurities. 
Among the platinum metals platinum occupies the second 
place after palladium in terms of abundance. The content 
of platinum metals in the minerals may vary considerably 
from deposit to deposit. Therefore, there were many chance 
events in the history of platinum and its analogues and 
much is still unclear. The date of the discovery of platinum 
is rather vague. For a long time it was not clear how many 
platinum metals really exist. In many cases the confusion 
arose because of similar properties of the platinum metals. 
Four of them—palladium, rhodium, osmium, and iridium— 
were discovered in the early 19th century owing to the 
considerable progress in chemical analysis. However, it 
is quite possible that it was just a chance that prevented 
earlier discovery of platinum metals, at any rate of the 
sufficiently abundant palladium. 

Platinum 

Platinum was the first to be discovered among the plati-
num metals. 1748 is considered to be its date of birth. But 
is it the real date? 

Ancient Greeks and Romans mentioned "electrum", an 
alloy that some scientists identify with platinum. Others 
believe that "electrum" was the Egyptian alloy of gold with 
silver. Pliny the Elder described a white heavy compound 
found in the sands of Galicia and Portugal but it was, most 
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likely, a tin ore. A box made of platinum was found in the 
tomb of Queen Shapenapit (the 7th century B.C.). 

In 1557 the Italian scientist G. Scaliger described a new 
white metal discovered in South America. It was the first 
definite mention of platinum. Another two centuries passed. 
The Paris Academy of Sciences sent an expedition to the 
Spanish colonies. Among its participants was a young lieu-
tenant Don Antonio de Ulloa. Having safely returned home, 
he wrote the book Historical Report about the Trip to South 
America which was published in Madrid in 1748. He wrote 
that in the region of Choko he had seen many gold-bearing 
mines but some of them had been abandoned because of 
a high content of platinum in the ore. A. Ulloa was the 
first to note that this metal had an extremely high melting 
point and that it was very difficult to extract it from the 
ores. Two years later the English chemists W. Watson 
and W. Brownrigg set out to study the new metal and gave 
the first scientific description of it. In November 1750, 
W. Watson reported the discovery of a new sem-metaln 
called "platino-del-pinto" which had hitherto been unknown 
to mineralogists. 

This work prompted further study of the new metal. In 
1752 the Swiss chemist H. Scheffer published a detailed 
report about his investigation of platinum or white gold. 
After that a series of similar papers appeared. Two of them 
were particularly interesting. In 1772 C. von Sickingen ex-
tensively studied the properties of platinum, looking into 
the possibility of alloying platinum with silver and gold, its 
solubility in aqua regia, and, what is most important, he 
was the first to use the method of precipitating platinum 
from solutions with ammonium chloride. This reaction 
played a great role in studying the platinum metals. But 
the results obtained by C. von Sickingen were not published 
until 1782. 

The second round of studies is associated with the name 
of P. Chabanean. He was the first to pay attention to the 
fact that experiments with platinum from different deposits 
yielded contradictory results. With hindsight this has 
a very single explanation: Chabanean was working not with 
pure platinum but with a mixture of six elements—the 
platinum metals that had not yet been discovered. For 
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instance, in the absence of osmium, platinum was non-
volatile and did not ignite whereas the presence of osmium 
made the alloy volatile and combustible. 

What is the exact date of platinum's discovery? The metal 
had to go a long way before it was given the right to its own 
title. 1750 seems to be a major landmark in the history of 
platinum: in that year it was studied and described in 
detail. 

Palladium 
Back in the late 17th century Brazilian miners frequently 

ran into a strange naturally occurring alloy. It had different 
names and was believed to contain gold and silver. It could 
be an alloy of palladium and gold. But the real discovery of 
the second of the platinum metals took place in 1803 owing 
to the work of the English chemist W. Wollaston. Studying 
crude (unpurified) platinum, he dissolved it in aqua regia, 
removed the excess of the acid, and added mercury cyanide 
to the solution. A yellow precipitate was formed. Heating 
the solution with sulphur and borax, he obtained bright metal 
balls. Wollaston named the new metal "palladium" (after 
the asteroid discovered a year earlier by the astronomer 
W. Olbers). Wollaston's success was largely owing to the 
fact that he had found a proper precipitating agent for 
palladium, mercury cyanide, which does not precipitate 
other platinum metals. 

The discovery of palladium received publicity in a rather 
peculiar way. In 1804 the young Irish chemist R. Chenevix 
put an advertisement in the Journal of Chemical Education 
about a "new metal for sale" which was an alloy of platinum 
with mercury. W. Wollaston, naturally, was of a different 
opinion and defended his discovery. He published the article 
"On a New Metal Found in Crude Platinum" in which he 
underlined that the metal "for sale" named palladium is 
contained in platinum ores although in small amounts. 

Contemporary scientists (and L. Vauquelin among them) 
valued highly the Wollaston's achievement, and the more so 
since soon he discovered another platinum metal, rhodium. 
The fact that palladium was the first platinum metal to be 
extracted may be explained by its greatest abundance as 
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compared with other platinum metals. In addition, it 
exists in nature in a native state as proved by Wollaston 
in 1809 and by A. Humboldt in 1825 (for Brazilian platinum 
ores which had been the only source of material prior to the 
discovery of Uralian platinum). 

Rhodium 
The discovery of palladium became the key to the discovery 

of rhodium at the turn of 1803, i.e. before the. news about 
palladium was widely spread. 

Crude platinum from South America was also a source of 
rhodium. It is, however, not known whether it was the same 
sample in which Wollaston had discovered palladium. Hav-
ing dissolved a certain amount of crude platinum in aqua 
regia and neutralized the excess of the acid with alkali, 
Wollaston first added an ammonium salt to precipitate 
platinum as ammonium chloroplatinate. Mercury cyanide 
was added to the remaining solution (here the experience 
in separating palladium proved useful) and palladium 
cyanide precipitated. Then Wollaston removed the excess 
of mercury cyanide from the solution and evaporated it to 
dryness; a beautiful dark-red precipitate was formed which, 
in the scientist's opinion, was double chloride of sodium 
and of the new metal. 

This salt decomposed readily upon heating in a hydrogen 
flow, as a result of which metallic powder was formed (after 
removal of sodium chloride). The scientist also obtained the 
new metal in the form of pellets. The name "rhodium" was 
given to the new element because of the red colour of its 
first salt to be produced (the Greek rodon means "a rose"). 

This element is the least abundant of the platinum metals. 
The only rhodium mineral known is rhodite, found in gold-
bearing sands of Brazil and Colombia, whereas several 
minerals are known for each of the other platinum metals. 

Osmium and Iridium 
The discovery of four new elements with similar proper-

ties in one country (England) in the course of two years 
was unprecedented in the history of science. Another Eng-
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lish chemist, S. Tennant, was studying platinum metals 
simultaneously with W. Wollaston, who discovered palladi-
um and rhodium while extraction of osmium and iridium is 
associated with the names of other scientists, although the 
greatest contribution was made by S. Tennant. 

As compared with other platinum metals, osmium and 
iridium have some specific features to which they owe their 
names. "Osmium" derives from the Greek osme for "smell" 
since osmium oxide is volatile and has a peculiar smell. 
Iridium got its name from the variety of colouring of its 
salts (from the Greek iris for "rainbow"). A painter could 
have prepared an entire palette from iridium paints if they 
were not so expensive. These unusual properties promoted 
the discovery of these platinum metals. 

S. Tennant, like W. Wollaston, dissolved crude platinum 
in aqua regia. At the bottom of the retort he discovered a 
black precipitate with metallic lustre. This phenomenon had 
been observed previously in experiments with platinum, but 
the precipitate was believed to be graphite. In summer 1803 
Tennant suggested that the precipitate most likely contained 
a new metal. In autumn of the same year the French chemist 
H. Collet-Descoties also concluded that the precipitate con-
tained a metal that precipitated from ammonium platinum 
salts and yielded red colour. In his turn, L. Vauquelin 
heated the black powder with alkali and obtained a volatile 
oxide. Vauquelin believed that it was an oxide of the metal 
mentioned by H. Descoties. Tennant's experiment set off 
a series of investigations. Tennant himself continued his 
research and in spring 1804 he reported to the British 
Royal Society that the powder contained two new metals 
which could be separated fairly easily. In 1805 he published 
the article "On Two Metals Found in the Black Powder 
Formed after Dissolution of Platinum". The names "osmium" 
and "iridium" were mentioned in the article for the first 
time. 

The notorious black powder was, evidently, a natural 
alloy of osmium with iridium, the so-called osmiridium. 
Iridium is known to be chemically stable and in the compact 
form does not dissolve even in aqua regia. On the contrary, 
osmium is readily soluble in aqua regia; in general among 
platinum metals osmium has the most atypical chemical 
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properties. That is why iridium and osmium were relatively 
quickly and easily separated. 

In 1817 the English chemist and mineralogist W. Brande 
justly noted in his lecture devoted to the discovery of plat-
inum metals that if one tried to analyse the entire develop-
ment of chemistry from the standpoint of contemporary 
analytical accuracy, the history of the discovery and separa-
tion of platinum metals would, probably, be the most 
striking one. 

But had all of platinum metals been discovered? The 
question was posed again and again. Years passed but they 
brought nothing new, at any rate, no reliable answer. Only in 
1844 was ruthenium, the last of the platinum metals, dis-
covered; ruthenium is as abundant in nature as platinum, 
which, with its greatest atomic mass, was the first to be 
discovered. Why it was so remains a mystery. It may have 
been pure chance since the study of platinum metals was 
extremely difficult and required great analytical skill and 
profound knowledge of chemistry. 

Ruthenium 

Ruthenium was the first chemical element discovered by 
a Russian scientist. It was Karl Klaus. The discovery of this 
last of the platinum metals was made forty years after the 
discovery of iridium. 

In 1828 G. V. Ozann, Professor of the Tartu University, 
studied the residue obtained after the dissolution of crude 
Uralian platinum in aqua regia and found that it contained 
three new elements: pluranium, polinium, and ruthenium. 
But Berzelius, to whom Ozann had sent a letter about his 
findings, did not support the discovery. Because of this 
significant fact- the study of this platinum residue was not 
renewed until 1841. Berzelius's prestige was so high that no 
chemist in the world would argue with him. 

The second reason for such a late discovery of ruthe-
nium is its great similarity to the other "brothers" in the 
family. Prior to Klaus in Russia, this problem was studied 
by the Polish scientist A. Snyadetskii who also reported the 
discovery of a new element which he named "West" after the 
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asteroid of the same name. But his discovery proved to be 
false. 

K. Klaus began his research in 1840. The then Minister of 
Finance of Bussia E.F. Kankrin, a competent and energetic 
person, rendered him great assistance; Klaus obtained 
2 pounds of crude platinum residue and extracted a consider-
able amount of iridium, rhodium, osmium, and palladium 
from it, apart from 10% platinum. In addition, Klaus 
separated a mixture of metals which, in his opinion, had to 
contain a new substance. 

First of all, Klaus repeated Ozann's experiments. Then 
he continued the investigation according to his own plan. 
The results were striking. In 1844 he published a 188-page 
report with the following information: analytical results on 
the residue obtained after platinum dissolution in aqua 
regia; new methods of platinum metals separation; methods 
of studying lean residues; the discovery of a new metal— 
ruthenium; analytical results on lean residues and the simple 
methods of separating platinum ores and residues; new 
properties and compounds of the previously known metals 
of the platinum group. This was a real encyclopaedia on 
chemistry of platinum metals. 

K. Klaus separated six grams of the new element from its 
double salt with potassium. He sent a report about it to 
Berzelius but the latter was sceptical again. Great courage 
was required from Klaus to contradict the old and eminent 
scientist. The Russian chemist proved the genuineness of 
his discovery and in 1845 J. Berzelius recognized the new 
element. A special committee was formed in Russia consist-
ing of Academicians H. Hess and Yu. F. Fritsshe to check the 
results obtained by Klaus. The committee confirmed the 
discovery and K. Klaus was awarded the Demidov's prize 
(1000 roubles). 

The name of the element is derived from the Latin for 
Russia (Ruthenia). Klaus gave this name to the element 
moved by his patriotic feelings and trying to show that all 
work in this field had been done in Russia (G. Ozann, 
A. Snyadetskii, K. Klaus). 

Klaus spent a total of 20 years studying platinum metals. 
He deserves the right to be called the founder of the Russian 
school of studies of platinum and platinum metals. 
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Halogens 

Man did not become properly acquainted with halogens 
until the 19th century although fluorine and chlorine were 
discovered in the seventies of the 18th century. But the fact 
that chlorine is a chemical element was understood only 
about forty years after its discovery. Fluorine was "hiding" 
behind fluorine compounds for a whole century before it was, 
at last, obtained in a free state. But iodine and bromine 
were at once recognized as simple substances. 

As we see, the fates of these elements, named halogens 
in 1811, were different in the history of science but they 
played a peculiar role, especially in chemistry. 

All of them were produced by chemical analysis except 
ree fluorine which was prepared electrochemically. 

Fluorine 

The famous Soviet scientist A.E. Fersman called this 
chemical element "omnivorous". And indeed, there are very 
few substances, both natural and man-made, that can 
withstand unprecedented chemical aggressiveness of fluorine. 
The story of fluorine is an illustration of this property. 
Fluorine proved to be the last (chronologically) non-metal 
to be separated in a free state (apart from inert gases). One 
hundred years passed from the time of the forecasting of the 
existence of fluorine to the moment when scientists succeeded 
in obtaining it in a gaseous state. Chemists tried to prepare 
it over fifteen times but every time the attempts failed. 
And in several cases they even lost their lives. 

At the same time a common natural compound of fluorine 
(fluorspar or fluorite, CaF2) had been known from very remote 
times. This harmless mineral known to any stone collector 
was mentioned in manuscripts as early as the 16th century. 
But when hydrofluoric acid was first prepared, fluorite as-
sumed new significance. It is difficult to establish who was 
the first to prepare hydrofluoric acid; all that is known is 
that in 1670 the Nurnberg craftsman H. Schwanhard ob-
served its corrosive action on glass. Schwanhard and many 
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after him erroneously believed that etching of glass was 
caused by silicic acid, while it was hydrofluoric acid that 
destroyed glass. 

A century passed before fluorspar fell into the hands of 
C. Scheele. He studied two varieties of fluorite—green and 
white. The scientist heated powdered samples with sulphuric 
acid and noticed that the inner surface of the glass retort 
became opaque while a white mass precipitated on the bottom 
of the retort. Scheele assumed that fluorite consisted of lime 
earth saturated with unknown acid. He added lime water to 
this acid and obtained artificial fluorspar similar to the 
natural mineral. 

The year when hydrofluoric acid was separated (1771) is 
considered to be the date of the discovery of fluorine although 
this is hardly justified. The nature of the acid obtained by 
Scheele (named "Swedish acid" at the time) remained un-
clear. There was a controversy in the scientific world about 
Scheele's discovery but with every year it became increas-
ingly evident that he was right. 

Hydrofluoric acid entered the category of reliably classi-
fied chemical compounds and scientists gradually came to 
believe that it contained a new chemical element. This 
opinion was strengthened by A. Lavoisier who included the 
radical of hydrofluoric acid (radical fluorique) as a simple 
body into "The Table of Simple Bodies". But Lavoisier was 
also wrong: he thought that the acid contained oxygen. 
His mistake was, however, understandable since at that 
time chemists believed that oxygen was an indispensable 
constituent of all acids. 

The purity of the acid prepared by Scheele's method left 
much to be desired.' Not before 1809 did Gay Lussac and The-
nard obtain a relatively pure hydrofluoric acid, heating 
fluorspar with sulphuric acid in a lead retort. Both scientists 
were severely poisoned during the experiments. 

A year later an event of extreme importance took place in 
the pre-history of fluorine. Two scientists—the Englishman 
H. Davy and the Frenchman A. Ampere—independently 
"banished" oxygen from hydrofluoric acid. They strongly 
believed that the acid was a compound of hydrogen with 
an unknown element and that it is similar to hydrochloric 
acid HC1. It was the second decisive intervention of H. Davy 
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in the fate of halogens (shortly before he had established the 
elemental nature of chlorine). 

It is therefore clear why Davy was the first who attempted 
to obtain free fluorine. By the way, the name was proposed 
by Ampere who borrowed it from the Greek ftoros for "de-
structive". Ampere chose this name because of the hydro-
fluoric acid's aggressiveness (chemists were still to see the 
fury of free fluorine!). But Davy was in a more peaceable 
mood and suggested the name of "fluorine" by analogy with 
"chlorine". 

Having named the element, Davy, nevertheless, did not 
succeed in preparing free fluorine. For two years (1813 and 
1814) the scientist was storming the impregnable fortress. 
Two methods were used by H. Davy: the electrochemical 
method, which had already given the world sodium, potas-
sium, calcium, and magnesium, and the reactions of chlorine 
with fluorides. Electrolysis of hydrofluoric acid gave no 
results; the second method was also fruitless. Severe illness 
caused by work with fluorine-containing compounds forced 
Davy to stop the experiments although he was one of the 
first to determine the atomic mass of fluorine (19.06). 
Davy's unsuccessful experiments and his illness seemed to 
serve as a warning for other scientists and for almost 
20 years nobody tried to obtain free fluorine. Only M. Fa-
raday, Davy's famous pupil and assistant, whose contribu-
tion to science was no less important than that of his teacher, 
made an attempt in 1834 (after Davy's death) to solve the 
riddle of free fluorine. However, even electrolysis of dry 
melted fluorides proved to be futile. 

The chain of failures grew longer. In 1836 the brothers 
Knox from Ireland set out to solve the problem. During five 
years they were performing dangerous experiments, without 
success. The brothers were severely poisoned in the process 
and R. Knox died. In 1846 the Belgian P. Layette and then 
the French chemist D. Niklesse shared the dramatic fate of 
the Knox brothers. At last, in 1854-1856, E. Fremy, Pro-
fessor of Ecole Polythechnique in Paris, seemed to succeed 
in preparing free fluorine. He electrolytically decomposed 
anhydrous melted CaF,. Metallic calcium deposited on the 
cathode, while on the anode a gas was liberated which 
could be nothing but fluorine. However, to observe a chain 
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of bubbles is not enough—they had to be collected; in this, 
however, Fremy failed. But, in our opinion, E. Fremy 
deserves the name of a co-discoverer of fluorine, at any rate, 
his right to it is no less than that of Scheele. 

In 1869 the English chemist G. Gore obtained a small 
amount of free fluorine which at once reacted explosively 
with hydrogen. There were about ten other researchers who 
hoped to obtain free fluorine. History, of course, has their 
names but we shall not mention them here. 

And at last the moment came when A. Moissan took res-
olutely in his hands the fate of fluorine. First of all, he 
analysed the errors of his predecessors and clearly realized 
that the attempts of Faraday, E. Fremy, and G. Gore had 
failed because they could not subdue the "fury" of fluorine 
which instantly reacted with the material of the apparatus. 
Moissan was also aware of the mistake of those investigators 
who tried to isolate fluorine by the action of chlorine on 
fluorides; chlorine had to be a weaker oxidizer than fluor-
ine. 

Moissan overcame the difficulty by using a U-shaped 
vessel. At first he used a platinum vessel but later decided 
that a copper one must be much more suitable since neither 
fluorine nor hydrogen fluoride reacted with copper fluoride 
being formed. Thus, a layer of copper fluoride prevented the 
vessel from destruction. Moissan filled the vessel with 
anhydrous hydrofluoric acid and added a small amount of 
potassium bifluoride to it for the solution to become electro-
conductive. The vessel was immersed in a cooling mixture 
at —25°C. Platinum electrodes were inserted through CaF2 
plugs. Electrolysis liberated hydrogen on the cathode and 
fluorine on the anode; fluorine was collected in copper tubes. 

On June 26, 1886, Moissan performed the first successful 
experiment, observing the flame produced by the reaction of 
fluorine with silicon. He sent a modest report to the Paris 
Academy of Sciences where he wrote that different hypotheses 
about the nature of the liberated gas were possible. The 
simplest of them was that fluorine is actually liberated, 
although the gas might also be hydrogen perfluoride or even 
a mixture of HF and ozone. The reactivity of this mixture is 
high enough to explain the strong action of the gas on 
crystalline silicic acid. 
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Since Moissan was not a member of the Academy, his 
report was read by A. Debray and a special committee was 
organized consisting of A. Debray, E. Fremy, and "the 
Elder" of the French chemists M. Berthelot. On the first 
day Moissan's attempt to prepare free fluorine failed but 
on the following day he succeeded and the committee wit-
nessed his success. Thus, another date appeared in the 
biography of fluorine and, maybe, the most important one— 
the date of its preparation in a free state (1886). In 1887 
Moissan obtained liquid fluorine. 

Chlorine 
In ancient times man knew of such chlorine-containing 

compounds as sodium chloride NaCl and ammonium chloride 
NH4C1. Later hydrochloric acid (HC1) became known and 
widely used. Numerous chlorine compounds were subjected 
to the scrutiny of researchers and there is no doubt that 
during manipulations with them free chlorine was repeatedly 
obtained. Among those who observed free chlorine were 
such outstanding scientists as J. Glauber (of the Glauber's 
salt fame), J. Van Helmont, and R. Boyle. But even if this 
strange yellow-green gas had caught their attention, they 
would have hardly understood its nature. 

The Swedish chemist C. Scheele was also mistaken. He 
prepared chlorine by the same method that is described in 
modern school textbook: by the reaction of hydrochloric 
acid with manganese oxide (Scheele made use of ground 
pyrolusite, that is natural Mn02). It would be wrong to say 
that the scientist chose this method by chance. Scheele knew 
that the reaction of HC1 with pyrolusite had to give rise as 
usual (see p. 47) to inflammable air (known subsequently 
as hydrogen). Some gas was, indeed, liberated but it did 
not bore even remote likeness to inflammable air. It had 
a very unpleasant smell and an unpleasant yellow-green 
colour. The gas corroded corks and bleached flowers and 
plant leaves. The new gas proved to be a highly active chemi-
cal reagent. It reacted with many metals and, when with 
ammonia, formed a dejise smoke (ammonium chloride 
NH4CI). Its solubility in water was poor. Scheele did not 
utter the words "a new chemical element", although he had 
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the discovery within his grasp and could follow the logical 
chain of arguments about its elementary nature. A zealous 
follower of the phlogistic theory, the Swedish chemist 
identified the gas discovered by him with hydrochloric 
acid that had lost phlogiston. He named it "dephlogisticated 
hydrochloric acid or dephlogisticated muric acid" (HC1 was 
named muric acid after the Latin muria, "brine, salt water"). 
At that time Scheele shared the opinion of H. Cavendish 
and other scientists that inflammable air (hydrogen) was 
actually phlogiston. It followed that the new gas had to be 
a simple substance (hydrochloric acid minus phlogiston) 
but Scheele did not make such seemingly obvious conclusion. 
Although 1774 is considered to be the new gas's date of 
discovery, much time was to pass before its nature was 
properly understood. 

A. Lavoisier overturned the phlogistic theory. Even the 
name "dephlogisticated muric acid" evoked a strong protest 
in him. In his opinion, the acid obtained by Scheele was 
a compound of muric (hydrochloric) acid and oxygen. 
Oxidized muric acid—that is how Lavoisier named what 
we know as elemental chlorine now. The French chemist 
believed that all acids must contain oxygen combined with 
some element. Lavoisier called this element "murium" in 
the case of muric acid and included it into his "Table of 
Simple Bodies" (murium radical—radical muriatique). 

The result was paradoxical; trying to elucidate the nature 
of the gas discovered by Scheele, Lavoisier only complicated 
the issue. Probably, this development in the history of 
chlorine was simply inevitable in the light of new theoretical 
conceptions. Some chemists attempted to prepare free 
murium but the attempts were fruitless and the nature of 
the new gas did not become clearer. 

In 1807 H. Davy tried to solve the problem, subjecting 
the notorious muric acid to various manipulations. He at-
tempted to decompose it electrolytically, but no decomposi-
tion was observed. No matter how ingeniously he treated 
oxymuric acid, he could not succeed in preparing water 
or liberating oxygen. In a word, the acid behaved as if it were 
a simple substance. Moreover, its action on metals or their 
oxides yielded typical salts. Nothing else was left to Davy 
but to recognize that oxymuric acid consisted of only one 



Ch. 4. Elements Discovered, by Chemical Analysis 95 

simple substance, i.e. to recognize the elemental nature of 
the gas discovered more than 30 years earlier by Scheele. 
He reported on this to the Royal Society on November 19, 
1810. 

Davy proposed to name the element "chlorine" from the 
Greek chloros meaning "yellow-green". Two years later, in 
1812, the French chemist Gay Lussac proposed to change 
the name for "chlor" (which became generally accepted 
except in English-speaking countries). 

Gay Lussac in cooperation with Thenard began to study 
oxymuric acid almost simultaneously with Davy; at first, 
they wanted to prove that it was oxygen-free. The two 
scientists passed the acid through a red-hot porcelain tube 
over charcoal. If there had been oxygen in the gas discovered 
by Scheele, it would have been absorbed by the charcoal. 
Although the composition of the gas at the inlet and outlet 
of the tube remained unchanged, this experiment did not 
shake the belief of the firm followers of A. Lavoisier about 
the composition of oxymuric acid. 

Nevertheless, Davy's experiments strongly impressed the 
contemporary scientific community which gradually came to 
the conclusion that murium was in fact chlorine. In 1813 
Gay Lussac and Thenard agreed with Davy. Only Berzelius 
for a long time continued to doubt the elemental nature of 
chlorine but in the end he also had to accept the truth. The 
elemental nature of chlorine became an irrefutable fact 
only after the discovery and study of iodine and bromine. 

In 1811 the German chemist I. Schweiger proposed to 
name chlorine a "halogen" (from the Greek for "salt" and 
"produce", i.e. "salt-producing") because of its ability to 
combine readily with alkaline metals. At the time the name 
was not accepted but later it became common for the group 
of similar elements: fluorine, chlorine, bromine, and iodine. 
Chlorine was obtained for the first time in a liquid form in 
1823 by M. Faraday. 

Iodine 
Iodine was the second halogen to be obtained in a free 

state. Both the appearance and chemical properties of iodine 
are rather peculiar. Were it the only halogen in existence, 
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chemists would have to think hard about its nature, but the 
elemental chlorine had already been known and this fact 
helped to understand the nature of iodine. 

B. Courtois, an entrepreneur from the French town of 
Dijon, was engaged, among other things, in the production 
of potash and saltpeter. He used ash of sea algae as the ini-
tial raw material. A mother solution of sea algae was formed 
under the action of water on the ash. To-day we know that 
the ash contains chlorides, bromides, iodides, carbonates, 
and sulphates of some alkali and alkaline-earth metals. 
However, when Courtois performed his experiments it was 
only known that the ash contained potassium and sodium 
compounds (chlorides, carbonates, and sulphates). Upon 
evaporation, first, sodium chloride precipitated and then 
potassium chloride and sulphate. The residual mother 
solution contained a complex mixture of various salts, 
including sulphur-containing ones. 

To decompose these sulphur compounds, Courtois added 
sulphuric acid to the solution. One day it so happened that 
he added a greater amount of acid than was necessary. 
Suddenly something unexpected happened: amazingly 
beautiful clouds of violet vapour appeared whose magnifi-
cence was marred only by their unpleasant, even lachry-
mose smell..Then followed something even more surprising: 
on the surface of cold objects the vapour did not condense 
forming heavy drops of a violet liquid but precipitated at 
once as dark crystals with metallic lustre. Courtois discov-
ered many other interesting and unusual properties of the new 
substance. He had every reason to announce the discovery 
of a new chemical element but, evidently, the researcher was 
not confident enough and his laboratory was too poorly 
equipped to perform further investigations. He, therefore, 
turned for help to his friends, Ch. Desormes and N. Clement, 
asking them for a permission to continue his experiments 
in their laboratory. He also asked them to report his dis-
covery in a scientific journal. 

Consequently, the report about "The Discovery of a New 
Substance Obtained from an Alkali Salt by Mr. Courtois" 
signed by N. Clement and Ch. Desormes appeared only in 
1813 in the "Annales de chimie et de physique", i.e. two 
years after the discovery of the element. To enable other 
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chemists to investigate the substance, B. Courtois gave 
a very small amount of it to a pharmaceutical firm in Dijon. 
Clement himself prepared a certain amount of iodine, studied 
its properties and was,, probably, the first to advance an 
opinion that iodine resembled chlorine. In 1813 J. Gay Lus-
sac and H. Davy independently of each other proved the 
elemental nature of iodine. The French chemist suggested 
the name "iode" for the new element (from the Greek iodes 
meaning "violet colour") and the English scientist suggested 
the name "iodine". The first name found acceptance in the 
Russian language. 

Iodine is a rare example of a chemical element whose 
properties were studied thoroughly during a short period of 
time after its discovery. Here a great contribution was made 
by Gay Lussac who even wrote a book on iodine which was 
in effect the first monograph in the history of science com-
pletely devoted to one element. 

But the subsequent generations did not forget B. Courtois's 
contribution. A street in Dijon is named after him; this 
honour was bestowed on very few discoverers of chemical 
elements. 

Bromine 
This element, unusual in many respects, was the last of 

the natural halogens to be discovered (if, of course, we 
accept the discovery of fluorine by Scheele in 1771). 

On an autumn day in 1825, the following event took place 
in the laboratory of L. Gmelin, a professor of medicine and 
chemistry at Heidelberg University. A student by the name 
of C. Lowig brought to his teacher a thick-walled flask with 
an evil-smelling reddish brown liquid. Lowig told Gmelin 
that in his native town of Kreiznach he had studied the 
composition of water from a mineral spring. Gaseous chlorine 
turned the mother solution red. Lowig extracted with ether 
the substance that caused the colouring of the solution. It 
was a reddish brown liquid known subsequently as bromine. 

Gmelin showed great interest in his student's work and 
advised him to prepare the new substance in greater amounts 
and to study its properties in detail. It was a reasonable 
piece of advice since Lowig had little experience as an exper-
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imenter; but the work required time and the time factor 
turned against the student. 

While he was assiduously preparing new portions of bad-
smelling reddish brown liquid, a large article appeared in 
the Annates de chimie et de physique. The article was entitled 
"Memoir on a Specific Substance Contained in Sea Water" 
and was written by A. Balard. He was a laboratory assistant 
at a pharmaceutical school in the French town of Mont-
pellier. The properties of his "specific substance" turned out 
to be quite similar to those of the reddish brown liquid 
obtained by Lowig. A. Balard wrote that in 1824 he began 
to study vegetation of salt marshes. He subjected marsh 
grasses to the action of various chemical reagents trying to 
extract useful compounds from them. He prepared a mother 
solution which turned brown under the action of some re-
agents, such as chlorine. Then A. Balard studied an alkaline 
solution obtained after the treatment of sea algae ash. As 
soon as chlorine water and starch were added to the solu-
tion, it separated into two layers. The lower part was blue 
and the upper one, reddish brown. A. Balard decided that 
the lower layer contained iodine which coloured starch 
blue. And what about the upper layer? Balard assumed that 
it contained a compound of chlorine with iodine. He tried 
to extract it but in vain. Only after that did the laboratory 
assistant from Montpellier dare to think that reddish brown 
colouring was caused by a new chemical element. Balard 
separated the reddish brown liquid, which was similar to 
that separated several months before by the unknown student 
Lowig who later became an Academician and Professor at 
Sorbonne. 

Balard gave the new element a prosaic name "muride" 
from the Latin muria for "brine". He had an equally prosaic 
view of the nature of the element believing it to be the only 
non-metal liquid at room temperature like metallic mer-
cury, which is liquid under the same conditions. 

Balard's article did not remain unnoticed but, neverthe-
less, his friends advised him to send a report to the Paris 
Academy of Sciences. Balard followed the advice and on 
November 30, 1825, he sent a communication "Memoir on 
a Specific Substance Contained in Sea Water". The most 
important thing in the communication was the observation 
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on similarity of muride with chlorine and iodine. The mem-
bers of the Academy did not take such reports on trust and 
a special committee was set up to check Balard's experimen-
tal results. The committee, consisting of Gay Lussac, Vau-
quelin, and Thenard, confirmed all the results obtained by 
Balard and only the name of the new element caused objec-
tions. The committee named it "bromine" from the Greek 
bromos which means "stinking". 

The committee made its ruling on August 14, 1826; the 
discovery of bromine was extremely important for 
chemistry. 

And only one scientist met the news of the discovery with 
irritation. He was J. Liebig. Several years earlier he had 
received a bottle with a liquid from a German firm that 
asked Liebig to identify the liquid. The scientist did not 
analyse it thoroughly and made a hasty conclusion that the 
liquid was a compound of iodine with chlorine. When 
Liebig learnt about Balard's discovery he analysed the 
liquid remaining in the bottle and established that it was 
bromine. His contemporaries reported that Liebig said in 
temper: "It is not Balard who discovered bromine but bro-
mine that discovered Balard". 

Significance of Halogens 
for the Development of Chemistry 

When determination of atomic masses (weights) became 
sufficiently accurate, the elements were arranged in accor-
dance with increasing atomic weights. This made it possible 
to follow a change in chemical properties when passing from 
light to heavy elements and prepared the ground for discover-
ing the periodic law. The concept of the natural groups was 
formed which combined chemically similar elements. The 
triad chlorine-bromine-iodine was one of the first of such 
groups. It was thoroughly studied by the German chemist 
J. Dobereiner who can be regarded as one of Mendeleev's 
predecessors. An interesting fact was noted in this triad: 
the atomic weight of the middle element is half the sum of 
the atomic weights of the end elements. The same proved 
to be true for other triads-(natural groups) of elements. The 
three chemical elements—chlorine, bromine, and iodine— 
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played their roles in the history of chemistry as the first 
"bricks" in the periodic law edifice. 

Invaluable is the significance of these elements in the 
understanding of the composition and properties of acids. 
Initially the discovery of chlorine supported the idea that 
all acids contained oxygen; at the later stages chlorine 
was the first element for which both oxygen-containing and 
oxygen-free (hydrochloric) acids were obtained. Studying 
oxygen-containing acids of halogens, chemists gained new 
insights into the concepts of the strength of the acids and 
the degree of their dissociation. A comparison of the prop-
erties of hydrohalic acids was particularly fruitful and this 
does not exhaust the effect of the studies of chlorine, bro-
mine, and iodine on theoretical chemistry. 

We see a similar picture in experimental chemistry. Halo-
genated hydrocarbons are the most important intermediates 
for preparing many organic compounds. This fact facilitated 
fast progress in organic syntheses in the 19th century. The 
chlorination method is widely used for extracting various 
valuable metals from minerals and ores; iodides are used 
for preparing extremely pure metals. Fluorine chemistry 
has become an independent branch of science. 

Boron 

People widely used borax, one of the boron compounds, 
back in the Middle Ages. Probably borax had been known 
much earlier; it was reported that in the first millenium 
A.D. borax was used for soldering metals. However, the 
composition of natural borax remained unclear for a long 
time. Boric acid was obtained for the first time in 1702 
by the Dutch physician W. Homberg who heated borax 
with sulphuric acid. It was used in medicine as "Homberg's 
sedative salt". In 1747 the French chemist Th. Baron tried 
to determine the composition of borax. He found that it 
contained Homberg's salt and soda; he was quite right: 
now we know that borax is a sodium salt of boric acid 
(Na2B407). 

The name of Swedish chemist T. Bergman deserves men-
tion in the early history of boron. He believed that Homberg's 
salt was most likely not a salt but a compound resembling 
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acid. As a matter of fact it was he who introduced the name 
"boric acid". The term "boric radical" was mentioned in 
Lavoisier's "Table of Simple Bodies" and meant boron 
oxide. However, twenty years had to pass before the new 
chemical element, boron, was discovered. 

It so happened that boron was discovered by several scien-
tists: the French chemists L. Thenard and L.J. Gay Lussac 
and the English chemist H. Davy. They named the new 
element "boron" and "boracium" (from the word "borax"). 
The method of preparing the new element was the same in 
both cases: reduction of boric acid with metallic potassium. 
Independent discovery of a new chemical element by several 
researchers within ten days was a unique event in the history 
of chemical elements. Gay Lussac and Thenard announced 
their discovery on June 21, 1808, and Davy on June 30. 
Clearly, the priority of the French chemists in this case was 
ephemeral, especially because of the fact that it was Davy's 
previous discovery (preparation of elemental potassium) 
that gave the means for the separation of free boron. 

Cadmium 
In 1817 F. Stromeyer, a lecturer of the Chair of Chemistry 

at Gottingen University (Medical Department) and the chief 
inspector of chemist's shops in Hanover, found that calcina-
tion of zinc carbonate, sold in chemist's shops, produced 
a yellow compound although neither iron nor lead impuri-
ties were discovered in it. 

This remarkable fact interested Stromeyer and he decided 
to visit a pharmaceutical firm in Salzgitter where he observed 
the same phenomenon. This prompted the scientist to study 
zinc oxide in more detail. To his surprise, Stromeyer discov-
ered that the colour which zinc oxide acquired was due to 
a strange metal oxide never observed before. The chemist 
succeeded in separating this oxide from zinc oxide and 
reducing it to the metal. 

His method consisted in the following: he dissolved con-
taminated zinc oxide in sulphuric acid and passed hydrogen 
sulphide through the solution; then he filtered off and 
washed the mixture of sulphides and dissolved it in con-
centrated hydrochloric acid. The acid was removed by 
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evaporating the solution to dryness. Having dissolved the 
residue in water, F. Stromeyer added a large amount of 
ammonium carbonate. Since carbonate of the new metal 
did not dissolve in the presence of ammonium carbonate, 
Stromeyer filtered the precipitate off, washed it, and trans-
formed it into oxide which he reduced to metal with charcoal 
upon heating. As a result, bluish grey metal was obtained. 
However, since Stromeyer had only three grams of this met-
al, he could not thoroughly study its properties. Only in 
1818 did he succeed in investigating the new metal. 

F. Stromeyer named the metal "cadmia", in accordance 
with the method of its preparation (as a result of calcination 
of ZnC03). "Cadmia" is the Greek for natural ZnC03. In-
dependently of F. Stromeyer but somewhat later cadmium 
was discovered by W. Maissner and K. Kersten in Germany 
(1818). Stromeyer's priority was contested by the German 
physician K. Roloff who, by the way, was the first to pay 
attention to the strange behaviour of commercially available 
zinc oxide upon heating. K. Kersten suggested to name the 
new metal "melinum" because of the yellow colour of its 
sulphide. It was also proposed to name the new metal 
"klaprothium" (in honour of M. Klaproth) or "unonium" 
(afte*- the asteroid) but none of the names found acceptance. 

Lithium 

The fate of the lightest metal is outwardly uneventful. 
It was the third alkali metal to be discovered in nature. Its 
abundance on Earth is much less than that of sodium and pot-
assium, its minerals are rare and, therefore, it came relatively 
later to man's attention. 

At the very beginning of the 18th century the prominent 
Brazilian scientist and statesman J. Andrada eSilva was trav-
elling in Scandinavia. A passionate mineralogist, he wanted 
to enrich his collection with new specimens. He had luck and 
found two new minerals which he named petalite and spodu-
mene. J. Andrada e Silva found the minerals at the island 
of Uto belonging to Sweden. Soon spodumene was found in 
other places but the existence of petalite was doubted until, 
in 1817, it was found at Uto for the second time. 
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Therefore, spodumene was the first to become the subject 
of investigation. M. Klaproth studied it but discovered noth-
ing except alumina and silica. In a word, spodumene was 
a typical aluminosilicate. But the total mass of the isolated 
components was 9.5 per cent less than the mass of the initial 
sample, and Klaproth could not explain the reason for this 
considerable loss. Meanwhile, his compatriot I. Nepomuk 
von Fux discovered by chance that a pinch of spodumene 
turned the burner flame red. The scientist did nottry to 
find the reason for this phenomenon, and that was a mistake, 
since he could have discovered a new element in spodumene. 

The second discovery of petalite attracted attention to 
the mineral. L. Vauquelin found alkali in it, in addition to 
alumina and silica, but erroneously identified it with potash. 
W. Hizinger obtained interesting and suggestive results but 
had no chance to explain them since the same data had 
already been published by the Swedish chemist I. Arfvedson 
to whom the credit for discovering lithium went. J. Berzelius 
in his letter to A. Berthollet, the famous French chemist, 
on February 9, 1818, described this event in the following 
way. A new alkali, he wrote, was discovered by I. Arfvedson, 
a skillful young chemist, who had been working in his 
laboratory for a year. Arfvedson found the alkali in the ore 
discovered earlier by Andrada at the Uto mine and named 
petalite. The ore consisted of 80 per cent silicon oxide, 
17 per cent aluminium, and 3 per cent the new alkali. The 
conventional method used to extract the alkali consisted 
in heating the ground ore with barium carbonate and separat-
ing all earths from it. 

Analysing petalite, Arfvedson from the very beginning 
discovered that the losses of the material amounted to about 
4 per cent. The Swedish chemist (like M. Klaproth in his 
time) tried to find the answer again and again, sweeping 
aside various assumptions, and at last reached the truth— 
it was a new alkali of unknown nature. It was clear that 
this alkali was formed by a new alkali metal. I. Arfvedson 
asked his teacher to help him choose the name for the metal 
and the scientists decided to name it "lithium" (from the 
Greek lithios for "stone"). This name is a reminder that lithium 
was discovered in the mineral kingdom whereas two other 
alkali metals (sodium and potassium) in the plant kingdom. 
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Arfvedson published the report on the discovery of lithium 
in petalite in 1819 but already in April, 1818, the scientist 
found the new alkali metal in other minerals as well. The 
secret of spodumene, which Klaproth had failed to solve, 
was finally cleared: the mineral contained about 8 per cent 
of lithium. And one more mineral, lepidolite, known for 
a long time, was also found to contain up to 4 per cent of the 
lightest alkali metal. 

The German chemist K. Gmelin observed lithium salts to 
turn the burner flame a beautiful shade of red (to I. von 
Fux's great irritation). 

By the late 1818 H. Davy succeeded in separating pure 
lithium, though in very small amounts. It became possible to 
obtain large amounts of lithium only in the late 1850's when 
the German chemists Bunsen and Matissen developed an 
industrial process of electrolysis of lithium chloride. 

Selenium 
Selenium is still another element that chemists had met 

long before its discovery, but failed to identify owing to its 
having been masked by the presence of other similar ele-
ments. Thus, selenium remained undiscovered, "hiding" be-
hind sulphur and tellurium. Only in 1817 did it surrender 
to the Swedish chemists—the famous J. Berzelius and his 
assistant G. Gahn. Inspecting a sulphuric acid factory in 
Gripsholm on September 23, they found a small amount of 
a precipitate, partially red and partially light brown, in 
sulphuric acid. On heating in the flame of a blowpipe, the 
precipitate emitted a weak smell of radish and transformed 
into a regulus with a leaden lustre. In Klaproth's opinion 
the smell of radish pointed to the presence of tellurium. 
Similar smell was noticed in the Falun mine where pyrite 
required for the acid production was extracted. Curiosity 
and hope to find this rare metal in the brown precipitate forced 
Berzelius to investigate it. However, he did not discover 
tellurium. Then he collected the deposits formed after several 
months of sulphur combustion for sulphuric acid production 
in the Falun factory and obtained a large amount of precipi-
tate. Thoroughly analysing the precipitate, Berzelius came 
to the conclusion that it contained an unknown metal whose 
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properties were similar to those of tellurium. By analogy, 
the new metal was named "selenium" from the Greek selenus 
for the Moon (as tellurium is named after our planet). Ber-
zelius studied many properties of selenium and described 
them in an article "The Study of a New Mineral Body Found 
in Sulphur Extracted in Falun" published in 1818 in the 
journal Annales de chimie et de physique. 

Silicon 
Silicon is the second most abundant element on Earth 

after oxygen. Although it constitutes 28 per cent of the 
earth's crust, its abundance did not make for its early 
discovery. The reason for this lies in the difficulty of reduc-
ing silicon from its oxide. 

Generally speaking, there is every ground to classify sil-
icon as an element of antiquity. Its compounds were known 
and used from time immemorial (suffice it to mention silicon 
tools of primitive man). We classified carbon as an element 
of antiquity since it was known in a free state from very 
remote times. However, that carbon is a chemical element 
became clear only two hundred years ago. Glass, in the long 
run, is also a silicon material. However, the date of silicon 
discovery is the date of its preparation in a free state since 
such is the established practice in the history of science. 

At the turn of the 18th century many scientists believed 
that silica, or silica earth, contained an unknown chemical 
element and tried to isolate it in a free state. H. Davy at-
tempted to decompose silica with an electric current—the 
method by which a number of alkali metals had already been 
prepared—but without success. The scientist's attempt to 
prepare free silicon by passing metallic potassium vapour 
over red-hot silicon oxide also failed. In 1811 L.J. Gay 
Lussac and L. Thenard applied themselves to the problem. 
They observed a vigorous reaction between silicon tetra-
fluoride and metallic potassium; a reddish brown compound 
was formed in the reaction. The scientists could not reveal 
the nature of the product; most likely, it was contaminated 
amorphous silicon. 

At last, in 1823, J. Berzelius had a stroke of good luck. 
The Swedish chemist heated a ground mixture of silicon 
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J. BERZELIUS 

oxide, iron, and charcoal to a high temperature and obtained 
an alloy of silicon and iron (ferrosilicium), the composition 
of which he was able to prove. To separate free silicon, 
J. Berzelius repeated L. Thenard and L.J. Gay Lussac's 
experiments and also obtained a brown mass. Under the 
action of water, hydrogen bubbles were liberated and free 
amorphous silicon was formed as a dark brown insoluble 
powder which contained potassium silicofluoride as an 
impurity. Berzelius removed the impurity by washing the 
precipitate for a very long time. 
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Another method proposed by J. Berzelius—calcination of 
potassium fluorosilicate with an excess of potassium—proved 
to be more successful and straightforward. The sintered mass 
was decomposed with water and, as a result, pure amorphous 
silicon was obtained. J. Berzelius showed that upon calcina-
tion silicon was transformed into silica; this makes Berzelius 
the discoverer of silicon. Crystalline silicon was obtained in 
1854 by A. Saint Claire Deville during separation of metallic 
aluminium (see p. 109). The Latin name "silicium" originates 
from "silex" meaning "a hard stone". 

Aluminium 
Aluminium is a chemical element to which history was 

unjust. The third most abundant metal on Earth after oxygen 
and silicon, and found practically everywhere in the earth's 
crust (in 250 minerals, at least) aluminium was discovered 
only in 1825. And still, this later discovery of aluminium is 
not accidental. It was due to the extreme stability of alumin-
ium oxide. To separate metallic aluminium from it is a tall 
order even in our times, to say nothing of the last century. 
Such reducing agents as clarcoal and hydrogen could not 
separate the metal from the oxide. Only alkali metals, first 
of all potassium, made it possible "to capture the fortress". 
This shows how the discovery of some elements created the 
prerequisites for the discovery of others: free aluminium 
was first prepared with the help of potassium. 

Man knew of various aluminium compounds in very remote 
times. Clay and brick are nothing but usual alumino-
silicates. Alumina (aluminium oxide) was a constant com-
panion of man but many centuries were required to prove 
the presence of a new metal in it. Aluminium is one of the 
main components in such precious stones known from time 
immemorial as ruby and garnet, sapphire and turquoise. 
Alums were known for a very long time. In Latin they were 
named alumen—the word which contained the root of the 
future "aluminium". However, the composition of alums 
remained undetermined for a long time and they were often 
confused with other compounds. 

In 1754 the German chemist Marggraf tried to shed light 
on the problem. Having added pure alkali to the alum 
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solution, he obtained a dense white precipitate which he 
named "alum earth". Then Marggraf observed that the addi-
tion of sulphuric acid to the "earth" yielded alum; thus, the 
composition of alum was established. And, finally, Marggraf 
demonstrated the presence of the "alum earth" in clays. Had 
history so willed it, Marggraf would have been acclaimed 
as the discoverer of this element, but history waited for 
somebody else to prepare pure aluminium. Only 30 years 
after Marggraf's experiment did it become clear that alumina 
was an oxide of an unknown element. This was suggested by 
A Lavoisier who placed "alum earth" into his "Table of 
Simple Bodies". But no attempts were made for some time 
to separate the element in a free state. 

The first attempt was made by H. Davy and J. Berzelius, 
who tried to decompose alumina with the aid of electric 
current, but in vain; it was only H. Davy's proposal (1807) 
to name the element "aluminium" that had any practical 
importance. This name became internationally accepted 
although in Russia the name "glinium" (from the Russian 
word for "clay") was used for a long time. 

The first who managed to obtain metallic aluminium was 
the Danish scientist H. Oersted known in history as a physi-
cist rather than as a chemist. He discovered the induction of 
magnetic field of an electric current, but preparation of pure 
aluminium showed him to be also a skillful chemist. Having 
red-heated a mixture of alumina with charcoal, Oersted 
passed chlorine through it; as a result anhydrous aluminium 
chloride was obtained. Then the scientist heated the new 
compound with potassium amalgam and obtained amalgam 
of aluminium for the first time. As soon as Oersted distilled 
off the mercury, he discovered pieces of metal that looked 
like tin. The product contained impurities but, nevertheless, 
this was the birth of metallic aluminium. Oersted published 
an article in a little known Danish journal which passed 
practically unnoticed in the scientific circles. And news of 
Oersted's achievement did not reach many chemists. There-
fore, some historians believe that aluminium was discovered 
not by Oersted but F. Wohler. 

The second discovery of aluminium took place two years 
later, in 1827. Undoubtedly, F. Wohler was a more skillful 
experimenter than Oersted and his process of separating pure 
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aluminium was more sophisticated. At first Wohler's at-
tempt to obtain the metal using the Danish scientist's 
method failed but soon he succeeded in preparing small 
amounts of anhydrous aluminium chloride. Wohler developed 
his own procedure for the process: (1) preparation of alumin-
ium hydroxide; (2) preparation of a thick paste from alumin-
ium hydroxide, clarcoal, and vegetable oil; (3) calcination 
of the paste and preparation of a mixture of aluminium with 
clarcoal powder; (4) preparation of pure anhydrous A1C13 
by passing dry chlorine through the mixture. The-complexity 
of this procedure was rewarded by the purity of the product. 
The scientist decomposed A1G13 with potassium under con-
ditions ensuring the highest possible purity of the metal. 
F. Wohler was the first chemist to describe the most im-
portant properties of metallic aluminium and in 1845 he 
prepared aluminium in the form of an ingot. 

However, Wohler, like his predecessors, did not obtain 
pure aluminium. The decisive word was said by the French 
chemist A. Saint Claire Deville. In 1854 he prepared the 
samples of pure metal, using sodium instead of potassium 
for the reduction stage. Simultaneously with Bunsen he 
performed electrolysis of melted double chloride of alumin-
ium and sodium: this was the first instance of producing 
aluminium electrochemically. A. Saint Claire Deville also 
pioneered the development of an industrial process of 
aluminium production. 

It is difficult to believe that only one hundred years ago 
this silvery metal was extremely expensive and was even 
called "clay silver". Things made of aluminium cost no less 
than gold ones. Only after the processes for producing cheap 
electric energy had been developed and rich deposits of 
aluminium ore had been found, did aluminium become 
a metal for everyday uses. 

Thorium 
In 1815 J. Berzelius, the discoverer of the element, named 

it thorium in honour of Thor, the ancient Scandinavian 
god of thunder. But the famous Swedish chemist anticipated 
the events: no new element was discovered by him that year. 
He analysed a rare mineral from Falun mines in which he 
discovered what he believed to be the oxide of an unknown 
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element. Berzelius thought this justified the addition of 
one more name to the list of the existing elements. No con-
temporary dared even to doubt the discovery since in those 
times the scientists had boundless trust in Berzelius. Howev-
er, Berzelius himself had doubt, and justifiably so: ten 
years later it was shown that the oxide observed by him 
was yttrium phosphate (yttrium had already been known 
for a long time). Thus, in 1825 the past triumph turned sour. 

A year later F. Wohler reported the discovery of a new 
element in a rare Norwegian mineral now known under the 
name of "pyrochlore". Wohler did not attach particular 
importance to this observation and, as it turned out, mistak-
enly so. 

Meanwhile, G. Esmark found a heavy black mineral on the 
Leven island near the shores of Norway. The scientist sent 
a sample of the mineral to J. Berzelius who thoroughly 
analysed it. In 1828 Berzelius reported isolation of silicates 
of a new element from the mineral. The old name "thorium" 
proved useful. The mineral which had become the source of 
thorium-2 was named by J. Berzelius "thorite". 

When Berzelius studied the properties of thorium,Wohler 
paid attention to the fact that they were similar to those of 
the element which he left without attention in 1826. Wohler 
was much more disappointed when six years later the famous 
German scientist and traveller W. Humboldt presented him 
with a sample of pyrochlore from Siberia. Wohler discovered 
thorium in it as a few years earlier he had found it in the 
Norwegian pyrochlore. Thus, thorium played a trick on 
Wohler. 

J. Berzelius tried to separate pure thorium but in vain. 
For very long the element was known in the form of its oxide 
and only in the 1870's was it prepared in the metallic form. 
Thus, thorium became the second radioactive element (after 
uranium) to be discovered by the conventional chemical 
analysis having nothing to do with radioactivity. 

Vanadium 
...Long, long ago there lived in the Far North Vanadis, 

a beautiful goddess. One day when she was reclining com-
fortably in her chair she heard a knock on the door. She 
thought to herself: "Let him knock once more." But the 
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knock was not repeated and she heard someone go away. 
The Goddess was curious: "Who could that modest and 
diffident visitor be?" She opened a window and looked out. 
That was old Wohler himself who, of course, would have 
deserved a reward if he had been more persistent. 

A few days later she again heard knocking on the door 
but this time it went on and on until she opened the door. 
She was confronted by Nils Sefstrom. They fell, in love with 
each other and had a son whom they named Vanadium. 
That was the name of the new metal... 

This is how the Swedish chemist Berzelius described the 
history of its discovery in his letter to F. Wohler on Jan-
uary 28, 1831. The story was rather unusual and not the 
least role in it was played by the ability of vanadium to form 
salts of varied colours. 

In Mexico, near the village of Gimapan, deposits of lead 
ore were found and in 1801 a sample fell into the hands of 
Andres Manuel del Rio, a professor of mineralogy from 
Mexico City. The scientist, a good analyst, studied the 
sample and came to the conclusion that it contained a new 
metal similar to chromium and uranium. Del Rio obtained 
several compounds of the metal which were all of different 
colours. The scientist named it "panchromium", the Greek 
for omnicoloured, but subsequently changed it into "erytron-
ium" which means "red" since many salts of the new element 
turned red upon heating. The name of del Rio was little 
known to European chemists who, learning about his re-
sults, doubted them. The Mexican mineralogist himself 
lost confidence and, studying "erytronium", he practically 
"closed" his discovery saying that the element was nothing 
else than lead chromate. He sent a new article to Europe 
entitled "The Discovery of Chromium in Lead Ore from 
Cimapan". H. Collet-Descoties from Paris analysed a sample 
of the ore in 1809 and confirmed the Mexican scientist's 
erroneous conclusion. Erroneous, because del Rio really dis-
covered vanadium. It is difficult to explain why del Rio was 
so unsure of his results. In 1832 after the second discovery of 
vanadium he wrote in a text-book on mineralogy that the 
metal discovered by him was vanadium and not chromium. 
But the credit for discovering vanadium went to the Swedish 
chemist N. Sefstrom. 
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It was Sefstrom who in 1830 isolated a small amount of 
the new element from the iron ore extracted in the Taberg 
mine. Shortly before the discovery of the new element 
F. Wohler studied the lead ore from Gimapan in which 
thirty years before A. del Rio had found "erytronium". 
Wohler wrote to J. Liebig on January 2, 1831, that he had 
already found something new in the ore. However, experi-
menting with hydrogen fluoride vapour, Wohler was poisoned 
and could not work for several months. One can imagine 
how disappointed he was when he learned about N. Sef-
strom's discovery. J. Berzelius tried to console his friend 
and colleague, writing to him that a chemist who had dis-
covered a method of synthesizing an organic compound 
(Wohler synthesized urea) could well renounce a claim to 
the priority of discovering a new element since his accomp-
lishment was equivalent to the discovery of ten new elements. 
J. Berzelius and N. Sefstrom named the new element "vana-
dium" after Vanadis, the Scandinavian goddess of beauty. 
Meanwhile Wohler ended the study of the Mexican ore and 
proved that it contained vanadium and not chromium as 
A. del Rio believed. Subsequently, this mineral was named 
"vanadinite"; it was found in different parts of the globe. 
J. Berzelius and N. Sefstrom continued to study vanadium 
and concluded that it was similar to chromium. Their 
attempts to prepare metallic vanadium were unsuccessful 
and, for some time, it seemed that they mistook either oxide 
or nitride of vanadium for the metal. The final chapter in 
the vanadium story brings up the name of the English 
chemist H. Roskoe. In 1860's he performed a detailed study 
of the chemical properties of vanadium and showed that 
this element was similar neither to chromium nor uranium. 
On the contrary, he thought that vanadium was similar to 
niobium and tantalum on the one hand, and to the elements 
of the phosphorus group on the other. In 1869 Roskoe 
succeeded in preparing metallic vanadium. D. I. Mendeleev 
highly appreciated the work of this scientist believing that 
it had played a great role in the discovery of the periodic law. 



Chapter 5 

Elements Discovered 
by the Electrochemical Method 

This short chapter deals with the discovery of two alkali 
metals, sodium and potassium, and two alkaline-earth 
metals, magnesium and calcium. They were discovered, 
directly in a free state, in the first decade of the 19th century. 
The compounds of these metals had been known from very 
remote times and it is hardly possible to establish more or 
less accurately when common salt, potash, lime, or magnesia 
came into use. All these compounds had been man's com-
panions long before the metals contained in them were 
discovered. 

A. Lavoisier included lime and magnesia into "The Table 
of Simple Bodies" but excluded potassium and sodium 
hydroxides believing that they had complex composition 
and their nature had to be further studied. One might say 
that history was unjust to these elements, for barium, for 
instance, was isolated in a metallic state simultaneously 
with them, but had been discovered much earlier. However, 
history is a wayward lady. The discovery of sodium, potas-
sium, magnesium, and calcium is interesting in that it was 
made possible by electric current being successfully used 
for the first time. This marked the birth of the electrochemi-
cal method, a subsidiary to the chemical analysis. Subse-
quently, electrolysis of melted compounds made it possible 
to obtain other metals discovered earlier in their compounds. 

That is why we considered it justified to devote a separate 
chapter to the history of sodium, potassium, magnesium, 
and calcium. The time span in question is two years and 
H. Davy, one of the founders of electrochemistry, is the 
main character. 

Sodium and Potassium 

Man had known sodium and potassium compounds for 
a very long time. Carbonates of these metals were used in 
Egypt for laundry. Common salt, one of the most widespread 
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sodium compounds, was used in foods from time immemorial; 
in some countries it was very expensive and sometimes wars 
were waged for the right to possess salt mines. Sodium 
carbonate was usually obtained from salt lakes whereas 
potassium carbonate by leaching plant ash; for this reason 
the former was named mineral alkali and the latter vegetable 
alkali. The word "alkali" was introduced by Geber, a me-
dieval alchemist, although he made no distinction between 
the two carbonates. The differences in their nature were first 
mentioned in 1683. The Dutch scientist I. Bon noted that 
when soda and potash were used in the similar process, the 
shapes of the precipitated crystals were different depending 
on the initial product. 

In 1702 G. Stahl noted the difference in crystals of some 
sodium and potassium compounds. This was an important 
step in distinguishing between soda and potash. In 1736 
the French chemist A. de Monsean proved that soda was 
always present in common salt, Glauber's salt, and in borax. 
Since an acidic constituent of soda was known, the nature of 
the basic constituent was of great interest. According to 
Monsean, soda formed Glauber's salt with sulphuric acid, 
cubic saltpeter (sodium nitrate) with nitric acid, and a 
variety of sea salt with hydrochloric acid: isn't this reason 
enough to deduce that soda is the basis of sea salt? 

Although chemists had suspected for a long time that al-
kali earths were oxides of metals, the nature of soda and 
potash had not been studied up to the early 19th century. 
Even Lavoisier had no definite idea on this subject. He did 
not know what the basic constituents of soda and potash 
were and assumed that nitrogen could be a constituent. 
This confusion seems to stem from the similarity between 
the properties of sodium, potassium, and ammonium salts. 

Credit for determining these constituents belongs to 
H. Davy. At first he was dogged by failures: he could not 
separate metals from soda and potash with the aid of a gal-
vanic battery. However, soon the scientist understood his 
error—he used saturated aqueous solutions but the presence 
of water hinders decomposition. In October, 1807, Davy 
decided to melt anhydrous potash, and as soon as he started 
electrolysis of the alkali hydroxide melt, small balls re-
sembling mercury with bright metallic lustre appeared on 



Ch. 5. Elerhents Discovered by Electrochemical Method 115 

H. DAVY 

the negative electrode immersed into the melt. Some of the 
balls burnt up immediately with an explosion forming bright 
flame while the others did not burn, but just dimmed and 
became covered with a white film. Davy concluded that 
numerous experiments had shown that the balls were the 
substance which-he had been looking for and this substance 
was highly inflammable potassium hydroxide. 

Davy studied this metal thoroughly and found that when 
it reacted with water the resulting flame was due to burning 
of the hydrogen liberated from water. Having studied the 
metal obtained from potassium hydroxide, H. Davy began to 
search for sodium hydroxide using the same method and he 
succeeded in separating another alkali metal. The scientist 
noted that for its preparation a much more powerful battery 
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was required than in the experiments with potash. Neverthe-
less, the properties of both metals turned out to be similar. 

For a short time the scientist carefully studied the prop-
erties of potassium and sodium. Some chemists doubted the 
elemental nature of sodium and potassium believing that they 
were compounds of alkalis with hydrogen. However, Gay 
Lussac and Thenard proved convincingly that Datfy had, 
indeed; obtained simple substances.' 

Magnesium 
Magnesium compounds such as asbestos, talcum, dolomite, 

and nephrite have been known from very remote times and 
used for various purposes. They, however, were not rec-
ognized as individual substances but were considered to 
be varieties of lime. 

In 1618 H. Wiker found mineral springs near Epsom in 
England. In 1695 a salt (magnesium sulphate) with a bitter 
taste was discovered in the Epsom spring water and later 
it was used in medicine. 

Scientists established that artificial Epsom salt could 
be prepared by adding sulphuric acid to the mother solution 
remaining after the purification of salt extracted from sea 
water. The difference between Epsom and Glauber's (sodium 
sulphate) salts was established but the difference between 
lime and white magnesia remained unclear for a long time. 
J. Black was the first to establish the different solubilities 
of these compounds and their sulphates in water. According 
to G. Newman, magnesium oxide was considered to be white 
magnesia in contrast to black magnesia, which is pyrolusite. 

Metallic magnesium (although not very pure and in a very 
small amount) was obtained for the first time in 1808 by 
H. Davy who used the same procedure as that for isolating 
potassium and sodium. Large amounts of the pure metal were 
obtained in 1831 by the French chemist A. Bussy. The name 
of the element is derived from the word "magnesia". 

Calcium 
Many calcium minerals, for instance, limestone, gypsum, 

alabaster, that is, mainly, carbonate and sulphate minerals, 
have been known for a very long time. In the old days people 
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already knew how to transform limestone into lime by 
calcination, as was reported by Pliny the Elder. However, it 
was only in 1755 that J. Black showed that the weight (mass) 
losses during calcination were completely caused only by 
the removal of fixed air, i.e. carbon dioxide. 

The name "alabaster" served in antiquity to denote two 
minerals. For one of them (a variety of calcium sulphate) 
the name survived up to our days, but in Egypt, for example, 
"alabaster" meant a variety of calcite (calcium carbonate). 

Gypsum has also been used from times immemorial as 
a construction material. Gypsum-based solutions found 
application in building pyramids, temples, and other 
edifices. Theophrastos applied the name "gypsum" to two 
minerals: gypsum itself and the product of its partial de-
hydration. Pure calcium oxide was described by the German 
chemist I. Pott back in 1746; however, attempts to obtain 
metal from it with the aid of various reducing agents failed. 

The right approach was suggested by H. Davy. First, he 
attempted to obtain calcium by passing electric current 
through humid earth insulated from the air by a kerosene 
layer. (In a similar way he had tried to prepare barium and 
strontium.) As a result of his experiments, Davy developed 
the following method of preparing pure alkaline-earth 
metals. He mixed humid earth with l / 3 (by mass) of mercury 
oxide and placed the mixture into a platinum vessel con-
nected to the positive pole of a high-voltage battery. Then 
he introduced a drop of mercury at the centre of the mixture. 
The platinum electrode placed in the drop was connected 
with the negative pole of the battery. Amalgam obtained 
in this way was then separated into mercury and silvery-
white metal, calcium. Davy prepared pure calcium in 1808. 
In the same year J. Berzelius and M. Pontin obtained 
calcium independently of Davy using a similar method. 
The name of the element originates from the Latin word 
calx, which means "lime". 



Chapter 6 

Elements Discovered 
by the Spectroscopic Method 

Hardly a decade passed in the 19th century without addi-
tions to the list of chemical elements, sometimes consider-
able additions. The 1850's are the only exception; not a 
single new element was discovered during this period. This 
is hardly strange: analytical chemistry had already done 
everything in its power. By the middle of the century the 
chemical analysis made it possible to discover all the elements 
whose discovery did not demand other fine techniques. The 
discovered elements were either sufficiently abundant in 
a native state or scientists were lucky to find minerals 
containing rare elements. By the mid-19th century about 
60 elements were already known. 

This lull in the history of discoveries of new elements was 
ended by the spectral method developed in 1859-1860 by the 
German scientists R. Bunsen and G. Kirchhoff. And at once 
reports appeared about the discovery of new elements, which 
announced themselves via new spectral lines. Four chemical 
elements (cesium, rubidium, thallium, and indium) came to 
light owing to the spectroscopic method. 

Cesium 
Cesium, a rare alkaline-earth metal, was fated to become 

the first chemical element whose presence on Earth was 
established by spectroscopy, although its fate could have 
been different. Back in 1846 the mineralogist A. Breithaupt, 
studying minerals and ores from the island of Elba, noted 
a coloured variety of quartzite, which he named pollux (or 
pollycite). The sample of pollux then fell into the hands of 
the German chemist K. Plattner from Freiberg, a professor 
of metallurgy in the Mining Academy. Plattner had a minute 
amount of pollux sufficient only for one analytical experi-
ment. Having separated the constituents of the mineral and 
finding nothing new, Plattner, to his surprise, noted that 
the sum total of the constituents was only 92.75 per cent. 
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The reason for this remained unclear since Plattner had no 
pollux left. The scientist, however, established the follow-
ing: pollux had the highest alkali content among all known 
silicates. It is now clear that cesium was safely masked by 
the much larger amounts of sodium and potassium and 
Plattner was not able to extract it. 

In 1860 R. Bunsen and G. Kirchhoff studied the chemical 
composition of various mineral spring waters by spectro-
scopy. After the separation of calcium, strontium, magne-
sium, and lithium from a sample of Diirkheim mineral water, 
a drop of the evaporated solution was studied spectroscopi-
cally. The scientists observed two pronounced blue lines 
close to each other. One of them almost coincided with the 
strontium line. Bunsen and Kirchhoff asserted that since 
no substance was known to have such spectral lines it had 
to be an unknown substance, belonging to the group of 
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alkali metals. They proposed to name it "cesium" (symbol Cs) 
from the Latin caesius: in ancient times this word was used 
to describe the blueness of the upper part of the firmament. 
The beautiful blue vapour of cesium helped to prove the 
presence of a few millionths of a milligram of this substance 
in a mixture with sodium, lithium, and strontium. 

On April 11, 1860, R. Bunsen wrote to G. Roskoe (his col-
laborator in a study in photochemistry) about his investiga-
tion of the new alkali metal. On May 10 he reported the dis-
covery of cesium to the Berlin Academy of Sciences. Six 
months later Bunsen already had 50 g of almost pure cesium 
chloroplatinate. To obtain such an amount of the product, 
it was required to process nearly 300 tons of mineral water; 
about one kilogram of lithium chloride was isolated as 
a side product. These figures show how small was the cesium 
content in mineral spring waters. 

Four years later the Italian analyst F. Pizani set to 
study pollux, earlier investigated by Plattner. Pizani had 
a stroke of luck; he discovered cesium in the mineral and 
demonstrated that the German scientist had erroneously 
taken cesium sulphate for a mixture of sodium and potassium 
sulphates. Pure cesium, however, was separated only in 1882 
by the German chemist K. Satterberg via electrolysis of a 
mixture of cyanides CsCN and Ba(CN)2. In Russia Beketov 
prepared cesium almost at the same time and independently 
of Satterberg by reducing cesium aluminate (CsA102) with 
magnesium in a hydrogen flow. 

Rubidium 
The discovery of the second "spectral element" occurred 

in the studies of a rare mineral, lepidolite (called also lilalite 
because of its lilac colour). For the first time a detailed 
chemical analysis of lepidolite was performed by M. Klap-
roth at the end of the 18th century. But the experienced 
analyst did not discover alkalis in the mineral. Doubting 
his own results, Klaproth decided to repeat the analysis and 
this time (1797) he found the following components: 54.5% 
silicon dioxide, 38.25% aluminium oxide, 4% potassium 
oxide, and 0.75% manganese oxide. The missing 2.5 per 
cent Klaproth ascribed to the loss of water contained in 
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the mineral. However, no matter what ingenious techniques 
the chemist tried, he could not determine the content of the 
two most important components: lithium (it had not been 
discovered yet by that time) and fluorine; thus, the nature 
of lepidolite remained obscure. 

At the beginning of 1861 a sample of this mineral from 
Saxony fell into the hands of R. Bunsen and G. KirchhoS, 
who separated alkaline components from it and precipitated 
potassium in the form of chloroplatinate. After a thorough 
washing the precipitate was subjected to spectral analysis. 
On February 23, 1861, the chemists reported the existence 
of a new alkali metal in lepidolite to the Berlin Academy 
of Sciences. The scientists asserted that the magnificent dark 
red colour of the line of the new metal gave them every 
reason to name the element "rubidium" and assign to it the 
symbol Rb from the Latin word rubidus, which meant a deep 
red colour. Then Bunsen and Kirchhoff discovered rubidium 
in the same mineral spring water in which cesium was 
found a year before. The rubidium content turned out to be 
only slightly higher than that of cesium. Metallic rubidium 
was prepared by R. Bunsen in 1863. 

Thallium 
Thallium became the third element whose presence in the 

earth minerals was established by spectroscopy. Some of its 
properties proved to be similar to those of alkali metals and, 
therefore, there were scientists who believed that thallium 
was not an independent chemical element but a mixture of 
alkali metals, namely unknown heavy analogues of rubidium 
and cesium. Time was required to dispel the doubts. While 
Bunsen and Kirchhoff continued to investigate the newly 
discovered elements, their method of spectral analysis 
attracted attention of the English chemist and physicist 
W. Crookes. By that time he had been known to the scientific 
community mainly as the editor and publisher of the Chemi-
cal News i ournal. There was nothing glamorous in the way 
Crookes started on his way to the discovery. Back in 1850 
he received ten pounds of sludge remaining in lead chambers 
after production of sulphuric acid in Tilkerod plant (Germa-
ny). The scientist separated selenium from the sludge for 
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the study of compounds called selenocyanides to which 
his first published paper was devoted. After the extraction 
of selenium and its purification a certain amount of the 
material remained and there was every reason to suspect 
the presence of tellurium, a direct analogue of selenium in 
terms of chemical properties. However, with the methods 
he used he could not extract tellurium. The investigation 
was stopped and it was just a lucky chance that the 
scientist kept the residue after the processing of the sludge 
(and, perhaps, the belief that the residue contained tellur-
ium). 

The discovery of cesium and rubidium impressedW. Crookes 
very much. Being not only impressionable but practical 
as well, the scientist understood at once how very promising 
the spectral method was for analytical purposes. Having 
obtained a spectroscope, Crookes decided to test it immedi-
ately. The time came for the samples of the sulphuric acid 
sludge (or, to be more exact, its residue after removal of 
selenium) which had been kept for more than ten years. 
Crookes introduced the sample into the flame of a burner 
and was instantly disappointed: no hint of tellurium lines 
in the spectrum. The selenium lines appeared and then 
gradually faded. However, instead of them a magnificent 
green line appeared which Crookes had never observed be-
fore. Of course, there was a temptation to assign the line 
to a new chemical element and the scientist did so naming 
it "thallium" from the Greek thallos, which means "a new 
green branch". 

The first publication about Crookes' discovery appeared 
in Chemical News on March 30, 1861, under the title "On the 
Existence of a New Element Probably from the Sulphur 
Group". Here the author was wrong since, as we know, 
thallium has nothing in common either with sulphur or with 
its analogues. A year later Crookes recognized his mistake 
and published another paper titled "Thallium, a New Chemi-
cal Element" where no analogy with sulphur was drawn. 

In this way was thallium discovered. The word "discover-
ed" means here the establishing of the existence of thallium 
by the new method. After having observed the element's 
spectrum Crookes neither separated the pure element nor 
prepared its compounds. This was done by the French 
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chemist C. Lamy who is often credited with being an in-
dependent discoverer of thallium. 

For the first time C. Lamy observed the green thallium 
line in a sample of selenium extracted from the sludge of 
sulphuric acid production (the raw material used by Crookes). 
This took place in March 1862, a year after Crookes' 
observations, and already on June 23 Lamy submitted 
a sample of metallic thallium with a mass of about 14 g 
to the Paris Academy of Sciences. Crookes also succeeded 
in preparing metallic thallium but in the form of powder. 
C. Lamy, however, declared that the thallium of Crookes 
was nothing other than the metal sulphide. Controversy 
went on. Crookes said that he had obtained the metal powder 
before May 1, 1862, but did not dare to fuse the powder into 
an ingot because of the product's volatility. A special 
committee organized by the Paris Academy of Sciences, 
including such prominent scientists as A. Saint Claire 
Deville, T. Pelouze, and J. Dumas, recognized the priority 
of G. Lamy. 

The French chemist undoubtedly studied thallium in much 
greater detail than W. Crookes. He showed that the metal 
formed trivalent and monovalent compounds. Monovalent 
thallium has much in common with alkali metals; trivalent 
thallium resembles aluminium. J. Dumas named it "the 
paradoxical metal". It was the similarity of thallium with 
sodium and potassium that gave rise to the idea that thallium 
was a mixture of unknown alkali metals with large atomic 
masses. It is regrettable that all the credit for the discovery 
of thallium is given to W. Crookes, while the French chem-
ist's significant achievements are often ignored. 

In 1866 E. Nordenshold, a well-known traveller, mineral-
ogist and one of the explorers of Greenland, found a new 
mineral containing silver, copper, selenium, and thallium. 
He proposed to name it crookesite (in honour of W. Crookes). 
For a long time this mineral was believed to be the only one 
containing noticeable amounts of thallium. 

Indium 
In the history of chemical elements the discovery of a new 

element often directly affected the discovery of another one. 
Thus, the discovery of thallium was a catalyst for the dis 
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covery of indium—the last of the classic group of four 
elements identified by spectral analysis. 

The stage was set in the German town of Freiberg; and the 
main characters were F. Reich, professor of physics in the 
Mining Academy and his assistant Th. Richter. The time was 
the year of 1863. Interested in some properties of thallium, 
discovered two years earlier, F. Reich decided to obtain a 
sufficient amount of the metal for his experiments. Searching 
for natural sources of thallium, he analysed samples of zinc 
ores mined at Himmelsfiirst. In addition to zinc the ores were 
known to contain sulphur, arsenic, lead, silicon, manganese, 
tin, and cadmium, in a word, quite a number of chemical 
elements. Reich believed that thallium could be added to 
the list. Although time-consuming chemical experiments 
did not produce the desired element, he obtained a straw-
yellow precipitate of an unknown composition. It was told 
that when C. Winkler (subsequently the discoverer of ger-
manium) entered Reich's laboratory the latter showed him 
a test-tube with the precipitate and said that it contained 
sulphide of a new element. 

It would have been surprising if F. Reich had not used 
spectroscopy to prove his assumption. Of course, Reich did 
use it but, unfortunately, he was colour-blind and, therefore, 
asked his assistant Richter to perform spectral analysis. 

Th. Richter succeeded in the very first attempt: in the 
spectrum of the sample he saw an extremely bright blue line 
which could not be confused with either cesium blue line or 
any other line. In a word, the observation was quite definite. 
Reich and Richter came to the conclusion that the ores of 
Himmelsfiirst contained a new chemical element. They 
named it "indium" after "indigo", a bright blue dye. There 
is an interesting fact that does credit to F. Reich. The first 
reports about the discovery of indium were signed by the 
two scientists. Reich, however, believed that this was un-
just and that the honour of the discovery belonged solely 
to Richter. 

Soon after the two scientists had proved the existence of 
natural indium with the help of spectroscopy, they obtained 
a small amount of it. Indium compounds turn the flame of 
a Bunsen burner blue-violet and so bright that the presence 
of the new element could be established without a spectro-
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scope. Subsequently Reich and Richter studied some prop-
erties of indium, with Winkler giving them considerable 
help. 

When metallic indium, although contaminated, was pre-
pared, Richter submitted the samples to the Paris Academy 
of Sciences in 1867 and estimated their value at 800 pounds 
sterling which was quite a lot of money at the time. 

Chemical properties of indium were described soon after 
its discovery but its atomic mass was at first determined in-
correctly (75.6). Mendeleev saw that this atomic mass 
would not correctly place indium in the periodic table and 
suggested to increase it by about 50 per cent. Mendeleev 
proved to be right and indium occupied its place in the third 
group of the periodic table. 



Chapter 7 

Rare Earths 

"It was a sea of errors and the truth was drowning in it," 
the eminent French chemist G. Urbain once said about the 
history of rare-earth elements. Although he had a reputation 
for temperament and expansiveness, in this case he did not 
exaggerate. Indeed, during thirty-odd years (from 1878 
to 1910) more than one hundred discoveries of new rare 
earths were reported and only ten of them proved to be true. 
The confused and complicated story of the rare earths is not 
easy to describe. 

Lanthanum (Z = 57) and the following fourteen lanthan-
ides from cerium (Z = 58) to lutetium (Z = 71) are usually 
classified as rare-earth elements. Two more elements can be 
added to the list: yttrium (Z — 39) and scandium (Z = 21); 
their properties are similar to those of lanthanum and they 
are linked historically with the rare earths. It was precisely 
the discovery of yttrium that began the history of rare-earth 
elements. Scandium, mentioned only briefly here, is con-
sidered in greater detail in Chapter 9. 

In total, the rare-earth elements (REEs) represent V5 of 
all the natural elements and their discoveries spanned 
113 years—from 1794 (the discovery of yttrium) to 1907 
(the discovery of lutetium). One of REEs, promethium, was 
prepared artificially much later. The unusual history of 
REEs is due to their extraordinary properties and, first 
of all, to their striking chemical similarity. In minerals 
and ores they are encountered all together at the same time, 
and it is extremely difficult to break the mixture into 
constituents. This made the history of REEs very rich in 
false discoveries with new elements often turning out to be 
mere combinations of already known ones. Even real dis-
coveries did not always relate to pure rare-earth elements: 
in many cases the newly discovered elements proved later to 
be a mixture of two or more unknown elements. That is why 
the widely accepted dates of the discovery of some REEs 
must be treated with a pinch of salt. 
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Another important feature in the history of REEs was that 
they all were first extracted in the form of oxides. Chemists 
of the past used the name "earths" for oxides of, for instance, 
magnesium, calcium (cf. "alkaline earths") and applied it 
(erroneously, as it became clear later) to oxides of the first 
REEs, yttrium and cerium. Hence the term "rare earths". 
Pure metals were prepared long after the discovery of the 
corresponding elements. For instance, a series of heavy 
lanthanides was prepared as pure metals only after the 
Second World War. Therefore, in our subsequent narration, 
the term REEs will refer to oxides. 

- REEs Early History 
In 1794 the Finnish chemist Johann Gadolin, a chemist 

at the University of Abo, separated an oxide of an unknown 
element from ytterbite and named it yttrium. The mineral 
had been found seven years before in an old quarry at Yt-
terby, a small Swedish village. The village gave the name 
to the mineral (although later it was rechristened gadolinite 
in honour of Gadolin) and then to yttrium and three more 
REEs: erbium, terbium, and ytterbium. 

Samples of ytterbite, a mineral, were also studied by other 
contemporary analysts: L. Vauquelin in France and M. Klap-
roth in Germany. They also found a new oxide (earth) 
in it but their values for its content were different. Since the 
analytical methods were the same, the differences in the 
results could be explained in the following way: the mineral 
contained another unknown element whose separation from 
yttrium was difficult. 

It really proved to be so but the "stranger" was found in 
another mineral. It happened in 1803. J. Berzelius and 
W. Hisinger on the one hand and M. Klaproth on the other 
separated an oxide of a new element independently of one 
another and named it "cerium" after the recently discovered 
(1801) asteroid Ceres; the mineral was named "cerite". For 
many years these two minerals, gadolinite and cerite, were 
the only sources of REEs. 

Cerium was very much like yttrium although there were 
some differences too. It is now known that what was believed 
to be "cerium" was in effect a complex mixture of cerium 
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REEs (from Ce to Gd) and what was held to be "yttrium" 
was a mixture of yttrium REEs (from Tb to Lu). Thus, 
in 1794 and 1803, respectively, no real yttrium and cerium 
were discovered. In 1826 G. Mosander, a disciple of Berzel-
ius, suspected that cerium extracted from cerite contained 
an impurity. Thirteen years needed the scientist to turn his 
conjecture into confidence. 

Lanthanum and Didymium, 
Terbium and Erbium 

Until G. Mosander began a thorough study of rare earths, 
yttrium and cerium attracted relatively little attention: they 
both received the status of chemical elements and their 
properties were more or less known. 

If there had been a tradition of planting a tree in honour 
of a newly discovered element, yttrium and cerium would 
have been weak young saplings in this imaginary garden. 
To continue the analogy, for seventy years, after 1839, these 
young trees were branching intensively. 

After a thorough study of cerium G. Mosander established 
that it contained two more new elements—lanthanum (La) 
and didymium (Di). "Lanthanum" originates from the Greek 
for "to lie hidden"; and in fact for a long time lanthanum 
escaped the attention of researchers. "Didymium" in Greek 
means a "twin" since it resembles lanthanum as two drops 
of water resemble each other and it took G. Mosander's 
magnificent skill to show that lanthanum and didymium 
were different elements. The branches on the cerium tree 
could be illustrated in the following manner: 

Ce 

Ce La 

La~" Di 

Later many researchers attempted to encroach on the 
chemical individuality of cerium and lanthanum. They 
wanted to prove that these elements were complex. How-
ever, C. Mosander obtained relatively pure oxides of these 
elements. As regards didymium, it had a different fate. 
You will not find its symbol in the modern periodic table. 
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It is a long story which we shall tell you later. Here we 
shall only note that the real beginning of cerium biography 
was the year of 1839. The same is true of yttrium. Mosander 
began to study yttrium in 1843 inspired by his successful 
decomposition of cerium. And Gadolin's old yttrium showed 
its real face. Strictly speaking, there were three faces: 
yttrium itself and two elements extremely similar to it— 
terbium and erbium. The situation was as follows: 

Y 

Y " T e 
Er 

Yttrium asserted its individuality later. Whether Mo-
sander obtained pure terbium or not remains unclear. 
Erbium had the same fate as didymium. And one more 
correction in the list of official discovery dates is necessary: 
real yttrium was extracted by Mosander in 1843. Therefore, 
it is Mosander who stood at the cradle of REEs. 

After Mosander's work the list of known REEs remained 
unchanged for almost 40 years. Scientists made a lot of 
mistakes studying these elements; they gave erroneous for-
mulas of oxides and determined atomic masses incorrectly. 
Mendeleev was firmly convinced that "something was wrong" 
and he proposed to change the values of atomic masses of the 
REEs discovered up to 1869. From the literature on the pe-
riodic law we know that he was absolutely right, but this 
did not practically affect the further fate of REEs. These 
elements were so similar in properties that their separation 
could not be reliably controlled. The situation became para-
doxical: a mixture of elements was taken for a single ele-
ment and, vice versa, newly discovered elements proved to 
be mixtures of elements. 

Even spectral analysis, which had played such an impor-
tant role in the discovery of new elements, yielded results 
which were more often erroneous than reliable. 

"Ytterbium", Scandium, "Holmium", Thulium 
Almost four decades after Mosander's work the "rare-

earth" saplings still did not give any new branches. There 
were many reasons for this. Scientists could not tackle the 
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capricious chemistry of the REEs. Separation of these ele-
ments was based on the fact that their salts differed, although 
slightly, in solubility. Therefore, to separate one rare 
earth from another more or less reliably, hundreds of simi-
lar recrystallizations had to be performed. 

Known rare-earth minerals were few; gadolinite and ce-
rite were extremely rare and the other minerals (there 
were about ten of them) could be likened, as regards their 
abundance, to museum pieces. Nevertheless, the era of new 
discoveries had come and the first sprouts appeared on the 
yttrium tree. Mosander's erbium remained controversial 
for a long time and only in 1878 did the Swiss scientist 
J. de Marignac separate a new element from erbium; he 
named it "ytterbium" also after the village of Ytterby. 

Both in the text and in the heading of this section we put 
"ytterbium" between quotation marks. This means that yt-
terbium was not an element properly speaking but, as was 
shown later, a mixture of some REEs. The names of other 
newly discovered elements which turned out to be mixtures 
have also been written in quotation marks. Thus, 1878 
cannot be considered to be the final date of the discovery of 
"ytterbium". 

The fact that "ytterbium" was a mixture was established 
already the following year by the Swedish chemist L. Nil-
son; he named the discovered element "scandium" in honour 
of Scandinavia. 

Thus, erbium minus "ytterbium", minus scandium ... . 
Gould erbium be finally considered to be free of impurities? 
However, in 1879 Nilson's compatriot P. Gleve showed that 
erbium without "ytterbium" and scandium was still a mix-
ture; Gleve splitted it into three components: erbium itself, 
"holmium", and thulium. "Holmium" was named after the 
old name of Stockholm and thulium in honour of the legend-
ary country of Thule at the world's end. And it was no less 
difficult to isolate thulium than to reach the far and myste-
rious Thule. 

In 1879 the chemical individuality of erbium freed from 
impurities was proven beyond any doubt and that year rather 
than 1843 can be considered to be the date of its discov-
ery. Thulium turned out to be pure as well, but "holmium's" 
real birth was still ahead. So the yttrium tree branched copi-
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ously within two years: 
Y 
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There are certain peaks in the history of elements. The 
two glorious years 1878-1879 were such a peak in the history 
of REEs. The period was marked by another important event: 
deposits of a new rare-earth mineral, samarskite, were found 
in North America. It is of interest that this name is of a 
Russian origin. Back in the 1860's a mineral of a complex 
composition containing rare earths was found in the Urals. 
It was named after the mining engineer V. E. Samarskii; 
the American mineral proved to be identical to the Uralian 
one. 

The importance of this event can hardly be overestimated. 
The discovery of samarskite eliminated an acute shortage in 
rare-earth raw material which became available to many chem-
ical laboratories. When scientists have sufficient amounts 
of materials to be studied, they can perform more detailed 
experiments and properly check the results obtained. Sa-
marskite became a producer of new REEs. 

And, at last, in the late 1870's scientists sufficiently im-
proved the spectroscopic method for it to become a powerful 
factor in the discovery of new REEs although "production 
losses" were rather high: the spectra of individual REEs 
resemble one another just as their chemical properties do. 

The End of "Didymium", "Samarium", 
Neodymium, and Praseodymium 

"Didymium" is one of the most surprising pages in the 
history of REEs. Its unprecedented chemical similarity to 
lanthanum finally convinced scientists that the REE chem-
istry is a quite special branch of inorganic chemistry. For 
a long time the identity of "didymium" was not questioned. 
Turning over the pages of scientific journals dating to the mid-
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die of the last century, we do not find any statements worthy 
of attention that "didymium" was a mixture of elements. 

Mendeleev put the symbol Di into his periodic table and 
described "didymium" as a separate chemical element al-
though, in general, the great Russian scientist was suspi-
cious about the REEs (for instance, he did not recognize the 
existence of terbium). 

The death sentence to "didymium" was signed by the study 
of samarskite. At the end of 1878 the French spectroscop-
ist M. Delafontaine began to study didymium extracted 
from this mineral and found two new lines in its spectrum. 
Since at that time the accepted approach was "a new line 
in the spectrum means a new element", Delafontaine thought 
just that. 

In his opinion, a new previously unknown element con-
tained in "didymium" was responsible for the appearance of 
the new lines in the spectrum. He named it "decipium" from 
the Latin "to deceive, to stupefy" and the name proved to be 
ironical: "decipium" turned out to be a mixture of several 
REEs both known and unknown ones. Decipium was de-
bunked in 1879 by L. de Boisbaudran of France who played a 
prominent role in the discovery of new REEs. In the next 
chapter we shall tell you how he discovered gallium predict-
ed by Mendeleev. Boisbaudran extracted "didymium" from 
samarskite and thoroughly studied the sample by spectro-
scopy. Boisbaudran was a much more skillful experimenter 
than Delafontaine and he succeeded in separating the impu-
rity from "didymium". He named the new element "samari-
um" after samarskite, being unaware that "samarium" was 
also a mixture of elements. Boisbaudran's discovery was 
immediately confirmed by Marignac who, after multiple 
recrystallizations of "samarium", separated two fractions 
which he marked Y a and Yg (not to be confused with the sym-
bol of yttrium Y!). The spectrum of the second fraction was 
identical to the spectrum of "samarium". As to the first 
fraction, we shall have a look at it a little later. 

Thus, indivisible "didymium" gave way to "didymium" 
and "samarium". Isn't it time to remove the quotation marks 
from the name "didymium"? Perhaps, having freed itself 
from "samarium", "didymium" found, at last, its own indi-
viduality? 
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Here a new character in our narration appears—the Czech 
chemist B. Brauner, a great friend of Mendeleev and an ar-
dent follower of his ideas about periodicity. Beginning with 
1875, Brauner persistently studied "didymium" with the 
sole aim of proving that the element could be oxidized to a 
pentavalent state. A positive answer would have made it 
possible to place "didymium" into the fifth group of the pe-
riodic table since there was no place for it either in the third 
or in the fourth group. Besides, the complex problem of plac-
ing REEs in the table would have become more simple. 

Naturally, Brauner did not obtain pentavalent "didymium". 
We know now that lanthanides cannot reach this oxidation 
state. However, trying to determine the atomic mass of 
"didymium" more correctly, Brauner decided to obtain the 
element in as pure a form as possible. He discovered that 
"didymium" separated from samarium could be divided into 
three fractions somewhat differing in molecular weights. 
Brauner performed this experiment in 1883 but he had to 
stop further research for some reasons. It was a great pity 
since he was so close to ending the story of the old "didymi-
um". 

This honour fell to the Austrian chemist C. Auer von Wels-
bach who made a great contribution to REEs chemistry. 
Up to that time rare earths had no practical applications 
but G. Auer von Welsbach attracted the attention of engi-
neers to them. At the time the whole world used gas lighting 
and in 1884 the scientist invented a new incandescent mantle 
which was impregnated with a special mixture containing 
REE salts. This sharply increased the brightness of the 
light and considerably prolonged the service life of the man-
tles which became to be known as Auer's mantles. Industry 
demanded hundreds of kilograms of rare-earth minerals. 
This stimulated the search for new deposits and in 1886 
rich deposits of monazite sand containing large quantities 
of REEs were found in Brazil. This fully satisfied also the 
needs of chemists in rare-earth material for studies. 

On June 8, 1885, G. Auer von Welsbach reported to the 
Viennese Academy of Sciences how he had split "didymium" 
into two components. He named one of them praseodymium 
(from the Greek for a "green twin" because of the light green 
colour of its salts) and the second, neodymium ("new twin"). 
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Not even the name of the old "didymium" survived! The 
cerium rare-earth "tree" looked now as follows: 

Ce 

Ce La 

La Di 

SrrT" Di 

Nd"* Pr 

Gadolinium and Dysprosium 

These two elements complete the history of the REEs in 
the 19th century; in the case of gadolinium the decisive role 
was played by G. de Marignac. 

We have already mentioned that Marignac succeeded in 
breaking "samarium" into two fractions: Y a and Yp. There 
was no problem with the fraction Yp but Y a gave a lot of 
trouble. Marignac was not audacious enough to recognize 
that this fraction was in effect a new element. This conclu-
sion was made in 1886 by de Boisbaudran. He decided to 
name the new element gadolinium (in honour of Gadolin, 
the pioneer of the REEs chemistry) and asked Marignac to 
give his consent. The consent was received butMarignac's 
generosity is all the more striking since he had neither 
claimed co-authorship of the discovery nor put forward any 
priority claims. However, we believe that the credit for the 
discovery of gadolinium should go to both scientists. 

It is unquestionable that dysprosium was discovered 
(1886) by de Boisbaudran alone. Having prepared sufficient-
ly pure "holmium", the scientist thoroughly studied its 
spectrum and discovered two new lines which pointed to the 
presence of an unknown element. After multiple recrystalli-
zations he separated the impurity; thus, dysprosium was 
discovered, as well as holmium. Its name originates from 
the Greek for "difficult to obtain". The name is symbolic 
since it is characteristic of the REEs history, 
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"Time of Confusion" 
in the History of REEs 

If we look at the current list of rare-earth elements, we 
shall see that almost all of them had been discovered by 
1886. Only promethium was unknown (it is quite a peculiar 
case) and europium and lutetium were to be found in the 
20th century. The majority of REEs had already been dis-
covered but who could possibly know about it in the second 
half of the 1880s? Who could state it for certain that the 
natural treasure-troves of REEs had already been exhausted? 

On the contrary, it was much more heartening to think 
that brilliant discoveries of new rare earths were still ahead 
and such hope is not easily defeated. In the periodic table 
REEs were allotted a large space between barium and tan-
talum. The difference in their atomic masses was 45 units. 
A great number of REEs, both known and unknown, could 
have been squeezed into this space. And nobody could pre-
dict how many of them. Twenty, thirty, or forty—any num-
ber seemed to be reasonable. And this unsure ground fa-
voured numerous discoveries of new REEs. 

Many eminent scientists, who knew the cost of real success, 
set out enthusiastically to split the known REEs and ob-
tained wonderful results which, after a short period of time, 
they themselves had to declare erroneous. The discoverer of 
scandium, L. Nilson, and his assistant G. Kriiss confident-
ly reported in 1887 that holmium could be divided into four 
components and dysprosium into three. In a word, seven new 
REEs were born at once. Brauner, who used to be very cau-
tious about his reports, discovered an impurity in cerium 
which he named metacerium. And so on. 

Scientists relied too much on the spectroscopic method: 
as soon as a new line was observed in the spectrum, they 
announced the discovery of a new element. The spectral 
analysis of that time was relatively young and it was not 
always possible to establish when the new line really was 
due to a new element and when it belonged to an impurity 
of some known element. This was, perhaps, the main cause 
of false discoveries of REEs. Another was that separation 
methods were few: only fractional crystallization and frac-
tional precipitation. The first method was based on different 
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solubilities of REE salts and the second one on their different 
basicities. How could it be established whether the product 
was a pure earth or contained some impurities? From time 
to time the molecular mass of an isolated REE oxide had 
to be checked. If it remained more or less constant, the aim 
was attained. This method, however, was too time-con-
suming and cumbersome. 

In the 1880's the periodicity law and the periodic system 
of Mendeleev were widely recognized. Now any newly dis-
covered element had to be given a place in the periodic table. 
Almost all REEs remained "homeless" but not because there 
were no vacant places in the system: there were a lot of them 
between barium and tantalum but they did not agree with 
the properties of REEs. If they had been placed among differ-
ent groups of the table, it would have meant that alien ele-
ments had been introduced in all (except for III and IV) 
groups. That is why Brauner tried so hard to prove that di-
dymium was pentavalent. Since these elements conflicted 
with the periodic table, it was not difficult to make a lot of 
mistakes. For the first time in the history of chemical ele-
ments it was suggested that REEs were not elements strict-
ly speaking but varieties of elements, hence the unprece-
dented similarity in their properties. 

The idea belonged to the man whose name we have already 
come across and shall meet again more than once, name-
ly, the English scientist W. Crookes, the discoverer of thal-
lium. He considered REEs to be modifications of elements 
and named them metaelements. Crookes made his conclu-
sions on the basis of spectral investigations but spectral 
analysis in this case was not equal to the task. P. E. Lecoq de 
Boisbaudran showed that Crookes' conclusions were erro-
neous. 

That was the end of the metaelement hypothesis. However, 
even the most fantastic of ideas sometimes contain a grain 
of truth. Believing ordinary elements to be mixtures of 
metaelements, W. Crookes assumed that each element had 
different varieties of atoms. He even proposed to replace the 
term "element" with the term "an elemental group". 

This assumption of Crookes' can be compared with the 
later ideas that many chemical elements are really mix-
tures of isotopes. Thus, Crookes anticipated with a surprising 
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accuracy the subsequent concept of the isotopic nature of 
elements. 

We called the end of the 19th century "the time of confu-
sion" in the history of REEs. However, step by step scien-
tists approached the truth. Some of them estimated more or 
less accurately the possible number of REEs. The Danish 
physicist H. Thomsen hit the nail on the head: he proposed 
the number of 15. It was the same Thomsen who suggested 
the "ladder-like" arrangement of the periodic table still 
used now. B. Brauner offered to place all REEs into the 
same group as it is accepted in our days. 

Samples of metallic lanthanum, cerium, and neodymium 
were exhibited at the 1900 World Exhibition in Paris as 
great achievements of science and technology. 

Ytterbium and Lutetium 

G. Urbain, whose name was mentioned in the first lines 
of this chapter, contributed greatly to the development of 
REEs chemistry. He perfected the methods of their separa-
tion, obtained some oxides in a very pure form (to prepare 
pure thulium he performed 15 000 recrystallizations), rede-
termined the atomic masses but could not succeed in dis-
covering a new element himself. 

Only in 1907 did the scientist have a stroke of luck. Urbain 
proved that the old "ytterbium" of Marignac was a mixture 
of two elements. Urbain retained the name for one of them 
and, therefore, the real date of birth of ytterbium is 1907. 
He named the other element lutetium (in honour of the old 
name of Paris—Lutetia). 

It turned out that when G. Urbain was working with 
"ytterbium", von Welsbach (who had debunked didymium) 
was performing a similar operation. Having splitted "yt-
terbium", the Austrian chemist consigned this name to 
oblivion and named the constituents "aldebaranium" and 
"cassiopeum" borrowing the names from astronomy. 

Urbain's article had been published, however, several 
months earlier thus making him the discoverer of lutetium 
although in German scientific literature the name "cassio-
peum" and the symbol Cp were used for a long time. Many 
scientists believed that Welsbach's results were more relia-
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ble. It was the second case in the history of REEs after ceri-
um when two scientists from different countries claimed pri-
ority of discovering a new element. However, there is every 
reason to add a third name,—that of the American chemist 
C. James. He established independently that "ytterbium" 
was a mixture of elements but described his experiments 
after the American scientific community had already be-
come acquainted with the works of Urbain and Welsbach. 

Lutetium turned out to be the last natural REE and it 
ends the rare-earth series. Urbain was, however, of a differ-
ent opinion. In 1911 he announced the discovery of a new 
element, celtium, placing it after lutetium in the periodic 
table. Later it became clear that the finding of celtium was 
in fact an experimental error. Urbain had interpreted its 
spectrum incorrectly: the new lines in it were actually due 
to already known elements. 

Lessons of REEs History 

REEs history is very instructive. It was written by dozens 
of self-sacrificing and hard-working chemists of several gener-
ations and there was no place in it for those who were after 
easy fame and success. Tedious and endlessly repeated pro-
cedures for separating twin-elements required boundless 
patience. 

REEs history is an integral process from which not a sin-
gle step can be thrown out. The discovery of one element pre-
pared the ground for the discovery of another. Even innu-
merable errors in the long run were of benefit to the whole 
process since scientists perfected investigation methods, 
checking their own results and those of their colleagues. 
In no other case was a repeated discovery of a new element 
of such a great value as in the history of REEs. The truth 
was gradually extricated from a sea of errors. 

REEs history was greatly affected by the discovery of new 
rare-earth minerals. We have already told you about the 
great importance of discovering deposits of samarskite and 
monazite which satisfied all the requirements of scientists 
for materials. This dependence on material is unparalleled 
in the history of other elements. And, finally, nothing else 
posed so many difficulties to the periodic table as the prob-
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lem of REEs placing: it was not known how many REEs 
and why their chemical properties were so similar. This 
similarity was understood only in 1921 when the Danish 
scientist N. Bohr developed his theory of the periodic 
system. The physicist succeeded in finding the solution of 
the problem which evaded chemists for so long. Even in our 
days the controversy about the best way of placing the REEs 
in the periodic table is going on. 



Chapter 8 

Helium and Other Inert Gases 

The six inert gases (presently called inert elements)— 
helium, neon, argon, krypton, xenon, and radon—are ex-
tremely scarce in nature. Until recently the inert gases were 
considered incapable of forming chemical compounds from 
which their name of "inert" or "noble" gases (Ramsay pro-
posed another name, "rare" gases, but it did not find accept-
ance). Their scarcity and inactivity account for their late dis-
covery, at the very end of the 19th century, when physical 
methods, particularly spectral analysis and liquefaction of 
gases, became sufficiently well developed. It is interesting 
that all inert gases were obtained in a free state (the only 
state in which they are encountered in nature) within a very 
short period of time. The decisive role in the discovery of 
argon, helium, neon, crypton, and xenon was played, in 
fact, by one scientist, W. Ramsay, an outstanding English 
physicist and chemist who in 1904 received a Nobel prize 
in chemistry for this work. 

The discoveries of helium and radon stand out as unusual. 
Radon was discovered as a result of radioactivity studies, 
or, more precisely, owing to the application of the radiomet-
ric method. Therefore, we shall deal with it in Chapter 11, 
which is devoted to the history of radioactive elements. 
The discovery of helium occupies an exceptional place in 
the history of chemistry. In 1868 a line was detected in the 
spectra of solar prominences, which could be assigned to 
none of the elements known on the earth. This line was 
attributed to a new element on the sun which was called 
"helium". Twenty seven years later helium was first ex-
tracted on Earth. 

Helium 

Helium's unusual story attracted attention of many scien-
tists and science historians, but the real sequence of events 
was distorted in numerous descriptions which overgrew 
with a lot of fictional details. Even a legend was invented— 
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beautiful and impressive—about the discovery of the sun 
element but it was far from the truth. 

The French astronomer J. Janssenand the English astron-
omer N. Lockyer are considered to be the discoverers of 
helium. They studied the total solar eclipse of 1868 which 
was especially convenient to observe on the Indian ocean 
shores. In letters sent to the Paris Academy of Sciences and 
read out at one of its sessions they wrote that the spectra of 
the sun photographed during the eclipse contained a new 
yellow line D 3 corresponding to an unknown element. To 
commemorate this remarkable event (the discovery of a 
new element existing on the sun but not on the earth) a spe-
cial medal was minted. 

Everything is wrong in this fascinating story except two 
dates. First of all, in August 1868, Lockyer was not on the 
Indian ocean coast and did not observe the total solar eclipse. 
Janssen made his observations after the eclipse. They 
were of great importance for astronomy but not for the 
history of helium. The French astronomer was the first to 
observe solar prominences (gigantic ejections of solar mat-
ter) not during an eclipse and to describe their nature. Here 
is the text of the telegram sent by him to the Paris Academy 
of Sciences: "The eclipse and prominences were observed, 
the spectrum is remarkable and unexpected; prominences 
are of a gaseous nature." 

Up to that time scientists had known nothing about the 
nature of prominences. Now it became clear that they were 
clouds of gaseous matter and had a complex chemical 
composition. A detailed description of his observation was 
given by Janssen in a letter which reached Paris only 40 
days later and was two weeks behind the letter of another 
French astronomer S. Raye. The latter also observed the 
prominences and made certain conclusions about them. 
And what was Lockyer doing at the time? Without leaving 
England, he observed the prominences with the help of a 
specially designed spectroscope and determined the posi-
tions of lines in their spectra. On October 23 he sent a let-
ter to the Paris Academy of Sciences; by a surprising coin-
cidence it was received on the same day as J. Janssen'slet-
ter. 

On October 26 the letters of Janssen and Lockyer were read 
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to the session of the Academy but they did not contain a 
word about either the hypothetical sun element or the line 
which was later identified as the characteristic line of the 
helium spectrum. It was only pointed out in the letters that 
prominences had been observed when the sun was not eclipsed. 
And the medal was minted precisely to mark this event. 

Thus, no helium was discovered on August 18, 1868, 
either by Janssen or by Lockyer. Their observations provid-
ed an impetus for an intensive study of prominences by 
many astronomers. And only then was it noticed that the 
spectra of prominences contained a line which could be as-
signed to none of the elements known on the earth. Most 
clearly the line was observed by the Italian astronomer 
A. Secci who later designated it as D3 . Secci's name ought 
to be placed side by side with those of Janssen and Lockyer. 
His role in discovering helium was no less than that of his 
predecessors. Secci, however, assumed that the D s line could 
belong to some known element, for instance, hydrogen, un-
der high pressures and temperatures. If this assumption had 
not been confirmed, Secci would have agreed to consider D s 
line as corresponding to some element unknown on Earth. 

N. Lockyer and E. Frankland tried to solve the problem 
posed by Secci but they did not notice any changes in the 
hydrogen spectrum. Therefore, in his article of April 3, 
1871, Lockyer already used the expression "a new element 
X". There are indications that the name "helium" (from the 
Greek helios for "solar") was proposed by Frankland. The 
word "helium" was first uttered at a British Association ses-
sion by its president V. Thomson (Lord Kelvin) on August 
3, of the same year. Even if we regard the discovery of he-
lium as "fait accompli", then, it still remained unusual. 
It was the only element which could not be isolated in a 
material form. What is helium under ordinary conditions-
gas, liquid, or solid? What are its properties? What is its 
atomic mass and where is its place in the natural series of 
elements? < 

None of these questions could be answered even approxi-
mately. Besides, Secci's doubt was still not cleared. Thus, 
a period began in the history-of helium when it was only a 
hypothetical element. There was no consensus on helium. 
Mendeleev firmly supported Secci's point of view, feeling 
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that the bright yellow line could belong to some other known 
element at high temperatures and pressures. W. Crookes, 
however, completely recognized helium's independence and 
considered it to be a primary matter which gave rise to all 
other elements via successive transformations. 

Sometimes it seemed that helium was not unique in its 
mysteriousness. Astronomers discovered new lines in the 
spectra of various cosmic objects: the sun, the stars, and 
nebulae. A number of hypothetical elements appeared, 
namely coronium, arconium, nebulium, protofluorine. Sev-
eral years later they were all recognized to be nonexistent 
and only helium survived. 

To receive recognition, helium had to show its "earth 
face" and its "earth" history began with a chance event. 

On February 1, 1895, W. Ramsay received a short letter 
from K. Miers, a British museum employee. By that time 
Ramsay had already been acclaimed as the discoverer of 
argon and we may think Miers did not choose him by chance. 
Miers wrote about the experiments of the American research-
er W. Hildebrand, performed at the US Geological In-
stitute as early as 1890. Upon heating of some thorium and 
uranium minerals (for instance, cleveite) a chemically inac-
tive gas was liberated; its spectrum was similar to that of 
nitrogen and contained new lines. 

Later Hildebrand himself confessed to Ramsay that he 
had a temptation to attribute these lines to a new element. 
However his colleagues were sceptical about the results and 
Hildebrand stopped his experiments. Miers, however, be-
lieved that in the light of numerous cases of nitrogen pres-
ence in natural uranates it was reasonable to stage another 
experiment. 

Evidently, Ramsay believed that Hildebrand's inactive 
gas could be argon; therefore, he agreed with Miers and on 
February 5, he acquired a small amount of cleveite. Ramsay 
himself, however, was busy with studying argon and attempt-
ing to prepare its compounds and, therefore, asked his 
pupil D. Matthews to carry out the experiment. Matthews 
treated the mineral with hot sulphuric acid and, like Hil-
debrand, observed the formation of bubbles of a gas resem-
bling nitrogen. 

When a sufficient amount of the gas was collected, Ram-
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say performed its spectral analysis (March 14). The picture 
was unexpected: the spectrum had a bright band whose 
lines were not found in the spectra of nitrogen and argon. 

Although Ramsay had no sufficient facts to make definitive 
conclusions he assumed that cleveite contained, in addition 
to argon, another unknown gas. Ramsay spent a whole week 
to obtain this gas in as pure a form as possible. On March 22, 
he compared the spectra of argon and the unknown gas in 
the presence of B. Brauner. Ramsay provisionally named 
this gas "krypton" from the Greek for "secret", "covered". 
The name later passed to another inert gas. On March 23 
the scientist wrote down in his diary that the bright yellow 
line of "krypton" did not belong to sodium and was not ob-
served in the argon spectrum. (In the late sixties it was neces-
sary to prove that the D s line of solar helium was not the 
bright yellow line of sodium; history, as we see, repeated 
itself.) 

Not quite sure of his results, Ramsay sent an ampoule 
with the gas to W. Crookes. A day later a telegram was re-
ceived from Grookes which read: "Krypton is helium, 587.49; 
come and see." The figure 587.49 corresponded to the wave-
length of the solar helium on a specially calibrated scale. 
Although these data facilitated the identification of helium 
on the earth, otherwise this discovery was independent. 

It became possible for the scientists to comprehensively 
study helium—a new chemical element which was no longer 
hypothetical. Helium's complete chemical inactivity was 
not suspicious: similar inactivity of argon had already been 
known by that time (1894). 

A brief communication about the discovery of helium on 
the earth was first published by Ramsay on March 29, 
1895, in the "Chemical News" edited by Crookes. It is 
interesting that almost simultaneously terrestrial helium 
was discovered in cleveite by the Swedish scientist P. Cleve 
(in whose honour the mineral had been named) and by his 
assistant A. Lunglet. They,< however, were a little too late 
with their experiments and could only express their disap-
pointment, by no means claiming their priority. 

Terrestrial helium received full recognition and no at-
tempts were made to refute Ramsay's results. A little time 
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passed and helium was discovered in other minerals and min-
eral spring waters. In 1898 helium was found in the earth 
atmosphere. 

Argon 
If you saw the statement "Inert gases were discovered by 

H. Cavendish in 1785" you would treat it as a joke. But 
no matter how paradoxical it seems, it is essentially true. 
Only the word "discovered" is misused here. One would be 
equally justified in declaring that hydrogen was discovered 
by R. Boyle in 1660 or by M. V. Lomonosov in 1745. In 
his experiments Cavendish only observed "something" whose 
nature became clear one hundred years later. In one of 
his laboratory records Cavendish wrote that, passing an elec-
tric spark through a mixture of nitrogen with an excess of 
oxygen, he obtained a small amount of residue, no more than 
1/125 the initial volume of the mixture. This mysterious gas 
bubble remained unchanged under the subsequent action of 
the electric discharge. It is clear now that it contained a mix-
ture of inert gases, the fact which Cavendish could neither 
understand nor explain. 

The famous' English physicist's experiment was described 
in 1849 by his biographer H. Wilson in the book Life 
of Henry Cavendish. In the early 80's of the 19th century 
Ramsay studied the reaction of gaseous nitrogen with 
hydrogen and oxygen in the presence of a platinum catalyst. 
Nothing came out of these experiments and Ramsay did not 
even publish his results. As. he recalled later, he had just 
read the book by Wilson and wrote "Pay attention" against 
the description of Cavendish's experiment. He even asked 
his assistant C. Williams to repeat the experiment but we 
do not know the result of the attempt. Most likely, nothing 
came out of it. The episode, however, turned out to be unfor-
gettable for Ramsay (his "hidden memory", as he called 
it) and played a certain role in the prehistory of argon's dis-
covery. At first, the English physicist J. Rayleigh was the 
main character in it and the need for a further development 
of the atomic and molecular theory was its historic back-
ground. It was essential to specify the atomic masses of the 
elements for the development of the theory. Numerous ex-
in inc,i 



146 Part One. Elements Discovered, in Nature 

periments showed that in the majority of cases the atomic 
masses were not integers. Meanwhile, as early as 1815-
1816 the English physician W. Prout advanced a hypothe-
sis, a landmark in the history of natural sciences, that atoms 
of all chemical elements consist of hydrogen atoms; thus, 
atomic masses had to be integers. Therefore, either Prout 
was wrong, or the atomic masses were determined incor-
rectly. 

To remove the discrepancy, new studies of the composition 
and nature of the gases were required. Rayleigh thought it 
necessary to determine, first of all, the densities of the main 
atmospheric gases, nitrogen and oxygen, since their atomic 
masses could then be calculated on the basis of the density 
values. 

Rayleigh published a short article in the influential En-
glish journal Nature on September 29, 1892. It might seem 
that the article was about a mere trifle; the density of ni-
trogen separated from atmospheric air differed from that of 
nitrogen obtained by passing a mixture of air and ammonia 
over a red-hot copper wire. The difference was very small, 
only 0.001, but it could not be explained by an experimen-
tal error. Atmospheric nitrogen was heavier. Thus, a mys-
tery appeared which was described as "an anomalously high 
density of atmospheric nitrogen". Nitrogen obtained by any 
other chemical techniques was always lighter by the same 
value. 

What was the cause of the discrepancy? Ramsay became 
interested in the problem. On April 19, 1894, he met with 
Rayleigh and discussed the situation. Each of them, however, 
remained firm in his previous conviction. Ramsay believed 
that atmospheric nitrogen contained an admixture of a heav-
ier gas and Rayleigh, on the contrary, felt that an admix-
ture of a lighter gas in "chemical" nitrogen was responsible 
for the discrepancy. 

Rayleigh's view seemed more attractive. The composi-
tion of atmosphere had been thoroughly studied for more 
than a hundred years and it was hardly possible that some 
components of the air could have remained undetected. 
It is just the time to remember Cavendish's experiment and 
for Ramsay's "hidden memory" to work. On April 29, Ramsay 
sent a letter to his wife in which he wrote that nitrogen, 
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probably, contained some inert gas which had escaped their 
attention; Williams is combining nitrogen with magnesium 
and is trying to establish what remains after the reaction. 
"We can discover a new element." 

The letter breathes confidence: an unknown gas is a new 
element which, like nitrogen, is inactive, i.e. it hardly en-
ters into chemical reactions. To separate the "stranger" 
from nitrogen, Ramsay tried to bond nitrogen chemically 
and used the reaction of nitrogen with red-hot-magnesium 
shavings (3Mg + N2 = Mg3N2); this is the only example 
when chemistry played a role in the discovery of inert gases. 

Entering into polemics with himself Ramsay, however, 
assumed another possibility: the unknown gas is not a new 
element but an allotropic variety of nitrogen whose molecule 
consists of three atoms (N3) like oxygen (02—molecular 
oxygen and 03—ozone). The absorption of nitrogen with 
magnesium must be accompanied with the decomposition 
of the N2 molecule into atoms; the single N atom could then 
be added to N2 forming N s . Such was Ramsay's thinking 
and later the assumption about the existence of N3 became a 
trump card in the hands of argon's opponents. Fruitless 
attempts to separate an ozone-like nitrogen continued for 
more than two months but by the 3rd of August Ramsay 
had 100 cm3 of a gas which was nitrogen with a density of 
19.086. 

The scientist wrote about his success to Crookes and 
Rayleigh. He sent an ampoule with the gas to Crookes for 
spectroscopic investigations; Rayleigh himself collected a 
small amount of the new gas. In the middle of August Ram-
say and Rayleigh met at a scientific session and made a 
joint report. They described the spectrum of the gas and 
underlined its chemical inactivity. Many scientists listened 
to the report with interest but were surprised: how could 
it be that air contained a new component? The eminent phys-
isist 0 . Lodge even asked: "Didn't you, gentlemen, discover 
the name of the new gas as well?" 

The difficulty about the name was settled in early Novem-
ber when Ramsay suggested to Rayleigh to name it argon 
(from the Greek for "inactive") taking into account its ex-
ceptional chemical inactivity and to assign the symbol A 
to it (which later became Ar). On November 30, the Presi-
in* 
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W . RAMSAY 

dent of the Royal Society Lord Kelvin (W. Thomson who in 
1871 was the first to use the name "helium") publicly described 
the discovery of a new constituent of the atmosphere as 
the outstanding scientific event of the year. The nature of 
the constituent, however, was unclear. Was it a chemical ele-
ment? Such authorities as D. I. Mendeleev and J. Dewar, 
the inventor of the flask for storage of liquid air, believed 
that argon was Ns. The absolute chemical inactivity of ar-
gon was a new property previously unknown to chemists 
and, therefore, it was difficult to study the gas (in particu-
lar, to determine its atomic mass). In addition, it became 
clear that argon, unlike all known elemental gases, is mona-
tomic, i.e. its molecule consists of one atom. 

At a session of the Russian Chemical Society on March 
14, 1895, Mendeleev declared: argon's atomic mass of 40 
does not fit the periodic system, hence, argon is condensed 
nitrogen Ns. 

Much time had passed before the many problems presented 
by the discovery of argon were solved. A certain role was 
played here by the discovery of helium, which also turned 
out to be an inert and monatomic gas. The argon-helium pair 
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allowed an assumption to be made that the existence of such 
gases is a regularity rather than a mere chance and one could 
expect the discovery of new representatives of this family. 
However, they were not discovered until three years passed. 
In the meantime scientists thoroughly studied the properties 
of helium and argon, made precise determination of their 
atomic masses, and put forward ideas about the location 
of both elements in the periodic table. 

Krypton, Neon, and Xenon 

A lull began in the history of inert gases. There were sever-
al reasons for it; one of them was that scientists were deal-
ing with very small amounts of argon and helium. To iso-
late them from air, one had to chemically remove oxygen, 
nitrogen, hydrogen, and carbon dioxide. All inert gases 
constitute a negligible part of the earth's atmosphere but 
to detect traces of their analogues against the background 
of argon and helium was an especially difficult problem. An-
other reason was chemical inactivity of argon and helium. 
Even the most active reagents (for instance, fluorine) were 
powerless. Chemists had no way of studying inert gases and 
only physical methods could bring results. However, better 
physical methods were required and they were developed 
during the lull. Scientists developed experimental techniques 
for analysing small amounts of gases, perfected spectro-
scopes and devices for determining gas densities. Finally, 
an event took place that was of extreme importance for the 
history of inert gases. Two engineers, U. Hampson from 
England and G. Linde from Germany, invented an effective 
process for liquefaction of gases. Hampson built an apparatus 
that produced one litre of liquid air per hour. The success 
gave an impetus to the creative thought of scientists. In 
early 1898 M. Travers, Ramsay's assistant, began to design 
a refrigerating apparatus for preparing large amounts of 
liquid argon. Since atmospheric gases liquefy at different 
temperatures, they can easily be separated from one another. 

The discoveries of argon and helium are remarkable also 
in that they set the chemists thinking not only about the 
nature of chemical inertness (the phenomenon was under-
Stood only about a quarter of a century later) but about the 
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periodic law and periodic system which were under a serious 
threat. Three most important characteristics of argon and 
helium (atomic masses, zero valence, monatomic molecule) 
put both gases outside the system. That is why Mendeleev 
was so readily attracted by the convenient thought about 
N3 . 

History has a striking power of prediction. Argon had 
not been properly discovered yet, when on May 24, 1894, 
Ramsay wrote a letter to Rayleigh in which he asked whether 
it had ever occurred to him that there was indeed a place 
in the periodic table for gaseous elements. For instance: 

L i B e B C N O F X X X 
CI 
Mn Fe Co Ni 
Br 
? Rd Ru P d . . , 

Ramsay assumed that the system's small period could 
contain a triad of elements similar to those of iron and plat-
inum metals in the great periods. The discoveries of argon 
and helium gave rise to an idea that these gases could occupy 
the places of two Xs in Ramsay's graph. The atomic masses 
of these elements, however (4 and 40, respectively), proved 
to be too different for He and Ar to be placed in the same 
period. Gradually, the idea about new triads was relegated 
to the background and Ramsay proposed to place inert 
gases at the end of each period. In this case one could even ex-
pect the discovery of an element with the atomic mass 20, 
an intermediate between helium and argon. Ramsay's re-
port at the session of British Association in Toronto in Au-
gust, 1897, was devoted just to this element. The report was 
entitled "Undiscovered Gas". Ramsay wanted to describe 
interesting properties of the gas but thought it unwise not 
to mention its most remarkable property: the gas had not 
been discovered yet. 

And here again we see the same cert ainty which permeat-
ed Ramsay's letter to his wife on the eve of argon's discov-
ery. But now it was not audacity of a romantic but conviction 
multiplied by experience. The undiscovered gas turned out 
to be neon. Owing to a whim of fate (a frequent thing in 
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science) the discovery was preceded by another event. The 
new gas could, obviously, be discovered by gradual evapora-
tion of liquid air and by analysis of the resulting fractions, 
the ones lighter than argon being especially interesting. On 
May 24, 1898, Ramsay and Travers received a Dewar flask 
with liquid air. Unfortunately (or, rather, fortunately) 
the amount of air was too small to search for argon's prede-
cessor and the scientists decided to use the material for per-
fecting the procedure of liquid air fractionation. Having 
done so, Ramsay and Travers discovered by the end of the 
day that the fraction that remained was the heaviest one. 

For a week the fraction remained neglected until on May 
31 Ramsay decided to investigate it. The gas was scrubbed 
from possible impurities of nitrogen and oxygen and subjected 
to spectral analysis. Ramsay and Travers were dumbfound-
ed when they saw a bright yellow line which could belong 
neither to helium nor to sodium. Ramsay wrote down in his 
diary: "May 31. A new gas. Krypton." Recall that this 
name was previously given to undiscovered helium. Now the 
name found its place in the history of inert gases. Krypton, 
however, was not the gas about which Ramsay made a report. 
Its density and atomic mass were higher than the predicted 
ones. 

The discovery of neon promptly followed. Ramsay and 
Travers selected light fractions formed on the distillation 
of air and discovered a new inert gas in one of them. Ramsay 
later recollected that the name "neon" (from the Greek nebs 
for "new") had been proposed by Ramsay's twelve-year-old 
son. In this case the experiment was performed by Travers 
alone since Ramsay was away. It was on the 7th of June. 
Then a whole week was required to confirm the results, ob-
tain greater amounts of neon, and determine its density. 
Neon, as had been expected, turned out to be an intermediate 
between helium and argon although it had not yet been iso-
lated as a pure gas. The problem of complete separation of 
neon and argon was solved later. 

Still another inert gas was to be discovered by Ramsay 
and Travers. The scientists, however, did not feel as certain 
as in the case of neon. One day in July, 1898, the colleagues 
were busy with distilling liquid air and separating it into 
fractions. By midnight they collected more than 50 fractions 
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discovering krypton in the last of them (No. 56). After that 
upon heating the apparatus one more fraction was collected 
(No. 57) consisting, mainly, of carbon dioxide traces. 
Ramsay and Travers argued about the expediency of study-
ing it and at last decided to proceed with the experiment. 
Next morning the scientists observed the spectrum of fraction 
No. 57, which turned out to be highly unusual. Ramsay and 
Travers concluded that it could be attributed to a new gas. 
Pure xenon, however, was prepared only in the middle of 
1900. The name "xenon" originates from the Greek xenos, 
which means "stranger". 

Inert Gases as Food for Thought 

The discovery of inert gases ranks among the four great 
scientific events of the end of the 19th century that led to 
revolutionary changes in natural sciences, the other three 
being the discovery of X-rays by Roentgen, radioactivity, 
and the electron. This prominence given by scientists to 
inert gases has many reasons. 

The history of their discovery is colourful and exciting. 
Helium, the mysterious solar element, was discovered on 
the Earth and this fact alone illustrates how inventive and 
penetrating man's mind became in his striving for deeper 
and better understanding of nature. 

No less mysterious argon sowed confusion among scien-
tists. Its chemical inertness made it impossible to be clas-
sified as a chemical element in the ordinary sense of the term 
since it revealed no chemical properties. There was nothing 
left for the researchers but to grow accustomed to the idea 
that there can be elements unable to enter into chemical reac-
tions. The idea proved extremely fruitful. The discovery of 
inert gases contributed to the development of the zero valence 
concept. Moreover, forming an independent zero group 
they added harmony to the periodic system. Almost twenty 
five years after their discovery the inert gases helped N. Bohr 
to develop his theory of the electron shells of atoms. This 
theory, in its turn, explained the chemical inactivity of the 
inert gases and their atomic structure became the basis of 
the concepts of ionic and covalent bonds. Thus, the discoY-
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ery of inert gases contributed greatly to the development of 
theoretical chemistry. 

In the early 60's they surprised the scientific community 
once more. Scientists showed that xenon (mainly) and kryp-
ton can form chemical compounds. Now more than 150 
such compounds are known. Such late "debunking" of the 
myth about the complete chemical inactivity of inert gases 
is a paradoxical and interesting feature in their history. 

Inert gases are among the rarest stable elements on the 
Earth. Here are the data given by Ramsay: there is one part 
by volume of helium per 245 000 parts of atmospheric air, 
one of neon per 81 000 000, and one of argon per 106, one 
of krypton per 20 000 000, and one of xenon per 170 000 000. 
Since then these figures have remained almost unchanged. 
Ramsay said that xenon content in air is less than that of 
gold in sea water. This alone shows how excruciatingly dif-
ficult was the discovery of inert gases. 



Chapter 9 

Elements Predicted from 
the Periodic System 

"Without the periodic law we could not either predict the 
properties of unknown elements or even determine the lack 
or absence of some of them. The discovery of elements was 
a matter of observation alone. Therefore, only blind chance, 
acumen, and foresight led to the discovery of new elements— 
The periodic law opens a new road in this respect." By 
these words D. I. Mendeleev expressed the idea that time 
had come in the history of chemical elements when it had 
become possible to forecast the existence of elements and 
to predict their most important properties. 

The periodic system served as a basis for this. Even its 
structure revealed where "blank" spaces remained which 
had to be filled. Knowing the properties of the already dis-
covered neighbours, one could evaluate the most typical 
properties of unknown elements and calculate some quanti-
tative parameters (atomic masses, density, melting and 
boiling points, and so on) by means of logical projections 
and simple arithmetic operations. This required great 
chemical erudition. Mendeleev possessed such erudition 
which, in combination with scientific courage and belief 
in the periodic law, allowed him to make brilliant predic-
tions of the existence and properties of several new elements. 

Mendeleev's wonderful predictions have long become 
textbook examples and there is hardly a book on chemistry 
failing to mention eka-aluminium, eka-boron, and eka-
silicon, which later were discovered as gallium, scandium, 
and germanium. 

This is how the predicted elements compare with the real 
ones. 

The left-hand column gives the. properties of-eka-alumin-
ium, eka-boron, and eka-silicon predicted by Mendeleev; 
the right-hand column contains modern data about galli-
um, scandium, and germanium. There is no need to com-
ment, so strikingly close are the expected properties to the 
real ones. Here is how Mendeleev explained the use of the 
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Eka-a luminium Ea Gal l ium Ga 

Atomic mass is about 68 
The pure element must have 
low melting point 
Density of the metal is close 
to 6 .0 
Atomic volume must be close 
to 11.5 
Does not change in air 

Must decompose water upon boi-
l ing 
Forms alums but not so readily 
as A1 
Ea 2 0 3 must be readily reduced 
to metal 

Ea is more volatile than Al ; 
it wi l l be discovered by spectral 
analysis 

Atomic mass is 69.72 
Melting point is 29.75°C 

Density is 5.9 (sol.) 

Atomic volume is 11.8 

Oxidizes weakly upon heating 
to redness 
Decomposes water at high 
temperature 
Gives alums of the formula 
NH4Ga(S04)2 • 12H20 
Ga is readily reduced by cal -
cination of Ga 20 3 in a hydro-
gen flow 
Ga has been discovered by the 
spectroscopic method 

Eka-boron Eb Scandium So 

Atomic mass is about 44 
Density is about 3.0 
Atomic volume is about 15 
Metal is non-volatile and cannot 
be discovered by the spectral 
analysis 
Forms basic oxide 
Must decompose watfcr at elevat-
ed temperature 
E b 2 0 3 is insoluble in water; the 
density is about 3.5 
Eb 2 0 3 forms alums with great 
difficulty 

Atomic mass is 45.1 
Density is 3.0 
Atomic volume is 15 
Volati l ity is low 

Forms basic oxide 
Decomposes water upon boi l -
ing 
Sc 2 0 3 is insoluble in water; 
the density is 3.864 
Sc 2 0 3 forms the double salt 
3KaS04 -Sc2 (S04 )3 

Eka-si l icon Es Germanium Ge 

Atomic mass is about 72 
Density as about 5.5 
Atomic volume is about 13 
Density of EsOa is about 4.7 

Atomic mass is 72.60 
Density is 5.327 
Atomic volume is 13.57 
Density of Ge02 is 4.280 
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Eka-si l icon Es Germanium Ge 

Basic properties are weak 

ESC14 wi l l be a liquid with a 
boiling point of about 90°C 
The ability of Es for deoxida-
tion is low 
There should exist an unstable 
compound EsH4 
There should exist an orgauo-
metallie compound Es(C2HB)4 

Ge02 is of an amorphous na-
ture 
GeCl4 is a liquid with a boi l -
ing point of 83°C 
Ge reaches the lower oxida-
tion states with difficulty 
A readily decomposing GeH4 
is obtained 
Ge(C2H6)4 is known 

prefix "eka": "In order not to introduce new names for the 
expected elements, I shall call them by the name of the near-
est lowest analogue from among odd- or even-numbered 
elements of the same group adding Sanscrit numerals to the 
name of the element (eka, dvi, tri, chatur, etc.)." (The 
Sanscrit disappeared long ago but many words in various 
modern languages originate from it.) Thus, the nearest 
analogue of aluminium in its group is eka-aluminium, and 
so on. 

Gallium 

The time of discovery of gallium is known to an hour. 
"On Friday of August 27, 1875, between 3 p.m. and 4 p.m. 
I discovered some signs that there can be a new simple body 
in the by-product of chemical analysis of zinc blende from 
the Pierfitt mine in the Argele valley (Pyrenees)." With 
these words P. E. Lecoq de Boisbaudran began his report 
to the Paris Academy of Sciences. He described some of the 
new element's properties and noted that its presence in the 
ore was ascertained by spectral analysis just as predicted 
by Mendeleev five years before. Boisbaudran extracted an 
extremely small amount of the substance and, therefore, 
could not study its properties properly. 

On August 29, Boisbaudran suggested to name the ele-
ment "gallium" after Gaul, the ancient name of France. The 
scientist continued the investigation of the new element and 
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D. MENDELEEV 

obtained additional information which he included into 
his report to the Paris Academy and then sent it to the aca-
demic journal. In the middle of November the journal with 
the article reached Petersburg where Mendeleev was impa-
tiently waiting for it. There is every reason to believe that 
Mendeleev had already learnt about gallium though at sec-
ond hand. Two weeks earlier the Russian Chemical Socie-
ty had received a report from Paris signed by P. de Clermont. 
It recounted the discovery of gallium and contained a brief 
description of its properties. However, it was much more 
important for Mendeleev to read what the discoverer him-
self had written. 

Mendeleev's reaction was prompt; on November 16, he 
delivered a report to the Russian Physical Society. Accord-
ing to the minutes of the session, Mendeleev declared that 
the discovered metal was, most probably, eka-aluminium. 
Next day he wrote an article in French entitled "Note on 
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the Discovery of Gallium". And finally, on November 18, 
Mendeleev spoke about gallium at a session of the Russian 
Chemical Society. Such a spurt of activity is understand-
able: the great chemist saw an element predicted by him 
becoming a,reality. Mendeleev believed that if further in-
vestigation confirmed the similarity of eka-aluminium prop-
erties to those of gallium, this would be an instructive 
demonstration of the periodic law's usefulness. 

Six days later (a surprisingly short time!) the "Note on 
the Discovery of Gallium" appeared in the Journal of the 
Paris Academy of Sciences. Boisbaudran's reaction to it 
is of particular interest. He continued his experiments and 
prepared the new results for publication. The next article 
by the French scientist was published on December 6. 
As before, he complained of the difficulties caused by the 
extreme scarcity of gallium, described the preparation of 
the metal by the electrochemical method and discussed some 
of its properties, and suggested that the formula of gallium 
oxide had to be Ga203. 

Only at the end of the article were there a few words about 
Mendeleev's note. Boisbaudran admitted that he had read 
it with great interest since classification of simple substances 
interested him for a long time. He had never known about 
Mendeleev's prediction of eka-aluminium properties but it 
did not matter; Boisbaudran believed that his discovery of 
gallium was facilitated by his own laws of spectral lines of 
elements with similar chemical properties. In his opinion, 
spectral analysis played a decisive role. And not a word 
that Mendeleev in his prediction of eka-aluminium also un-
derlined the prominent role of spectral analysis in the dis-
covery of the new element. According to Boisbaudran, 
Mendeleev's predictions had nothing to do with the dis-
covery of gallium. 

However, as Boisbaudran went on studying the properties 
of metallic gallium and its compounds, his results contin-
ued to coincide with Mendeleev's predictions. For instance, 
in May 1876, the French scientist established that gallium 
was readily fusible (its melting point is29.5°C), its appearance 
remained the same after storage in air, and it was slightly 
oxidized when heated to redness. The same properties of eka-
aluminium were predicted by Mendeleev in 1870, who cal-
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culated the density of eka-aluminium to be 5.9-6.0 on the 
basis of the periodic system and the densities of eka-alumi-
nium's neighbours. Lecoqde Boisbaudran, however, making 
use of his spectral laws, found that the density of eka-alu-
minium was 4.7 and confirmed the value experimentally. 
Such a difference (less than two units) might seem small to 
a layman but it was essential for the future of the periodic 
law. Up to that time only qualitative characteristics of the 
predicted properties had been confirmed and density was the 
first quantitative parameter. And it turned out to be erro-
neous. 

There is a widely known story that Mendeleev, having re-
ceived Boisbaudran's article citing a low (4.7) density of 
gallium, wrote him that the gallium obtained by the French 
chemist was contaminated most likely by sodium used in 
the process of gallium preparation. Sodium has a very low 
density (0.98), which could substantially decrease the den-
sity of gallium. Hence, it was required to purify gallium 
thoroughly. 

This letter has not been found either in France or in the 
Mendeleev's archives. There is only indirect evidence from 
Mendeleev's daughter and the eminent historian of chemistry 
B. Menshutkin that the letter did exist. However that may 
bet/ Mendeleev's views became known to Boisbaudran 
who decided to repeat the measurements of gallium's den-
sity. This time he took into account that Mendeleev's cal-
culations for the hypothetical element's density gave 5.9. 
And he obtained this value at the beginning of September, 
1876. His report about this fact needs no comments. The 
French scientist became firmly convinced of the extreme im-
portance of the confirmation of Mendeleev's predictions about 
the density of the new element. Some time later Lecoq de 
Boisbaudran sent his photo to the great Russian chemist 
with the inscription: "With profound respect and an ardent 
wish to count Mendeleev among my friends. L. de B." 
Mendeleev wrote under it: "Lecoq de Boisbaudran. Paris. 
Discovered eka-aluminium in 1875 and named it "gallium", 
Ga = 69.7." 

In autumn 1879, F. Engels became acquainted with a new 
detailed chemistry textbook by H. Roscoe and C. Shorlem-
mer. For the first time it contained the story about the pre-
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diction of eka-aluminium by Mendeleev and its discovery 
as gallium. In an article to be later included in hisDialec-
tics of Nature Engels quoted the corresponding text from 
the book and concluded: "By means of the unconscious ap-
plication of Hegel's law of the transformation of quantity 
into quality, Mendeleev achieved a scientific feat which is 
not too bold to put on a par with that of Leverrier in calcu-
lating the orbit of the still unknown planet Neptune."* 

Scandium 

We have already briefly mentioned the discovery of scan-
dium in the chapter devoted to REEs (see p. 130). Although 
many of scandium's properties are similar to those of rare 
earths, D . I . Mendeleev predicted that the element would be 
a boron analogue in the third group of the periodic system. 
His prediction proved to be accurate enough. Scandium was 
discovered by the Swedish chemist L. Nilson; on March 12, 
1879, his article "On Scandium, a New Rare Metal" was pub-
lished and on March 24 it was discussed at a session of the 
Paris Academy of Sciences. 

Nilson's results, however, were in many respects errone-
ous. He considered scandium to be tetravalent and gave, 
therefore, the formula of its oxide as Sc02. He did not meas-
ure the atomic mass and gave only its probable range 
(160-180). And, finally, Nilson suggested that scandium should 
be placed in the periodic table between tin and thorium, 
which ran counter to Mendeleev's prediction. 

The discovery of scandium excited the scientific com-
munity and Nilson's compatriot P. Gleve set out to study 
the newly discovered element. He studied it thoroughly 
for almost five months and came to the conclusion that many 
results obtained by Nilson were erroneous. Cleve report-
ed to the Paris Academy of Sciences on August 18, and the 
academicians learnt much new about scandium. It turned 
out to be trivalent; its oxide's formula was Sc203; its prop-
erties differed somewhat from those determined by Nilson. 
According to Gleve (and this was especially important) 

* Engels Friedrich. Dialectics of Nature. Dialectics, New York, 
Intern, publ., p. 33. 
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scandium was the eka-boron predicted by Mendeleev; Gle-
ve showed a table in the left-hand column of which eka-
boron properties were given and in the right-hand one those 
of scandium. The following day Gleve sent a letter to Mende-
leev in which he wrote: "1 have the honour to inform you 
that your element, eka-boron, has been obtained, It is 
scandium discovered by L. Niison this spring." 

And, linaliy, on September 10 Gleve published a long arti-
cle about scandium from which it is clear that he had a much 
better understanding of the new element than Niison. There-
fore, those historians who consider Gleve and Niison as co-
discoverers of scandium are right. 

For a long time Niison was working under an illusion about 
some of scandium's properties and refused to recognize 
its identity with eka-boron. Gleve's investigations, howev-
er, impressed Niison very much; in the long run he was 
forced to admit that he was wrong, thus doing justice to the 
prediction power of the periodic system. 

All of Mendeleev's predictions were confirmed in the long 
run. The last to be confirmed was the prediction of the den-
sity of metallic scandium; only in 1937 did the German chem-
ist W. Fischer succeed in preparing 98 per cent pure scan-
dium. Its density was 3.0 g/'cm3, that is exactly the figure 
predicted by Mendeleev. 

Germanium 
Among the three elements predicted by Mendeleev eka-

silicon was the last to be discovered and its discovery 
waSj to a greater extent than in the case of the two others, 
due to a chance. Indeed, the discovery of gallium by P. Le-
coq de Boisbaudran was directly related to his spectro-
scopic investigations, and the separation of scandium by 
L. Niison and P. Gleve was associated with thorough inves-
tigation of REEs, which was going on at the time. 

Predicting the existence of eka-silicon, Mendeleev as-
sumed that it would be found in minerals containing Ti, Zr, 
Nb, and Ta; he himself was going to analyse some rare miner-
als in search for the predicted element. Mendeleev, however, 
was not fated to do it and 15 years had to pass before eka-
silicon was discovered. 
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In summer 1885, a new mineral was found in the Iiimmels-
furst mine near Freiberg. It was named "argyrodite" since 
chemical analysis showed the presence of silver the Latin for 
which is argentum. The Freiberg Academy of Mining asked 
the chemist C. Winkler to determine the exact composition of 
the mineral. Analysis was comparatively easy and soon 
Winkler found the mineral to contain 74.72% silver, 17.43% 
sulphur, 0.66% iron(II) oxide, 0.22% zinc oxide, and 0.31% 
mercury. But what surprised him was that the percentage of 
all the elements found in argyrodite added up to only 
93.04 per cent instead of 100 per cent. No matter how many 
times Winkler repeated the analysis 6.96 per cent was 
missing. 

Then Winkler made an assumption that the elusive amount 
had to be an unknown element. Inspired by the idea he 
began to study the mineral carefully and in February 1886 
the principal events in the discovery of eka-silicon took 
place. 

On February 6, Winkler reported to the German Chemical 
Society that he had succeeded in preparing some compounds 
of the new element and isolating it in a free state. The scien-
tist's report was published and sent to many scientific insti-
tutions all over the world. Here is the text received by the 
Russian Physico-Chemical Society: "The signatory has the 
honour to inform the Russian Physico-Chemical Society 
that he found in argyrodite a new non-metal element close in 
its properties to arsenic and antimony, which he named 
"germanium". Argyrodite is a. new mineral found by Weis-
bach in Freiberg and consisting of silver, sulphur, and 
germanium." 

Three points in this letter deserve attention: firstly, 
Winkler considered the new element to be a non-metal; 
secondly, he assumed its analogy with arsenic and antimony, 
and, thirdly, the element had already been named. Original-
ly, Winkler wanted to name it "neptunium" but the name had 
already been given to another element—a false discovery— 
and the scientist proposed the name "germanium" after 
"Germany". The name became widely accepted although not 
immediately. 

Later it became clear that germanium is to a great extent 
amphoteric in nature and, hence, Winkler's description of 
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germanium as a non-metal cannot be considered completely 
erroneous. Much sharper debates revolved around the 
question the analogue of which element in the system ger-
manium was. In his first report Winkler suggested arsenic 
and antimony but the German chemist Richter disagreed with 
Winkler saying that germanium, most likely, was identical 
to eka-silicon. Richter's opinion seemed to affect the opinion 
of the discoverer of germanium and in his letter of February 
26 to Mendeleev Winkler wrote: "At first I thought this ele-
ment would fill the gap between antimony and bismuth in 
your remarkable and thoughtfully composed periodic system 
and that the element would coincide with your eka-antimo-
ny, but the facts indicate that here we are dealing with eka-
silicon." 

Such was Winkler's reply to Mendeleev's letter of con-
gratulation. It is interesting that the antimony-germanium 
analogy was considered erroneous by Mendeleev but he did 
not think of germanium as eka-silicon either. Probably, 
Mendeleev was surprised that the natural source of the new 
element proved to have nothing in common with that predict-
ed by him earlier (titanium and zirconium ores). The discov-
erer of the periodic law proposed another hypothesis: ger-
manium is an analogue of cadmium, namely, eka-cadmium. 

If the nature of gallium and scandium was established be-
yond any doubt, asregads germanium, Mendeleev was less cer-
tain. This uncertainty, however, soon gave way to certainty 
and already on March 2 Mendeleev wired to Winkler con-
ceding the identity of germanium and eka-silicon. 

Soon an exhaustive article by Winkler entitled "Germani-
um—a new element" was published in the "Journal of Rus-
sian Physico-Chemical Society". It was a new illustration of 
the brilliant similarity between the predicted properties of 
eka-silicon and real properties of germanium. 

Prediction of Unknown Chemical Elements 

The history of gallium, scandium, and germanium shows 
that their discoveries were practically unaffected by the 
periodic law and periodic system. However, the properties 
predicted by D. I. Mendeleev for eka-aluminium, eka-boron, 
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and eka-silicon coincided with those of gallium, scandium, 
and germanium. Mendeleev had determined the main fea-
tures of these elements long before they were discovered in 
nature. Is not this fact a striking evidence of the periodic 
system's power of prediction? 

The discovery of gallium and its identity with eka-
aluminium became milestones in the history of the'periodic 
law and in the history of discovery of elements. After 1875 
even those scientists who had disregarded the periodic sys-
tem had to recognize its value. And among them there were 
top researchers, such as R. Bunsen, the creator of spectral 
analysis (he once said that to classify elements is the same 
thing as to search for regularities in the stock-exchange 
quotations) or P. Gleve who had never mentioned the periodic 
system in his lectures. The discovery of scandium and 
germanium meant further triumph of Mendeleev's theory of 
periodicity. 

In addition to the classic triad Mendeleev predicted the 
existence of other unknown elements. On the whole, as early 
as 1870 Mendeleev saw about ten vacant places in his table. 
He saw fhem, for instance, in the seventh group where there 
were neither manganese analogues nor a heavy iodine's 
analogue (the heaviest halogen which had to possess metallic 
properties). 

In Mendeleev's papers we hnd mention of eka-, dvi-, and 
tri-manganese and of eka-iodine. The scientist firmly believed 
in their existence. And here we encounter a very interest-
ing fact in the predictions. Eka-manganese (known subse-
quently as technetium) and eka-iodine (astatine) were syn-
thesized later. Mendeleev, naturally, could not know that they 
did not exist in nature and firmly believed in their existence 
since these elements filled in the gaps in the periodic system 
and made it more logical. 

The prediction consists of two stages: prediction of the 
existence of an element and prediction of its main properties. 
The first stage was in many respects guess-work for Mendele-
ev. As yet unknown was the phenomenon of radioactivity 
making some elements so short-lived that their earthly 
existence is impossible at all or they exist only because they 
are products of radioactive transformations of long-lived 
elements (thorium and uranium). 
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The second stage was completely within Mendeleev's 
power and depended on his confidence. Sometimes Mendeleev 
predicted boldly and resolutely. This was the case with eka-
aluminium, eka-boron, and eka-silicon; these elements had 
to be placed in that part of the periodic table where many 
well-known and well-studied elements had already been 
located—the region of reliable prediction. Sometimes Mende-
leev predicted the properties of unknown elements with the 
extreme caution. Among them were analogues of manganese, 
iodine, and tellurium as well as the missing elements of the 
beginning of the seventh period: eka-cesium; eka-barium,. 
eka-lanthanum, and eka-tantalum. Here Mendeleev was 
groping in the dark, daring only to estimate atomic masses 
and suggest formulas of oxides. Mendeleev thought that it 
was difficult to predict the properties of the unknown ele-
ments (including those of REEs) whose places were at the 
boundaries of the system because there were few known ele-
ments around them. This was the "grey" area of uncertain 
prediction. Of course, they included the rare-earth elements. 

Finally* in some parts of the periodic table prediction was 
completely unreliable. They included those mysterious 
stretches extending in the directions of hypothetical elements 
lighter than hydrogen and heavier than uranium. Mende-
leev never thought that the periodic system had to begin 
with hydrogen. He even wrote a paper in which he described 
two elements preceding hydrogen. Only when physicists 
explained the meaning of the periodic law, his mistake 
became clear: the nucleus of the hydrogen atom had the 
smallest charge equal to 1. As regards elements which are 
heavier than uranium, Mendeleev conceded the existence of 
a very restricted number of them and never took the liberty 
of predicting, even approximately, their possible properties. 
Predictions of this kind did not come until much later when 
they signalled important events in the history of science. 



Chapter 10 

Hafnium and Rhenium — 
Two Stable Elements Which 

Were the Last to Be Discovered 

The elements with the atomic numbers of 72 and 75 were 
the last stable elements to be discovered in nature—only 
in the twenties of this century. They are rare, especially 
rhenium which is one of the least abundant elements. How-
ever, the rareness of hafnium and rhenium is hardly respon-
sible for their late discovery. The reason is the peculiar 
geochemistrv of these elements: thev are known as trace 
elements which do not form ores and minerals in the earth's 
crust hut appear in ores and minerals of other elements as 
low-concentration impurities. Tsomorohism (replacement of 
ions of some elements in crvstal lattices of compounds by 
those of others when the ionic radii are close) largely ac-
counts for their behaviour. The ionic radii of zirconium and 
hafnium are almost the same, which is responsible for their 
chemical similarity (their separation is a difficult problem 
even now). Hafnium in small amounts often accompanies 
zirconium and, because of their similarity, is not detected 
against its background. 

Rhenium has no special affinity to minerals of any one of 
the abundant elements. Therefore, while the existence of 
hafnium was oroved rather easily, rhenium was not discov-
ered definitely until after several years of painstaking 
search. 

Scientists knew what thev were looking for, planning be-
forehand what, where, andhowthev were going to discover: 
thev were after elements No. 72 and No. 75. Hafnium was 
nromptly discovered; as for rhenium, brilliant theoretical 
predictions at, first misfired. 

The fates of hafnium and rhenium had something else in 
common: they were discovered with the help of a new method 
of snectral analysis (X-rav soectroscoov) consisting in the 
study of X-rav spectra of elements. In 1914 the English 
nhvsicist H. Moselev discovered the law which related the 
wavelength of an element's characteristic X-ray radiation 
to its number in the periodic system. The law made it 
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possible to predict X-ray spectra. Never before was the 
discovery of new elements so thoroughly prepared as in the 
case of hafnium and rhenium. 

Hafnium 
The Institute of Theoretical Physics of the Copenhagen 

University in Denmark was the birthplace of a new element 
with Z — 72; the date of birth was the end of December, 1922, 
although the article about the discovery appeared in a scien-
tific journal only in January, 1923. The Dutch spectrosco-
pist D. Coster and the Hungarian radiochemist G. Hevesy 
named the element after the ancient name of Copenhagen— 
Hafnia. N. Bohr, whose role in the discovery of hafnium 
was decisive, stood at the cradle of the element. 

The source of element No. 72 was zircon, a rather common 
mineral, consisting mainly of zirconium oxide. And it was 
Bohr who suggested the mineral as a subject of investigation. 

Why was the Dutch physicist so confident of success? 
Let us go back to the 1870's when Mendeleev was drawing up 
his periodic system. He reserved the box under zirconium 
for an unknown element with the atomic mass about 180. 
Using Mendeleev's terminology, we could name it eka-
zirconium. After Mendeleev's predictions of gallium, scan-
dium, and germanium had come true, the confidence in the 
existence of eka-zirconium became stronger. The question, 
however, remained about the properties of this hypothetical 
element. Mendeleev refrained from definite assessments. 
Generally speaking, there were two possibilities: either eka-
zirconium was part of the IV B-subgroup of the periodic 
table, i.e. an analogue of zirconium, or it belonged to the 
rare-earth family as its heaviest element. Now the time has 
come to recall the name "celtium" (see p. 138). 

Having split ytterbium and separated lutetium, the last 
of the REEs existing in nature, G. Urbain continued the 
difficult work of separating heavy rare earths. Finally, he 
succeeded in collecting the fraction whose optical spectrum 
contained new lines. This event took place in 1911 but at the 
time did not attract the attention of the scientific community. 
Perhaps Urbain himself, having suggested the name for it, 
was not quite sure that he had really discovered a new ele-
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ment. At any rate, he thought it wise to send samples of 
celtium to Oxford where Moseley worked. Moseley studied 
the samples by X-ray spectroscopy but the X-ray photographs 
turned out to be of a poor quality. Nevertheless, in 
August 1914, Moseley published a communication in which 
he firmly stated that celtium was a mixture of known rare 
earths. The communication remained practically unnoticed. 
In a word, the discovery of celtium was for a very long time 
considered to be doubtful, although the symbol Ct some-
times appeared in scientific journals. 

Meanwhile N. Bohr was working on the theory of electron 
shells in atoms which also became the corner-stone of the 
periodic system theory and, at last, explained the periodic 
changes in the properties of chemical elements. Bohr also 
solved the problem which had interested chemists for many 
years: he found the exact number of rare-earth elements. 
There had to be fifteen of them from lanthanum to lutetium. 
Only one REE between neodymium and samarium (later 
known as promethium, see p. 208) remained unknown. Bohr 
came to this conclusion on the basis of the laws found by him 
which governed the formation of electron shells of atoms with 
increasing Z. 

Thus, if celtium were indeed a rare-earth element, Boar's 
theory would eliminate it completely. Why couldn't it be 
eka-zirconium? Having proved that lutetium completed the 
REE series, Bohr firmly established that element No. 72 
had to be a zirconium analogue and could be nothing else. 
Bohr advised D. Coster and G. Hevesy to look for the miss-
ing element in zirconium minerals. Now all this seems to us 
quite logical and clear but at. that time many things were 
at stake: if element No. 72 could not be proved to be a com-
plete analogue of zirconium, the whole of Bohr's periodic 
system theory would have been questioned. Havingr separated 
hafnium from zirconium, Coster and Hevesy confirmed this 
theory experimentally just as the discovery of gallium had 
been a confirmation of Mendeleev's periodic system more 
than half a century before. 

When Urbain read the communication about the discovery 
of hafnium, he understood that this was the end of celtium. 
Not everybody can take the bitterness of defeat with dignity. 
Urbain was reluctant to part with celtium and continued his 
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attempts to identify it with element No. 72. The French 
spectroscopist A. Dauvillier came to help; he tried to prove 
the originality of celtium spectra thus making the "element" 
one of the rare earths. 

Moreover, Urbain and Dauvillier declared that Coster and 
Hevesy had only rediscovered celtium but nothing much 
came of it, since hafnium soon came into its own. It was 
prepared in pure form and new spectral investigations showed 
that there wasnothingin common between hafnium and cel-
tium. What an irony of history! Urbain had everything to be 
the first to discover hafnium. At the beginning of 1922 he and 
his colleague C. Boulange analysed thortveitite, a very 
rare mineral from Madagascar. The mineral contained 8 per 
cent of zirconium oxide and the content of hafnium oxide 
was even higher. It is the only case when hafnium is contained 
in the mineral in amounts greater than those of zirconi-
um and, nevertheless, Urbain and Boulange failed to uncover 
element No. 72. The reason for this lies in the great chemical 
similarity between zirconium and hafnium. 

Rhenium 

As regards history, rhenium had an undoubted advantage 
over hafnium: nobody had ever questioned the fact that 
element No. 75 had to be an analogue of manganese, or tri-
manganese in Mendeleev's terminology. However, in all 
other respects there was no certainty. 

Let us perform an experiment. If we select at random a few 
monographs and textbooks where rhenium is discussed we 
shall see that the authors agree on some things while sharply 
disagreeing on others. They all agree that rhenium was 
discovered in 1925 but when it comes to the source from 
which rhenium was extracted, they disagree. Among min-
erals mentioned as sources of rhenium are columbite and 
platinum ore, native platinum and tantalite, niobite and 
wolframite, alvite and gadolinite. Even an experienced 
geochemist will be at a difficulty finding his way among so 
varied a group of minerals. 

After these introductory remarks, we may name the discov-
erers of rhenium: V. Noddack, I. Takke (who later married 
V. Noddack), and the spectroscopist 0 . Berg. Their author-
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ship was never contested by anybody. This may be the only 
case when engineers became interested in the yet undis-
covered element. They were aware of the uses of the periodic 
system. Since tungsten was widely used in electrical engineer-
ing, there was every reason to believe that element No. 75 
would possess properties even more valuable for this indus-
try. It is highly probable that the first attempts of the Nod-
dacks to find this element were prompted by practical needs. 

In 1922, after thorough preparations they set to work. 
First of all, they collected all reports on the discovery of 
manganese analogues. Since these discoveries remained 
unconfirmed, it was tempting to check them. The scientists 
drew up an extensive program of research: they were going 
to look for two elements at once since unknown manganese 
analogues included not only element No. 75 but also its 
lighter predecessor—element No. 43 with an unusual fate 
(see p. 200). The periodic table made it possible to predict 
many of their properties. We can now compare the Noddacks' 
predictions on rhenium with the actual properties of the 
element: 

Prediction Modern data 

Atomic mass 187-188 186.2 
Density 21 20.5 
Melting point 3300 K 3 323 K 
The higher oxide formula X 2 0 7 Re 2Oj 
Melting point of the higher 
oxide 400-500°C 220°C 

The agreement is, indeed, excellent. Only the melting 
point of the oxide proved to he much lower than the expect-
ed one whereas on the whole Mendeleev's classical method 
of prediction was fully confirmed. In other words the Nod-
dacks had a perfectly good idea about what element 
No. 75 (and element No. 43,) was going to be. Thus, the 
history of rhenium was closely related to the history of its 
light analogue. 

But where to search for these elements? Predicting the 
geochemical behaviour of rhenium the Noddacks used to the 
full the capacity of theoretical geochemistry of that time; 
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they even knew that it had to be a very rare element. They 
could not know, however, that it was a trace element and 
that, therefore, what seemed unquestionable to them was in 
effect open to doubt. 

The scientists pi anned to investigate two groups of minerals: 
platinum ores and so-called columbites (tantalites). Four 
years (from 1921 to 1925) were spent in searching for the 
wanted elements but in vain. Then a communication appeared 
about the discovery of hafnium whose existence in nature 
was proved by X-ray spectroscopy. Undoubtedly., this event 
gave the Noddacks the idea to use the same method in order 
to prove the existence of manganese analogues and they 
turned for help to 0 . Berg, a specialist in X-ray spectro-
scopy. 

Tn June 1925, V. Noddack, I. Takke, and 0 . Berg pub-
lished an article about the discovery of two missing elements,-
masurium (No. 43) and rhenium (No. 75). They were found 
in columbite and in the Uralian platinum and named after 
two German provinces. The elements' X-ray spectra pro-
vided the main confirmation of their existence; but there 
was no question of extracting the elements and the reasoning 
of the German scientists was, in general, too involved. 
However, the article attracted attention and other scientists 
tried to reproduce the results. 

However, no such reproduction followed. A year passed 
and the Soviet scientist O. E. Zvyagintsev and his colleagues 
proved irrefutably that the Uralian platinum ore contained 
no new elements. After that the German scientists continued 
to study columbites which varied considerably in composition 
but, according to the predictions, had to contain myste-
rious manganese analogues. They subjected the minerals to 
complex chemical treatment in order to concentrate the 
unknown elements and performed X-ray spectral analysis. 
The data obtained were reassuring but definite conclusions 
would have been premature: the scientists could not obtain 
any noticeable amounts of elements No. 43 and No. 75 and 
exnerimentally determine their properties. 

Nobody could reproduce the results obtained by the 
Noddacks. Their compatriot W. Prandtl even sent his assist-
ant A. Grimm to the Noddacks' laboratory to watch them 
prepare manganese analogues. Back home, A. Grimm 
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reproduced the entire procedure, perfected it and ..., we do 
not know the extent of his distress about the wasted time. 
The English scientist F. Loring and the Czechs Ya. Gei-
rovskii and Y. Druce also doubted the Noddacks' results. 
Later, Loring, Geirovskii, and Druce claimed the priority of 
discovering element No. 75 by other methods and from other 
sources. History has retained their names but not as discov-
erers of rhenium. 

The two German scientists believed to have also isolated 
element No. 43 (known later as technetium). Now we know 
that they by no means could detect the presence of techneti-
um at the time but, nevertheless, the Noddacks were more 
sure of its discovery than of the discovery of rhenium (the 
fact which is hardly a feather in their cap). As time passed, 
the Noddacks became convinced that the range of the min-
erals for analysis had to be considerably enlarged. The previ-
ous sreochemical prediction did not, apparently, come true. 
In the summer of 1926 and in 1927 the Noddacks went to 
Norway to collect minerals among which were: tantalite, 
gadolinite, alvite, fergusonite, and molybdenite. In the 
early 1928 the scientists, analysing the minerals, isolated 
about 120 msr of rhenium mainly from molybdenite (molyb-
denum sulphide). Earlier it had never been considered as 
a possible source of manganese analogues. 

Thus, rhenium became, at last, a reality. An end was put 
to doubts and the symbol Re occupied forever box No. 75 in 
the periodic" table; masurium, however, remained an enigma 
for a Ion? time. 

Hence, 1928 is the date of the reliable discovery of rheni-
um, the final step in the lonsr process of search. As resrard& the 
widely accepted date, 1925, it is only a landmark in the 
prehistory of the element. 

Having planned the directions of research, the Noddacks 
assembled all publications on supposed discoveries of eka-
mansraneses. Their notes were lost during the Second World 
War but, undoubtedly, the name of the Russian scientist 
S. F. Kern and the name of the element "devium" were men-
tioned in them. This may be the most reliable discovery of 
a new element of all unreliable discoveries. And it is equally 
possible that the history of element No. 75 could have begun 
50 years earlier. 
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The events were as follows. In 1877 reporls appeared about 
the discovery of a new metal "devium" named after H. Davy. 
The reports aroused great interest and Mendeleev suggested 
inviting S. F. Kern to report to a session of the Russian 
Chemical Society. The scientists of Bunsen's laboratory in 
Heidelberg decided to check Kern's results carefully. Later 
his results were confirmed by two or three other scientists. 
The most interesting fact was that some chemical reactions 
proved to be identical to those found later for rhenium. 
Does not it point to the identity of devium and rhenium? 

For some reason or other S. F. Kern lost interest in his 
discovery and never returned to the problem after 1878. He 
had extracted the element from platinum ores, which seems 
impossible from modern point of view (recall Zvyagintsev's 
work in 1926). The fact is, however, that platinum ores have 
a complex and varied composition. The Dralian ore does not 
contain rhenium but its presence as traces in ores of other 
deposits has been proven. 

S. F. Kern studied a very rare sample of platinum ore from 
Borneo where by that time the mines had already been aban-
doned. At the beginning of the 20th century the Russian 
chemist G. Chernik worked on the island. Analysing plati-
num ores he found a constant mass loss in all samples and 
tried to explain it by the presence of an unknown element. 
This element could well be Kern's "devium". 

In 1950 Y. Druce devoted a large article to devium. He 
wrote that if rhenium would be discovered in platinum min-
erals, this would confirm Kern's discovery. Samples of plati-
num ores from Borneo can be found now only in a few min-
eralogical museums of the world. It would be of interest 
to analyse them thoroughly. This is a case when the history 
of a chemical element could be partially changed. 



Chapter 11 

Radioactive Elements 

We have already discussed the history of discovery of two 
natural radioactive elements, that is, uranium and thorium, 
in Chapter 4. These elements can fairly easily be found in 
minerals with chemical analysis since their content is suffi-
ciently high. Other natural radioactive elements (polonium, 
radon, radium, actinium, and protactinium) are among the 
least abundant elements on Earth. Moreover, they exist in 
nature only because they are the products of radioactive 
transformations of uranium and thorium. 

These elements belonging to the end of the periodic sys-
tem could not be determined either with chemical analysis 
or with spectroscopic techniques. They were present in all 
the minerals where uranium and thorium were found. But not 
once did scientists suspect that uranium and thorium contained 
some impurities. Of course, there were always impurities 
but their content was too low to shift the weighing pans 
of a balance or to give rise to a new spectral line. 

It was only the discovery of a new physical phenomenon 
known as radioactivity that presented scientists with a meth-
od which contributed to a considerable expansion of our 
knowledge of the properties and structure of matter and to 
a significant increase in the number of chemical elements in 
the periodic system. At the early stage of the studies of 
radioactivity three types of radiation were found: alpha rays 
(fluxes of the nuclei of helium atoms with the positive charge 
of two), beta rays (fluxes of electrons with the negative 
charge of one), and gamma rays (these are in fact rays similar 
to X-rays). 

Each radioactive element is described by its half-life, 
that is, the time required for half the initial amount of 
a radioactive substance to become disintegrated. 

Polonium 

Polonium was the first natural radioactive element discov-
ered with the radiometric technique. Back in 1870 the 
main properties of polonium were predicted by D. I. Men-
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deleev. He wrote: "Among heavy metals we can expect to 
find an element similar to tellurium whose atomic weight is 
greater than that of bismuth. It should possess metallic proper-
ties, and give rise to an acid whose composition and proper-
ties should be similar to those of sulphuric acid and whose 
oxidizing power is higher than that of telluric acid ... . 
The oxide R0 2 cannot be expected to have acidic properties 
which tellurous acid still has. This element will form organo-
metallic compounds but not hydrogen compounds ..." 

Nineteen years had passed and Mendeleev. made a sig-
nificant addition to his description of dvi-tellurium (as he 
called the unknown element). He predicted the following 
properties: relative atomic mass 212; forms oxide Dt03 ; in 
a free state the element is a crystalline low-melting non-
volatile metal of a grey colour with a density of 9.8; the 
metal is easily oxidized to Dt02 ; the oxide will have weak 
acidic and basic properties: a hydride of the element, if it 
exists at all, must be unstable; the element must form alloys 
with other metals. 

Below readers will see for themselves how accurate were 
Mendeleev's predictions of the properties of a heavy analogue 
of tellurium. But these predictions had only an indirect 
effect on the history of polonium, if any. The discovery of 
polonium (and then radium) proved to be a significant mile-
stone in the science of radioactivity and gave an impetus to 
its development. 

As one can see from the laboratory log-book of Marie and 
Pierre Curie they started to study the Becquerel rays, or 
uranium rays, on December 16, 1897. First the work was 
conducted by Marie alone and then Pierre joined her on 
February 5, 1898. He performed measurements and processed 
the results. They mainly measured the radiation intensities 
of various uranium minerals and salts as well as metallic 
uranium. The results of extensive experiments suggested that 
uranium compounds had the lowest radioactivity, the metal-
lic uranium exhibited a higher radioactivity, and the ura-
nium ore known as pitchblende had the highest radioactivi-
ty. These results indicated that pitchblende, probably, 
contained an element whose activity was much higher than 
that of uranium. 

As early as April 12, 1898 the Curies reported this hypoth-
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M. CURIE 

esis in the proceedings of the Paris Academy of Sciences. 
On April 14 the Curies started their search for the unknown 
element with the assistance of the chemist G. Bemont. By 
the middle of July they finished the analysis of pitchblende. 
They carefully measured the activity of each product succes-
sively isolated from the ore. Their attention was focussed on 
the fraction containing bismuth salts. The intensity of the 
rays emitted by this fraction was 400 times that of metallic 
uranium. If the unknown element really did exist it had 
to be present in this fraction. 

Finally, on July 18 Marie and Pierre Curie delivered 
a report to a session of the Paris Academy of Sciences enti-
tled "On a new radioactive substance contained in pitch-
blende". They reported that they had managed to extract from 
pitchblende a very active sulphur compound of a metal that 
had previously been unknown. According to its analytical 
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properties it was a neighbour of bismuth. The Curies sug-
gested, if the discovery could be proved, to name the new 
element in honour of the country where Marie had been 
born and brought up, that is, polonium after Poland. 

The scientists emphasized that the element had been dis-
covered with a new research method (the term "radioactivi-
ty", which later became conventional, was first introduced 
in this report). 

The introduction of spectral analysis made it possible to 
reveal the existence in natural objects of elements that 
could not be seen, felt or weighed. Now the history repeated 
itself but the role of indicator was played by radioactive 
radiaton, which could be measured with a radiometric 
technique. However, the results of the Curies were not 
faultless. They were wrong in suggesting a chemical similar-
ity between polonium and bismuth. Even a brief look at the 
periodic system shows that the existence of a heavy analogue 
of bismuth is hardly possible. But one must not forget that 
the Curies did not extract pure metal, could not determine 
its relative atomic mass, and, finally, did not see differences 
in the spectra of polonium and bismuth. This is why they 
actually ignored a possible analogy between polonium and 
tellurium. 

Thus, we may regard 18 July, 1898, as the date of just 
a preliminary discovery of polonium as substantiation of the 
discovery took quite a long time. The high intensity of radia-
tion from polonium made difficult its study. The radiation 
was found to consist of only alpha rays with no beta or 
gamma rays. A strange finding was that the activity of 
polonium decreased with time and the decrease was rather 
noticeable; neither thorium nor uranium exhibited such 
behaviour. This is why some scientists doubted whether polo-
nium existed at all. The sceptics said it was just normal 
bismuth with traces of radioactive substances. 

But in 1902 the German chemist W. Marckwald extracted 
the bismuth fraction from two tons of uranium ore. He put 
a bismuth rod into a bismuth chloride solution and observed 
precipitation of a highly radioactive substance on it which 
he took for a new element and named radiotellurium. Later 
he recalled: "I named this substance radiotellurium just for 
the time being since all its chemical properties suggested 
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placing it into the sixth group into the still unoccupied box 
for the element with a somewhat higher atomic weight than 
that of bismuth ... . The element was more electronegative 
than bismuth but more electropositive than tellurium; its 
oxide should also have basic rather than acidic properties. 
All this corresponded to radiotellurium ... . The expected 
atomic weight for this substance was about 210".* Later he 
said that he had got his idea for extracting polonium when 
analysing the periodic system. 

As for the polonium discovered earlier Marckwald prompt-
ly declared it a mixture of several radioactive elements. 
This led to a stormy discussion of the real nature of polo-
nium and radiotellurium. Most scientists supported the 
Curies. A later comparison of the two elements revealed their 
identity. The discovery was credited to the Curies and the 
name "polonium" was retained. 

Though polonium was the first of the new natural radio-
active elements its symbol Po did not appear in the appro-
priate box in the periodic system. The atomic mass of the 
element was very difficult to measure. The lines of the polo-
nium spectrum were reliably identified in 1910. It was only 
in 1912 that the symbol Po occupied its place in the peri-
odic table. 

For almost half a century scientists had to be satisfied to 
work only with polonium compounds (usually in rather small 
amounts). The pure metal was prepared only in 1946. High-
density layers of metallic polonium prepared by vacuum 
sublimation have a silvery colour. Polonium is a pliable low-
melting metal (melting point 254°C, boiling point 962°C), 
its density is about 9.3 g/cm3. When polonium is heated in 
the air it readily forms a stable oxide; its basic and acidic 
properties are weakly manifested. Polonium hydride is 
unstable. Polonium forms organometallic compounds and 
alloys with many metals (Pb, Hg, Ca, Zn, Na, Pt, Ag, Ni, Be). 
When we compare Mendeleev's predictions with these 
properties we see how close they are to the truth. 

* Cited from A. N. Yyaltsev, A. N. Krivomazov, D. N. Trifonov, 
Displacement Law and Isotopy, Moscow, 1976 (in Russian). 
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Radium 

When the Curies and G. Bemont analysed pitchblende 
they noticed a higher radioactivity of one more fraction, 
apart from the bismuth fraction. After they had succeeded 
in extracting polonium they started to analyse the second 
fraction thinking that they could find yet another unknown 
radioactive element. 

The new element was named radium from the Latin radius 
meaning ray. The birthday of radium was December 26,1898. 
when the members of the Paris Academy of Sciences heard 
a report entitled "On a new highly radioactive substance 
contained in pitchblende". The authors reported that they 
had managed to extract from the uranium ore tailings a sub-
stance containing a new element whose properties are very 
similar to those of barium. The amount of radium contained 
in barium chloride proved to be sufficient for recording its 
spectrum. This was done by the well-known French spectral 
analyst E. Demarcay who found a new line in the spectrum of 
the extracted substance. Thus, two methods—radiometry and 
spectroscopy—almost simultaneously substantiated the ex-
istence of a new radioactive element. 

The position of radium among the natural radioactive 
elements (of course, excluding thorium and uranium) almost 
immediately proved to be the most favourable one owing to 
many reasons. The half-life of radium was soon found to be 
fairly long, namely, 1 600 years. The content of radium in 
the uranium ores was much higher than that of polonium 
(4 300 times higher); this contributed to natural accumulation 
of radium. Furthermore, the intensity of alpha radiation 
of radium was sufficiently high to allow an easy monitoring 
of its behaviour in various chemical procedures. Finally, 
a distinguishing feature of radium was that it evolved 
a radioactive gas known as emanation (see p. 183). Radium 
was a convenient subject for studies owing to a favourable 
combination of its properties and therefore it became the first 
radioactive element (again, with the exception of uranium 
and thorium) to find its permanent place in the periodic 
system without long delay. Firstly, chemical and spectral 
studies of radium demonstrated that in all respects it 
belongs to the subgroup of alkaline earth metals; secondly, 
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its relative atomic mass could be determined accurately 
enough. To do this sufficient amounts of a radium prepara-
tion had to be obtained. The Curies worked ceaselessly for 
45 months in their ill-equipped laboratory processing 
uranium ore tailings from Bohemian mines. They performed 
fractional crystallization about 10 000 times and finally 
obtained a priceless prize—0.1 g of radium chloride. The 
history of science knows no more noble example of enthusi-
astic work. This amount was sufficient for measurements and 
on March 28, 1902, Marie Curie reported that the relative 
atomic mass of radium was 225.9 (which does not differ much 
from the current figure of 226.02). This value just suited the 
suggested position of radium in the periodic system. 

The discovery of radium was the best substantiated one 
among the many alleged discoveries of radioactive elements, 
which soon followed. Every year more new discoveries were 
reported. Radium was also the first radioactive element 
obtained in the metallic form. 

Marie Curie and her collaborator A. Debierne electrolyzed 
a solution containing 0.106 g of radium chloride. Metal-
lic radium deposited on the mercury cathode forming amal-
gam. The amalgam was put into an iron vessel and heated 
under a hydrogen flow to remove mercury. Then grains of 
silvery whitish metal glistened at the bottom of the vessel. 

The discovery of radium was one of the major triumphs of 
science. The studies of radium contributed to fundamental 
changes in our knowledge of the properties and structure of 
matter and gave rise to the concept of atomic energy. Finally, 
radium was also the first radioactive element to be practi-
cally used (for instance, in medicine). 

Actinium 

Was it just a chance that polonium and radium were the 
first to be discovered among radioactive elements? The an-
swer is apparently no. Owing to its long half-life radium can 
be accumulated in uranium ores. Polonium has a short half-
life (138 days) but it emits characteristic high-intensity alpha 
radiation. Though the discovery of polonium gave rise to 
a controversy it soon died off. 
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The third success of the young science of radioactivity was 
the discovery of actinium. Soon after they had discovered 
radium the Curies suggested that uranium ore could contain 
other, still unknown radioactive elements. They entrusted 
their collaborator A. Debierne with verification of this 
idea. 

Debierne started his work with a few hundreds kilograms of 
uranium ore extracting the "active principle" from it. After, 
he had extracted uranium, radium, and polonium he was left 
with a small amount of a substance whose activity was much 
higher than the activity of uranium (approximately, by 
a factor of 100 000). At first, Debierne assumed that this 
highly radioactive substance was similar to titanium in its 
chemical properties. Then he corrected himself and suggested 
a similarity with thorium. Later, in spring of 1899 he 
announced the discovery of a new element and called it 
actinium (from the Greek for radiation). 

Any textbook, reference book or encyclopedia gives 1899 
as the date of the discovery of actinium. But in fact, to say 
that in 1899 Debierne discovered a new radioactive element— 
actinium—means to ignore very significant evidence to the 
contrary. 

The real actinium has little in common with thorium but 
we did not mean this chemical difference as evidence against 
the discovery of actinium by Debierne. The main argument 
is as follows. Debierne believed that actinium was alpha-
active and its activity was 100 000 times that of uranium. 
Now we know that actinium is a mild beta-emitter, that is, 
it emits beta rays of a fairly low energy which are not that easy 
to detect. Of course, the primitive radiometric apparatus of 
Debierne was not capable of doing'it. 

Then what did Debierne discover? It was a complex mix-
ture of radioactive substances including actinium. But the 
weak beta radiation of actinium was quite indistinguishable 
against the background of the alpha rays emitted by the 
products of actinium decay. It took several years to extract 
the real actinium from this mixture of radioactive products. 

In 1911 the outstanding British radiochemist F. Soddy 
published a book entitled Chemistry of Radioactive Elements 
where he described actinium as an almost unknown element. 
He wrote that its atomic weight was unknown, the mean life-
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time was also unknown, it did not emit rays (this shows how 
difficult it was to detect the beta radiation of actinium), 
and its parent substance was unknown. In a word, much 
about actinium was still vague. 

The evidence presented by Debierne for his discovery of 
actinium did not seem convincing to his contemporaries. It 
is no wonder that soon another scientist—the German 
chemist F. Giesel—claimed a discovery of a new radioactive 
element. He also extracted a certain radioactive substance 
whose properties were similar to those of the rare-earth ele-
ments. This fact is closer to the truth in the light of our 
current knowledge. Giesel named the new element emanium 
because it evolved a radioactive gas—emanation—which 
made a zinc sulphide screen to glow. Along with the radiotel-
lurium vs. polonium controversy there appeared a similar 
controversy between the supporters of actinium and emani-
um. The first controversy ended by establishing identity 
between the elements in question. The second controversy 
proved to be more complicated and could not be speedily 
resolved since the hehaviour of the third new radioactive 
element was too wayward. The name of Debierne went into the 
historical records as the name of the discoverer of actinium. 
However, the substance extracted by Giesel contained a 
significant proportion of pure actinium as was shown later. 
Giesel also succeeded in observing the spectrum of emanium. 
Many scientists believed that they proved identity of ac-
tinium and emanium. Gradually, the controversy lost its 
edge. 

The British radiochemist A. Cameron was the first (1909) 
to place the symbol Ac into the third group of the periodic 
system (actually, he was the first to put forward the name 
radiochemistry for the relevant science). But only in 1913 
was the position of actinium in the periodic system estab-
lished reliably. As increasingly pure actinium preparations 
were obtained the scientists encountered an amazing situ-
ation—the radiation emitted by actinium proved to be so 
weak that some scientists even doubted if it emits at all. It 
has even been suggested that actinium undergoes an entirely 
new, radiationless, transformation. It was only in 1935 that 
beta rays emitted by actinium were reliably detected. The 
half-life of actinium was found to be 21.6 years. 
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For a long time extraction of metallic actinium was just 
out of question. Indeed, one ton of pitchblende contains only 
0.15 mg of actinium while the content of radium is as high 
as 400 mg. A few milligrams of metallic actinium were ob-
tained only in 1953 after reduction of ACC13 with potassium 
vapour. 

Radon 

Radon Rn is the 86th element of the periodic system. It 
is the heaviest of the noble gases. It is highly radioactive 
and its natural abundance is so low that it could not be 
identified when W. Ramsay and M. Travers discovered other 
inert elements. Only application of the radiometric method 
made possible the discovery of radon. 

What we know as radon at present is the combined name 
for the three natural isotopes of the element No. 86, which 
were discovered one by one and called emanations. Their 
appearance heralded a new stage in the studies of radioactiv-
ity as they were the first gaseous radioactive substances. 

At the beginning of 1899 E. Rutherford (who lived at the 
time in Canada) and his collaborator R. Owens studied the 
activity of thorium compounds. Once Owens accidentally 
threw open the door to the laboratory where a routine experi-
ment was performed. There was a draught and the experi-
menters noticed that the intensity of radiation of the thorium 
preparations suddenly dropped. At first they ignored this 
event but later they observed that a slight movement of air 
seemed to remove a larger part of the activity of thorium. 

Rutherford and Owens decided that thorium continuously 
emitted a gaseous radioactive substance, which they called 
the emanation (from the Latin to flow) of thorium, or thoron. 

By way of analogy, it was suggested that other radioac-
tive elements could also evolve emanations. In 1900 the 
German physicist E. Dorn discovered the emanation of radi-
um and three years later Debierne observed the emanation 
of actinium. Thus, two new radioactive elements were found, 
namely, radon and actinon. An important observation was 
that all the three emanations differed only in their half-
lives—51.5 s for thoron, 3.8 days for radon, and 3.02 s for 
actinon. The longest-lived element is radon and therefore 
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it was used in all studies of the nature of emanations. All 
the other properties of emanations were identical. All of 
them lacked chemical manifestations, that is, they were 
inert gases (analogues of argon and other noble gases). Later 
they were found to have different atomic masses. But there 
was just a single slot for these three elements in the peri-
odic system, immediately below xenon. 

Such exclusive situation soon became a rule. Therefore, 
we shall have to discuss briefly some important events in 
the history of radioactivity studies. Now we must finish 
the story of radon. This name remained because radon is the 
longest-lived element among the radioactive inert gases. 
Ramsay suggested to name it niton (from the Latin for 
glowing) but this name did not take root. 

Radioelements and Their Families 

Before the discovery of polonium and radium there were 
seven empty slots in the periodic system between bismuth 
and uranium. While the number of newly found radioactive 
elements was small there were no problems with their loca-
tion in the periodic system. But emanations were a baffling 
problem. They had identical properties and therefore could 
not be assigned to different boxes of the periodic system, for 
instance, to the two empty boxes corresponding to the 
unknown heavy analogues of iodine and cesium. This would 
be an unnatural thing to do. 

But even if we leave the enigmatical radon family alone 
the situation still remains unclear. In 1900 W. Crookes 
observed a strange phenomenon. After fractional crystalli-
zation of a uranium compound he obtained a filtrate and 
a precipitate. Uranium remained in the solution but it 
exhibited no activity. On the contrary, the precipitate did 
not contain uranium but exhibited a high-intensity radio-
activity. On the strength of his observations Crookes made 
a paradoxical conclusion that uranium was not radioactive 
by itself, and its radioactivity was due to some admixture 
which he managed to separate from uranium. As if he had 
ill premonitions, Crookes refrained from giving the admix-
ture any definite name and referred to it as uranium-x (UX). 
Later it was found that uranium restores its activity after 
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separation of UX which was just a much more active sub-
stance. Thus, UX could be regarded as a new radioactive 
element. 

Two years later E. Rutherford and F. Soddy discovered 
similar temporary disappearance of activity in thorium. 
The respective admixture was named (by analogy) thorium-x 
(ThX). Rutherford and Soddy attempted to find an answer to 
the fundamental question: what happens with a radioactive 
element in the process of emission of radiation? Does the 
chemical nature of the element remain unchanged or does it 
change? They made a valuable observation that the emana-
tion of thorium was produced by ThX rather than by thori-
um itself. In other words, they identified the first step of 
radioactive transformations: 

Th—>ThX—>EmTh 

This was the event that played the decisive part in de-
veloping the theory of radioactive decay. 

According to Rutherford and Soddy, the mechanism of 
radioactive decay consists in transformation of chemical 
elements and in their natural transmutation. This was par-
ticularly clear in the case of radium, which converted into 
radon after emission of alpha radiation. Somewhat later, 
the alpha particle was found to be a doubly ionized helium 
atom. The decay of radium gave rise to two new elements, 
namely, radon and helium: 

Ra —> Rn + He 

This suggestion Was soon verified in the experiments of 
Ramsay and Soddy. 

Rutherford and Soddy argued further that all the known 
radioactive elements were not absolutely independent but 
were genetically linked to each other (converted successively 
one into another). These elements can be said to make up 
three radioactive families—the uranium, thorium, and 
radium families named after the originating element of the 
respective family. Many questions still remained unan-
swered. How many radioactive elements make up a family? 
What elements end the families? And finally, what kind of 
a "material entity" is a radioactive element and what is its 
real nature? 

The last question was not just an abstract one since start-
ing from the early years of the 20th century the number of 
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radioactive substances started snowballing and the problem 
of their arrangement in the periodic system became very 
acute. 

New radioactive substances-became known under a variety 
of names such as radioactive bodies, activities, and radio-
active elements. Scientists were aware that they encountered 
new, unknown material entities. Most of them manifested 
their existence only by their radioactive properties, namely, 
the radiation intensity, the decay type, and the half-life. 
But nothing or almost nothing could be said about their 
chemical nature. The old classical chemistry of elements 
always dealt with weighed quantities of substances so that 
a new element (or its compound) could be extracted in 
a material form, its reactions could be studied and its spec-
trum could be recorded. For most newly discovered radioac-
tive elements all this was unfeasible. Hence, it was not unrea-
sonable to ask whether they were elements in the proper 
chemical sense of the word. 

The first researchers of radioactivity disagreed on this 
account. The Curies and Debierne assumed that all new 
radioactive substances were elementary in nature, and, hence, 
were new chemical elements. The discoveries of poloni-
um, radium, and actinium, apparently, supported this 
viewpoint and these scientists stubbornly adhered to it 
even when numerous reports on discoveries of new radio-
active substances started to pour in. But this stubbornness 
only fuelled the controversy. 

Rutherford and Soddy held another viewpoint. In their 
opinion, radioactive substances could have different natures. 
Proceeding from their concept of radioactive families they 
argued that there exist relatively stable radioactive ele-
ments, that is, uranium, thorium and radium, which give 
rise to the families or series of radioactive substances. Their 
chemical nature is well known and, thus, they can be 
classified as ordinary elements with only the property of 
radioactivity distinguishing them from other elements. 
The elements which close the radioactive families are normal 
stable elements (it was already vaguely surmised that lead 
had to close the radioactive families). According to Ruther-
ford and Soddy, between these two types of elements there 
exist intermediate substances whose main feature is insta-
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bility and which cannot be described in chemical terms. 
They are not elements in the conventional sense of the word, 
they are just something like atomic fragments. It was sug-
gested to name them "metabolons" (from the Greek for 
transforming bodies). This approach did away with the 
problem of location of these substances in the periodic 
system 

But the name "metabolon" was not widely accepted. Sod-
dy himself soon came to regarding metabolons as chemically 
individual substances, just like normal radioactive elements. 
In 1902 the British physicist G. Martin introduced the 
term radioelement which will be explained below. Here we 
shall just emphasize that the terms radioelement and radio-
active element are by no means identical though they are 
sometimes confused in literature. 

The entire history of radiochemistry in the first two de-
cades of the 20th century is essentially the search for new 
radioelements and their genetic links to the earlier discovered 
ones. The compositions of radioactive families became 
increasingly clear and the families were acquiring features 
of systems of radioelements just as the periodic system clas-
sified the stable elements. The former radium family proved 
to be a part of the uranium family but there emerged the 
new actinium family whose originator could not be identi-
fied for a long time (this was definitely done only in 1935). 
Most radioelements were short-lived products whose half-
lives were measured in seconds or, at best, in minutes. It 
was extremely difficult to determine the chemical natures 
and the places of radioelements in their radioactive families; 
even the cumbersome and monotonous work on separa-
tion of the rare-earth elements could not be compared to 
this task, which would need an entire book to describe it. 
Therefore, we have just to present here the chronological 
data on the discoveries of radioelements (see Tables 1-3). 

The current composition of the three radioactive families 
is shown in Diagram 1. 

Each radioactive family contains two characteristic 
groups of elements. The radioelements preceding the emana-
tions are comparatively long-lived; on the contrary, the 
elements following the emanations have very short half-
lives. Special notation was worked out to identify them using 



DIAGRAM 1 

Radioactive families of uranium-238,uranium-235 and thorium-232 

Uranium f a m i l y 

Actinium-uranium f a m i l y 

Thorium family 

Group of periodic system 
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Table 1 

Uranium-238 family 

Radioelement Date of 
discovery Discoverers 

Uranium-I 1896* A. Becquerel 
Uranium-Xj 1900 W. Crookes 
Uranium-X2 1913 K. Fajans, O. Gohring 
Uranium-I I 1911 H. Geiger, J. Nattal 
Ionium 1907 B. Boltwood 
Radium 1898 The Curies, G. Bemont 
Emanation of radium 1900 E. Dorn 
Radium-A 1903 E. Rutherford, H. Barnes 

1904 P. Curie, J. Danne 
Radium-B 1903 P. Curie, J. Danne 
Radium-C 1903 P. Curie, J. Danne 
Radium-C' 1909 0 . Hahn, L. Meitner 
Radium-C" 1912 K. Fajans 
Radium-D (radiolead) 1900 K. Hofmann, E. Strauss 
Radium-E 1904 K. Hofmann, L. Gonder, 

W. Wolf 
1905 E. Rutherford 

Radium-F (polonium) 1898 The Curies 

• The date of discovery of u ran ium rad ioac t iv i t y . 

letters A, B, and G alongside the symbols of respective 
elements (Ra, Th, and Ac). The groups of these short-lived 
elements were known as active sediments; they were the most 
difficult elements to analyse and served as a source of much 
confusion and numerous errors. But it was their study that 
made a significant contribution to the development of the 
new science of radiochemistry. 

As the composition of radioactive families approached the 
one we know now the need for reasonable placement of radio-
elements in the periodic system became increasingly 
evident. After all, each of radioelements manifested chemi-
cal similarity to one or another conventional element occu-
pying a certain box in the system. But the number of radio-
elements was too large. Ramsay described the prevailing 
situation by the French saying embarrass de richesses (con-
fusing abundance). By the beginning of the second decade of 
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Table 2 

Uranium-235 family 

Radioelement Date of 
discovery Discoverers 

Uranium-235 (AcU) 1935 A. Dempster 
Uranium-U 1911 G. Antonov 
Protactinium 1918 0 . Hahn, L. Meitner 

1918 F. Soddy, J. Cranston 
Act inium 1899 A. Debierne 

1902 F. Giesel 
Radioact inium 1906 O. Hahn 
Actinium-K 1939 M. Pereil 
Ac t in ium-X 1900 A. Debierne 

1904 F. Giesel 
1905 T. Godlewski 

Emanation of actinium 1902 F. Giesel 
Act in ium-A 1911 H. Geiger 
Act inium-B 1904 A. Debierne 
Actinium-C 1904 H. Brooks 
Act in ium-C ' 1908 0 . Hahn, L. Meitner 

1913 E. Marsden, R . Wi lson 
Act inium-C" 1914 E. Marsden, P. Perkins 

Table 3 

Thorium-232 family 

Radioe lemen t 
D a t e of 

discovery Discoverers 

Thorium 1898* H. Schmidt, M. Curie 
Mesothorium-I 1907 O. Hahn 
Mesothorium-II 1908 O. Hahn 
Radiothor ium 1905 O. Hahn 
Thor ium-X 1902 E. Rutherford, F. Soddy 
Emanation of thorium 1899 E. Rutherford 
Thor ium-A 1910 H. Geiger, E. Marsden 
Thor ium-B 1899 E. Rutherford 
Thorium-C 1903 E. Rutherford 
Thor ium-C ' 1909 O. Hahn, L . Meitner 
Thorium-C" 1906 O. Hahn 

* The da te of d iscovery of t h o r i u m r a d i o a c t i v i t y . 
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this century about 40 radioelements had been discovered. 
Some groups of elements were so similar in their chemical 
properties that they could not be separated with any of the 
available methods. (For instance, all three emanations, then 
thorium, ionium and radiothorium, and, finally, radium 
and thorium-X.) 

But the atomic masses of radioelements in each of such 
groups differed considerably, sometimes by a few units. The 
situation was indeed confusing. Some scientists suggested 
leaving many radioelements outside the periodic table, but 
more creative people were not satisfied with such a solution. 
In 1909 the Swedish scientists D. Stromholm and T. Sved-
berg suggested placing several radioelements into one box 
of the table (soon it was clear that they were right). The 
British radiochemist A. Cameron supported the idea of the 
Swedes in 1910. 

Though back in 1903 radioactivity was proved to be 
accompanied with transformation of elements scientists for 
a long time could not give a definite answer to the question 
what exactly happens with a radioelement when it emits the 
alpha or beta particle. An answer to this question would 
allow to understand where in the periodic system a given 
radioelement is shifted owing to radioactive decay. The 
structure of an atom was still unknown and any changes in 
the nature of a radioelement could be identified by compar-
ing its chemical properties to the properties of its product. 
But this was often extremely difficult to do since radio-
chemists had to work with exceedingly small amounts of 
substances. In many instances the chemical "portrait" of 
a radioelement had to be drawn from the secondary features. 

Tenacious work of scientists and accumulation of experi-
mental data made it possible to formulate the law of radio-
active displacement. Though many scientists took part in 
this work the main contributions were made by F. Soddy 
and the Polish chemist K. Fajans and therefore this law is 
known as the Soddy-Fajans law. According to it, alpha 
decay gives rise to a radioelement displaced two boxes to 
the left from the starting position in the periodic table while 
beta decay displaces the product one box to the right. When 
it was shown that the charge of an atomic nucleus equals the 
number of the respective element in the periodic system the 
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above empirical law was explained in the following way: 
an alpha particle removes from a nucleus a positive charge 
of two and therefore the number of the starting element 
(the charge of its nucleus) is decreased by two while emission 
of a beta particle increases the positive charge of the nucleus 
by one. 

The displacement law provided for harmonious relation-
ship between radioactive families and the periodic system 
of elements. After several successive alpha and beta decays 
the originators of the families converted into stable lead 
giving rise in the process to the natural radioactive elements 
found between uranium and bismuth in the periodic table. 
But then each box in the system had to accommodate several 
radioelements. They had identical nuclear charges but differ-
ent masses, that is, they looked as varieties of a given 
element with identical chemical properties but different 
masses and radioactive characteristics. In December 1913 
Soddy suggested the name isotopes for such varieties of 
elements (from the Greek for the "common place") because 
they occupy the same box in the periodic system. 

Now it is clear that radioelements are just isotopes of 
natural radioactive elements. The three emanations are the 
isotopes of the radioactive element radon, the number 86 in 
the periodic system. The radioactive families consist of the 
isotopes of uranium, thorium, polonium, and actinium. 
Later many stable elements were found to have isotopes. 
An interesting observation may be made here. When a stable 
element was discovered this meant simultaneous discovery 
of all its isotopes. But in the cases of natural radioactive 
elements individual isotopes were discovered first. The 
discovery of radioelements was the discovery of isotopes. 
This was a significant difference between stable and radio-
active elements in connection with the search for them in 
nature. No wonder that the periodic system was badly strained 
when accommodation had to be found for the multitude 
of radioelements,—it was a classification of elements, after 
all, not isotopes. The discovery of the displacement law and 
isotopy greatly clarified the situation and paved the way 
for future advances. 
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Protactinium 

The element eka-tantalum predicted by Mendeleev is, 
perhaps, the only one of the radioactive elements that had 
been discovered earlier than it is generally recognized. We 
are talking about the element number 91 situated between 
thorium and uranium. Its long-lived isotope has a consid-
erable half-life (34 300 years) and, therefore, it should be 
accumulated in the uranium ores; moreover, it emits alpha 
rays. If we look at the accepted date of its discovery (1918) 
it would be reasonable to ask why it was discovered so late. 
We shall answer this question later. 

Now let us discuss the family of uranium-238 (see Table 1 
and Diagram 1). The notorious element UX discovered by 
Grookes, which in fact started the hunt for radioelements, is 
designated as uranium-Xx in Table 1. This name was given 
to it much later, after the discovery of the radioelement 
designated as uranium-X2. 

In February 1913 Soddy suggested that an unknown 
radioelement should exist between the element UX of Grookes 
and the element U-II discovered in 1911 in the uranium 
family. The properties of the new element, according to 
Soddy, should be those of eka-tantalum. This hypothetical 
radioelement seemed to have its rightful place in the fifth 
group of the periodic system which did not contain any 
radioelements by a strange whim of nature. Strictly speaking, 
it was not really strange. Uranium-238 (or U-I), the origina-
tor of this family, and U-II, a member of the family, are 
uranium isotopes; both of them have very long half-lives in 
comparison with other radioelements. It was not so easy 
to identify uranium-II against the background of uranium-I. 
It was just as not easy to detect the precursor of uranium-II, 
that is, the hypothetical eka-tantalum UX2 . 

This was done in mid-March 1913 by K. Fajans and his 
young assistant 0 . Goring who detected a new beta-emitting 
radioelement with a half-life of 1.17 min and chemical prop-
erties similar to those of tantalum. In October of the same 
year they clearly stated that UX2 was a new radioactive 
element located between thorium and uranium and suggest-
ed to name it brevium (from the Greek for "short-lived"). 
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The symbol UX2 took its place in the uranium family 
but the symbol Bv could hardly be put into box No. 91 of 
the periodic system though the new element was intensely 
studied in many laboratories and its discovery was verified 
by British and German scientists. 

At any rate, the statement that element No. 91 was 
discovered in 1913 does not seem controversial. But why then 
does not its history start with this date? 

If the World War I had not started brevium would, per-
haps, have a better fate. But the war put a stop to radio-
chemical studies and sharply curtailed exchanges of infor-
mation. Eka-tantalum had to be discovered for the second 
time. 

For a long time the actinium family was the most difficult 
to understand among the three radioactive families. Which 
element is its originator? The answer was not clear. If it 
was actinium then its half-life had to be of the same order 
as the half-lives of thorium and uranium. This seemed to 
be unlikely though the half-life defied evaluation. At any 
rate, it was negligible in comparison with the Earth's age. 

Since actinium was regarded as the originator of the family 
the question of its precursors was meaningless and this 
attitude contributed to the delay of the discovery of eka-
tantalum. Another suggestion was that the actinium family 
was not independent but just a branch of the uranium family. 
This suggestion was discussed by radiochemists back in 
1913-1914 by which time brevium had already been discov-
ered. But the discussion yielded no meaningful results and 
actinium continued to be the head of its family though under 
false pretenses (as almost everybody agreed). 

A decisive role in further developments was played by the 
radioelement UY, a thorium isotope discovered in 1911 by 
the Russian radiochemist G. Antonov who worked in Ru-
therford's laboratory. The radioelement UXi (also a thorium 
isotope) in the uranium family emits beta particles and 
gives rise to brevium (UX2). 

The French scientist A. Picard in 1917 suggested that 
a similar situation had to prevail at the origin of the family 
which was still known as the actinium family. His idea, 
which was confirmed only much later, was that the origina-
tor of this family was a third, still unknown uranium isotope 
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(in addition to U-I and U-II). Picard named it actinourani-
um. When it emits alpha particles it converts into UY 
which, in its turn, converts into actinium. An intermediate 
product of the process should be a radioelement belonging 
to the fifth group of the periodic system. This sequence of 
transformations can be written as 

a p a 
AcU —> UY —> EkaTa — A c 

This suggestion simultaneously answered the question 
about UY whose position in the radioactive family was 
unclear. This constructive, though fairly bold, suggestion 
was worth verifying. 

In England the next stage in the search for eka-tantalum 
was carried out by Soddy and his assistant A. Cranston. 
They were lucky and in December 1917 they wrote a paper 
on their discovery of eka-tantalum as a product of beta-
decay of uranium-Y. But their data on eka-tantalum were 
rather poor in comparison with the report by the German 
chemists 0 . Hahn and L. Meitner. 

The paper by the Germans was published earlier though it 
was submitted to the journal later than the paper by the 
British scientists. But the important thing is not the publi-
cation data. Hahn and Meitner not only extracted the new 
radioelement; they conducted all possible studies of its 
properties, evaluated its half-life and measured the mean 
free path of alpha particles. The German and British scien-
tists are said to be co-discoverers of element No. 91 
though the contribution made by the Germans is, undoubt-
edly, more significant. The tale of the discovery may be 
ended "with the noble gesture of Fajans who did not claim 
the discovery of eka-tantalum (though he had every right to 
do so) but just suggested changing the name brevium to 
protactinium (from the Greek for "preceding actinium") 
since the latter radioelement was a much longer-lived isotope. 

Thus, the symbol Pa appeared in the periodic system. Its 
isotope with the longest half-life has a mass number of 231. 
A few milligrams of pure Pa205 were extracted in 1927. 
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Francium 
The element No. 87 has a place of its own in the history 

of radioactive elements. Though its natural abundance is 
extremely small it was found originally in nature. But we 
shall tell its story in detail in the part of the book dealing 
with artificial elements. This will be better for many reasons. 

Here the first part of the book comes to an end. 



Part Two 

Synthesized Elements 

The idea of transmutation (transformation) of elements 
was born in distant times. The idea was upheld by alche-
mists for their specific aims. But all attempts to achieve 
transmutation proved futile. As chemistry was developing 
into an independent full-fledged science and accumulating 
knowledge of the structure and properties of matter the very 
feasibility of transformation of elements was questioned. 
By the end of the 19th century serious scientists ignored this 
problem though did not dare to refute it definitely. 

But at the very end of the century an event happened which 
suggested the paradoxical idea that continuous transmuta-
tion of elements takes place in nature. This event was the 
discovery of radioactivity. But only a relatively small part 
of elements at the very end of the periodic system are sub-
jected to natural transmutation. 

Radioactive transformations are independent of human 
will. All attempts to affect the course of natural radioactive 
processes failed. When the nuclear model of atomic structure 
was formulated it became clear that radioactivity is a nu-
clear phenomenon. The structural features of nuclei deter-
mine the capacity for radioactive decay. 

The nuclear charge Z is the primary parameter of a chem-
ical element. When a nucleus emits alpha or beta parti-
cles its charge changes so that the nature of the chemical 
element alters. One element is transformed into another. 
If we are dealing with a stable chemical element its nuclear 
charge Z will never change by itself. It will change if we can 
restructure its nucleus in some way, decrease or increase the 
number of protons in the nucleus. Only then will the nuclear 
charge change and artificial transmutation of a chemical 
element will take place. 

Rutherford was the first to carry out artificial transmuta-
tion of elements. In 1919 he bombarded nitrogen with alpha 
particles and obtained oxygen atoms. This first in history 
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E. RUTHERFORD 

artificial nuclear reaction can be described by the following 
equation: 

iJN + JHe iJO + lH 

or, in a shorter form, 
i*N(a, p ) » 0 

Alpha particles for a long time remained the only avail-
able means for conducting nuclear reactions. The energy 
of naturally produced alpha particles is not high; therefore, 
they could penetrate the nuclei of only a relatively small 
number of elements and such events were extremely rare. 
This limited the scope of artificial transmutation of ele-
ments. The situation changed significantly as a result of 
two discoveries made in the thirties. In 1932 the British 
scientist J. Chadwick discovered a neutral elementary 
particle known as neutron. Being electrically neutral, 
neutron proved to be a universal instrument for performing 
nuclear transformations since it was not repulsed by posi-
tively charged nuclei. Two years later the French physicists 
Irene and Frederic Joliot-Curie discovered artificial radio-
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activity and detected a new type of radioactive transforma-
tion, namely, positron decay, that is, emission of positrons. 
It became clear that radioactive isotopes could be produced 
artificially by means of nuclear reactions for many stable 
elements. 

One can ask what made possible the production of artificial 
radioactive isotopes in large numbers? The answer is that 
it was the work of experimental physicists who designed 
fine instruments for conducting measurements, developed 
special techniques for performing and studying nuclear 
reactions and, together with chemists, found methods for 
isolating traces of radioactive substances. Moreover, the 
range of particles available for bombardment of nuclei was 
extended considerably when alpha particles, protons, and 
neutrons were joined by deutrons (nuclei of a heavy hydro-
gen isotope deuterium), and later by multiply charged ions 
of such elements as boron, carbon, nitrogen, oxygen, neon, 
etc. Finally, physicists have built powerful accelerators 
capable of accelerating charged particles to very high veloc-
ities. All these advances paved the way for artificial syn-
thesis of new elements. 



Chapter 12 

Discoveries of Synthesized 
Elements Within the Old Boundaries 

of the Periodic System 

This chapter could be headed "Synthesis of the Missing 
Elements of the Periodic System". After the discovery of 
the last stable element, rhenium, only four elements 
(Nos. 43, 61, 85, and 87) were missing in the table between 
hydrogen and uranium. All of them were synthesized before 
the World War II (or purposeful attemnts to synthesize them 
were made). At any rate, the history of synthesized elements 
starts with the work on these four elements. 

Technetium 

The upper part of the periodic system down to the sixth 
period (where the rare-earth elements are located) always 
seemed relatively quiet, particularly after the discovery of 
the group of noble gases which harmoniously closed the 
right-hand side of the system. I' was quiet in the sense that 
one could hardly expect any sensational discoveries there. 
The debates concerned only a possible existence of elements 
that were lighter than hydrogen and elements lying between 
hydrogen and helium. On the whole, we can say in the 
parlance of mathematicians that this part of the periodic 
system was an ordered set of chemical elements. 

Therefore, the more awkward and confusing seemed to be 
the mysterious blank slot No. 43 in the fifth period and 
seventh group. 

Mendeleev named this element eka-manganese and tried 
to predict its main properties. A few times the element 
seemed to have been discovered but soon it proved to be an 
error. This was the case with ilmenium allegedly discovered 
by the Russian chemist R. Hermann back in 1846. For some 
time even Mendeleev tended <to believe that ilmenium was 
eka-manganese. Some scientists suggested placing devium 
(see the end of Chapter 10) between molybdenum and ru-
thenium. The German chemist A. Rang even put the symbol 
Dv into this box of the periodic table. In 1896 there flashed 
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and burned like a meteor lucium supposedly discovered 
by P. Barriere. 

Mendeleev did not live to see the happy moment when 
eka-manganese was really found. A year after his death, in 
1908, the Japanese scientist M. Ogawa reported that he found 
the long-awaited element in the rare mineral molybdenite and 
named it nipponium (in honour of the ancient name of Ja-
pan). Alas, Asia once more failed to contribute a new element 
to the periodic system. Ogawa, most probably, dealt with 
hafnium (which was also discovered later). 

Chemists grew accustomed to a few chemical elements 
being discovered every year and they were at a loss in the 
case of eka-manganese. They began to think that Mendeleev 
could make a mistake and no manganese analogues existed. 

H. Moseley dicisively refuted this scepticism in 1913. He 
clearly demonstrated that these analogues have their own 
place among the elements. In a paper dated September 5, 
1925, W. Noddack, I. Tacke, 0 . Berg announced that they 
had discovered, together with element No. 75 (rhenium), its 
lighter analogue in the seventh group of the periodic system, 
namely, masurium whose number was 43. Two new symbols, 
Ma and Re, appeared in the periodic table, in chemical text-
books, and numerous scientific publications. The discoverers 
saw nothing odd in the fact that masurium and rhenium had 
not been discovered earlier. These elements were thought 
to be not too rare, however. The lateness of their discovery 
was attributed to another cause. A large group of trace 
elements is known to geochemistry. The trace elements are 
classified as those elements which have no or almost no 
own minerals but are spread in various amounts over minerals 
of other elements as if the nature has sprayed them with 
a giant atomizer. This is why the traces of masurium and 
rhenium were so hard to identify. Only the powerful eye 
of X-ray spectral analysis could distinguish them against 
the formidable background of other elements. There is an 
ancient saying that if two people do the same things this 
does not mean that the results will be identical. Two biog-
raphies started under the same conditions typically follow 
different paths. The same can be said about the fates of 
elements 43 and 75; one of them went a long way and found 
its proper place while the other's way soon led it to a forest 
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of errors, misunderstandings, and controversies. This was 
the path of masurium. 

W. Prandtl got interested in the empty slots in the seventh 
group of the periodic table. He had his own outlook and 
put forward original ideas on the structure of the periodic 
system. He did not compile a new version of the table, 
though. He suggested placing the rare-earth elements each 
to a group though by that time most chemists had put 
down such an arrangement. But in Prandtl's version of the 
table the seventh group happens to reveal as many as four 
empty slots below manganese corresponding to yet undis-
covered elements (this was in 1924) whose numbers were 43, 
61, 75, and 93. Prandtl believed this to be no chance occur-
rence but a result of a common cause that had prevented 
four elements from having been discovered. The German 
scientist, however, made his table structure too elaborate 
and artificial to be accepted. The final discovery of rhenium 
was the first indication of his errors, and his ideas on the 
first transuranium element (No. 93) were little thought of 
at the time. But he was intuitively right in thinking of 
a close common link between elements 43 and 61. 

The belief in masurium's existence gradually diminished. 
Only the original discoverers were firm. As late as the begin-
ning of the thirties I. Noddack continued to say that in time 
element 43 would be commercially available as it hap-
pened with rhenium. But as the time passed and chemists 
again and again failed to find masurium in whatever miner-
als they analysed they came to believe that I. Noddack was 
right only by half, that is, only about rhenium. Barest 
mineral specimens were tested for masurium. Some people 
even went as far as to claim that masurium minerals had yet 
to be found and would possess unheard-of properties. Natu-
rally, geochemists were quite sceptical. The imagination 
of some people went even further and masurium was suggest-
ed to be radioactive. That was too much, others said. But 
it was precisely this shot that did not go wild. 

Let us talk about some concepts of nuclear physics. We 
have discussed isotopes. Now we meet another term—isobars 
—elements having the same atomic weights or mass num-
bers but different atomic numbers (from the Greek for 
aheavy"). Isobars, in other words, are isotopes of different 
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chemical elements with different nuclear charges but identi-
cal mass numbers. Take, for instance, potassium-40 and 
argon-40 which have different nuclear charges (respectively, 
19 and 20). Their mass numbers are identical because their 
nuclei contain different numbers of protons and neutrons 
but their total numbers are the same; potassium nucleus 
contains 19 protons and 21 neutrons while argon nucleus 
has 20 protons and 20 neutrons. 

Thus, the concept of isobars turned out to be the magic 
key that opened the door to the mystery of masurium. 

When the majority of stable chemical elements were found 
to have isotopes—up to ten isotopes per element—the 
scientists started to study the laws of isotopism. The Ger-
man theoretical physicist J. Mattauch formulated one of 
such laws at the beginning of the thirties (the basic premise 
of this law was noted back in 1924 by the Soviet chemist 
S. Shchukarev). The law states that if the difference between 
the nuclear charges of two isobars is unity one of them must 
be radioactive. For instance, in the 40K-40Ar isobar pair the 
first is naturally weakly radioactive and transforms into 
the second owing to the so-called process of K-capture. 

Then Mattauch compared with each other the mass num-
bers of the isotopes of the neighbours of masurium, that is, 
molybdenum (Z = 42) and ruthenium (Z = 44): 

Mo isotopes 94 95 96 97 98 — 100 — — 
Ru isotopes — — 96 — 98 99 100 101 102 

What did he deduce from this comparison? The fact that 
the wide range of mass numbers from 94 to 102 was forbidden 
for the isotopes of element 43 or, in other words, that no 
stable masurium isotopes could exist. 

If that was really so that meant a peculiar anomaly linked 
to the number 43 in the periodic system. All the atom 
species with Z = 43 had to be radioactive as if this number 
was a small island of instability amidst a sea of stable 
elements. This, of course, would be unfeasible to predict 
within the framework of purely chemical theory. When 
Mendeleev predicted his eka-manganese he could never imag-
ine that this member of the seventh group of the periodic 
system could not exist on Earth. 
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Of course, in those times (the early thirties) Mattauch's 
law was no more than a hypothesis, though one that looked 
like quite capable of becoming a law. And it became just 
that. The physicist's idea opened the eyes of chemists who 
lost all hope, of finding element 43 and they saw the source 
of their errors. However, the symbol Ma remained in box 
43 of the periodic system for a few more years. And not 
without a reason. All right, all masurium isotopes are radio-
active. But we know radioactive isotopes existing on Earth— 
uranium-238, thorium-232, potassium-40. They are still 
found on Earth because their half-lives are very long. Masu-
rium isotopes are, perhaps, long-lived, too? If so, one should 
not be too hasty in dismissing the chances of successful 
search for element 43 in nature. 

The old problem remained open. Who knows which way 
the biography of masurium would take if not for the dawn of 
a new age—that of artificial synthesis of elements. 

Nuclear synthesis became feasible after invention of the 
cyclotron and the discoveries of neutrons and artificial 
radioactivity. In early thirties a few artificial radioisotopes 
of known elements were synthesized. Syntheses of heavier-
than-uranium elements were even reported. But physicists 
just did not dare to take the challenge of the empty boxes at 
the very heart of the periodic system. It was explained by 
a variety of reasons but the major one was enormous techni-
cal complexity of nuclear synthesis. A chance helped. At 
the end of 1936 the young Italian physicist E. Segre went for 
a post-graduate work at Berkley (USA) where one of the 
first cyclotrons in the world was successfully put into opera-
tion. A small component was instrumental in cyclotron 
operation. It directed a beam of charged accelerated parti-
cles to a target. Absorption of a part of the beam led to 
intense heating of the component so that it had to be made 
from a refractory material, for instance, molybdenum. 

The charged particles absorbed by molybdenum gave rise 
to nuclear reactions in it and molybdenum nuclei could be 
transformed into nuclei of other elements. Molybdenum is 
a neighbour of element 43 in the periodic system. A beam of 
accelerated deutrons could, in principle, produce masurium 
nuclei from molybdenum nuclei. 

That was just Segre's thought. He was a competent radio-
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chemist and understood that if masurium really were pro-
duced its amount would be literally negligible and its sepa-
ration from molybdenum would present an enormously 
intricate task. Therefore, he took an irradiated molybdenum 
specimen with him back to the University of Palermo where 
he was assisted in his work by the chemist C. Perrier. 

They had had to work for nearly half a year before they 
could present their tentative conclusions in a short letter to 
the London journal Nature. Briefly, the letter reported the 
first in history artificial synthesis of a new chemical element. 
This was element 43 the futile search for which on Earth 
wasted so much efforts of scientists from many countries. 
Professor E. Lawrence from the University of California at 
Berkley gave the authors a molybdenum plate irradiated 
with deutrons in the Berkley cyclotron. The plate exhibited 
a high radioactivity level which could hardly be due to any 
single substance. The half-life was such that the substances 
could not be radioactive isotopes of zirconium, niobium, 
molybdenum, and ruthenium. Most probably they were 
isotopes of element 43. 

Though the chemical properties of this element were prac-
tically unknown Segre and Perrier attempted to analyse them 
radiochemically. The element proved to be closely similar 
to rhenium and exhibited the same analytical reactions as 
rhenium. However, it could be separated from rhenium with 
the technique used for separating molybdenum and rhenium. 

The letter was written in Palermo and dated June 13,1937. 
It was by no means a sensation. The scientific community 
regarded it as just the authors going on record. The reported 
data were too patchy while what was needed to be convincing 
was precisely the details and clear results of radiochemical 
analysis. 

Only later Segre and Perrier were recognized as heroes; 
indeed, they extracted from the irradiated molybdenum just 
10~10 g of the new element—an amount formerly undetect-
able! Never before radiochemists worked with such negligible 
amounts of material. The discoverers suggested naming the 
new element technetium from the Greek for "artificial". Thus, 
the name of the first synthesized element reflected its origin. 
The name, though, became generally accepted only ten 
years later. 
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Perrier and Segre received new specimens of irradiated 
molybdenum and continued their studies. Their discovery 
was confirmed by other scientists. By 1939 it was understood 
that bombardment of molybdenum with deutrons or neutrons 
produces at least five technetium isotopes. Half-lives of 
some of them were sufficiently long to make possible sub-
stantial chemical studies of the new element. It no longer 
sounded fantastic to speak about "the chemistry of element 
43". But all attempts to measure accurately the half-lives 
of the technetium isotopes failed. The available estimates 
were disheartening since none of them exceeded 90 days and 
this put a stop to^all hopes of finding the element on Earth. 

So what was technetium in the late thirties and" early 
forties? Nothing more than an expensive toy for curious 
scientists. Any prospects of accumulating it in a noticeable 
amount were, apparently, non-existent. The fate of techne-
tium (and not only of it) was reversed when nuclear physics 
discovered an amazing phenomenon—fission of uranium by 
slow neutrons. 

When a slow neutron hits a nucleus of uranium-235 it in 
effect breaks the nucleus down into two fragments. Each 
of the fragments is a nucleus of an element from the central 
part of the periodic table, including technetium isotopes. 
It is not without a reason that a fission reactor (a large-scale 
nuclear energy producer) is known as a factory of isotopes. 

Cyclotron made possible the first ever synthesis of tech-
netium and fission reactor allowed the chemists to produce 
kilograms of technetium. But even before the first fission 
reactor started operating Segre in 1940 found the technetium 
isotope with a mass number of 99 in uranium fission products 
in his laboratory. Having found its new birthplace in a fission 
reactor technetium started to turn into an everyday (paradox-
ical as it may be) element. Indeed, fission of 1 g of urani-
um-235 gives rise to 26 mg of technetium-99. 

As soon as technetium ceased to be a rare bird scientists 
found the answers to many questions that had puzzled them, 
and first of all about its half-lives. In the early fifties it 
became clear that three of technetium isotopes are excep-
tionally long-lived in comparison with not only its other iso-
topes but also many other natural isotopes of radioactive 
elements. The half-life of technetium-99 is 212 000 years, that 
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of technetium-98 is one and a half million years, while that 
of technetium-97 is even more, namely, 2 600 000 years. 
The half-lives are long but not long enough for primary 
technetium to be conserved on Earth since its origin. The 
primary technetium would survive on Earth if its half-
life were not shorter than one hundred fifty million years. 
This makes obvious the hopelessness of all search for tech-
netium on Earth. 

But technetium can still be produced in the course of nat-
ural nuclear reactions, for instance, when molybdenum is 
bombarded by neutrons. How can free neutrons appear on 
Earth? They can be produced in spontaneous fission of ura-
nium. The process occurs as described above, only spontane-
ously, and gives rise to a few neutrons, apart from two large 
fragments, i.e. nuclei of lighter elements. 

The search for technetium in molybdenum ores failed 
and scientists turned their attention to another possibility. 
If technetium isotopes are produced in fission reactors why 
cannot they be born in natural processes of spontaneous 
uranium fission? 

Using as a basis the Earth uranium resources (taking the 
figure for the mean abundance of uranium in the 20-km thick-
ness of the Earth crust) and assuming the same proportion 
of produced technetium as in the case of reactor fission we 
can calculate that there are just 1.5 kg of technetium on 
Earth. Such a small amount (though it is larger than for 
other synthesized elements) could hardly be taken seriously. 
Nevertheless, scientists attempted to extract natural tech-
netium from uranium minerals. This was done in 1961 by 
the American chemists B. Kenna and P. Kuroda. Thus, 
technetium acquired another birthday—the day when it was 
discovered in nature. If the methods of artificial synthesis of 
technetium had failed to materialize, even then it would, 
sooner or later, be brought to light from the bowels of the 
Earth. 

But ten years earlier, in 1951, sensational news about 
element 43 was heard. The American astronomer S. Moore 
found characteristic lines of technetium in the solar spectrum. 
The spectrum of technetium had been recorded immediately 
when it had become feasible, that is, when a sufficient 
amount of the element had been synthesized. The spectral 
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data had been compared with those reported by the Nod-
dacks and Berg for masurium. The spectra had proved to 
be quite different making ultimately clear the mistake of 
the discoverers of masurium. The spectrum of the solar 
technetium was identical to that of the terrestrial techne-
tium. An analogy with helium was apparent—both elements 
sent messages from the Sun before to be found on Earth. 
True, some astronomers questioned the data on the solar 
technetium. But in 1952 the cosmic technetium once more 
sent a message when the British astrophysicist P. Merril 
found technetium lines in the spectra of two stars with the 
poetic names of R Andromedae and Mira Geti. The inten-
sities of these lines evidenced that the content of technetium 
in these stars was close to that of its neighbours in the 
periodic system, namely, niobium, zirconium, molybdenunij 
ruthenium, rhodium, and palladium. But these elements are 
stable while technetium is radioactive. Though its half-
life is relatively long it is still negligible on cosmic scale. 
Therefore, the existence of technetium on stars can mean 
only that it is still born there in various nuclear reactions. 
Chemical elements continue to be produced in stars on 
a gigantic scale. A witty astrophysicist named technetium 
the acid test of cosmogonic theories. Any theory of the origin 
of elements must elucidate the sequence of nuclear reactions 
in stars giving rise to technetium. 

Promethium 
The history of one rare-earth element is so unusual that it 

merits individual discussion. Promethium, as it is known 
now, is practically non-existent in nature (we write practi-
cally but not absolutely and the reason for that will be 
clear later). Event which can only be described as amazing 
preceded the discovery of element 61 by means of nuclear 
synthesis. 

The work of Moseley made clear the existence of an unknown 
element between neodymium and samarium. But the 
situation proved to be not so clear and dramatic events 
rapidly followed in the history of element 61. 

The New World was unlucky in discoveries of new elements. 
All the elements known by the twenties of this century 
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(not counting the elements known from ancient times) had in 
fact been discovered by the European scientists. This is why 
the American scientific community was particularly happy to 
learn about the discovery of element 61 by the chemists from 
Chicago B. Hopkins, L. Interna, and J. Harris in 1926. 

Starting from 1913 scientists from various countries had 
been searching intensely for the elusive rare-earth element 
and it seemed strange that they had not found it earlier. 
Indeed, the elements of the first half of the rare-earth family 
known as the cerium elements (from lanthanum to gadolin-
ium) had been shown by geochemists to be more abundant 
in nature than the yttrium elements of the second half of the 
family (from terbium to lutecium). But all the yttrium ele-
ments had been found while an empty box had remained in 
the cerium group between neodymium and samarium. 

The straightforward explanation was that element 61 was 
not just rare but rarest element. Its abundance was assumed 
to be much lower than that of other rare-earth elements, 
and the available analytical techniques were not sensitive 
enough to identify its traces in the terrestrial minerals. 
New more sensitive methods were needed for the purpose. 

The American chemists employed X-ray and optical spec-
tral techniques to study the minerals where they hoped to find 
element 61. Those well versed in the history of rare-earth 
elements could say that the path the Americans took was 
a troublesome one as spectral analysis not infrequently had 
acted as an evil genius of rare-earth studies despite all the 
benefits it had brought to them. But in the twenties the feet 
spectroscopy stood on were not so unsteady as a few decades 
earlier and the Moseley law could be used for predicting the 
X-ray spectra of any element. 

The American chemists worked hard, analysed numerous 
specimens of various minerals and in April 1926 reported 
the discovery of element 61. But they did not extract even 
a grain of the new element and its existence was inferred 
from the X-ray and optical spectral data. 

The discoverers named the element illinium in honour of 
the Illinois University where they worked and the symbol II 
took its place in box 61 of the periodic system. But just 
a half-year later a new claimant of box 61 came into the 
limelight. It had been discovered by two Italian scientists, 
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L. Rolla and L. Fernandes who had named it flor-
encium (Fl). Allegedly, they had discovered element 
61 two years earlier than the Americans but failed 
to report the discovery owing to some undisclosed 
reasons. They had sealed the report of their dis-
covery into an envelope and left it for safe-keeping in 
the Florence Academy. 

If different people obtain the same result with different 
means that would seem to prove that the result is genuine. 
Americans and Italians could be only too happy. As for 
the question of priority it was nothing new to science. But 
no one of the alleged discoverers of element 61 could imagine 
that their argument about priority would soon become 
superfluous and both symbols, II and Fl, would be shown 
to be illegal squatters in box 61 of the periodic table. 

To trace the events now we have to go not further but 
some time back to the facts that were simply unknown at 
the time. The report of the discoverers of element 61 started 
with the words: "There had been absolutely no grounds for 
assuming the existence of an element between neodymium 
and samarium until it was demonstrated through the Moseley 
law." Typical dry style of a scientific report, everything 
would seem to be correct. But ... . 

The following remarkable conclusion in German (please, 
do not look it up in a dictionary yet) appeared in the 
margin of a hand-written manuscript of the element table 
found in the papers of a certain scientist (we shall supply 
the name a little later): "NB. 61 ist das von mir 1902 vor-
hergesagte fehlende Elemente." 

The real history of element 61 should prominently feature 
the name we have already met on these pages. It is the Czech 
scientist Boguslav Brauner, Mendeleev's friend and an 
eminent expert in the chemistry of rare-earth elements. 

Illinium had been discovered, the discoverers accept 
congratulations and learn about the second, third, fourth 
confirmation of the discovery from the scientists of other 
countries. The pedigree of element 61 could be started 
thus: "Moseley had predicted and American chemists dis-
covered." But a discordant note unexpectedly sounded in 
November 1926 from the pages of Nature. It was none other 
than Brauner. He congratulated his American colleagues but 
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voiced his disagreement with the above-cited beginning of 
their report. He argued that it was really not important 
who first discovered element 61—Americans or Italians; 
in the twenties scientists became increasingly aware that 
the discovery by itself was a purely technical matter. The 
important issue is who predicted the new element. Was it 
Moseley? No, declared the Czech scientist. Who then? 
Of course, he himself, Boguslav Brauner ... . 

But nothing could be further from the truth if we thought 
that he was immodest. His claim was based- on his vast 
experience of work with rare earths, on his profound under-
standing of the spirit of the periodic system, on his superb 
appreciation of slight changes of properties in the series of 
extremely similar rare-earth elements, and, finally, on his 
intuition of a dedicated researcher. 

But these words of praise must be substantiated with 
facts. Let us turn back to 1882. The old didymium of 
K. Mosander is close to its death. P. Lecoq de Boisbaudran 
has already extracted a new element, samarium, from it. 
B. Brauner carefully analyses the residue and employing 
extremely complicated chemical procedures separates it 
into three fractions with different atomic masses. Owing 
to a number of reasons he has to discontinue his work and 
in 1885 K. Auer von Welsbach overtakes the Czech scientist. 
The old didymium is dead but praseodymium andneodymium 
have appeared, the first and the third fractions of Brauner. 
But what about the intermediate second fraction? No, its 
time has not come. The chemistry of rare-earth elements 
is in a turmoil. The muddy stream of erroneous discoveries 
of new elements overflows with doubts the very periodic 
system. But life goes on. The chaos in rare earths gradually 
diminishes and the known rare-earth elements form an 
ordered series. Now Brauner notices that the difference 
between the atomic masses of neodymium and samarium is 
rather large; it is larger than the respective difference 
between any two neighbouring rare-earth elements. His 
brilliant knowledge of rare earths suggests to Brauner 
that there is a discontinuity in the variations of their 
properties in the part of the series between neodymium and 
samarium. At last, he recalls his work of 1882. The clues 
fit into a pattern leading to a premonition and even certainty 
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that an unknown element can be found between neodymium 
and samarium. But as his friend, Mendeleev, Brauner was 
never too hasty in his conclusions. It was only in 1901 that 
he placed an empty box between neodymium and samarium 
when he put forward his views on the place of the rare-earth 
elements in the periodic system. 

Now we can give a translation of the note he wrote in 
margin of his hand-written table of elements. It reads: 
"61st element is the missing element predicted by me in 
1902." 

His short letter to Nature was an attempt by Brauner 
to put the record straight. This would seem to simplify the 
task of science historians in writing the history of element 
61. But a history is meaningful only if it treats a subject 
which really exists. As for illinium the element proved to 
be still-born. 

While the hotheads kept trying to squeeze the symbol 
II into box 61 of the periodic table meticulous critics tried 
to verify the discovery. The careful experiments by the first 
of them, Prandtl, could be doubted by nobody. But his 
results did not even hint at the existence of element 61. 

In 1926 the Noddacks who had just announced their 
discovery of masurium and rhenium (Nos. 43 and 75) started 
their tests. They used all available techniques to analyse 
fifteen various minerals suspected of containing illinium. 
They processed 100 kilograms of rare-earth materials and 
could not detect a new element. The Noddacks claimed that 
if the Americans' results had been correct they, the Nod-
dacks, would undoubtedly extracted the new element. 
Even if the element were 10 million times rarer than nio-
dymium or samarium they would still find it ... . There 
are two possible explanations: either element 61 is so rare 
that the existing experimental techniques are not fine 
enough to find it or wrong mineral specimens were taken. 

Geochemists were against the first explanation. The 
abundances of rare-earth elements are more or less similar. 
There are no reasons to think that illinium is an exception. 
They suggested looking for illinium in minerals of calcium 
and strontium. All rare-earth elements are typically trivalent 
but some of them can exhibit a valence of two or four. 
For instance, europium rather easily gives rise to cations 
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with a charge of two. Their size is closer to those of calcium 
and strontium cations and they can replace the latter in 
the respective alkaline-earth minerals. Perhaps, illinium 
has a similar more pronounced capacity and can be found 
in some rare natural compound of strontium. One hypothesis 
replaced another, one assumption stemmed from another, 
unsubstantiated one. Just in case, the Noddacks analysed 
several alkaline-earth minerals. Alas, they failed once more. 

The search for illinium seemed to come to a dead end; 
though it still went on the reported results were little be-
lieved. 

Chemists failed in looking for element 61 in the ter-
restrial minerals. It was theoretical physics whose fate it 
was to open up the "envelope" where nature had "sealed" 
element 61. But when the envelope was open the scientists 
(not for the first time!) were disappointed. The envelope was 
empty. 

At this point the fate of element 61 directly involves the 
fate of element 43, that is, technetium. According to the 
law formulated by the German theoretical physicist Mat-
tauch, technetium in principle cannot have stable isotopes. 
This law also forbids existence of stable isotopes of ele-
ment 61. Illinium is dead but element 61 must survive. 

But what if it really does not exist? I. Noddack put for-
ward a daring idea that illinium (we shall use this name for 
the time being) had existed on Earth in early geological 
periods. But it had been a highly radioactive element with 
a short half-life and it had decayed fairly soon and disap-
peared from the face of Earth. If we agree with this idea we 
have to make two extremely unlikely assumptions. First, 
illinium which is at the centre of the periodic table has no 
stable isotopes. Second, the half-lives of its isotopes a e much 
shorter than the age of Earth. 

Indeed, illinium neighbours in the periodic system 
(neodymium and samarium) have many (seven each) natural 
isotopes with a wide range of mass numbers—from 142 to 
154. Any feasible isotope of element 61 would have its mass 
number in this range. Thus, any illinium isotope proves to 
be unstable in this range of mass numbers. 

The Mattauch law seemed to bury for good the hopes 
to find element 61 on Earth. But then a gleam of hope 
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appeared. All right, the illinium isotopes are all radio-
active. But to what extent? Perhaps the half-lives of some 
of them are very long. At that time the theory had not 
learned how to predict half-lives of isotopes. The search 
for element 61 had to continue in the dark. Physicists 
believed that only nuclear synthesis could solve the riddle 
of element 61 the more so as the case of technetium was 
fresh in their minds. 

As if trying to restore the honour of American science 
after its setback in 1926 two physicists from the University 
of Ohio conducted the first experiment on artificial synthesis 
of element 61 in 1938. They bombarded a neodymium target 
with fast deutrons (the nuclei of heavy hydrogen). They 
believed that the resulting nuclear reaction Nd + d -> 
-*- 61 + n gave rise to an isotope of element 61. Their 
results were inconclusive but nevertheless they thought that 
they obtained an isotope of the new element with the mass 
number of 144 and the half-life of 12.5 hours. 

Again sceptics said that these results were erroneous 
and not without a reason since nobody could be sure that 
the neodymium target was ideally pure. The method of 
identification could hardly be considered reliable, too. Even 
uncomplicated optical and X-ray spectra evidenced the 
presence of element 61 as in the study of 1926; the conclusion 
was made from the radiometric data. 

In fact, chemistry was not involved in this work and 
the chemical nature of the mysterious radioactive product 
was not determined. Therefore, one may ask whether 1938 
can be regarded as the actual date of discovery of element 61. 
It can rather be said that only the consistent efforts to 
synthesize it started at the time. 

As time passed the range of bombarding particles was 
extending, targets of other rare-earth elements were used, 
and the techniques of activity measurements were improved. 
Beports on other illinium isotopes started to appear in 
scientific journals. Element 61 was becoming a reality 
albeit an artificially created one. Its name was changed to 
cyclonium in commemoration of the fact that it was produced 
in a cyclotron but the symbol Cy did not remain for long in 
box 61 of the periodic table. 

Researchers had detected the radioactive "signal" of 
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cyclonium but nobody had seen even a grain of the new ele-
ment and its spectra had not been recorded. Only indirect 
evidence of the existence of cyclonium had been obtained. 

The history of science of the 20th century knows of many 
great discoveries and one of the greatest is the discovery 
of uranium fission under the effect of slow neutrons. The 
nuclei of uranium-235 isotopes are split into two fragments, 
each of which is an isotope of one of the elements at the 
centre of the periodic table. Isotopes of thirty odd elements 
from zinc to gadolinium can be produced in this way. The 
yield of the isotopes of element 61 has been calculated to be 
fairly high—approximately 3 per cent of the total amount 
of the fission products. 

But the task of extracting the 3 per cent amount proved 
to be very difficult. 

The American chemists J. Marinsky, L. Glendenin, and 
Ch. Coryell applied a new chemical technique of ion-ex-
change chromatography for separation of the uranium fis-
sion fragments. 

Special high-molecular compounds known as the ion-
exchange resins are employed in this technique for separat-
ing elements. The resins act as a sieve sorting up elements 
in an order of the increasing strength of the bonds between 
the respective elements and the resin. At the bottom of the 
sieve the scientists found a real treasure—two isotopes of 
element 61 with the mass numbers 147 and 149. 

At last, element 61 known as illinium, florencium, and 
cyclonium could be given its final name. According to 
recollections of the discoverers, the search for a new name 
was no less difficult than the search for the element itself. 
The wife of one of them, M. Coryell, resolved the difficulty 
when she suggested the name promethium for the element. 
In an ancient Greek myth Prometheus stole fire from heaven, 
gave it to man and was consequently put to extreme torture 
by Zeus. The name is not only a symbol of the dramatic way 
of obtaining the new element in noticeable amounts owing 
to the harnessing of nuclear fission by man but also a warning 
against the impeding danger that mankind will be tortured 
by the hawk of war, wrote the scientists. 

Promethium was obtained in 1945 but the first report was 
published in 1947. On June 28, 1948, the participants at 
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a symposium of the American Chemical Society in Syracuse 
had a lucky chance to see the first specimens of promethium 
compounds (yellow chloride and pink nitrate) each weighing 
3 mg. These specimens were no less significant than the 
first pure radium salt prepared by Marie Curie. Promethium 
was born by the great creative power of science. The amounts 
of promethium prepared now weigh tens of grams and* most of 
its properties have been studied. 

The Mattauch law denied the existence of terrestrial 
promethium but this denial was not absolute. The search for 
promethium in terrestrial ores and minerals would be quite 
in order if promethium had long-lived isotopes with half-
lives of the order of the age of Earth. 

But in this respect nuclear physics proved to be a foe 
.of natural promethium. With each newly synthesized pro-
methium isotope a possible scope for search became in-
creasingly narrow. The promethium isotopes were found to 
be short-lived. Among the fifteen promethium isotopes known 
today the longest-lived one has a half-life of only 30 years. 
In other words, when Earth had just formed as a planet not 
a trace of promethium could exist on it. But what we mean 
here is the primary promethium formed in the primordial 
process of origination of elements. What was discussed was 
the search for the secondary promethium which is still being 
formed on Earth in various natural nuclear reactions. 

Technetium was finally found on Earth among the frag-
ments of spontaneous fission of uranium. These fission products 
could contain promethium isotopes. According to estimates, 
the amount of promethium that can be produced owing to 
spontaneous fission of uranium in the Earth's crust is about 
780 g, that is, practically, nothing. To look for natural 
promethium would be tantamount to dissolving a barrel of 
salt in the lake Baikal and then trying to find individual 
salt molecules. 

But this titanic task was fulfilled in 1968. A group of 
American scientists including the discoverer of natural 
technetium P. Kuroda managed to find the natural prome-
thium isotope with a mass number of 147 in a specimen of 
uranium ore (pitchblende). This was the final step in the 
fascinating history of the discovery of element 61. 
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As in the case of technetium, we can name two dates of 
discovery of promethium. 

The first date is the date of its synthesis, that is, 1945. 
But under the circumstances synthesis was unconventional 
(it could be called fission synthesis). The first two pro-
methium isotopes were extracted from the fragments of 
fission of uranium irradiated with slow neutrons rather than 
in a direct way as was the case with technetium, which was 
produced in a direct nuclear reaction. This makes pro-
methium a unique case among all other synthesized elements. 

The second date is the date of the discovery of natural 
promethium, that is, 1968. This achievement is of indepen-
dent significance as it stretched to the utmost the capabilities 
of the physical and chemical methods of analysis. Of course, 
the achievement is of a purely theoretical significance since 
nobody can hope to extract natural promethium for practical 
uses. 

Astatine and Francium 
In July 1925 the British scientist W. Friend went to 

Palestine but not as a pilgrim. Moreover", he was neither 
an archeologist nor a tourist visiting exotic lands. He was 
just a chemist and his luggage contained mostly ordinary 
empty bottles which he hoped to fill with samples of water 
from the Dead Sea, which has the highest concentration of 
dissolved salts on Earth. Fish cannot live in it and a man 
can swim in it without any danger of drowning—so high is 
the density of water in it. 

The sombre Biblical landscapes failed to dampen Friend's 
hopes for success. His goal was to find in the water of the 
Dead Sea eka-iodine and eka-cesium which chemists had 
sought in vain. Sea water contains many dissolved salts of 
alkali metals and halogens and their concentration in the 
Dead Sea water must be exceptionally high. The higher the 
probability that they hide among them the unknown ele-
ments, namely the heaviest halogen and the heaviest alkali 
metal, even if in trace amounts. 

Of course. Friend was not entirely original in choosing 
the direction of his search. As early as the end of the 19th 
century a chemist would not hesitate to answer the question 
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where to look for eka-iodine and eka-cesium on Earth. The 
obvious answer was where natural compounds of alkali met-
als and halogens are found, that is, in deposits of potassium 
salts, in sea and ocean water, in various minerals, in deep 
well water, in some sea algae, and so on. In other words, the 
field of search was quite wide. 

But all the attempts to find eka-iodine and eka-cesium 
failed and efforts of Friend were no exception. 

Now let us turn back to the last decades of the 19th 
century. When Mendeleev developed the periodic system of 
elements it contained many empty slots corresponding to 
unknown elements between bismuth and uranium. These 
empty slots were rapidly filled after the discovery of radio-
activity. Polonium, radium, radon, actinium, and finally 
protactinium took their places between uranium and thorium. 
Only eka-iodine and eka-cesium were late. This fact, howev-
er, did not particularly trouble scientists. These unknown 
elements had to be radioactive since there was not even a 
hint of doubt that radioactivity was the common feature of 
elements heavier than bismuth. Therefore, sooner or later 
radiometric methods would demonstrate the existence of 
elements 85 and 87. 

The natural isotopes of uranium and thorium in long 
series of successive radioactive transformations give rise 
to secondary chemical elements. In the first decade of the 
20th century scientists had in their disposal about forty 
radioactive isotopes of the elements at the end of the 
periodic system, that is, from bismuth to uranium. These 
radioelements comprised three radioactive families headed by 
thorium-232, uranium-235 and uranium-238. Each radioac-
tive element sent, its representatives to these families with 
the only exception of eka-iodine and eka-cesium. None of 
the three series had links that would correspond to the 
isotopes of element 85 or 87. This suggested an unexpected 
idea that eka-iodine and eka-cesium were not radioactive. 
But why? Nobody dared to answer this question. Under this 
assumption it was meaningless to look for these elements in 
the ores of uranium and thorium which contained all the 
radioactive elements without exception. 

The assumption about stability of eka-iodine and eka-
cesium was not confirmed. But all efforts to find isotopes 
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of these elements in the radioactive families met with 
failure. But there remained one path of investigation which 
seemed promising. Does a given radioactive isotope have only 
one or two decay mechanisms? For instance, it emits both 
alpha and beta particles. If so the products of decay of 
this isotope are isotopes of two different elements and the 
series of radioactive transformations at the place of this 
isotope experiences branching. This problem was discussed 
for a long time and for some isotopes this effect seemed to 
take place. 

In 1913 the British scientist A. Cranston worked with 
the radioelement MsTh-II (an isotope of actinium-228). This 
isotope emits beta particles and converts into thorium-228. 
But Cranston thought that he detected a very weak alpha 
decay, too. If that was true the product of the decay had to 
be the long-expected eka-cesium. Indeed, the process is 
described by 

2||Ac A - 22487 
But Cranston just reported his observation and did not follow 
the lead. 

Just a year later three radiochemists from Vienna— 
S. Meyer, G. Hess, and F. Paneth—studied actinium-227, 
an isotope belonging to the family of uranium-235. They 
repeated their experiments and at last their sensitive 
instruments detected alpha particles of unknown origin. 
Alpha particles emitted by various isotopes have specific 
mean paths in air (of the order of a few centimetres). The 
mean path of the alpha particles in the experiments of the 
Austrian scientists was 3.5 cm. No known alpha-active iso-
tope had such mean path of alpha particles. The scientists 
from the Vienna Badium Institute concluded that these 
particles were the product of alpha decay of the typically 
beta-active actinium-227. A product of this decay had to be 
an isotope of element 87. 

The discovery had to be confirmed in new experiments. 
The Austrians were ready for this but soon the World War I 
started. 

They indeed observed alpha radiation of actinium-227 
and this meant that atoms of element 87 were produced in 
their presence. But this fact had to be proved. It was 
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easier to refute their conclusions. Sceptics said that the 
observed alpha activity was too weak and the results were 
probably erroneous. Others said that an isotope of the 
neighbouring element, protactinium, also emitted alpha 
particles with the mean path close to 3.5 cm. Perhaps, an 
error was caused by an admixture of protactinium. 

Elements 85 and 87 were discovered several times and 
given such names as dacinum and moldavium, alcalinium 
and helvetium, or leptinum and anglohelvetium. But all of 
them were mistakes. The fine-sounding names covered 
emptiness. 

The mass numbers of all isotopes in the family of thori-
um-232 are divided by four. Therefore, the thorium family 
is sometimes referred to as the An family. After division 
by four of the mass numbers of the isotopes in the two 
uranium families we get a remainder of two or three. Re-
spectively, the uranium-238 family is known as the (An + 2) 
family and the uranium-235 family as the (An + 3) family. 

But where is the (An + 1) family? Perhaps it is precisely 
in this unknown fourth series of radioactive transformations 
that the isotopes of eka-iodine and eka-cesium can be found. 
The idea was not unreasonable but not a single known radio-
active isotope could fit into this hypothetical family by 
its mass number. 

Sceptics declared, not without reason, that indeed there 
had been the fourth radioactive series at the early stages 
of Earth's existence. But all the isotopes that comprised 
it including the originator of the series had too short half-
lives and hence disappeared from the face of the Earth long 
ago. The fourth radioactive tree had withered away long 
before mankind appeared. 

In the twenties theorists attempted to reconstruct this 
family, to visualize its composition if it had existed. 
This imaginary structure had positions for the isotopes of 
elements 85 and 87 (but not for the radon isotopes). But 
this direction of search did not bring results, too. Perhaps 
the elusive elements did not exist at all? 

But the goal was not that far. But before we start the 
tale about the realization of the scientists' dreams let us 
turn back to the first synthesized element, namely, tech-
netium. 
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Why was technetium the first? Primarily, because the 
choice of the target and the bombarding particles was ob-
vious. The target was molybdenum, which could be made 
sufficiently pure at the time. The bombarding particles were 
neutrons and deutrons, and accelerators were available for 
accelerating deutrons. This is why the discovery of techne-
tium manifested the dawn of the age of synthesized elements. 

The work on promethium proved more complicated because 
it belonged to the rare-earth family and the main difficulties 
were met in determining its chemical nature. 

But the task for elements 85 and 87 looked much more 
formidable. In their attempts to produce eka-iodine the 
scientists could only have one material for the target, 
namely, bismuth, element 83. The bombarding particles were 
a case of Hobson's choice, too—only alpha particles could 
be used. Polonium, which precedes eka-iodine, could not be 
used as the material for the target. The elements with lower 
numbers than bismuth could not be used as targets because 
the scientists lacked appropriate bombarding particles to 
reach number 85. 

Eka-cesium looked totally inaccessible for artificial 
synthesis. No suitable targets and bombarding particles 
existed in the thirties. But such is the irony of history 
that it was precisely element 87 that became the second 
after technetium reliably discovered element out of the four 
missing elements within the old boundaries of the periodic 
system. 

At this point in history the line of eka-iodine and eka-
cesium, which had travelled parallel for such a long time, 
started to diverge and therefore we shall consider their 
discoveries separately. 

Element 85 was synthesized by D. Corson, C. Mackenzie, 
and E. Segre who worked at Berkley (USA). The Italian 
physicist Segre by that time had settled in the USA and was 
the only one in the group who had an experience in artificial 
synthesis of a new element (technetium). On July 16, 1940, 
these scientists submitted to the prestigious physical journal 
Physical Review a large paper entitled "Artificial radioactive 
element 85". They reported how they had bombarded a 
bismuth target with alpha particles accelerated in a cyclo-
tron and obtained a radioactive product of the nuclear 
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reaction 2°3Bi(a, 2n). The product, most probably, was an 
isotope of eka-iodine with a half-life of 7.5 hours and a mass 
number of 211. Segre and his coworkers performed fine 
chemical experiments with the new element produced in 
negligible amounts and found that it was similar to iodine 
and exhibited weakly metallic properties. 

The results seemed convincing enough. But the new ele-
ment remained nameless for the time being. Further work on 
eka-iodine had to be delayed as the war started. It was re-
sumed only in 1947 and the same group announced synthesis 
of another isotope with a mass number of 210. Its half-life was 
somewhat longer but still only 8.3 hours. Later it was found 
to be the longest-lived isotope of element 85. It was pro-
duced with a similar technique as the first isotope though 
the energy of the bombarding alpha particles was somewhat 
higher. As a result the intermediate composite nucleus 
(209Bi + a) emitted three rather than two neutrons and, 
hdnce, the mass number of the isotope was lower by 1. 
Only now the new element was given the name astatine from 
the Greek for "unstable" (the symbol At). 

But in the interval between the syntheses of the isotopes 
211At and 210At a remarkable event occurred. The scientists 
from the Vienna Radium Institute B. Karlik and T. Bernert 
managed to find natural astatine. This was an extremely 
skillful study straining to the utmost the capacity of 
radiometry. The work was crowned with success and element 
85 was born for the second time. As in the cases of techne-
tium and promethium, we can name two dates in the history 
of astatine, namely, the year of its synthesis (1940) and the 
year of its discovery in nature (1943). 

But when Segre and his coworkers were preparing for 
irradiating a bismuth target with alpha particles the 
scientific community had known about the discovery of eka-
cesium for more than a year. Transactions of the Paris 
Academy of Sciences published a paper headed "Element 87: 
AcK formed from actinium" and dated January 9, 1939. Its 
author was M. Perey, the assistant of the eminent radio-
chemist Debierne who had announced his discovery of actin-
ium forty years earlier. 

Marguerite Perey did not invent any fundamentally new 
methods and did not indulge in any vague and complicated 
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speculations about possible sources of natural eka-cesium. 
In 1938 she came upon a paper published in 1914. The paper 
was signed by the Austrian chemists Meyer, Hess and 
Paneth. Perey attempted to prove their ideas. She obtained 
a carefully purified specimen of actinium-227. This isotope 
has a high beta-activity but sometimes it emits alpha 
particles, too. The mean path of such particles in air is 
3.5 cm. This alpha radiation is by no means due to prot-
actinium as the actinium specimen was sufficiently purified. 
Since alpha particles are emitted the eka-cesium isotope 
with a mass number of 223 must continuously be accumulat-
ed in the specimen. A series of experiments definitely dem-
onstrated that, indeed, some substance with a half-life 
of 21 min is accumulated in the actinium specimen. Now it 
is the turn of chemical analysis to prove that this substance 
is a new element. Its properties proved to be similar to those 
of cesium. Perey named the new element francium in honour 
of her country. Only for a short period it was called actinium 
K (AcK) in accordance with the old nomenclature of radio-
elements. 

The first description given by Perey to the newborn 
element was extremely brief: the element is formed with 
alpha decay of actinium-227 in the reaction 

22
a

7Ac 22385 

and it is alpha-active with a half-life of 21 min. Then she 
spent several months studying its chemical properties and 
demonstrated convincingly that francium is similar to 
cesium in all its characteristics. 

None cf the natural radioactive elements had such a 
short half-life, even the artificially synthesized element 
85 had a half-life measured in hours. There were hopes to 
find other natural isotopes of francium with longer half-
lives. But in fact francium-223 proved to be the only fran-
cium isotope found on Earth. 

The only remaining path to success was synthesis but 
it proved very difficult. More than ten years passed after 
the discovery of Perey when francium isotopes were arti-
ficially synthesized. The nuclear reaction giving rise to the 
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francium isotope with a mass number of 212 can be written 
in short as 

2»fU(i>, 6p21n)2J§Fr 

This reaction is the iission of uranium nucleus by protons 
accelerated to very high energies. When such a fast proton 
hits uranium nucleus it produces something like an explosion 
with ejection of a multitude of particles, namely, six protons 
and 21 neutrons. Of course, the reaction is not due to a blind 
chance but is based on careful theoretical predictions. 
Uranium may be replaced with thorium. The reaction prod-
uct, francium-212, for some time was considered to be the 
longest-lived isotope (a half-life of 23 min) but later the 
half-life was found to be only 19 min. 

Artificial synthesis of francium is much more difficult 
and less reliable method than extraction of francium as a 
product of decay of natural actinium. But natural actinium 
is rare. What to do? A current method is to irradiate the 
main isotope of radium with a mass number of 226 (its half-
life is 1 622 years) with fast neutrons. Radium-226 absorbs 
a neutron and converts into radium-227 with a half-life of 
about 40 min. Its decay gives rise to pure actinium-227 whose 
alpha decay in its turn produces francium-223. 

The symbols At and Fr were permanently installed in 
boxes 85 and 87 of the periodic table and their properties 
proved to be exactly the same as predicted from the table. 
But in comparison with their unstable mates born by nuclear 
physics, technetium and promethium, their position is 
clearly unfavourable. 

According to estimates, the 20-km thickness of the Earth 
crust contains approximately 520 g of francium and 30 g 
of astatine (this is an overestimation in some respects). 
These amounts are of the same order as the terrestrial 
"resources" (quotation marks are more than suitable here) of 
technetium and promethium. We are probably making a 
mistake when we talk condescendingly about astatine and 
francium? Not at all. Technetium and promethium are pro-
duced in large amounts, kilograms and kilograms of them. 
The fact is that technetium and promethium have much 
longer half-lives and can therefore be accumulated in large 
amounts. But accumulation of astatine and francium is just 
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unfeasible. In fact, each time their properties have to be 
studied they have to be produced anew. 

In the radioactive families the isotopes of astatine and 
francium are placed not on the principal pathways of radio-
active transformations but at the side branches. Here is the 
branch on which natural francium is born: 

r / 2 i ? T h 

^22?Fr 
The isotope 2|^Ac in 99 cases out of 100 emits beta particles 

and only in one case it undergoes alpha decay. 
The situation is even less easy in the case of the branches 

responsible for the formation of astatine: 211PK _212ph SllpK 
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What may be said about these branches? The producers of 
natural astatine (the polonium isotopes) are by themselves 
extremely rare. For them alpha decay is not just predomi-
nant but practically the only radioactivity mechanism. Beta 
decays for them seem something like a mishap as can be 
clearly seen from the following data. 

There is only one beta decay event per 5 000 alpha decays 
of polonium-218. Things are even sadder for polonium-216 
(1 per 7 000) and polonium-215 (1 per 200 000). The situa-
tion speaks for itself. The amount of natural francium on 
Earth is larger. It is produced by the longest-lived actinium 
isotope 227Ac (a half-life of 21 years) and its content is, 
of course, much higher than that of the extremely rare 
polonium isotopes capable of producing astatine. 



Chapter 13 

Transuranium elements 

Transuranium elements are all the elements whose num-
bers are higher than 92, that is, the elements that directly 
follow uranium. Now 15 such elements are known. How many 
more transuranium elements can be found? The answer is 
still unknown. This is one of the fascinating mysteries of 
science. 

Though the first transuranium element, neptunium, 
(No. 93) was born not so long ago, in 1940, the question 
about possible existence of such elements was raised much 
earlier. Mendeleev did not ignore it either. He believed that 
even if the transuranium elements would be found on Earth 
their number will be limited. This was his opinion in 1870. 
For more than 25 years the problem remained open. Every 
year saw several erroneous reports on discoveries of new 
elements but not once the element in question had an atomic 
mass greater than that of uranium. It seemed axiomatic that 
uranium was the last element in the periodic system though 
nobody could say why. 

But when radioactivity was discovered thorium and ura-
nium, that is the heaviest elements in the Mendeleev table, 
were found to possess this property. It would logically seem 
that the transuranium elements had existed in nature in 
past but, being highly unstable, had decayed to other, 
known elements. This simple explanation had a hidden 
trap, namely, the possible half-lives of even the nearest 
right-hand neighbours of uranium were quite unknown. 
Nobody could state with certainty that these hypothetical 
elements were less stable than uranium and thorium. Thus, 
it would be reasonable to look for natural transuranium 
elements. 

Years passed and occasionally allegedly successful discov-
eries of the first transuranium element were reported in 
scientific journals. As theoretical physics developed it 
repeatedly attempted to explain the break-off of the periodic 
system at uranium. Many of these explanations werefascinat-



Ch. 13. Transuranium. Elements 227 

ing but none convincing. In other words, in the twenties 
of this century the question of transuranium elements looked 
as vague as in the last quarter of the 19th century. 

One amazing hypothesis appeared, however, against this 
dismal background though at first scientists treated it with 
suspicion. Only 40 years later the hypothesis found a new 
meaning. It was put forward in 1925 by the German scientist 
R. Swinne who looked for the transuranium elements in 
a peculiar material—a dust of space origin collected on the 
icefields of Greenland. A sample of the dark powder was 
given to the Stockholm museum by the well-known polar 
explorer E. Nordenskjold in the eighties of the last century. 
Swinne hoped to find in this powder traces of transuranium 
elements with the numbers 106-110 and in one of his reports 
he even mentioned that he had recorded an X-ray spectrum 
containing lines that, in his opinion, corresponded to ele-
ment 108. But nobody believed him and he himself discon-
tinued his work. 

Swinne made a theoretical study of the variation of var-
ious properties of radioelements and, in particular, half-
lives. He came to the conclusion that the elements directly 
following uranium had to have short half-lives. But the 
elements with the numbers in the ranges between 98 and 
102 and between 108 and 110 could be expected to have suf-
ficiently long half-lives. Where to look for them? Swinne 
suggested that the best bet would be not terrestrial minerals 
but space objects. This is why he studied the dust of space 
origin collected in Greenland. All this was quite fascinating 
but not substantiated and therefore looked like doomed for 
oblivion. 

Now we come to the point in time when the words trans-
uranium elements started to be linked with the word syn-
thesis. 

Paradoxical as it seems the attempts to synthesize new 
elements (namely, transuranium elements) had started 
a few years before technetium was produced. The stimulus 
for this work was the discovery of neutron. The scientists 
regarded this chargeless elementary particle as possessing 
infinite penetrating capacity and being capable of producing 
a wide variety of transformations of all kinds of elements. 
Thus, all laboratories that had neutron sources started 
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to bombard with neutrons targets made of various materials 
including uranium. Especially active in this work was the 
Italian physicist E. Fermi who was the leader of a group of 
young enthusiasts at the University of Rome. 

They detected some new activity in irradiated uranium. 
As they irradiated uranium-238 it absorbed neutrons convert-
ing into an unknown uranium isotope with a mass number of 
239. Since the isotope had an excess of neutrons it exhibited 
a definite tendency to beta decay. If the left-hand side of 
the reaction equation is 239U — then the right-hand side 
is necessarily 23B93. 

Fermi and his young coworkers argued in approximately 
this way (though not very clearly as many concepts of 
nuclear physics at the time were not sufficiently developed). 
Now chemical verification was needed to prove the synthesis 
of the first transuranium element. It had to be demonstrated 
that" the activity induced by neutrons in uranium did not 
belong to any of the preceding elements. This was estab-
lished within the limits of the capacity of radiochemistry. 
Thus, Fermi and his group had in their hands a new ele-
ment, a transuranium one, and one that was the first to be 
discovered owing to the nuclear synthesis (all this happened 
in 1934). Fermi and his group, however, were not completely 
su re of their results. Meanwhile the news about the new ele-
ment leaked to the press and the discovery was embellished 
with non-existent details such as Fermi presenting the Queen 
of Italy with a test-tube containing a dissolved salt of ele-
ment 93. A lot of such false sensations were published in 
press while the group continued to assess the results ob-
tained after irradiation of uranium with neutrons. 

They extracted several beta-active substances from the 
uranium target. Two of them were chemically peculiar as 
they could be precipitated with manganese(IV) oxide easier 
than the elements preceding uranium. This observation 
suggested that element 93 was eka-rhenium—a manganese 
analogue. It was named auzonium (Ao). Being beta-active 
it could convert into the next element with Z = 94 known 
as hesperium (Hs). Fermi described this series of nuclear 
transformations in the following way: 

sftU+re - > 2?!U ^ 2l|Ao 2f|Hs 
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This series was continued further by the German scientists 
0 . Hahn, L. Meitner, and F. Strassmann, highly experienced 
radiochemists, particularly 0 . Hahn who had made his 
name having had discovered several radioelements. As a 
result of careful studies the number of new transuranium 
elements increased by three (including element 97): 

r fl" 
94HS 95EkaIr —» 96EkaPt —> 97EkaAu . . . 

The prefix Eka means that the respective transuranium 
elements were considered to be analogues of iridium, plati-
num, and gold from the sixth period of the periodic system. 
But it was precisely here that a serious mistake was made, 
which took quite a time to be found. The properties of the 
nearest transuranium elements were, in fact, quite different. 

The history of science knows of many marvelous insights 
which seemed at first quite unsubstantiated. One of them 
was the idea put forward by I. Noddack back in 1934 that 
when uranium was bombarded with neutrons the uranium 
nuclei did not convert into new elements at all, rather, 
they were split into fragments which were the nuclei of 
lighter, known elements. Her colleagues made light of 
Noddack's idea and Hahn's comments were especially 
ironic. But his irony turned to be the irony of fate. 

Meanwhile other scientists tried to ascertain what hap-
pened to uranium under neutron bombardment. I. Joliot-Curie 
and her coworker, the Serbian physicist P. Savich, particu-
larly carefully analysed an irradiated uranium target. Among 
the resulting activities they detected traces of a chemical 
element whose properties were very similar to those of 
actinium, that is, an element preceding uranium, rather 
than following it in the periodic table. Soon it was found 
to have more in common with lanthanum than with actini-
um. Thus, one of the products obtained after bombardment 
of uranium with slow neutrons was similar to lanthanum. 

If I. Joliot-Curie and Savich had not drawn a line at 
cautiously stating that the unknown element was similar 
to lanthanum but had definitely proven that it was lantha-
num they would have become the authors (or, at least, 
coauthors) of one of the greatest discoveries of the 20th 
century. (It would be in order here to recall that lanthanum 
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has the number 57 and uranium the number 92 and to recall 
the idea of I. Noddack, too.) This seemed more than improb-
able. But facts remained facts. The results of I. Joliot-
Curie and Savich looked so convincing that 0 . Hahn took 
it upon himself to verify them, the very same 0 . Hahn 
who was an ardent opponent of these results. This meant 
that he started to question his former opinions. 

Hahn, together with his coworker Strassmann, reproduced 
the experiments of the French scientists whom he so recently 
had regarded as his opponents. Almost all the results were 
confirmed. The uranium target contained isotopes of lantha-
num and its preceding neighbour in the periodic system, 
barium. As a chemist, Hahn could not doubt this. As a 
physicist, he was baffled by the fact. 

The fact was that under neutron bombardment uranium 
nuclei seemed to split into two fragments and these frag-
ments were the nuclei of the isotopes of elements belonging 
to the centre of the periodic system. Nuclear physics never 
encountered such a phenomenon. But facts had to be faced 
and the German scientists concluded that uranium nuclei 
were capable of breaking down under neutron bombardment. 

This happened on December 23, 1938. The scientists im-
mediately reported their discovery. Later Hahn reminisced 
that after posting the report it all had seemed so improbable 
to him that he had wished that he could take the letter back 
from the post box. 

The improbable proved to be right. A few days later a 
letter from Hahn was received by L. Meitner who had worked 
with him for many years. She, together with her nephew, 
the physicist 0 . Frisch, attempted theoretical treatment of 
this phenomenon. 

To a certain extent, nuclei can be likened to drops of 
liquid and scientists have repeatedly tried to draw an 
analogy between the properties of a nucleus and those of a 
drop of liquid. If we transfer a sufficient energy to a drop 
and make it move it can br.eak down to smaller drops. If 
a nucleus is excited (by a neutron, say) then it can also 
split into smaller fragments. Gradually, a uranium nucleus 
is deformed, it elongates, narrowing appears in it, and, 
finally, it splits into two parts. This is how Meitner and 
Frisch described the process of splitting of the uranium 
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nuclei. They wrote that the process was remarkably similar 
to division of bacterial cells by which they propagate and 
suggested naming the effect "nuclei fission". 

A uranium nucleus splits into two fragments liberating an 
enormous amount of energy in the process. Other products of 
fission were free neutrons. They could hit other uranium 
nuclei leading to their fission and so on. Under favourable 
conditions a chain fission reaction could occur in a uranium 
lump producing a nuclear explosion of immense power. As 
early as 1940 the Soviet scientists Ya. Zel'dovich and 
Yu. Khariton developed a rigorous theory of the chain fission 
reaction. Man mastered a process which, apparently, was 
unknown in nature. This was the most comprehensive process 
of transformation of elements man had ever encountered. 
The fragments of uranium fission were found to contain 
isotopes of 34 elements, from zinc (number 30) to gadolinium 
(number 64). The fission reaction proved to be a veritable 
factory of radioactive isotopes. 

Uranium fission caused by neutrons was forced or artifici-
al. Not each uranium nucleus could be split and not each 
neutron could produce fission. When scientists had studied 
the fission mechanism in more detail they understood that 
the intensity of fission was higher under the effect of slow 
neutrons and if the uranium isotope with a mass number of 
235 was used. The other uranium isotope, uranium-238, 
experienced fission only when bombarded by fast neutrons. 
Can there be a natural process similar to artificial uranium 
fission? N. Bohr thought about that and put forward a hy-
pothesis about possible spontaneous uranium fission (without 
external energy being transferred to the nuclei). 

The Soviet scientists G. Flerov and K. Petrzhak attempted 
an experimental verification of this hypothesis. But how to 
establish that fission of the uranium nuclei was really sponta-
neous? Bandom neutrons of cosmic rays getting into the 
laboratory could distort the results of experiments. This is 
why one autumn midnight of 1940 Flerov and Petrzhak 
went down to one of the deepest stations of Moscow under-
ground railway. There, tens of metres under the surface of 
earth, the harmful effect of cosmic rays could be escaped. 
The same night they obtained the final proof of the existence 
of a new type of radioactive transformations, namely, spon-
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taneous fission of nuclei (they worked only with uranium-
238). Later many isotopes of heavy elements (thorium and, 
particularly, transuranium elements) were found to exhibit 
this mechanism of radioactive decay. At present science 
knows of about a hundred nuclei of various elements capable 
of spontaneous fission. The mechanism of spontaneous fission 
is similar to that of fission under neutron bombardment. 

We now know enough to embark of the tale of the discov-
eries of individual transuranium elements since it is just in 
this range of elements that spontaneous fission plays a very 
significant part. 

The history of transuranium elements covers forty years 
and during this, by modern standards, fairly long period 
scientists managed to take fifteen steps beyond uranium up 
to element 107. If we take a frame of reference and plot 
the numbers of elements from 1 to 92 along the horizontal 
axis and the years of their discovery along the vertical axis 
the resulting plot will look like a seismogram of a catastroph-
ic earthquake. A similar plot for the transuranium ele-
ments is a comparatively smoothly rising line exhibiting 
distinct peaks. Each new synthesis of a transuranium ele-
ment meant an increase in the atomic number by one (with 
a single exception). 

The history of syntheses saw its periods of breakthroughs 
and slack periods. The first breakthrough period was from 
1940 to 1945 when four transuranium elements were synthe-
sized, namely, neptunium (Z = 93), plutonium (Z = 94), 
americium (Z = 95), and curium (Z = 96). The period 
till 1949 was a slack time and no new elements were discov-
ered. In the next breakthrough period from 1949 to 1952 
four more transuranium elements were added to the periodic 
system, namely berklium (Z = 97), californium (Z = 98), 
einsteinium (Z = 99), and fermium (Z = 100). In 1955, 
fifteen years after the synthesis of the first transuranium 
element, one more element, mendelevium (Z = 101), was 
synthesized. The next 25 years saw much less syntheses 
and only six new elements appeared in the periodic system. 
Here scientists encountered an entirely new situation and 
many former criteria for evaluating discoveries of elements 
proved inapplicable. 
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This changing pattern is by no means random, all the 
breakthroughs and failures had their quite objective causes. 
They will be apparent when we discuss syntheses of trans-
uranium elements one by one starting from the first one, 
neptunium. 

Neptunium 
Of course, Fermi never presented the Queen of Italy with 

a test-tube containing a salt of the first transuranium ele-
ment. It is no more than a typical newspapermen's copy. 
But it is true that Fermi had in his hands element 93 though 
it could not be proved at the time. In his experiments the 
uranium target consisted of two isotopes, namely, uranium-
238 and uranium-235. The latter underwent fission under 
the effect of slow neutrons giving rise to fragments which 
were the nuclei of the elements belonging to the central 
part of the periodic system. They greatly complicated the 
chemical situation but this was understood only when 
fission was discovered. 

But uranium-238 absorbed neutrons converting into ura-
nium-239, a new isotope of uranium. This beta-active isotope 
gave rise to an isotope of the first transuranium element 
with an atomic number of 93. This was just what Fermi and 
his group thought. But the future neptunium was hard to 
distinguish among the multitude of fragments. This is why 
the experiments in mid-thirties yielded no results. 

The discovery of Hahn and Strassmann decisively stimu-
lated actual synthesis of transuranium elements. To start, 
a reliable technique was needed for detection of the atoms of 
element 93 in a mass of fission fragments. As the masses of 
these fragments were comparatively small they had to 
travel longer distances (had longer paths) than the atoms 
of element 93 with a large mass. 

Thus went the argument of E. McMillan, an American 
physicist from the University of California. Back in the 
spring of 1939 he started to analyse the distribution of 
uranium fission fragments along their paths. He managed 
to obtain a sample of fragments whose path was very short 
and in this sample he found traces of a radioactive substance 
with a half-life of 2.3 days and a high radiation intensity. 
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Other parts of the fission fragments did not exhibit such 
activity. McMillan demonstrated that this unknown sub-
stance was a fission product of a uranium isotope which was 
also found in the short-path fragments. Thus, the reaction 
sequence first suggested by Fermi was written as 

Now the search was no longer conducted in darkness. 
Chemical analysis had then to be the final step in verifica-
tion of the new element. On summer vacations McMillan 
invited his friend, the chemist P. Abelson, and this visit 
played a crucial part in the discovery of element 93. Togeth-
er they established the chemical nature of the new element 
with a half-life of 2.3 days. The element could be chemically 
separated from thorium and uranium though in some aspects 
it was similar to them. But the new element was in no way 
similar to rhenium. This finally refuted the hypothesis that 
element 93 had to be eka-rhenium. 

At the beginning of 1940 the Physical Review journal 
reported the real discovery of element 93. It was named 
neptunium after the planet that is beyond Uranus in the 
solar system (there is some analogy to the periodic system 
where neptunium follows uranium). 

Synthesis of neptunium exhibited a significant feature 
which was to prove typical for syntheses of all transuranium 
elements (and other synthesized elements, too). First, one 
isotope with a certain mass number was synthesized. For 
neptunium this was neptunium-239. From that time it 
became a rule to date a discovery of a new transuranium 
element by the time of reliable synthesis of its first isotope. 
But sometimes this isotope proved to be so short-lived that 
it was difficult to subject it to physical and chemical analy-
ses let alone find a useful application for it. A study of a new 
element would best be conducted with its longest-lived 
isotope. In the case of neptunium this was neptunium-237 
synthesized in 1942 in the following reaction: 

» R U + » 23993 

*iSU(n, 2»)«RU 

This isotope has a half-life of 2.2 X 108 years. However, 
its synthesis involves great technical difficulties. Therefore, 
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all the initial studies of the properties of neptunium were 
performed with its third isotope, neptunium-238, synthesized 
in the nuclear reaction "8U(d, 2re)2g|Np. Therefore, the 
history of transuranium elements notes also the date of 
synthesis of the isotope that is most convenient for analysis 
but which is by no means always the longest-lived one. 

Starting from neptunium the American scientists for 
a long time played a leading part in discoveries of transura-
nium elements. This can easily be explained by the fact 
that the USA hardly experienced the hardships of the World 
War II. It should be noted, however, that in 1942 element 
93 was independently synthesized by the German physicist 
K. Starke. 

In 1944 a weighable amount (a few micrograms) of neptu-
nium was synthesized. Now it is produced in tens of kilo-
grams in nuclear reactors. 

Thirteen neptunium isotopes are currently known. One of 
them (neptunium-237) was found in 1952 in nature. This is 
another example when a previously synthesized element was 
found in nature and for which two discovery dates can be 
given (as for technetium, promethium, astatine, and fran-
cium). 

Plutonium 
The isotope neptunium-239 was beta-active and had to 

convert regularly into an isotope of the next element 
(No. 94). McMillan and Abelson, of course, hoped to discover 
this element, too, but their dream did not come true. As 
found later, the isotope of element 94 with a mass number 
of 239 has a long half-life and its activity is low. The discov-
erers of neptunium only detected alpha particles of an un-
known origin (later found to be emitted precisely by ele-
ment 94) and discontinued their work. 

The work on the synthesis of element 94 was headed by 
the famous American scientist G. Seaborg whose group 
discovered many transuranium elements. During the winter 
of 1940-1941 they studied the nuclear reaction 238U(d, 2re) 
which gave rise to the isotope neptunium-238. An alpha-
active substance accumulated with time in the reaction 
product. The scientists extracted this substance and found 
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that it was an isotope of element 94 with a mass number 
of 238 and a half-life of 50 years. The new element was 
named plutonium after the respective planet of the Solar 
system. 

But once more this isotope was not the longest-lived one. 
The longest-lived isotope with a mass number of 244 and 
a half-life of 8.3 X 107 years was found only in 1952. The 
decisive progress in the study of plutonium was due to the 
isotope plutonium-239 synthesized in spring of 1941. First, 
it was long-lived (a half-life of 24 360 years) and, second, 
the intensity of its fission under the effect of slow neutrons 
was much higher than that of uranium-235. This was the 
decisive factor for its use in nuclear weapons. Therefore, 
an especially careful study was made of the physical and 
chemical properties of this element. As a result, plutonium 
became one of the best-studied elements of the periodic 
table. Moreover, plutonium-239 could be used as a target 
for syntheses of next transuranium elements. All this became 
widely known only at the end of the forties when much of 
the work on nuclear energy was declassified. This was an 
unusual feature for the history of elements that discoveries 
of new elements were kept secret for some time. 

The efforts invested into the work on plutonium were so 
intense that as early as August 1942 weighable amounts of it 
were prepared (the fastest work in the history of synthesized 
elements). In our days plutonium is produced in quantities 
that are much greater than those of many stable elements 
found on Earth. A total of 17 isotopes of plutonium are 
currently known. 

As in the case of neptunium, the plutonium-239 isotope 
was found in uranium minerals, of course, in symbolic 
amounts. It is produced in uranium under the effect of 
natural neutrons. Thus, plutonium serves as a kind of the 
natural upper boundary of the periodic system and we can 
speak about two dates of its discovery. 

Americium and Curium 
It is, perhaps, the only occasion in the history of transura-

nium elements that an element with a higher number (Z = 
= 96) was identified earlier than its predecessor (Z = 95). 
In July 1944 the cyclotron of the University of California, 
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which had already revealed to the world several synthesized 
elements, including plutonium, was geared to synthesize 
new transuranium elements. Seaborg and his coworkers 
bombarded a plutonium-239 target with accelerated alpha 
particles. One can readily reckon that as the alpha particle 
(the helium nucleus) has a charge of two the reaction product 
could be an isotope of element 96, provided that neutrons 
were emitted from the resulting nuclei. If the process mech-
anism was such that protons were emitted, rather than neu-
trons, then an isotope of element 95 could be synthesized. 
Indeed, various radioactive substances were' produced in 
the plutonium target and it was difficult at first to identify 
"who was who". Only skillful chemical analysis revealed 
that the mixture definitely contained the isotope 24296. 
To verify the discovery the same isotope, plutonium-239, 
was bombarded with a high-intensity neutron beam so that 
the following chain of reactions took place: 

P~ P" 
2 3 8 P u + re — > 2 4 0 p u _ ^ n 2 4 i p u _ > 24195_|_n — » 24295 — > 2 4 2 9 6 

After absorption of neutrons plutonium converted into 
element 95 via beta decay and this element absorbed a neutron 
and converted into element 96. 

This final product was similar to that which the scientists 
had assumed to be the isotope of element 96 with a mass 
number of 242. The newly discovered element was named 
curium after the Curies. Another factor prompted this name. 
In the Mendeleev table element 96 was regarded as an 
analogue of gadolinium belonging to the rare-earth series 
the history of which had been started by J. Gadolin; in 
their turn, the Curies were the pioneers of the study of radio-
activity whose development produced such amazing results. 

In January 1945 element 95 was extracted from plutonium 
bombarded with neutrons. The element was named americi-
um in honour of America (and owing to its similarity to 
europium from the rare-earth series). 

Though the researchers had accumulated considerable 
experience in syntheses the difficulties involved in producing 
americium and curium proved unusually great. It took a 
long time to distinguish definitely between americium-241 
and curium-242. Both isotopes proved to be not the longest-
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lived ones. The longest-lived isotopes were americium-243 
(a half-life of 7 950 years) and curium-247 (a half-life of 
1.64 X 10' years), which were only synthesized in the 
fifties. The total of 11 americium isotopes and 13 curium 
isotopes are currently known. Here are a few more events 
in the history of these elements. Pure americium was extract-
ed in 1945 and in 1951 it was prepared in a metallic form. 
The same year metallic curium was prepared. 

The discovery of curium ends the first breakthrough period 
in the history of transuranium elements. The discoveries of 
neptunium, plutonium, americium, and curium were of 
great significance for science. It was for the first time that 
scientists artificially extended the boundaries of the periodic 
system. The properties of these elements proved to be quite 
different from those expected and chemists had to start 
seriously thinking how best to fit them into the periodic 
system. 

Berklium 

Synthesis of americium and curium was promoted by 
ready availability of plutonium-239. Scientists soon learned 
how to produce it in large quantities and therefore manu-
facture of plutonium targets was no problem. Further 
progress depended on the ability to synthesize americium 
and curium in sufficient amounts. This took several years. 
But it was not the only obstacle on the way to new transura-
nium elements. When a nuclear reaction is written as an 
equation on paper it looks amazingly simple but only ex-
perts can appreciate the enormous difficulties involved. 
Besearchers had to work out the tiniest details of experi-
ments and to find the optimum conditions for nuclear reactions. 
They had to perform careful theoretical calculations to 
predict the types of radioactive transformations of synthesized 
isotopes and their probable half-lives. Unfortunately, 
nuclear physicists had no such great assistance as that 
given to chemists by the wonderful classification of the 
periodic system. The lull in the discoveries of transuranium 
elements continued for five years. One more factor should 
be noted in this respect. Americium and curium have such 
high activities that it would be deadly dangerous to work 
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with them in the open. Special equipment was needed for 
such, so-called hot, laboratories. 

At the end of 1949 the group of Seaborg managed to pre-
pare an americium target and to bombard it with alpha 
particles. The resulting nuclear reaction, as predicted by 
theorists, was 241Am(a, 2re)24397. The new element was named 
berklium (Bk) in honour of Berkley (California) and in 
connection with the chemical analogy of element 97 to the 
rare-earth element terbium (recall the village of Ytterbu 
that gave names to several rare-earth elements). Among 
the nine currently known berklium isotopes the longest-
lived one is berklium-247 (a half-life of 1 380 years) which 
was synthesized in 1956. Two years later a weighable quanti-
ty of berklium was accumulated and in 1971 metallic berk-
lium was obtained. The difficulties involved in preparation 
of berklium are dramatically illustrated by the fact that 
8 g of plutonium-239 that had been bombarded with neutrons 
for 5 years in a nuclear reactor yielded just a few micrograms 
of berklium. The further researchers went into the region of 
transuranium elements the smaller the quantities of new 
elements they had to work with. 

Californium 

Seaborg and his coworkers synthesized element 98 very 
soon after berklium. In January-February 1950 they carried 
out the calculated nuclear reaction 242Cm(a, n)24598 and 
named the new element californium in honour of the state of 
California and the University of California; moreover, ele-
ment 98 was an analogue of the rare-earth element dysprosi-
um (difficult to reach) and in the last century to reach 
California was as difficult as to extract dysprosium from 
a mixture of rare earths. Forteen californium isotopes are 
currently known. The longest-lived one is californium-251 
synthesized in 1954 (a half-life of 900 years). Californium 
was obtained in weighable quantities in 1958 and metallic 
californium was produced in 1971. 
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Einsteinium and Fermium 

After synthesis of californium scientists in America (and 
in other countries) started a serious reassessment of their 
plans. They asked whether it was reasonable to plan for 
syntheses of heavier transuranium elements in the foreseeable 
future. 

Indeed, there were no practicable methods for accumula-
tion of berklium and californium in sufficient quantities to 
prepare targets to be bombarded by alpha particles as a 
means of synthesizing elements 99 and 100. This was due 
to short half-lives of berklium and californium measured 
in hours and minutes (long-lived isotopes were unknown at 
the time). There was only one more or less feasible method, 
namely, to bombard plutonium with a high-intensity neu-
tron beam but then the results would be obtained only many 
years later. 

Of course, it would be desirable to obtain such a high-
intensity neutron beam that would solve all the problems 
at once. If uranium or plutonium could capture a large 
number of neutrons in a short period they would convert 
into very heavy isotopes, for instance, 

2 s | U + 1 5 n a g i U 

or 
• R U + 1 7 l . - * > « 5 U 

It had long been known that nuclei get rid of excess 
neutrons by converting them into protons, that is, by way 
of beta decay. These chains of successive beta transforma-
tions can prove to be so long that they will lead to the forma-
tion of isotopes of elements 99 and 100. 

But according to calculations the intensities of neutron 
fluxes in nuclear reactors were too low to sustain such reac-
tions. Moreover, theorists predicted short half-lives for the 
isotopes of elements 99 and 100. 

On November 1, 1952, the USA exploded a thermonuclear 
bomb over the atoll Eniwetok in the Pacific. A few hundreds 
of kilograms of the soil from the explosion site were collect-
ed with all possible precautions and taken to the USA. 
A group of scientists headed by Seaborg and Giorso carefully 
studied this radioactive debris. It was found to contain 
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a variety of radioactive isotopes of transuranium elements 
including two isotopes which could be nothing else but iso-
topes of elements 99 or 100. 

The intensity of neutron fluxes during the thermonuclear 
explosion proved to be much higher than it had been expect-
ed. This made possible the processes of neutron capture by 
uranium discussed above. Uranium-253 and uranium-255 
emitted 7 and 8 beta particles, respectively, and converted 
into isotopes 25399 and 255100 of elements 99 and 100. Their 
half-lives proved to be short but sufficient for analysis 
(20 days and 22 hours). 

New elements were named einsteinium (after A. Einstein) 
and fermium (after E. Fermi). Their long-lived isotopes 
254Es (a half-life of 270 days) and 252Fm (a half-life of 80 
days) were synthesized much later under laboratory condi-
tions. 

Thus, the discoveries of einsteinium and fermium were, 
so to say, unplanned. 

The eternal question "What next?" now seemed even more 
difficult to answer. It was quite clear that the greater the 
atomic number Z the shorter the isotope half-live. It was 
thought that for the elements with Z > 100 half-lives would 
be measured in seconds. It was unthinkable to accumulate 
these isotopes in quantities sufficient for analysis. Until 
that time new transuranium elements had been identified 
by means of ion-exchange chromatography by establishing 
tbeir analogy to respective rare-earth elements. But short-
lived isotopes will decay before they leave the chromato-
graphic column and will thus distort the chemical picture. 

Nature seemed to build an unsurmountable barrier across 
the way to the second hundred of elements. 

Mendelevium 

Scientists made great progress having had synthesized 
element 100 whose name at last honoured Enrico Fermi who 
had been the first to start on the quest for transuranium 
elements. 

But beyond fermium one could distinctly see the outlines 
of a great danger posed by the main enemy of the researchers 
working with transuranium elements, namely spontaneous 
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fission. According to calculations the isotopes with Z — 100 
should have very short half-lives owing to this mechanism of 
radioactive transformations. Successful synthesis of ein-
steinium and fermium in high-intensity neutron fluxes at 
first encouraged researchers. But theorists claimed that 
there was no possibility of advance beyond fermium since 
its half-life with respect to spontaneous fission was too short. 
A nucleus of element 100 will decay into two fragments 
before it has time to emit a beta particle. 

But still element 101 proved to be the last element that 
was synthesized in the classical way involving bombardment 
with alpha particles. By 1955 Seaborg and his group had 
accumulated about a billion atoms of einsteinium. This 
infinitesimal amount of einsteinium was very carefully 
applied to a gold foil whose cost was fantastically small in 
comparison with that of einsteinium. The target was bom-
barded with alpha particles. Scientists thought that the 
nuclear reaction 2®gEs(a, rc)256101 would occur. Owing to 
recoil effect, the atoms of element 101 penetrated into the 
gold foil. After bombardment the foil was dissolved and 
the solution was analysed in a chromatographic column. 
The critical thing was to establish when the fraction contain-
ing element 101 left the column and to detect spontaneous 
fission events. 

Only five (!) spontaneous fission events were recorded 
in the first experiment. But that was enough to identify an 
isotope of element 101. Later its half-life was found to be 
three hours and its mass number was 256. The half-life was 
unexpectedly long and contributed to successful synthesis 
of this new element. It was named mendelevium (Md) in 
honour of the great Bussian chemist D. Mendeleev who had 
been the first to use the periodic system for predicting the 
properties of unknown chemical elements. Thus said the 
discoverers of mendelevium. 

Later, when the symbol Md was permanently settled in 
box 101 of the periodic table they described their discovery 
in colourful details. A gloomy feeling dominated in the 
group, they told. Several careful experiments were performed 
in an attempt to synthesize and identify element 101, all 
to no avail. At last, the final decisive experiment was pre-
pared and a success could be expected. At best, they hoped 
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to detect one or two atoms of the stubbornly elusive ele-
ment 101. Holding their breaths, scientists watched the 
instrument recording spontaneous fission. An hour had 
passed; the night was almost over; waiting seemed unending. 

Suddenly, the pen of an automatic recorder jerked to the 
mid-scale and returned back tracing a thin red line. Such 
a burst of ionization had never been observed in the studies 
of radioactive materials. Probably, this was a signal of 
expected fission. After about an hour another signal was 
recorded. Now researchers were sure that two atoms of 
element 101 had decayed and it could be added to the list 
of chemical elements. 

Interestingly, the instrument recording fission events was 
connected to a fire alarm and element 101 each time an-
nounced its birth by an ear-splitting ringing. 

Twelve years later mendelevium was found to have a 
longer-lived isotope with a half-life of 2 months (mendele-
vium-258). Its existence made possible a detailed study of 
the chemical properties of mendelevium. The discovery of 
mendelevium brought to life a new field of radiochemical 
studies, namely chemistry of single atoms, with its own 
specialized techniques. It played a decisive part in chemical 
studies of successive transuranium elements. The synthesis 
of mendelevium was a watershed in the history of transura-
nium elements. All formerly used synthesis techniques were 
no longer applicable since mendelevium could not be accu-
mulated in amounts sufficient to make a target. Theorists 
visualized the region beyond element 101 as a country popu-
lated with ghosts and inaccessible to explorers; it was clear 
that the following transuranium elements could exist only 
for seconds or fractions of a second. 

Even if they could be obtained, to study their properties 
seemed an extremely difficult or just impossible task. 

But how to obtain them? What nuclear reactions are 
suitable for that? Fortunately, by the end of the fifties 
there was a definite answer to this question; multiply charged 
ions of the light elements (carbon, oxygen, neon, argon) 
were to be used as bombarding particles. Then the targets 
could be made from conventional transuranium elements, 
namely, plutonium, americium, and curium and the problem 
with the target was resolved. Of course, it would be better 
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to have "naked" nuclei for bombardment (such as the alpha 
particle which is the nucleus of helium) but it was hardly-
possible to "skin" the atoms completely. The multiply charged 
ions had to be accelerated to high energies sufficient for 
their entering into nuclear reactions. Therefore, new power-
ful accelerators were needed. When they had been built 
a new breakthrough period started in the history of transura-
nium elements. However, when we talk about discoveries 
here the word will have a somewhat different sense than in 
our previous discussions. 

Element 102 

Yes, element 102 still has no name attached to it. In 
most current tables of elements box 102 is not occupied 
though the element itself is regarded as being well-studied 
and long known. 

Sometimes one can meet in literature the name nobelium 
and the symbol No but they are just a result of an experi-
mental error that occurred in 1957. At that time an interna-
tional group of scientists at the Nobel Institute of Physics 
in Stockholm for the first time used multiply charged ions 
for synthesizing a new transuranium element. A target of 
curium-244 was bombarded with ions of carbon-13. The 
reaction products allegedly contained the isotopes 2631 02 
and 261102 with half-lives of about 10 min. The success 
obtained with mendelevium prompted the group to use 
ion-exchange chromatography the results of which, appar-
ently, evidenced the existence of element 102, too. 

The claim proved to be erroneous and the experiments 
have not been substantiated. A current joke at the time was 
that the only thing left from nobelium was "No". 

In Autumn 1957 a group of Soviet scientists headed by 
G. Flerov entered the field of syntheses of transuranium 
elements. At present the Laboratory of nuclear reactions of 
the Joint Institute for Nuclear Research (Dubna, USSR) 
occupies a leading position in this field. Flerov and his 
group bombarded a plutonium target with oxygen ions: 
2**Pu + "O. But the results did not correspond to those 
reported by the Stockholm group a year earlier. Meanwhile, 
a group in Berkley headed now by Seaborg's student, 
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A. Giorso, also attacked element 102. Their results refuted 
the Stockholm results, too, but did not agree with the Dubna 
results. 

Thus nobelium gradually was reduced to No. Indeed, the 
date of discovery of this element can hardly be pinpointed. 
Flerov's group worked on element 102 in 1963-1966. They 
synthesized several of its isotopes and estimated their mass 
numbers and half-lives. This was the first real assessment of 
the new element and the Dubna group had the right to 
suggest a name for it; it was joliotium in honour of F. Joliot-
Curie, But American scientists did not agree with the name 
though they confirmed the results of the Dubna group. 

The arguments about element 102 started the wave of 
priority controversies which became especially heated for 
the next transuranium elements. Currently, nine isotopes of 
element 102 are known, the longest-lived isotope 259 1 02 
has a half-life of abput one hour. 
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Element 103 
Here we also cannot give the name of the element. And 

its date of discovery given in the table of discoveries of 
elements presented rn the Conclusion below is not really 
reliable. 

Giorso and his coworkers started the hunt for the new 
transuranium element in early 1961. A californium target 
was bombarded with boron ions. Apparently, they obtained 
the isotope 257 1 03 with a half-life of 8 s. Of course, they did 
not hesitate and named the element lawrencium (Lw) in 
honour of the inventor of cyclotron E. Lawrence. This symbol 
can often be found in box 103 of the periodic table. 

The same isotope 2571 03 was synthesized at the Dubna 
Institute and its properties proved to be quite different 
from those reported by the Berkley group. Therefore, they 
had to change their view and to assume that in spring 1961 
they synthesized not 257 1 03 but some other isotope, say 
2881 03 or 2591 03. 

The situation was clarified in 1965 when the Dubna group 
carried out the nuclear reaction 243Am(180, 5re)2561 03 giving 
rise to the isotope with a mass number of 256 and determined 
its parameters. They coincided with those reported by the 
Berklev scientists for the product of the nuclear reaction 
249Cf(11B, 4ra)2561 03 three years later. This is why the discov-
ery date of 1961 can be doubted. But no definite conclusion 
was reached who and when had discovered element 103. 
As with element 102, researchers had to work with just 
a few atoms of element 103. At first, they found the mass 
numbers and the radioactive properties of the isotopes and 
only later the methods for evaluating their chemical nature 
were found. 

Kurchatovium 
The discovery of this element is, perhaps, the greatest 

achievement of the Soviet scientists working on nuclear 
syntheses. It was named in honour of I. Kurchatov who 
headed the atomic programme in the USSR. 

Back in 1957 the scientists of the Dubna Laboratory of 
nuclear reactions first attempted to synthesize element 104. 
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They bombarded a target of plutonium-242 with accelerated 
ions of neon-22: 

244Pu(22Ne, 4re)260104 

This was the predicted nuclear reaction. But scientists 
observed only spontaneous fission with an extremely short 
half-life of 14 milliseconds. It was soon understood that 
element 104 was not involved at all. The activity was due 
to fission of the well-known americium-242 though its rate 
was anomalously high and a new physical phenomenon was 
discovered as a result. 

The main experimental difficulty was to detect single 
events of formation of kurchatovium nuclei. It was decided 
to do this by detecting the fragments of their spontaneous 
fission since this type of radioactive transformation had 
to be predominant for element 104. A special type of glass 
(interestingly, it is known as uranium-104) was used for 
detecting the fission fragments which left hardly noticeable 
traces (pits) in it. After chemical treatment of the glass 
plates the pits could be seen in a microscope. Under these 
conditions traces of other radioactive radiations were not 
noticeable. 

The work on synthesis of element 104 was resumed in 1964. 
For forty hours a plutonium target was bombarded with neon 
ions. A special belt transferred synthesized nuclei to the 
glass plates. When bombardment had been discontinued the 
glass plates were chemically treated. After a few hours 
microscopic examination revealed six traces and the half-
life was calculated from their positions on the plates. The 
half-life varied between 0.1 and 0.5 s, that is, it was 0.3 s 
on the average. Only a few years later longer-lived kurchato-
vium isotopes were produced (though the word "long" is 
hardly suitable here); a veritable "patriarch" among them 
was the isotope 261104 (a half-life of 1 min). 

But the chemical properties of kurchatovium were analysed 
in Dubna with the isotope possessing a mass number of 
260 and a half-life of 0.3 s. It seems improbable that in 
such a negligible period any data on the chemical nature of 
the new element could be obtained. But it was done. 
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The following procedure was employed in the chemical 
analysis of element 104. The recoiled atoms after leaving 
the target got into a flow of nitrogen, were braked in it and 
then were subjected to the action of chlorine. Compounds 
of kurchatovium with chlorine could easily pass through 
a special filter while chlorides of actinides could not. If 
kurchatovium had been an actinide it would also be absorbed 
by the filter. But according to the results element 104 was 
a chemical analogue of hafnium. 

This is how chemical properties of individual atoms were 
studied. This method was used for analysing elements 102 
and 103 but in their case it was shown that they were acti-
nides. The method is known as the frontal thermochroma-
tography of volatile metal chlorides in a cyclotron beam. It 
was developed by a group headed by the Czechoslovakian 
scientist I. Zvara, Flerov's collaborator. 

Element 104 is also a subject of a controversy. American 
physicists have also claimed its discovery though their 
grounds for it seem far from firm. 

Nielsbohrium 
Comparatively little can now be said about element 105. 

It was born in Dubna, the date of birth is February 1970. 
It was produced in the reaction 243Am(22Ne, 4n)261Ns. Its 
half-life with respect to spontaneous fission is about 2 s. 
It was named after the great Danish physicist Niels Bohr. 
Its chemical nature was determined with the same method as 
employed for kurchatovium and it proved to be an analogue 
of tantalum. 

And what are the claims of the American physicists? 
The time was April 1970. They performed the nuclear reac-
tion 24flCf(16N, 4n)260Ha and suggested to name the resulting 
element hahnium (in honour of the discoverer of fission 
O. Hahn). 

Most probably, the controversies on the syntheses of the 
transuranium elements with Z > 102 are quite understand-
able. Each such synthesis is a heroic feat of science and tech-
nology. In this complicated work errors and inaccuracies 
are inescapable. It has long been an accepted view that 
strict criteria of reliability should be worked out for syntheses 
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of new elements. The very concept of discovery acquires 
a fundamentally new meaning for the synthesized elements 
with the numbers in the second hundred, primarily so, 
because the lifetimes of these elements are very short. 
Though their symbols can appear in the periodic table they 
have no material substantiation, so to say. They could 
never be accumulated in weighable quantities, only as 
single atoms. Each time the properties of these elements are 
to be analysed they must be synthesized anew. What is done 
in this field is just observation of formation (under appro-
priate conditions) of nuclei with a given Z, rather than the 
discovery of a new element. 

Elements 106 and 107 

Nobody yet attempted to name these elements or to study 
their chemical nature. Their half-lives are measured in 
hundredths or thousandths of a second. There is a hope to 
produce longer-lived isotopes, though. New features dis-
tinguish the methods of synthesis of these elements. In all 
the previous syntheses of transuranium elements the targets 
\yere to a varying degree radioactive and this, of course, 
complicated the work. But in syntheses of elements 106 
and 107 the Dubna physicists for the first time employed 
targets made of stable elements (lead and bismuth) and 
bombarded them with accelerated chromium ions inducing 
the reactions 

»2|Pb + £JCr - * 25»i06 + 2n 
2»0EBi + MCr 261107 + 2tt 

The first reaction was carried out in 1974, the second in 
1,976. 

What next? 
In that, already relatively remote, time when the first 

tfansuranium element, neptunium, was successfully synthe-
sized scientists were quite ignorant of how many steps beyond 
u ranium they could make. And in our days scientists of the 
neXt generation still cannot name the limit to syntheses of 
D0W elements. 
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But there is a fundamental difference between the attitudes 
of the contemporaries of McMillan and Abelson and the 
scientists working now. The former knew too little, the latter 
know too much (paradoxical as it sounds) to find a definite 
solution to the problem. In the forty-year history of trans-
uranium elements there were times when the end seemed 
to be near. As nuclei with increasingly high Z values were 
synthesized a regular decrease in the half-lives was observed, 
particularly with respect to spontaneous fission from billions 
of years to hours, to minutes, to seconds, and to fractions 
of a second. A simple extrapolation indicated that for Z 
equalling 108-110 the nuclei would be so short-lived that 
they would decay at the moment of formation. 

For some time the prevalent view in the scientific com-
munity was that the periodic system was close to its final 
completion. But repeated reports about syntheses of the 
isotopes of elements with the numbers in the second hundred 
gradually convinced experimenters that theoretical predic-
tions were not that faultless. Of course, these isotopes 
existed for very short periods but not so short as predicted 
by theory. For instance, the isotope with a mass number of 
261 of element 107 undergoes spontaneous fission with a half-
life of 0.002 s which is very short but it is tens of billions 
times that predicted by theoretical calculations of increasing 
instability of the nuclei with increasing Z value. In fact, 
the growth of nuclear instability seems to be inhibited. 

How to explain this? Here is just the time to recall the 
ideas of the German physicist Swinne (see the beginning 
of this chapter). In terms of modern physics his ideas can 
be described as follows. Among highly radioactive elements 
with large numbers there can exist peculiar islands of stabil-
ity. The respective elements will be less unstable than the 
neighbouring elements. 

This amazing and long-forgotten prediction was recalled 
in mid-sixties when the idea of islands of stability (or, more 
exactly, relative stability) sprang to the minds of theorists. 
According to calculations, the first such island had to be in 
the vicinity of Z = 114. But theorists looked further ahead 
and perceived such islands near Z = 126, 164, and even 184. 

This book deals with the history of discoveries of elements 
and we shall not discuss the validity of these predictions. 
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According to them, the nuclei located on such islands of 
stability should be very long-lived with respect to sponta-
neous fission and, thus, their synthesis ceases to be a fantasy. 
This daring and elegant hypothesis can only be confirmed 
by realization of synthesis of one such island-dwelling 
element. Starting with 1967 repeated attempts were made 
in this direction but all of them failed. 

And still one tends to believe that new pages will be 
written in the history of discoveries of elements. 



Conclusion 
We are coming to the end of the tale about 107 elements 

of the periodic system. They had different fates; scientists 
of many countries devoted much time and effort to find them 
in nature or synthesize them artificially. Now, after we have 
reviewed all the facts, data, and events in the history of 
elements we can make some conclusions. 

Table 4 presents the dates of discovery and the names of 
discoverers for all chemical elements with the exception of 
the elements that became known in the antiquity and middle 
ages. The discoverers of almost ninety elements can be 
named. About fifty scientists were directly involved in the 
discoveries of stable natural elements, nine scientists discov-
ered natural radioactive elements (though about 25 scien-
tists took part in the discoveries of radioelements entering 
into radioactive families). 

More scientists were involved in the discoveries of synthe-
sized elements (more than 30). It is not surprising because 
many experimenters and theorists (both physicists and chem-
ists) as well as technicians are involved in the work on syn-
theses of transuranium elements, particularly those with 
large Z values. For instance, the report on the synthesis of 
element 106 was signed by eleven Dubna scientists and each 
made a significant contribution to the work. 

In total, about 100 scientists were involved in filling 
the boxes of the periodic table as we know it now. 

Some of them can be said to be record-holders. If we turn 
again to the elements found in nature here the record is held 
by the Swedish chemist C. Scheele who discovered six ele-
ments, namelyj fluorine, chlorine, manganese, molybdenum, 
barium, and tungsten. In addition, he, jointly with J. Priest-
ley, discovered oxygen. 

The silver medal for the discoveries of new elements could 
be awarded to W. Ramsay who discovered (though with 
coworkers) argon (with Rayleigh), helium (with Crookes), 
krypton, neon, and xenon (all with Travers). Each of the 
following scientists discovered four elements in nature: 
J. Berzelius (cerium, selenium, silicon, and thorium), 
H. Davy (potassium, calcium, sodium, and magnesium), 
and P. Lecoq de Boisbaudran (gallium, samarium, gadolin-
ium, and dysprosium). Three elements were discovered by 
each of the following scientists: M. Klaproth (titanium, 
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Table 4 

Discoveries of Elements (Dates and Names) 

Element Da te Discoverers 

Hydrogen 1766 H. Cavendish 
Helium 1868 N. Locquier, J. Jensen 
Lithium 1817 I. Arfvedson 
Beryllium 1798 L. Vauquelin 
Boron 1808 J. Gay-Lussac, L. Thenard 
Carbon Known from antiquity 
Nitrogen 1772 D. Rutherford 
Oxygen 1774 J. Priestley, C. Scheele 
Fluorine 1771 C. Scheele 
Neon 1898 W. Ramsay, M. Travers 
Sodium 1807 H. Davy 
Magnesium 1808 H. Davy 
Aluminium 1825 H. Oersted 
Silicon 1823 J. Berzelius 
Phosphorus 1669 H. Brandt 
Sulphur Known from antiquity 
Chlorine 1774 C. Scheele 
Argon 1894 W. Ramsay, W. Rayleigh 
Potassium 1807 H. Davy 
Calcium 1808 H. Davy 
Scandium 1879 L. Nilson 
Titanium 1795 M. Klaproth 
Vanadium 1830 A. Sefstrom 
Chromium 1797 L. Vauquelin 
Manganese 1774 C. Scheele 
Iron Known from antiquity 
Cobalt 1735 W. Brandt 
Nickel 1751 A. Cronstedt 
Copper Known from antiquity 
Zinc Obtained in middle ages 
Gallium 1875 P. Lecoq de Boisbaudran 
Germanium 1886 C. Winkler 
Arsenic Obtained in middle ages 
Selenium 1817 J. Berzelius 
Bromine 1826 A. Balar 
Krypton 1898 W. Ramsay, M. Travers 
Rubidium 1861 R. Bunsen^ G. Kirchhoff 
Strontium 1790 A. Crawford 
Yttrium 1794 J. Gadolin 
Zirconium 1789 M. Klaproth 
Niobium 1801 C. Hatchet 
Molybdenum 1778 C. Scheele 
Technetium 1937 C. Perrier, E. Segre 
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Table 4 (cont.) 

Element Date Discoverers 

Ruthenium 1844 C. Claus 
Rhodium 1804 W. Wollaston 
Palladium 1803 W. Wollaston 
Silver Known from antiquity 
Cadmium 1817 G. Stromeyer 
Indium 1863 F. Reich 
Tin Known from antiquity 
Antimony Obtained in middle ages 
Tellurium 1782 F. Muller von Reichenstein 
Iodine 1811 R. Courtois 
Xenon 1898 W. Ramsay, M. Travers 
Cesium 1861 R. Bunsen, G. Kirchhoff 
Rarium 1774 C. Scheele,- O. Hahn 
Lanthanum 1839 C. Mosander 
Cerium 1803 J. Rerzelius, W. Hisinger, M. Klap-

roth 
Praseodymium 1885 C. Auer von Welsbach 
Neodymium 1885 C. Auer von Welsbach 
Promethium 1945 3. Marinsky, L. Glendenin, C. Co-

ryell 
Samarium 1879 P. Lecoq de Boisbaudran 
Europium 1901 E. Demarcay 
Gadolinium 1886 P. Lecoq de Boisbaudran 
Terbium 1843 C. Mosander 
Dysprosium 1886 P. Lecoq de Boisbaudran 
Holmium 1879 P. Cleve 
Erbium 1843 C. Mosander 
Thulium 1879 P. Cleve 
Ytterbium 1878 C. Marignac 
Lutecium 1907 J. Urbaine 
Hafnium 1923 J. Hevesi, D. Coster 
Tantalum 1802 A. Ekeberg 
Tungsten 1781 C. Scheele 
Rhenium 1925 W. Noddack, T. Tacke, O. Berg 
Osmium 1804 S. Tennant 
Iridium 1804 S. Tennant 
Platinum 1748 ? 
Gold Known from antiquity 
Mercury Known from antiquity 
Thallium 1861 W. Crookes 
Lead Known from antiquity 
Rismuth Obtained in middle ages 
Polonium 1898 M. Curie, P. Curie 
Astatine 1940 D. Corson, K. Mackenzie, E. Segre 
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Table 4 (cont.) 

Element Date Discoverers 

Radon 1899 E. Rutherford, R. Owens 
Francium 1939 M. Perey 
Radium 1898 M. Curie, P. Curie 
Actinium 1899 A. Debierne 
Thorium 1828 J. Berzelius 
Protactinium 1918 O. Hahn, L. Meitner, F. Soddy, 

A. Cranston 
Uranium 1789 M. Klaproth 
Neptunium 1940 E. McMillan, P. Abelson 
Plutonium 1940 G. Seaborg et al. 
Americium 1945 G. Seaborg et al. 
Curium 1944 G. Seaborg et al. 
Berklium 1950 G. Seaborg et al. 
Californium 1950 G. Seaborg et al. 
Einsteinium 1952 A. Giorso, G. Seaborg et. al 
Fermium 1952 A. Giorso, G. Seaborg et al. 
Mendelevium 1955 G. Seaborg et al. 
102 1963-1966 G. Flerov et al. 
Lawrencium 1961 A. Giorso et al. 
Kurchatovium 1964 G. Flerov et al. 
Nielsbohrium 1970 G. Flerov et al. 
106 1974 Yu. Oganesyari et al 
107 1976 Yu. Oganesyan et al. 

zirconium, and uranium), and G. Mosander (lanthanum, 
terbium, and erbium). Finally, several scientists discovered 
two elements each: L. Vauquelin (beryllium and chromium), 
W. Wollaston (rhodium and palladium), R. Bunsen and 
G. Kirchhoff (rubidium and cesium), G. Auer von Welsbach 
(praseodymium and neodymium), P. Cleve (holmium and 
thulium), and S. Tennant (osmium and iridium). This is 
a somewhat idealized description. When we discussed the 
discoveries of individual elements we not once met with 
a situation when the discoverer could not be named. 

As for the natural radioactive elements the champions 
here are the Curies who extracted polonium and radium from 
uranium ore. G. Seaborg took part in the discoveries of 
eight transuranium elements (from plutonium to mendele-
vium). G. Flerov and his large group from Dubna played 
a decisive role in reliable syntheses of elements 102-107. 
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Now let us look at the discoveries of elements in various 
countries. 

The largest number of elements 23—were discovered by 
the Swedish scientists. They include (in chronological order) 
cobalt (1735), nickel (1751), fluorine (1771), chlorine (1774), 
manganese (1774), barium (1774), molybdenum (1778), 
tungsten (1781), yttrium (1794), tantalum (1802), cerium 
(1803), lithium (1817), selenium (1817), silicon (1823), 
thorium (1828), vanadium (1830), lanthanum (1839), ter-
bium (1843), erbium (1843), scandium (1879), holmium 
(1879), and thulium (1879). This list contains many rare 
and rare-earth elements and it is not surprising. In Sweden 
of the 18th century metallurgy was well developed and new 
deposits of iron ores were needed. The scientists who searched 
for them discovered at the same time, or often indepen-
dently, new minerals which were found to contain unknown 
elements. Moreover, Swedish chemists accumulated consid-
erable experience in analysing various minerals and ores. 
Thus, the practical requirements of the industry made Swe-
den the country whose scientists discovered the greatest 
number of elements. 

The second place was held by Britain. British scientists 
discovered a total of 20 elements: hydrogen (1766), nitro-
gen (1772), oxygen (1774), strontium (1787), niobium (1801), 
palladium (1803), rhodium (1804), osmium (1804), iridium 
(1804), sodium (1807), potassium (1807), magnesium (1808), 
calcium (1808), thallium (1861), argon (1894), helium (1895), 
neon (1898), krypton (1898), xenon (1898), radon (1900). 
The work of British chemists especially clearly demonstrates 
the links between the general orientation of research and 
the discoveries of elements. In Britain, the birthplace of 
pneumatic chemistry, there were discovered the varieties 
of air which later proved to be the elementary atmospheric 
gases, namely, hydrogen, nitrogen, and oxygen. More than 
a hundred years later inert gases were discovered in Britain 
owing to a favourable situation in this field of research 
(here an outstanding role was played by one scientist, 
namely, W. Ramsay). In the early 19th century electro-
chemistry made significant advances in Britain, which 
made it possible for H. Davy to produce free sodium, potas-
sium, magnesium, and calcium. The discovery of the four 
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platinum metals was due to the progress of studies of raw 
platinum in Britain. 

The third place is held by France where fifteen elements 
were discovered: chromium (1797), beryllium (1798), boron 
(1808), iodine (1811), bromine (1826), gallium (1875), 
samarium (1879), gadolinium (1886), dysprosium (1886), 
radium (1898), polonium (1898), actinium (1899), europium 
(1901), lutecium (1907), francium (1939). It is not surprising 
that the radioactive elements polonium, radium, and actin-
ium were discovered by French scientists. These discoveries 
proceeded from the pioneering studies of radioactivity 
conducted in France. A brilliant spectral analyst P. Lecoq 
de Boisbaudran discovered by means of spectral analysis 
four new elements—gallium and three rare-earth elements 
(samarium, gadolinium, and dysprosium). Chromium and 
beryllium were discovered by L. Vauquelin who was such 
a skillful analytical chemist that it would be unjust if he 
had not given the world at least one new element. 

Germany holds the fourth place in the number of discov-
ered elements (10). These include zirconium (1789), uranium 
(1789), titanium (1795), cadmium (1817), cesium (1860), 
rubidium (1861), indium (1863), germanium (1886), protac-
tinium (1918), rhenium (1925). The following three factors 
greatly contributed to these discoveries: the brilliant skill of 
the analytical chemist M. Klaproth (Ti, Zr, and U), develop-
ment of spectral analysis (Cs, Bb, and In), and wide-ranging. 
X-ray spectral studies (Be). 

Austrian scientists discovered three elements: tellurium 
(1782), praseodymium (1885), and neodymium (1885). Dan-
ish scientists discovered aluminium (1825) and hafnium 
(1923); one element (ruthenium) was discovered in Bussia 
in 1844. But Russian scientists extracted many newly 
discovered elements from natural minerals and studied 
their properties (platinum metals, chromium, strontium). 
Though for a variety of reasons Russian chemists did not 
discover many new elements one should not forget that the 
periodic system of elements was developed by the great 
Russian chemist D. Mendeleev and this task was much more 
difficult than to discover a few new elements. 

It is not surprising that the overwhelming majority of 
elements found in nature were discovered in the four coun-
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tries—Britain, France, Germany, and Sweden—in which 
chemical sciences were highly developed. Scientists of these 
countries obtained many significant results contributing 
to the discoveries of new elements. 

The discoveries of synthesized elements have been discuss-
ed above. Here we shall only note that the most complicated 
syntheses of the elements with Z from 102 to 107 were first 
performed reliably in the Soviet Union. 

Another interesting question is the rate of discoveries 
of elements in various historical periods. Let us start with 
1750 (which is about the time when chemical analysis start-
ed to develop) and end with 1925 (when the last stable 
element—rhenium—was discovered). The data for each 
25-year period is given in Table 5. 

Table 5 

The Rate of Discoveries of New Elements Between 1750 and 1925 

T o t a l No. 
Years Discovered e lements of known 

e lements 

Before 1750 16 (C, P, S, Fe, Co, Cu, Zn, As, Ag, Sn, 
Sb, Pt, Au, Hg, Pb, Bi) 

16 

1751-1775 8 (H, N, O, F, CI, Mn, Ni, Ba) 24 
1776-1800 10 (Be, Ti, Cr, Y, Zr, Mo, Te, W, U, Sr) 34 
1801-1825 18 (Li, B, Na, Mg, Al, Si, K, Ca, Se, Nb, 

Rh, Pd, Cd, I, Ce, Ta, Os, Ir) 
52 

1826-1850 7 (V, Br, Ru, La, Tb, Er, Th) 59 
1851-1875 5 (Rb, In, Cs, Tl, Ga) 64 
1876-1900 19 (He, Ne, Ar, Sc, Ge, Kr, Xe, Pr, Nd, 

Sm, Gd, Dy, Ho, Tu, Yb, Po, Ra, Ac, Rn) 
83 

1901-1925 5 (Eu, Lu, Hf, Re, Pa) 88 

Table 5 demonstrates that two 25-year periods were partic-
ularly rich in discoveries of new elements. The first period 
is from 1801 to 1825 when 18 elements were discovered. 
This is easy to understand as this period saw a great progress 
in chemical analysis owing to the work of such outstanding 
scientists as Klaproth, Berzelius, and others. A significant 
contribution was made by Davy who introduced the electro-
chemical method which immediately yielded several alkali 
and alkaline-earth metals. The second peak period is ex-
plained by the development of spectrometry and radiometry 
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and the advances in the chemistry of rare earths (as can be 
readily understood when looking at the symbols of the 
19 elements discovered in this period). But in the fifty years 
between these periods only 12 new elements were discovered 
(1825-1875). The reasons for that are simple. Chemical 
analysis at this period, so to say, picked the leftovers, 
that is, the few remaining elements it had the capacity to 
identify. On the other hand, spectral analysis was still 
a young science, just testing its strength. The fact that in 
the first quarter of the 20th century only five elements were 
discovered does not mean that the capabilities of science 
were limited; it just demonstrates that the naturally-occur-
ring elements have practically all been found. 

The above discussion has one weak point which somewhat 
diminishes its value. It is based on the data given in Table 4, 
particularly, on the dates of discoveries (when they are 
known at all). But these dates describe different events in 
the history of elements or, in other words, are of varying 
significance. 

This can be shown with the following simple examples. 
Take three halogens—fluorine, chlorine, and bromine. The 
date of fluorine discovery is considered to be 1771 when 
C. Scheele prepared a substance that later proved to be 
hydrofluoric acid. But it was only fifteen years later that 
Lavoisier suggested that it contained a new element and he 
was mistaken, into the bargain, assuming that the acid 
contained oxygen. It was only in 1810 that Davy and Ampere 
definitely stated that hydrofluoric acid was a compound of 
hydrogen and an unknown element, that is, fluorine. The 
element was produced in a free form as late as 1886. General-
ly speaking, each of these dates can be regarded as the date 
of discovery of fluorine. But the chosen date is 1771 though 
Scheele did not definitely know what he had discovered. 

Chlorine was also discovered by Scheele in the form of 
deflogisticated muric acid and he did not regard it as a 
simple substance though he observed precisely the evolution 
of a free halogen. This fact makes the accepted discovery 
date for chlorine (1774) better substantiated than that 
for fluorine for which the simple substance had yet to be 
extracted. The decisive event in the history of chlorine was 
the establishment of its elementary nature in 1810 by Davy. 
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And Davy is regarded as the discoverer of sodium, potas-
sium, magnesium, and calcium though compounds of these 
elements had long been known. 

On the other hand, iodine is a good example of an ele-
ment which did not give rise to any controversies. It was 
discovered in 1811 directly as a simple substance, studied 
within a short period of time and recognized as a relative of 
halogens. Thus, we see that three dates of discoveries of 
related elements (1771, 1774, and 1811) given in Table 4 
have quite different meanings. 

Another example is given by discoveries of three totally 
unrelated elements—bromine, yttrium, and helium. What 
is the meaning of their dates of discovery in Table 4? The 
date for bromine (1826) corresponds to the extraction of the 
element in a free form. The date for yttrium corresponds to 
the preparation of its oxide (1794). Forty years later it 
became clear that the "yttrium" of Gadolin had in fact 
been a mixture of rare earths, and a relatively clean yttrium 
oxide was prepared by Mosander. Thus, in 1794 a mixture 
of related elements was discovered rather than an individual 
element. The accepted date of discovery of helium (1868) 
corresponds to an event which had never before happened 
in the history of elements. For the first time a conclusion 
about the existence of a new element was made proceeding 
from an unknown line in the spectrum of solar prominences 
rather than from experiments with material terrestrial 
objects. This element remained a pure hypothesis until it 
was found on Earth (1895). 

Again we see that three discovery dates have different 
meanings and backgrounds. We can give more examples. 

How then to explain this distinct difference in meaning 
between the dates of discoveries of elements? The answer is 
that the term "discovery of chemical element" has no clear 
definition and is often used in different contexts. 

Here is the definition given by the prominent Soviet 
historian of chemistry N. Figurovsky: "Discovery of an 
element must mean not only preparation (extraction) of the 
element in a free form but also determination of its existence 
in some compounds with chemical or physical means. Nat-
urally, this definition is applicable only to the discoveries 
made starting with the second half of the 18th century. It 
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cannot be applied to the earlier historical periods when 
scientists had no means for studying the composition of the 
compounds containing unknown elements." We fully agree 
with the latter part of the above statement but not with the 
first phrase. It does not differentiate between preparation 
of a new element in the form of a simple substance and 
determination of its existence in compounds. But these 
are quite different things as we have shown when we discus-
sed the different meanings of the dates of discoveries for 
different elements. Isolation of an element in the form of a 
simple substance is an important event in its history. In-
deed, to obtain sufficient knowledge of the properties of an 
element the element must be available in a free form. Only 
then can scientists study many of its chemical properties 
(for instance, its reactions with various reactants) and almost 
all physical properties. Therefore, extraction of an element 
in a free form should be regarded as a higher stage of discov-
ery and its preparation in the form of a compound as a lower, 
preliminary stage. 

The history of elements evidences that the higher stage 
of discovery was reached by no means always, that is, the 
discovery did not always mean that the element was prepared 
in a free form. Thus, in many cases we cannot consider 
the discovery of an element as a single event. It is rather 
a more or less protracted process. Table 4 gives only one 
date in the history of an element and thus, in a way, ignores 
the history itself. Some dates in the table even correspond 
to indirect determination of the existence of a new element 
(for the elements that at first were discovered radiometrical-
ly or spectroscopically but were not extracted materially 
at all). 

We can classify chemical elements into two groups accord-
ing to the methods of their discovery: elements found in 
nature, and synthesized elements. We shall not consider 
those elements in the first group to which the concept of 
discovery is inapplicable, that is, those known from an-
tiquity or the middle ages. 

Then we see that a large part of the first group consists 
of the elements that were first obtained in compounds (Li, 
Be, F, Sc, Ti, V, Rb, Y, Zr, Nb, Mo, La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tu, Yb, Lu, Hf, Ta, W, 
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Re, Po, Fr, Ra, Ac, Pa, Th, U). Out of these 36 elements 
the existence of ten elements (Rb, Sm, Eu, Dy, Ho, Tu, 
Yb, Lu, Hf, Re) was first determined spectroscopically and 
of five elements (Po, Fr, Ra, Ac, Pa) radiometrically. Some 
of the above* elements can be placed into this list only con-
ditionally though. 

Almost as many elements (40) were obtained in a free 
state without previous identification in compounds (H, He, 
B, N, 0 , Ne, Na, Mg, Al, Si, P, Gl, Ar, K, Ca, Gr, Mn, 
Co, Ni, Ga, Ge, Se, Br, Kr, Sr, Ru, Rh, Pd, Cd, In, Te, 
I, Xe, Cs, Ba, Os, Ir, Pt, Tl, Rn). The existence of eight 
elements (He, Ne, Ar, Kr, Xe, Cs, In, Tl) was first 
established spectroscopically and radon was first found 
radiometrically. 

Thus, the history of chemical elements is far from being 
complete. It needs new studies and reassessment of old 
data; it is still capable of unexpected findings which could 
make us review seemingly indisputable opinions. Strange 
as it may seem in the world literature there is still no fun-
damental study giving a detailed and comprehensive analysis 
of the history of discoveries of elements. 

This book is just an attempt to present a general outline 
of this history. At the end, we shall talk briefly on a subject 
which has a direct bearing on the history of elements, name-
ly, the false (erroneous) discoveries of elements. Nobody 
has yet attempted to compile an exhaustive list of mistakes 
in the history of elements as it is a very difficult task (for 
many reasons). We shall just give here the names of about 
a hundred erroneously discovered elements (giving the dates 
and the names of discoverers) and briefly analyse the causes 
of mistakes. More than a half of them were made in the 
studies of rare-earth elements (there were perhaps twice as 
many mistakes in these studies but in many cases the "dis-
covered" elements were not named but were just designated 
with Latin or Greek letters). Here is a list of these false 
elements in alphabetical order: austrium (1886, E. Linne-
mann), berzelium (1903, C. Baskerville), carolinium (1900, 
C. Baskerville), celtium (1911, G. Urbain), columbium 
(1879, G. Smith), damarium (1896, K. Lauer, P. Antsch), 
decipium (1878, M. Delafontaine), demonium (1894, H. Row-
land), denebium (1916, G. Eder), donarium (1851, C. Berg-
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mann), dubhium (1916, G. Eder), eurosamarium (1917, 
G. Eder), euxenium earth I, II (1901, K. Hoffmann, 
W. Prandtl), glaukodymium (1897, K. Khrushchev), incog-
nitum and ionium (1905, W. Grookes), junonium (1811, 
T. Thomson), kosmium (1896, B. Kosmann), lucium (1896, 
P. Barriere), masrium (1892, H. Bichmond), metacerium 
(1895, B. Brauner), monium or victorium (1898, W. Crookes), 
mosandrium (1877, G. Smith), neokosmium (1896, B. Kos-
mann), philippium (1878, M. Delafontaine), rogerium (1879, 
G. Smith), russium (1887, K. Khrushchev), vestium (1818, 
L. Gilbert,) wasium (1862, G. Bahr), welsium (1920, 
G. Eder). Other erroneously discovered rare earths remained 
nameless. 

Many false discoveries are connected with the search for 
elements 43, 61, 85 and 87 which scientists long and unsuc-
cessfully tried to find in nature, mainly, in the first four 
decades of this century. Here are a few examples: alabamium 
(1931, F. Allison et al.), alcalinium (1926, F. Loring, 
G. Druce), dacinum (1937, B. de Separet), florentium 
(1926, L. Rolla, L. Fernandes), helvetium or anglohelvetium 
(1940, W. Minder; 1942, A. Leigh-Smith), illinium (1926, 
D. Harris et al.), leptine (1943, K. Martin), masurium (1925, 
W. Noddack, I. Tacke, 0 . Berg), moldavium (1937, H. Hu-
lubei), nipponium* (1908, M. Ogawa), russium (1925, 
D. Dobroserdov), virginium (1930, F. Allison et al.). In 
the mid-thirties erroneous reports on discoveries of transura-
nium elements appeared, too (for instance, ausonium, 
hesperium, bohemium, sequanium). 

A large number of false discoveries were made in the stud-
ies of ores and minerals with complex compositions, partic-
ularly crude platinum. For instance, the following erro-
neously discovered elements were reported: amarillium* 
(1903, W. Curtis), canadium (1911, A. French), davyum* 
(1877, S. Kern), josefinium (1903, discoverer unknown), 
oudalium (1879, A. Guyard), pluranium, polinium and 
ruthenium (1829, G. Osann), vestium (1808, J. Sniadecki). 
Discoveries of new platinum metals which remained unnamed 
were reported by F. Genth (1853), C. Chandler (1862), 
and T. Wilm (1883). This list, of course, is far from being 
complete. 

The studies of columbites and minerals of cobalt, zirco-
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ilium, and nickel also led to false discoveries, for instance: 
dianium (1860, F. Kobell), gnomium (1889, G. Kruss, 
F. Schmidt), idunium (1884, H. Websky), ilmenium (1846, 
R. Hermann), jargonium (1869, H. Sorby), neptunium 
(1850, R. Hermann), nigrium (1869, A. Church), niccolanum 
(1803, I. Richter), norwegium (1879, T. Dahl), norium 
(1845, A. Svanberg), ostran (1825, A. Breithaupt), pelopium 
(1846, H. Rose), vestium or sirium (1818, L. von West), 
vodanium (1818, V. Lampadius). 

These are four large groups of false discoveries. Apart 
from them, many single erroneous discoveries of a chance 
character are known to history, for instance, austrium (1889, 
B. Brauner), actinium (1881, T. Phipson), crodonium (1820, 
I. Trommsdorf), donium (1836, A. Richardson), eka-tellu-
rium (1889, A. Grunwald), etherion (1898, C. Brush), lavoe-
sium (1877, G. Prat) , metaargon (1898, W. Ramsay, M. Tra-
vel's)., oceanium (1923, A. Scott), panchromium or erytro-
nium* (1801, A. del Rio), treenium (1836, G. Boase), ves-
bium (1879, A. Scacchi). 

The above names are sometimes repeated (austrium, 
vestium) or coincide with the names of real elements (ac-
tinium, ruthenium). These are chance coincidences. The 
elements denoted with an asterisk are of special interest. 
In their cases there are grounds to think that the analysed 
specimens indeed contained unknown elements which could 
not be identified. Here it would be more correct to speak 
about unrecognized, rather than false, elements. For instance, 
amarillium and davyum could, apparently, be regarded 
as possible precursors of rhenium, and nipponium as a pre-
cursor of hafnium. 

All these erroneously discovered elements were found in 
experiments that were performed more or less correctly but 
whose results were, as a rule, misinterpreted. However, in 
old chemical and physical literature one can meet names of 
elements which were never discovered. These are so-called 
hypothetical elements whose existence was only postulated 
for explaining some processes or assumed on the basis of 
indirect evidence (for instance, coronium, nebulium, aste-
rium, arconium, and protofluorine, whose existence was 
assumed in various cosmic bodies). In fact, they have no 
bearing on the history of chemical elements. 
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