Uhe Nnseinhting ©F
VeSS PEIRIODIC TALLS

SAVITA LADAGE
V.G. KULKARNI

HOMI BHABHA CENTRE FOR SCIENCE EDUCATION
Tata Institute of Fundamental Research, Bombay

~

~

f/.\

Sodium

11Na




Model of the Periodic Table

The bunches of papers behind Lanthanum and Actinium list the
actinides (rare earths)

lanthanides and



THE FASCINATING STORY OF
THE PERIODIC TABLE

SAVITA LADAGE
V.G. KULKARNI
Homi Bhabha Centre for Science Education
Tata Institute of Fundamental Research
Bombay

BOMBAY
OXFORD UNIVERSITY PRESS
DELHI CALCUTTA  MADRAS

1993



Oxford University Press, Walton Street, Oxford OX2 6DP

OXFORD NEW YORK TORONTO
DELHI BOMBAY CALCUITA MADRAS KARACHI
KUALA LUMPUR SINGAPORE HONG KONG TOKYO
NAIROBI DAR ES SALAAM -
MELBOURNE AUCKLAND
and associates in
BERLIN IBADAN

© Oxford University Press, 1993
ISBN 0 19 563376 8

This book has been written and illustrated at
the Homi Bhabha Centre for Science Education,
Tata Institute of Fundamental Research,
Homi Bhabha Marg, Bombay 400 005.

Cover design and illustrations by
A. D. Ghaisas

Laserset by Nova Computer Arts, Andheri (West), Bombay 400 058.
Printed by Usha Offset Printers, Kandivli, Bombay 400 067 and
Published by Neil O’Brien, Oxford University Press, Oxford House,
Apollo Bunder, Bombay 400 039.



ACKNOWLEDGEMENTS

The authors wish to express their gratitude to Dr H.C. Pradhan, Shri R.M.
Bhagwat and Ms Sugra Chunawala for going through the manuscript critically
and for making valuable suggestions. We thank Dr (Ms) B.S. Mahajan and
also the staff of Oxford University Press, Bombay, for their careful editing
of the text.

We are grateful to Shri V.G. Gambhir who took the responsibility of
looking after all the stages of printing and publishing of the experimental
edition. Thanks are due to Ms Anjali Mogre for her help in handling the
word processor. We are thankful to Shri C.S. Pawar for his meticulous typing.

The authors wish to thank all their colleagues at the Homi Bhabha Centre
for Science Education whose support and expertise was always available to
them.

Savita Ladage is thankful to her husband, Anant Ladage, for his constant
encouragement and understanding support. V.G. Kulkarni would like to
thank his wife, Vijaya, for her patient understanding of his frequent absence
from home.



CONTENTS

INTRODUCTION I
1. THE CONCEPT OF ELEMENTS 4
2. DALTON’S ATOMIC THEORY 15
3. ATOMIC WEIGHT DETERMINATION 20
4. THE KARLSRUHE CONGRESS 39
5. THE PERIODIC TABLE 44
A. Attempts Prior to 1860 44
B. Classification of Elements after 1860 45
C. Tables 59

6. PROBLEMS POSED BY DISCOVERIES OF NEW ELEMENTS 67

A. Inert Gases 71

B. Rare Earths 75

C. Radioactive Elements 77
APPENDIXES

A. The Modern Periodic Table 84

B. Three-dimensional Model of the Periodic Table 87

C. Table of Elements 89

REFERENCES AND BIBLIOGRAPHY 98

iv



INTRODUCTION

Chemistry is a fascinating subject. Even at the elementary level, where one
studies the simple properties and composition of some familiar substances,
chemistry begins to reveal the beautiful patterns of ‘Nature’s Architecture’.
Indeed, it is at the elementary level that we must pause to understand and
admire this brilliant architecture. The purpose of this book is to introduce
you to this fascinating world.

While studying the fundamentals of chemistry, we are introduced to
various basic concepts and principles. One such important concept in
chemistry is the systematic classification of elements based on their properties.
This classification is amazingly fruitful. It reveals the periodic nature of the
properties of elements and shows clearly how properties are related to the
structure of atoms. The arrangement of elements according to their
properties gave rise to the Periodic Table of elements. As students of chemistry
you are familiar with this Table in its widely used form. You also know
that the major credit for the discovery of the periodic table and the periodic
law goes to the Russian chemist, Dmitry Mendeleev.

Though the discovery of the periodic table is attributed to Mendeleev,
several scientists, from the ancient Greek philosophers and alchemists of
the middle ages to modern scientists working in well-equipped laboratories,
have contributed significantly to its development. In fact, this is how science
grows. The work of a large number of scienti'ts accumulates until some
exceptionally gifted scientist sees a pattern in the mass of information and
explains its ‘meaning’. The story of the periodic table illustrates this point
perfectly.

The desire to find patterns in nature has been an important aspect of
scientific investigation, since ancient times. The Greek philosophers tried to
explain all matter on the basis of four natural or basic ‘elements’. However,
the steady progress of chemistry led to the discovery of elements as we
know them today. By 1860 there were 60 known elements. This story in
itself is interesting, but we shall not spend too much time on it here. We
need cover only the important points which will enable us to understand
how the periodic table of elements evolved.



It took several centuries of intelligent hard work together with flashes
of genius for humankind to acquire the understanding that is presented in
this book. Now, you can read all about it in a few days. But, apart from
learning about and understanding the scientific theories of today, it is also
useful to study the historical development of various concepts and theories
of science. Louis Pasteur (1822-1895), the famous scientist, once wrote a
report ‘on the usefulness of the historical methods in teaching science’.
According to him, the teaching method involving historical developments
‘evokes the individual efforts of the most important inventors, adopts
preferably their own terms, indicates their essentially simple procedures and
tries to transport the audience mentally into the period when the discovery
was made’(1).

According to Spencer Weart, Manager of the Centre for History of
Physics at the American Institute of Physics, New York, ‘The history of
science is the story of a community of people with ordinary human flaws

2 )

Recognizing Patterns

Collection of a heap of information does not by itself lead to knowledge. It is
only when a law or a pattern in which pieces of information fit is discovered,
that one gains. insight or understanding. Let us consider a few examples:

1. It is easy to observe that the sun rises in the east and sets in the
west. The moon and the planets do the same. This information is certainly
useful. However, it is only when we realize that the earth spins on its axis
once every 24 hours from west to east, that the information about the rising
and- setting of heavenly bodies acquires a meaning. We then understand that,
because of the earth’s rotation, all heavenly bodies would appear to rise in the
east and set in the west.

2. We know that any object thrown up will eventually fall down. We
know that if we wish to move an object faster, we have to push harder.
However, once we learn Newton’s laws of motion, all these experiences become
understandable and predictable. Newton's laws provide a framework into which
all our mechanical experiences fit.

3. As you study chemistry, you will learn that some elements like sodium,
potassium and oxygen are very active, and that they form compounds with
other elements rather easily. On the other hand, there are some other elements
like neon, argon and helium that just do not react with other elements. In the
absence of a pattern you will have to remember this information for each
individual element. However, the periodic table of elements presents you with
a useful pattern in which elements of the same group have similar properties,
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who fumble their way to new ideas and then verify them, aided chiefly by
hard work and intellectual honesty. Without some knowledge of the history
of science, students naturally imagine that science is the story of a few great
men who somehow came upon their truths in a flash of genius. . . the
work of getting more familiar with history is rewarding — even fun. To
the austere world of scientific facts, history brings what one eminent scholar
called “the smell of human flesh”. Authentic history replaces the old, sterile
marble statues of scientists with real men and women. One can watch these
people, still vividly alive to the informed mind, struggling with new ideas
with all the confusion of the most ignorant student. It is only where such
real people are found that real science can be found’.(2)

Human progress in science began in the prehistoric era. The very first
observations about trees, animals and different events happening in nature
must have prompted human beings to keep records of these things. When
such observations became numerous they began to classify them. Thus
classification first evolved in biology (the living world), before enriching other
branches of science.

The periodic table is the result of such attempts at classification in
chemistry. All the known properties of chemical elements were systematically
studied and organized to see if a pattern emerged. Eventually, when such
a pattern did emerge, it was really successful. It fitted in with all the known
information. Besides, it helped predict elements not yet discovered and also
acted as a corrective device in some cases.

The periodic table of elements has several distinctions to its credit. It
withstood major crises created by discoveries of new elements such as the
inert gases, rare earths and radioactive elements. The most amazing fact
about the periodic table is that it achieved its final form even before the
discovery of atomic structure which eventually and correctly provided the
basis for the periodic table.

It will be interesting to read the story of the periudic table. In our book
we have taken care to use facts and concepts which will be easily understood
by secondary/higher secondary students. Where we have to use concepts
or skills somewhat above this level, we have explained them in considerable
detail in boxes alongside the main text. Interesting facts about scientists
mentioned in the text are also provided in boxes. The six chapters of this
book tell you the history of the periodic table. In the appendices you will
find some additional useful and interesting information. When there is a
quotation in the text you can look up the number in the list of references
to find its source.
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1. THE CONCEPT OF ELEMENTS

The word element has a variety of meanings. The Oxford dictionary gives
several meanings for the word, depending on the context in which it is
used. For example, an element is (1) one of the simplest parts into which
something can be divided, (2) something which is present in small quantities
in a larger whole, (3) one of the basic parts of a branch of knowledge, such
as the elements of mathematics, (4) a natural element, like wind or water,
or (5) in mathematics, a member of a set!

Even in the context of chemistry, ‘the word element has two dlstmct
meamngs

1. the elements of chemistry—the basic principles of chémistry; |

2. the chemical elements—the basic substances which are fundamental
units of complex materials.

In this book the word ‘element’ is used in the second context.

While observing the enormous variety of living and non-living objects
in nature, thinkers began to wonder whether this complexity could be built
up of just a limited number of basic units. This thinking was probably based
on their experiences; for example, a variety of words could be produced
using a limited number of letters of the alphabet, a few ingredients in the
kitchen could produce different dishes, three basic colours could produce a
whole variety of shades, etc. The concept of matter being made up of chemical
elements probably developed along the same line of thought.

Various attempts were made to identify these ‘elements’. The Greek
philosophers of ancient times (around 500 BC) tried to identify different
substances as elements. Thales (624-546 BC) thought of water as the
fundamental substance. Anaximenes (about 570-500 BC) suggested that it was
air, whereas Heraclitus (about 540475 BC) thought it to be fire. Empedocles
(around 490430 BC) suggested that there were four basic elements, namely
water, air, fire and earth. To this list Aristotle (384-322 BC) added-a
fifth—ether, the element of the heavens. However, for centuries the four
elements (air, water, fire and earth) were accepted as the elements or buxldmg
blocks that made the universe.



Other philosophers from different countries (mainly China and India)
also suggested similar substances as elements. The number of elements listed
rarely exceeded five.

The pioneering attempt at classification of elements (we could call it the
first table of elements) was represented as follows:

Fire
Hot Dry
Air Earth
Wet Cold
Water
Hot + Dry = Fire Cold + Wet = Water
Dry + Cold = Earth Wet + Hot = Air

Based on this model, Aristotle explained certain phenomena and certain
reactions. For example,

1. Hot or cold was explained on the basis of presence or absence of fire.

2. Solids were substances devoid of water.

3. It was concluded that wood is made of earth and fire, as on burning
it gives ash and heat.

The apparent reasonableness of such explanations and the overall respect
commanded by Greek philosophers, and especially by Aristotle, gave
credibility to this model which prevailed for centuries to come.

Even later, when people began the study of alchemy, false views
prevailed with respect to certain elements. One such myth surrounded the
element gold. Gold occurs in nature in the elemental or native form. That
is, gold is usually found as gold nuggets, and not as an ore from which
the metal has to be extracted. Gold was, in fact, one of the first metals to
attract man’s attention, mainly because of its sparkling yellow colour. It is
a beautiful metal, soft, ductile and malleable, easily worked upon and cast.
It is, therefore, suitable for artistic work. In ancient times, it was indeed
used mainly for ornamental or artistic objects. With the progress of
civilization, the exchange and transport of various materials and goods (that
is, trade and commerce) gained importance. Soon there was need for a
medium of exchange to replace the barter system. Gold, along with silver



Aristotle (384-322 BC)

Aristotle was a Greek philosopher who achieved great
fame and influenced the thinking of scholars for
several centuries. His father was a physician attached
to the court of Macedonia and is said to have
introduced Aristotle to the natural sciences. At the
age of 17, Aristotle went to Athens where he attended
the school of Plato (another great Greek philosopher)
for twenty years. He left Athens when Plato died
in 347 BC and tried to establish his own school. Soon,

Philip II of Macedonia invited him to teach his son
who became the conqueror, Alexander the Great.
When Philip II died in 335 BC Aristotle returned to Athens and founded his
school called the Lyceum. The building had a large covered court where Aristotle
taught his students, walking as he spoke, as some of your teachers may do in
the classroom. After the death of Alexander the Great, there was an
anti-Macedonian wave, and Aristotle was forced to flee. He died in exile at
Chalcis in 322 BC.

Aristotle was a great teacher and a prolific writer. He wrote exhaustively
on many subjects, but most of his writings are lost. For example, his ‘Popular
Writings” which were in dialogue form, and his ‘Memoranda’ which was an
encyclopedia of known facts, are both lost. However, many of his treatises on
philosophy and natural sciences were saved by the Arab philosophers. These
books cover an astonishingly wide spectrum from the science of poetry and

literature to ethics, morality, political science, and natural sciences.

| The influence of Aristotle continued for centuries. His views were accepted
as gospel truth and were not questioned. Unfortunately, experimental science
was not yet born and some of Aristotle’s views were not checked experimentally.
Do you know that Aristotle once stated that women have fewer teeth then men,
and no one even bothered to verify his statement? His influence was so great
that even today, a person who shows off or acts too smart is rebuked: ‘Who
do you think you are—Aristotle?’

Before you criticize Aristotle for his mistakes, remember that he was the
pioneer of organized research. At one time, with the support of Alexander t:ke
Great, he had nearly one thousand people working for him in Greece and Asia,
collecting material for his ‘natural history’. As H.G. Wells observed, * . . .
nothing of the kind had ever been attempted, had even been thought of, as far
as we know, before his time. . . . The students of the Lyceum under his direction
made an analysis of 158 political constitutions.’(3) Endowed with a remarkable
intellect combined with strong common sense and various organizational skills,

Aristotle pioneered efforts in the western world to acquire and systematize
information.




and copper, became the main medium of exchange. Gold thus gained further
value and importance. Efforts were, therefore, made to search for natural
gold and also to convert other baser metals like iron and copper into gold.
In the middle ages, alchemists (the forerunners of modern chemist) began
to search for the mythological Philosophers’ Stone which they believed could
change base metals into gold.

Around AD 800, an Arabian alchemist, Jabir, suggested that all the metals
were made of sulphur and mercury. This theory does not seem all that
absurd when one remembers that many metals occur in nature as sulphides
and that heating these sulphides produces sulphurous fumes and, often,
free molten metal which resembles mercury.

s
Gold

The element gold was among the first few metals known to man. Gold has
always been synonymous with beauty, wealth and power. Gold is truly ‘noble’.
It does not get corroded and can be preserved easily. It was, therefore, considered
a symbol of immortality” Unlike other metals which have to be extracted from
their ores, often using complex and expensive processes, gold is found in pure
form. All one has to do is to collect small particles of gold mixed with soil.
Simply wash away the soil and you get gold, or collect gold nuggets if you
are lucky. For these reasons, ancient people, especially the rich and powerful
collected huge quantities of this element. The following story will give you some
idea about the quantities of gold collected by ancient peoples.

On 6 November 1922, Howard Crater, a British archaeologist, discovered
an Egyptian tomb. It was that of Tutankhamun, the boy Pharaoh who died in
his eighteenth year, around 1350 BC. He was also known as king Tut, the
foremost cultural ambassador of ancient Egypt.

The weight of Tutankhamun'’s coffin (well over one ton) puzzled Crater.
When it was opened, it revealed another coffin decorated with gold leaves and
inlaid with a mosaic of multicoloured glass. Inside the second coffin was a third
one, made of solid gold. This innermost coffin weighed 1100 kg. (If we take a
price of Rs 3000 per 10 g, the approximate value of 1100 kg of gold works
out to Rs 33 crores!) Inside the solid gold coffin, lay the mummy of
Tutankhamun; this too was covered with a solid gold funerary mask.

Gold has also served as medium of exchange. In ancient times gold was
used as currency in international trade. It is interesting to note that even though
India never produced much gold, her flourishing trade ensured that gold flowed
in from all parts of the world. It is only after the Industrial Revolution in
Europe, that the trade began to reverse its direction.




Along with the quest for the Philosophers’ Stone, chemistry gained
importance as a result of the need for medicines. The growing concern for
health and its maintenance generated various views about the elements.
People who undertook this search for medicines were referred to as
iatrochemists. Paracelsus, the famous iatrochemist of the 16th century,
suggested that all matter was composed of mercury, sulphur and salt. He
considered these substances-to be the principles of matter and elevated them

to the status of elements.
The 17th century saw the birth of experimental science. It also saw the

evolution of the scientific method. Natural philosophers (scientists) started
performing experiments in laboratories to identify causes of phenomena
observed in nature. Robert Boyle (1627-1691), a noted experimental scientist,
gave a new definition of an element, which was indeed close to the modern
concept. He defined an element as a substance which cannot be broken
down into simpler constituents. He stated further that an element combines
with other elements to give a compound (which he referred to as a mixture),
but it cannot combine with itself to produce a compound (which he referred
to as a texture).

( ™
900 BC 200 BC 100 BC 0 AD 100 AD 200 AD 1900
el—-l—____ 1 1 L | I | 5
10th Cent. BC 1st Cent. BC |1st Cent. AD 20th Cent. AD
_ Birth of Christ

How are centuries counted?

Sir Isaac Newton was born in December 1642. In which century was he born?
A common mistake is to regard 1642 as being in the 16th century. However,
the correct answer is that the year 1642 belongs to the 17th century. If you
are perplexed, consider the following example:
Suppose Sunil Gavaskar is batting with (say) 162. Which century is he
- making? Obviously, the 2nd. Remember the same when you refer to the 17th
or 18th century. With this method of counting centuries, it is obvious that we
are living in the 20th century and looking forward to the 2Ist century.
Here’s another point to remember: The years of modern calendar are
associated with Christ. Periods before Christ are referred to as BC. Thus, the
fifth century BC refers to an earlier period than the third century BC. That is
. why, in the case of people who lived in an era before Christ, the year of birth
is larger number than the year of death. For example, Alexander the Great
was born in 356 BC and died in 323 BC.

.
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The basis for chemical equations

The work of alchemists had established that in the
process of experiments with chemical compounds one
could end up with new ones. What exactly was
happening in the process? Were new atoms being
created? Was matter ‘conserved’ or was it created
or destroyed? This quéstion bothered the chemists
of the 18th century.

The conclusive answer came soon after Joseph
Priestley discovered oxygen in 1774. Antoine
Laurent Lavoisier repeated and modified these experiments to prepare oxygen
and to test its properties. He also conducted a series of experiments to settle
the conservation issue. Remember that Lavoisier, a true scientist, did not jump
to any conclusion on the basis of a single experiment. He conducted a large
number of experiments which all pointed to the same conclusion.

Lavoisier took mercury in a sealed glass vessel and weighed it accurately.
The vessel was then heated in an oven for 14 days. The mercury in the vessel
reacted with the oxygen in the air trapped in the vessel to form red oxide of
mercury. Slow heating over 14 days ensured that all the mercury was converted
into its oxide. He then allowed the vessel to cool and weighed it accurately.
The two weights were exactly the same. No mass had been created or lost. It
was also noticed that when the seal of the vessel was broken (carefully to preserve
the tiny glass fragments) air hissed through. Obviously, air rushed in to replace
the oxygen used in the reaction. Lavoisier carefully weighed the vessel (with
the broken glass fragments) to determine the weight of the air that had entered
the vessel.

You know that red oxide of mercury heated to high temperature decomposes
to liberate oxygen leaving behind only mercury. This Lavoisier achieved by
focusing sunlight on the red oxide using a convex lens. The oxygen liberated
in the reaction was collected carefully and weighed. It vias found that the weight
of the oxygen collected was precisely equal to that of .".e air that had entered
the vessel in the first part of the experiment. In other words, mass was conserved
in chemical reactions. The experiments of Lavoisier are often mentioned in the
context of preparing oxygen. However, the real importance of these experiments
lay in providing conclusive evidence for the conservation of mass. In fact, they
provided the justification for writing a chemical equation.

These experiments were the first major blow to Aristotle’s choice of elements
which had gone unchallenged for almost 2000 years. Science no longer depended
on written arguments and suppositions. These had to stand the crucial test of
experimental verification.

Unfortunately for the science of chemistry, Lavoisier fell an innocent victim
to the French Revolution. He died on the guillotine at the age of 50.

_J/




In the year 1776, while studying the reactions of an acid on a metal
plate, Henry Cavendish (1731-1810) discovered a highly inflammable gas.
He collected the gas over mercury and tested its properties. Another scientist,
Joseph Priestley (1733-1804), had discovered in 1774 a gas obtained by heating
mercuric oxide, in which substances burned more brightly than in air.
Antoine Lavoisier (1743-1794), the French chemist, showed that by burning
together the inflammable gas discovered by Cavendish and the gas discovered
by Priestley, water was produced. Its weight was equal to the sum of the
weights of the two gases. Lavoisier named the inflammable gas hydrogen
and the other gas oxygen. Thus, supporting Boyle’s theory, he concluded
that water was a compound of the elements hydrogen and oxygen.

4 N
Scientific method

A large number of events occur around us. A stone thrown up first rises and
then falls. Sugar dissolves in a cup of tea. Visibility improves after a sharp
shower.

What causes such events? We now know, thanks to the efforts of several
brilliant scientists, that events such as these occur because of natural forces
and properties. It is possible to understand and describe these forces and
properties. In other words, we can describe and explain most of events occurring
around us. We can also predict some events.

Many thinkers say that this process of generating descriptive and explanatory
frameworks is the essence of science. Does that mean that we can know
everything? Not at all. For instance, while we generally know why earthquakes
occur, we still cannot predict earthquakes. We are also only beginning to learn
to predict weather. On the earth and in space, there are still natural events
and phenomena which haven’t yet been thoroughly understood and explained.

It is scientific method which is the key to these unsolved problems. We
should always keep an open mind and be ready to change our descriptive and
explanatory frameworks if new information demands such a change. In this book
you will come across many examples of scientists changing their views in the
light of new information. Remember, this is a continuous process.

What we have said above applies also to social sciences. Why do prices of
commodities rise or fall? Why are some nations rich and others poor? Why do
groups in a society feel angry and dissatisfied? Why do people go to war? We
are just beginning to learn about social forces and understand social behaviour.

. J
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Discovery of new elements

The efforts of alchemists and iatrochemists indirectly led to the discovery
of several new substances, mainly acids and alkalis. It also helped in the
development of various types of apparatus essential for experiments, and
in improving experimental skills. The work of Robert Boyle and Lavoisier
in the 17th and 18th centuries clarified the nature of elements. With better
understanding of the concept of elements and with better equipped
laboratories, scientists began to concentrate on discovering new elements. .

In the last decade of the 18th century and in the first decade of the
19th century (from 1794 to 1804), the elements chromium, vanadium,
niobium, tantalum, cerium, palladium, rhodium, iridium and osmium were
discovered. An important invention which enhanced the rate of discovery
of elements was Volta’s cell. Alessandro Volta (1745-1827) constructed this
cell by piling alternate discs of copper and zinc, each pair separately by a
piece of cloth soaked in brine (salt water). This cell provided a steady and
reliable source of electricity, and placed in the hands of chemists a new
and powerful tool for separating elements. Using the cell, it was possible
to pull apart positive and negative ions and to deposit them on electrodes.
In later chapters of this book you will come across more examples of how
new inventions and techniques have served basic scientific research.

The English chemist, Sir Humphry Davy (1778-1829), working at the
Royal Institute, London, isolated extremely active metals using Volta’s cell.
In 1807, he isolated sodium and potassium by passing an electric current
through molten sodium hydroxide and potassium hydroxide, respectively.
He used this technique effectively with compounds of other metals and within
a year he was able to isolate calcium, strontium, barium and magnesium.
The discovery of sodium and potassium was vital as both these elements
are powerful reducing agents. These elements thus enriched substantially
the tools of chemists who could use them to reduc> several elements from
their compounds. Jons Jakob Berzelius (1779-1848) discovered selenium,
silicon, zirconium, titanium and thorium, all with the help of potassium as
a reducing agent. All these elements, along with boron, lithium, cadmium,
aluminium and vanadium, were discovered by 1830.

11
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! Who discovered chemical elements?
The history of the discovery of elements is an instructive story that began during
prehistoric times when man discovered fire and noticed the carbon from burnt
wood left in the forests. Actually, some substances like the seven metals—silver,
gold, copper, lead, iron, tin and mercury, and two non-metals—sulphur and
carbon, were. known from biblical times and even before. But they were not
recognized as elements. It is only relatively recently that scientists realized that
these substances were elements. All these elements occur either in the free state
in nature or in the form of ores composed of compounds that can be decomposed
easily using primitive techniques like simple heating or heating in the presence
of carbon.

Between the 12th and 15th centuries, that is, in the middle ages, the work
of alchemists led to the discovery of elements like arsenic, antimony and bismuth.

Little is known about the individuals who discovered these elements. The
first fortunate man to be credited with discovery of a chemical element was
German alchemist, Henning Brand (1630-*) who in 1669 succeeded in isolating
a substance which he named phosphorus. This discovery was an important event
in the history of chemistry, as it marked the beginning of a new era, when
people started keeping detailed records of their experiments.

(* The year of Brand’s death is not known).

_ Y

Chemical symbols

From ancient times man has used symbols to denote objects, actions and
events, and chemical elements are no exception. The first symbols assigned
to elements were pictorial. The simplest ones were those used to represent
the four basic elements of ancient times:

Fire A Air A
Water AV Earth &/

In the case of the seven elements known to the ancients, each one of
them was paired with a heavenly body and its symbol was fixed accordingly.
For example,

Gold (sun) () (Solar disc)

12



Silver (moon) ( (Crescent moon)

Copper (Venus) Q (Mirror of Venus)

New symbols were added from time to time. In 1787, J.H. Hassenfratz
and P.A. Adet presented new and simplified symbols. For example, in the
case of non-metals, simple geometric characters were used:

Oxygen o Nitrogen /

Sulphur /- "Phosphorus

Circles containing simple abbreviations were used to represent the metals.
For example:

Copper @ Iron @

Around 1805, John Dalton (1776-1844) used circles with different internal
markings as symbols of elements. For example:

Oxygen O Sulphur @

Hydrogen O ‘ Nitrogen @

The ultimate credit for developing the symbols used today goes to J.J.
Berzelius (1779-1848). He suggested in 1813 that abbreviations of names of
elements could be used as their symbols. This simple and powerful idea
was soon accepted widely. He suggested certain rules regarding the selection

of symbols:

1. In the case of non-metals, the initial letter could be used as the symbol
for that element. For example, carbon—C, oxygen—O, hydrogen—H.

13
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In the case of elements whose names start with the same alphabets,
the symbols should be formulated using the first two letters of the word.
For example, silicon—Si and selenium—Se.

If the first two letters are found to be common, then the initial letter
along with the first consonant which is not common should be used

. for one of the elements. For example, calcium—Ca and cadmium—Cd.

Even today, many symbols given by Berzelius are in use. Obviously,

there has to be a uniformity in the use of symbols. This is now looked
after by the International Union of Pure and Applied Chemistry (IUPAC).
It has given English names to all the elements but has retained some symbols
which originated from the Latin names of those elements. An appreciation
of the origin of chemical names of elements is useful in developing familiarity
with the shorthand language of chemistry. For example, Antimony—Sb (from
the Latin name Stibium). Similarly, Copper—Cu (from the Latin name
Cuprum), Gold—Au (from the Latin name Aurum) and Iron—Fe (from the
Latin name Ferrum).

-

The language of symbols

Chemical elements are represented by symbols. For example, phosphorus—DP,
silver—Ag, sodium—Na. Many of you may wonder whether these symbols are
really useful, but if you think about it yow'll see that we use symbols not only
in chemistry but in several other disciplines; in fact in everyday life. These
symbols make our life easier.

Consider the following statements:

Ram has a few oranges. If you double the number of his oranges, add
four to it and multiply the result by three, you get thirty-six. Can you remember
this statement? Now, let us put it in symbolic language.

J2x + 4) = 36

Is it not a better way of expressing the same statement?

You will notice symbols almost everywhere, on roads, in hospitals and even
in advertisements. Do you know the meaning of the following symbols?

7 Tk e

However, in order to ensure that a given symbol conveys the same meaning
to everyone, it is necessary to agree to some universal convention. What a
mess it would be if you wrote Na for sodium while your friend preferred to

LwﬁteSoandfewathﬂschoszSd!

>
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2. DALTON’S ATOMIC THEORY

While the credit for proposing the first atomic theory goes to the ancient
Greek philosophers of the 5th century BC, these ideas were essentially
philosophical. Ideas relating to issues such as the nature of matter and the
discontinuity versus continuity of matter, were speculative in nature and
weére debated on the basis of pure logic.

The Atomic School, originated by the Greek philosopher Leucippus (about
400 BC-?) and his student Democritus (about 470—380 BC) thought that matter
was discontinuous and the subdivision of matter could ultimately yield an
atom, ‘the ultimate indivisible particle. However, this concept was rejected by
Aristotle, and his followers supported the continuous nature of matter. In 1650,
that is almost 2000 years later, a French philosopher Pierre Gassendi,
reconsidered the concept of atom in the context of the behaviour of gases. Both
Robert Boyle (in his book The Sceptical Chemist in 1661) and Sir Isaac Newton
(in his book Principia Mathematica in 1687) supported the concept of atoms.

In the early years of the 19th century, John Dalton revived the concept
of atoms in his famous atomic theory and supported it with experimental
evidence available to him. Dalton’s atomic theory is an important milestone
in the history of chemistry. John Dalton had before him laws of chemical
combinations which were extracted from data collected over the years by
alchemists, and which were also based on precise quantitative measurements
made by physicists and chemists. All this mass of information made sense
only if one assumed that elements are composed of small indivisible particles
called atoms (a—not, tomio—to divide) which participate in a chemical
reaction. The genius of John Dalton realized this, and expressed it clearly
in three principles:

1. Elements are composed of extremely small indivisible particles called
atoms. All atoms of an element are identical with respect to their mass,
size and properties.

2. Atoms of different elements have different properties. In the course of
chemical reactions, no atom of one element disappears or is changed
into an atom of another element.
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John Dalton (1766-1844)

John Dalton, an English scientist, was
the son of a poor weaver. His formal
education was very limited and he was
essentially a self-made man. For most
of his life he worked as a teacher.

Dalton had varied interests. He
began his scientific work in the field
of meteorology, keeping systematic
weather records every day for almost
46 years, and wrote a book on weather.
He was one of the first scientists to
study colour-blindness, a subject of
considerable personal interest since he
himself was colour-blind. But John
Dalton is best known for his important
contribution to chemistry. He revived
the concept of atomicity of matter and put forward his famous atomic theory.
There is, however, an important difference between Dalton’s theory and the
philosophical views of the ancient Greek thinkers. Dalton’s theory of atoms
‘explained’ the laws of conservation of mass. Also, the law of definite proportions
followed as a logical consequence of Dalton’s theory. It stood yet another crucial
test. It was able to predict the law of multiple proportions.

- During the years in which Dalton was carrying out his researches in
England, the soldiers of the British East India Company were busy extending
and strengthening their hold on our country. The armies of a number of Indian
kingdoms, including those of the powerful Maratha Empire, were reeling back
in the face of superior offensive weapons and military organization. When tracing
the history of science, it is interesting to occasionally consider what was
happening in our country while major scientific developments were taking place
elsewhere. Try and do this in some other cases and think about what the
comparisons show.
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3. A compound is formed when atoms of more than one element combine.
In a given compound, the relative number of atoms present will be

definite and constant. These relative numbers can be expressed as
integers.

Dalton’s theory offered a simple explanation for the basic laws of
chemistry known earlier. -

1. Law of conservation of mass

- The law of conservation of mass was put forward by Antoine Lavoisier
(1743-1794) in 1785. It states that there is no detectable change in mass in
the course of a chemical reaction. Postulate 2 of Dalton’s theory explained
this law. As atoms are conserved in chemical reaction, mass also is conserved.
(Lavoisier designed direct and convincing experiments to demonstrate
conservation of mass. See the box, ‘The basis for chemical equations’, on

page 9.)
2. Law of constant proportion

In 1799 it was suggested by Joseph Proust (1754-1826) that a compound,
regardless of its origin or method of preparation, contains the same elements
in the same proportion of their masses. If the ratio of atoms in a given
compound is constant (postulate 3 of the theory), their proportion by mass
must be fixed, since all atoms of one element have to be identical.

The importance of a theory depends upon its ability to fit in with and
explain all the available data, and even more importantly on its ability to.
predict new observations. Dalton’s theory stood both these tests and at the .
same time was simple and elegant. It explained the law of conservation of
mass and the law of constant proportion. Dalton used this theory to predict
the law of multiple proportion which states that, when two elements combine
to form more than one compound, the masses of one element which combine
with a fixed mass of the other element are in a simple ratio of small whole
- numbers.

This law can be illustrated with the help of two compounds of carbon
and oxygen, namely, carbon monoxide (CO) and carbon dioxide (CO,).

The elemental analysis of 1 g of CO shows that it consists of 0.57 g of
oxygen and 0.43 g of carbon.

Ratio of oxygen of carbon in CO

o

.57
043 - 1.33

That is, 1.33 g of oxygen combines with 1 g of carbon to form éO.




Similar analysis of 1 g of CO, shows that it consists of 0.73 g of oxygen
and 0.27 g of carbon.
Ratio of oxygen to carbon in CO,
_0.73
T 0.27

That is, 2.67 g of oxygen combines with 1 g of carbon to give CO,.

Thus, in these two compounds the ratio of masses of oxygen that react
with 1 g of carbon = 2.67 : 1.33 = 2 : 1 which is a simple integral ratio,
supporting Dalton’s law of multiple proportion. Dalton assumed that, in the
case of carbon monoxide, one atom of oxygen combines with one atom of
carbon, while in carbon dioxide, two atoms of oxygen combine with one
atom of carbon. That is why we can write carbon monoxide as CO, and
carbon dioxide as CO,. _

This law was found to be valid for analytical data obtained by other
workers. Another example of the law of multiple proportion is given below:

= 2.67

Compound Mass of nitrogen Mass of oxygen
(g) (g)
Nitrous oxide (N,O) 28 16
Nitric oxide (NO) 28 32
Nitrogen trioxide (N,O,) 28 48
Nitrogen dioxide (NO,) 28 64

Thus the ratio of masses of oxygen that react with 28 g of nitrogen in
the case of above compounds is 16 : 32 : 48 : 64. That is 1 : 2 : 3 : 4 which
is an integral ratio. This law is of great importance as it firmly supports
the theory of the atomic nature of matter.

In retrospect Dalton’s atomic theory seems very simple and convincing.
However, it had to face two hurdles in its time. Measurements in those
days were few and not as accurate and reliable as those of today. The
inaccuracies and uncertainties in experiments concerning the law of multiple
proportion led to some scepticism. Moreover, atoms could not be seen. The
abstract concept of atoms was so far removed from natural ‘real’ experienc?s
that several decades had to elapse before this concept was accepted. It is
interesting to know that a similar fate awaited relativity and quantum

theories.
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We have seen that Dalton’s theory satisfied two conditions. It explained
known facts, and it also predicted something new, that is, the law of multiple
proportions. Dalton’s theory has one more important facet: it stated that all
atoms of the same element are identical in size, mass and properties. This
statement indicates that atomic mass is a clear signature of the element. Quite
obviously, size is not immediately useful since atoms are too small to be
seen without powerful instruments. But mass can be measured readily. Thus,
apart from their chemical properties, elements had one distinguishing
property: their atomic mass. It is not surprising, therefore, that John Dalton
was the first person to try to determine atomic weights.
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3. ATOMIC WEIGHT DETERMINATION

As described earlier, atomic weight became the signature or identification
mark of an element. Various people made efforts to determine the atomic
weights of elements. Before describing their efforts, it is essential to
understand the difficulties involved.

How can one determine the weight of one atom? In daily life, if we
wished to determine the weight of (say) one grain of rice or wheat we would
simply count one hundred or one thousand grains and weigh them. The
rest would be easy. However, the problem of determining atomic weight
was not so simple. How does one count atoms? In spite of this hurdle, the
scientists of the nineteenth century devised indirect ways of determining
atomic weights. Let us study some of their attempts.

Even to compare atomic weights of different elements, it is necessary
to know:

(1) the correct formula of a chemical compound, and
(2) the combining weight of an element.

By the early nineteenth century chemists knew how to determine the
combining weight of an element by elemental analysis of its compound.
However, the correct formulae of compounds were not known. This was a
major problem because the concept of the valence of an element was not
yet properly understood.

In the absence of knowledge of valence, chemists started working on
atomic weight determination by assuming some simple formulae for
compounds. While reading about these efforts, it is important to remember
that these chemists were groping their way in complete darkness. Credit

must be given to them because it was their sustained efforts that ultimately
clarified the picture.

Dalton

Dalton was the first person to determine the atomic weights of different
elements. He calculated atomic weights on a comparative basis. He chose
hydrogen, the lightest known element, and assumed its weight to be one.



Two methods to determine the atomic weights of other elements relative to
hydrogen seemed possible:

1. Comparing the weights of an equal number of hydrogen and (say)
oxygen atoms. However, Dalton did not know how to take the same
number of atoms for two elements.

2. Determining the combining weight of an element with hydrogen.

Dalton used the second method. To find the atomic weight of oxygen
relative to hydrogen he used water. It had been established by electrolysis
of water that the mass ratio of hydrogen and oxygen in water is 1:8. To
start with, Dalton considered two situations:

1. In the first situation Dalton assumed that whenever two elements
combine to form a compound they do so in a simple ratio, 1: 1. Applying
this rule to water he assumed the formula of water to be ‘HO'.

Number of atoms of hydrogen x weight of one hydrogen atom
Number of atoms of oxygen X weight of one oxygen atom

Mass Ratio = % =
When one atom of hydrogen combines with one atom of oxygen, number
of hydrogen atoms = number of oxygen atoms. So

Weight of one hydrogen atom
Weight of one oxygen atom

1
8

Thus, if the atomic weight of hydrogen is one, then according to Dalton,
the atomic weight of oxygen is 8.

2. Dalton also considered complex situations where two elements A and
B combine to form more than one compound. Dalton assumed that
nature was simple. The compounds would be of the type AB, AB, or
A,B, and not (for example) A;3B4y. Using this procedure he calculated
the atomic weights of elements by analysing their compounds.

Dalton was a good theoretical chemist. However, he was not equally
skilled in performing experiments (4). Many of his atomic weights had to
be modified later. In spite of this shortcoming, Dalton’s contribution is
regarded (and rightly so) as a milestone in chemistry. It was Dalton who
elevated speculative concepts regarding the atomic nature of matter, to the
status of a theory. He also gave a method for comparing atomic weights.
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