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PREFACE

THE aim of this volume is to present to the reader, by means of a series of monographs, a
statement of the present position of Chemical Science in Great Britain, as illustrated by the
exhibits in the Chemical Hall at the British Empire Exhibition (1924). It has been prepared
under the guidance of a Committee representing the Scientific Societies with Dr. E. F.
Armstrong, F.R.S., as Chairman and Editor.

The Committee has been fortunate in securing the ready co-operation of a number of
distinguished men of science, who have contributed articles on their own special subjects :
to them the Committee tenders its most hearty thanks.

In presenting this statement the Committee has had in mind the enormous expansion of the
Science during the past decade, and the consequent specialisation which has taken place in its
various branches. To such an extent has this developed, that the technicalities of one branch
are sometimes unknown to workers in other branches. This volume, however, is designed for
reading by all those, the world over, who have received, or are receiving, a training in science ;
and to this end the writers of the monographs have made their contributions in a form which it
is thought will be acceptable to a very wide circle of readers.

The story told in these pages is a record of achievement which in friendly rivalry challenges
comparison with similar work done in other parts of the world, and in Great Britain in decades
gone by. It is offered as a contribution made by British men of science to the work of building
up the Empire, which is commemorated more fully in the whole Exhibition itself.

W. J. U. W.
April 1924,
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CHEMISTRY IN THE TWENTIETH CENTURY

INTRODUCTION

By E. FrankraAND ArMsTRONG, F.R.S.

‘“ When I wander here, and there,
I then do most go right.”

Ir a dispassionate comparison be made between civilisation as it is and as it was in the
days of the Roman Empire, or in still more ancient Egypt, it will be found that whilet there
has been but little progress in art or in literature or in politics either civic or national, there
is a complete change in the life of the world as the result of the development of scientific method
and its practical applications. To the average citizen this is distinguished from former ages
above all by the development of machinery, yet it must be remembered that the progress in
mechanical science has been the consequence of progress in the fundamental sciences of chemistry
and physics. Because of their profundity, these cannot well be understood by the man in the
street; indeed the hope of popularising the more abstruse facts of science is bound to remain
an ideal.

The object of this volume is to put on record our knowledge of chemical and physical science
in Britain and the Empire with particular reference to the progress during the last thirty years,
a period which has been exceptionally prolific in new ideas.

The first few articles indicate in simple language the development of modern theories and
give a clear picture of to-day’s position and of the directions in which further progress is to be
anticipated. The more specialised chapters describe the actual progress more especially of
British investigators in certain selected fields which particularly lend themselves to such treat-
ment. Other sections again deal with the more practical aspects of the subject, and illustrate
almost with kaleidoscopic rapidity the progress in certain selected industries consequent on the
application of the new theories.

British chemists have always been willing to give full recognition to the work of their
distinguished foreign colleagues, and this is the wish of each contributor to the volume. As,
however, the main object has been to emphasise the work of British enquirers, it is possible,
indeed unavoidable, that much foreign work has been passed over without mention.

In a recent pamphlet Mr. John Galsworthy has suggested that the world is more ready to
use science and invention for destructive purposes than for social progress and that it is “ more
hopeful of perfecting poison gas than of abating coal smoke.” It is an object of the following
essay to show that this view is surely based on a misconception, due to the fact that we view
the happenings of the world to-day in a mirror prepared by a Press which only reflects the
sensational. Scientific work leading to social progress is going on apace; still it is only when
it approaches the sensational that it becomes good copy. The chief object of our great explo-
sives industry, for example, is to produce explosives for coal and other forms of mining, research
is constantly being carried on to make these both safe and certain and to control their action :
the experience so gained is necessarily available when explosives are required for war purposes.
During the Great War, when destruction was the sole object of humanity, all the agents used
were created solely as the result of the experience gained in times of constructive effort, the

only new factor being the provision of money and the facilities which money brings for research
11



12 CHEMISTRY IN THE TWENTIETH CENTURY

on a scale never before even imagined. Naturally the rate of invention was increased, but the
production was in no way commensurate with the cost. If the world could afford to subsidise
research on the same scale, during a decade under peace conditions, our rate of progress would
be beyond all belief, though it must be confessed that great social disturbances might follow, as
probably the world would be unprepared to receive the new wonders.

The cultivation by the nation of a scientific as opposed to a literary—classical habit of thought
is largely a matter of education; the change cannot much longer be delayed if we are to retain
our place among the nations. Scientific enquiry is coming to be recognised more and more as
the basis upon which advance in industry rests. Whatever may be the views on this contro-
versial subject, few will deny the need for a proper appreciation of scientific method by the
multitude; many are at last beginning to realise the part that science has played in making
the real history of the world.

It is obvious that the progress of chemical science depends on the continuous prosecution
of original enquiry. We look with confidence to the University Laboratories for this, though
their work will be supplemented to some extent by private effort and by the work of Research
Associations, which latter, however, is mainly directed to special ends. An honourable obliga-
tion is cast upon us individually and collectively to see that the endowment of research chairs,
the equipment and maintenance of laboratories, and the supply of competent assistants are
adequate.

Above all, it is essential that the research laboratories be placed under conditions of absolute
freedom, as such work—the pursuit of truth for its own sake—cannot be forced; the wind of
genius bloweth where it listeth. It has been truly said recently that in the pursuit of science
the chief requirement is character; to use Sir William Bragg’s words, * research is not a religion,
but the act of one.”

The word research is so often used, not to say abused, nowadays that we are in danger of
regarding as scientific enquiry much which is in reality mere exercise or even advertisement.
It must essentially be carried out with the object of understanding the purpose of the Universe.
Each school should have its broad plan of campaign, so that the section of the field explored by
any particular worker should fit in with and have a bearing on the work of all the other enquirers
in the laboratory. It was only by such systematic investigation that the great achievements
of the past werc made possible, and the modern tendency towards advertisement exemplified
in the publication of immature work is to be deprecated.

Chemistry, in particular organic chemistry, is perhaps to-day at the parting of the ways,
and we may well be on the eve of another great advance due to the birth of new views of strue-
ture. Earnest workers in all branches of the science are making strenuous efforts to see behind
the curtain and are converging to a common view—a sure sign that a renaissance is at hand.

The question of structure is the basis of all the articles in this volume; it is therefore desir-
able to dwell a little fully on the subject in order to make clear the position which the chemist
has to-day reached. Everything tends to show that function and structure are most closely
connected—odour, taste, colour, physiological effect are specific rather than general properties,
each conditioned in its particular variety by some special structure. The most suitable unit
for consideration is the molecule; this is to the chemist what the pound sterling is to finance;
with it in mind, he describes reactions and builds formule, he weighs and mecasures it : in short,
it is & real and definite presentment. Molecules can be of all sizes and of every degree of com-
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plexity, though actually so small that no microscope will show them. The nature of gross matter
is determined by the properties of the individual molecule.

The molecule is built up from the atom, the atom of each element having specific properties
according to an orderly scheme of nature which enables the chemist largely to predict their
behaviour. The atom of the beginning of the century was the hypothetical smallest subdivision
of matter; the atom of to-day is a real object of definite size and shape. The characteristic
property of the atom is that of valency, which is the measure of its capacity to unite with other
atoms to form the molecule. This property was at first regarded as merely arithmetical, but the
genius of van’t Hoff and of Le Bel conceived it as a geometrical attribute and gave to the atom
a definite shape in space. This discovery, in particular that of the tetrahedral nature of the
carbon atom, following the conception by Pasteur of the geometrical asymmetry of the carbon
atom, gave a new impetus to the chemistry of carbon compounds which we term organic
chemistry. Professor Thorpe’s article describes in a most lucid and fascinating manner how,
as the result of what may be termed the synthetic or “ compound-making ” phase, organic
chemistry has become almost the most exact of the sciences, so that our knowledge in detail
of the exact molecular structure of carbon compounds is little short of remarkable.

Our present conception is that the carbon atom has tetrahedral properties in the sense that
it bas four affinities which operate practically in the direction of the four radii proceeding from
the centre towards the four solid angles of a regular tetrahedron. Nothing is more surprising
than the completeness with which the vast array of facts included in organic chemistry may be
ordered by reference to the tetrahedral model.

The development of organic chemistry is nothing short of marvellous. In 1885 it was
possible to write that the physiologist complained that probably 95 per cent. of the solid matters
of living structure were pure unknowns and that the fundamental chemical changes which occur
during lifc were entirely enshrouded in mystery. To-day, fats, sugars, proteins, tannins, alka-
loids, terpenes, colouring matters, purins have all been conquered by the chemist, and even
starch and cellulose have begun to yield up their secrets; the nature of only a few per cent.
of the components of organic structure remains unsettled, and we are far forward in our
understanding of vital problems. No one has contributed to this success in greater measure
than Emil Fischer.

Attempts to resolve the molecule into something smaller, as, for example, by electrical
energy, result in the formation of “ radicals,” charged respectively with positive and negative
electricity, which migrate to the respective poles of the circuit—these electrically charged parts
are called ions. Dr. Masson’s article sets out in the clearest manner the modern conception of
the ion and how, for example, our views have progressed so far that a piece of copper is not
regarded merely as a mass of atoms, but as an assemblage of positively electrified atoms or
ions with which are interwoven the compensating negative units, the electrons.

Discovery with regard to the molecule and atom has passed through several stages. First
came that of ‘“ Dancing molecules,” .e. the explanation afforded by the kinetic theory that
gaseous effects are consequences of the motion of the molecules. Then, much later, the dis-
covery by J. J. Thomson that electricity is a material, that its “ atoms * are the electrons which
in turn constitute the atoms of matter. The weighing of the atom in terms of the charge it
carries in electrolysis, a conception we owe to Faraday, has been finally effected by the measure-
ment with extraordinary precision of the absolute value of the unit charge—the electron—by
Millikan. The counting of individual atoms, begun with Crookes’ spinthariscope and culminating
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in the work of Rutherford on the a-particle (Helium) discharged in radioactive change, has led
directly to the determination of the composition of the atom and finally to the conception that
every atom contains electrons together with a positively charged nucleus, very small compared
to the whole atom, but so dense that it contributes nearly the whole weight of the atom. One
atom differs, it is thought, from another in the magnitude of the positive charge of the nucleus,
which determines how many electrons it can hold and hence all its physical and chemical
properties.

One of the problems of the moment, at last year’s meeting of the British Association, was,
as humorously put by Sir Oliver Lodge, why when one end of a stick is raised from a table the
rest of it also comes up : in more precise language, the question of the nature of cohesion and
intermolecular forces. To solve this problem chemists are at work on the atom, on crystals,
and on alloys, to say nothing of the recognition, in still other fields, of monomolecular films.

The method of X-ray analysis, developed in this country by Sir William Bragg and his son,
is opening up a new method of attack on many of our problems. In the past, the properties of
gases were studied when it was required to gain information about molecules; to-day it is
possible to study matter in the crystalline form. The old view, in which atoms and molecules
were pictured as centres of forces exerted in all directions, was satisfactory for gases and liquids,
but failed when applied to the solid.

The chemist has to deal with matter in the crystalline state. Seeing that this is the state
naturally assumed by a substance when it becomes solid, it must be the expression of the manner
in which molecules or particles of the crystallising substance are arranged in space. If we can
gain an idea of the structure within the crystal, then our knowledge of the constitution of
matter is remarkably near to being complete. So rapid has been the progress in this direction
during the last few years, that no apology need be made for the somewhat unusual amount of
emphasis of crystallography, including X-ray analysis, in this volume. It is appropriate that the
subject should be introduced by Sir Henry Miers, who has done so much to advance the teaching
of crystallography in this country. The very thorough and broad treatment of the subject in
Mr. Barker’s essay is completed by Sir William Bragg’s lucid account of what X-ray analysis
has accomplished. Very briefly, our ideas of the crystal have reached the stage that it consists
of units of pattern, larger than the simple molecule, as they may consist of several molecules.
In the case of salt, it is considered that four molecules represent the minimum amount of
matter involved in the creation of a crystal unit or cell, a quantity which, as Barker shows,
is too small to be apprehensible by any known method of investigation. Thesc units lie on the
lines and planes of a lattice, the whole structure being an orderly arrangement. The X-ray
method has allowed of the measurement of the distance between the sheets. The forces which
hold the molecules together involve the sh: g of the electrons. In the case of enibhor, it would
appear that each atom has four others a1. 2ed about it in tetrahedral fashion, each shariug,
it is suggested, two electrons with each of its neighbours, so that the normal stable shell of
eight electrons is completed. The crystal structure is very empty, being but a lattice in space.
As Sir William Bragg describes the crystal of the diamond, two types of arrangement are
perceptible, namely, the hexagonal ring and a long continuous chain of carbon atoms. The
agreement between the real molecular architecture of the crystal and that which the chemist has
been engaged in elaborating, inspired by the genius of van’t Hofl, is remarkable.

According to modern views, the powerful forces between atom and atom, molecule and
molecule, are limited in their effective range of action to distances smaller than that between
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the units in the crystal, consequently in such compounds as the fatty acids there is no influence
of the ends upon the atoms in the middle. In passing from one acid to a homologue of greater
molecular weight each addition to the thickness of the ultimate flake is made in complete
independence of the previous length, as if the only thing that mattered were the attachment of
me carbon atom to the next. 1t is of interest, in view of later arguments in this article, that
the ultimate flakes of the crystals of fatty acids are regarded as the monomolecular films
studied by Langmuir.

Valency to-day is anything but a simple conception, but its proper understanding is one of
the most pressing of the issues of to-morrow, as the problems of structure are at bottom all
valency questions and the nature of valency eludes us; therefore a few introductory words
seem desirable.

In order to explain the combination of the elements with one another, each atom of every
element is supposed to have a certain definite number of centres of attraction or bonds, as they
were first called by Frankland, by which alone it unites with other elements. In the case of
carbon compounds, which are distinguished from those of all other elements by the ease with
which carbon combines with itself, it is found that two carbon atoms may be united by two
or even three out of the four bonds producing unsaturated compounds, as, for example, ethylene
and acetylene.

>C=C<and —C=C—

This conception has been fully justified by the developments which followed from its
introduction into organic chemical theory; it is true to say that the more important organic
compounds belong to the unsaturated type, because it is this class of substance which is most
active and capable of transformation.

But why should the ““ union” of two carbon atoms by a “ double ” or * treble” bond lead
to greater susceptibility to chemical change? The answer to this query depends on the precise
meaning to be assigned to the terms * union,” ““ bond,” or * linkage,” in this connection. If,
as was probably at first the case, the natural idea of tensile strength be connected with the
phraseology used, it is obvious that the “ union ” may be likened to that effected by mooring
two boats to each other with a wire hawser—if two hawsers were employed the vessels would .
be held together twice as strongly.

In fact, however, the attraction between atoms is fundamentally electrical and the actual
““union ” is a bundle or *“ Faraday tube ” of electrical lines of force. It is obvious, therefore,
that the attachment of two atoms together by means of two such pencils of electrical energy
will be likely to lead to distortion of the respective force fields and consequently to a condition
of less genuine molecular stability (which implies reactivity). The modern idea of union may be
diagrammatically indicated in a crude way as

= Q:::: and 2C ("
sinéle link'é,ge double -linka.ge
rather than — ‘-—JIJ— and Ne=c(
l

77N
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This view has only been realised to the full during the present century, especially since the
stet theory of electronic atomic structure was formulated; the necessity for premising that a
fouble “bond ” was a weaker “union” than a single “linkage ” was grasped much earlier
ind found expression in the more or less tacit assumption—provoked by many experimental
acts—that when atoms were “ united ’ by means of more than one of their respective centres
f attraction a certain amount of chemical affinity was left free or ““ unbound * at each atom,
hus allowing for its abnormal activity.

This excess of chemical force came to be termed ‘residual affinity,” or, more briefly,
‘ unsaturation,” and it was ultimately evident that in all elements or compounds, except the
nert rare gases, there must be centres at which a certain amount of residual affinity (i.e. more
r less free chemical energy) was available—otherwise chemical change could never take place.

More specific applications of these views to the behaviour of certain organic compounds have
yeen made by Thiele (who assumed that the original bonds or valencies could be in a sense sub-
livided in certain cases, leading to what is known as the development of “ partial valencies ),
)y Werner (who first introduced the conception of a general radiation of chemical affinity
rom an atom rather than separate rays of affinity corresponding in number to its numerical
ralency), and by Fliirscheim, Robinson, and Lapworth (who have respectively applied the more
‘ecent, conceptions of the electron theory to the case of organic compounds), but the subject
;hen becomes somewhat too abstruse to be usefully dealt with in this book.

In practice, it is not the behaviour of single relatively small molecules which interests those
mmediately engaged in the arts and industries, but the properties of large aggregates of
nolecules which of late years have been conveniently designated colloids. In this field also,
structure plays an all important part in influencing properties : its real significance has, indeed,
yet to be grasped. As Mr. Clayton points out, every structure assumes special properties and
a special behaviour when its particles are so small that they can no longer be recognised by
the microscope though they are still far too large to be called molecules. The present idea with
regard to liquids, and, indeed, to solids also, is that the molecules are orientated in layers in
definite order, attractive forces also being at work between each layer and that next to it. The
surface layer thus becomes the main factor determining surface tension and other surface pro-
perties, including chemical action, and there is much evidence that the molecules at the surface
are so orientated that the more active portions are directed inwards and the less active outwards
to the air. In the liquid paraffin hydrocarbons, for example, the terminal CH, groups are
believed to form the surface layer, no matter how long the chain may be; this assumption is
in agreement with the fact that they all have the same surface encrgy. When two liquids,
for example oil and water, are in contact there is said to be an affinity between like parts or,
in more exact language, the oxygen atoms, possessing high residual affinity, evidence a mutual
attraction. Thus, when a drop of fatty acid is placed upon water the molecules become so
orientated that the COOH group is attracted to the interface, the CH, end of the molecule
turning towards the organic liquid, that is to say, to the air, when the layer of fatty substance
is of molecular thickness.

The extension of this view bo the occurrence of chemical action at the surface of solids—
a phase of catalytic action—is fraught with the deepest consequence, as it affords some clue
to the actions which take place at the active surfaces forming the cell-walls in the living organism.
The proof of orientation of the molecules at a surface involves the adoption by the chemist of
the idea of some sort of momentary combination or other loose form of association at the surface,
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though some are content with the use of the phrase “ adsorption,” indicating mere local concen-
tration. It requires, further, either the rearrangement of structure necessary to make tle
two surfaces fit, such as is only possible in a very limited number of cases, in which one of the
substances concerned has a very simple and certainly not an asymmetric structure, for example,
the hydrolysis of fatty esters by lipase. Alternatively, it necessitates a directly compatible
structure, before there can be any association. This has been definitely proved to be the case
in regard to interactions between the sugars and the plant and animal enzymes which hydrolyse
them In so selective a manner. Only sugars of certain very definite molecular architecture are
compatible with and hydrolysed by the enzyme. The slightest variation in structure means
that there is no action. Two kinds of catalytically active colloid surface can in consequence be
pictured. The one is exemplified by a metallic catalyst, in which a clean pure metal is the
agent in so fine a state of division that the active surface exposed is of maximum extent. The
other is a complex organic substance of high molecular weight containing several radicals;
probably it possesses an elaborate structure, in consequence of its molecular complexity, so
that certain groups are exposed and chemically active at the surface, which, to secure the
maximum effect, must be as clean and as great as possible; whilst certain other groups are either
masked by being directed away from the surface or internally neutralised or rendered inoperative
in some other manner (steric hindrance).

If the enzyme be such an organic complex we could never expect to isolate it and characterise
it in its unit state as some purists demand, though the possibility of effecting its synthesis is
not excluded.

1f space permitted, it would be tempting to pursue this section of our enquiry much further;
enough has been said to show how the conception of an orientated active structure, at the
surface of a colloid aggregate, might endow it with selective powers of so fine a nature as almost
to merit the description of intelligence : the further prosecution of research on these lines may
well serve to bridge the gap between us and the full understanding of vital activity.

It is next to impossible for the layman to form any proper appreciation of how far the results
of chemical science are of influence in his daily life, still more to what an extent they are likely
to come to his assistance in the future. He is more or less aware of the way in which the purity
and quality of his food are watched over, both by the professional analyst and by the chemist
at the food factory, though an ignorant Press is more prone to accuse the latter of the crime
of substitution, not to use a harsher word ; an accusation which is even further from the truth
than most statements of this kind. To feed the teeming multitudes in our great cities, on ships
and in the barren places of the earth, to say nothing of a modern army, would be impossible
without the discoveries made by the chemist regarding sterilisation and the preservation of
food in non-poisonous, checap, metal containers. Kven so minor a point as the most suitable
kind of glass to be used as a container of food products is receiving the attention of a
committee of glass technologists. )

As will be shown under the heading of Agricultural Chemistry, the productivity of the soil
and the quality of the crop have been greatly enhanced by the activities of the chemist, so that
the daily loaf from the time of selecting and sowing the seed, manuring the land, harvesting the
seed, and its passage through the rolls and bolting sieves of the miller to the doughing tub and
oven of the baker, never escapes the vigilance of the chemist; some day he may even succeed
in having it delivered to the consumer wrapped in clean paper.

2
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Refrigeration is to-day in itself an applied science with the dignity of a special international
congress, which will be in session during the period of the Exhibition. It is based very largely
on the researches of a long line of distinguished chemists made with the object of producing the
low temperatures required to liquefy, one after the other, the so-called permanent gases.

Thus chlorine was first liquefied by Northmore in 1806, and a few years later, exactly a
century ago, Faraday liquefied a number of gases, including sulphur dioxide, carbon dioxide,
and ammonia, by the combined influence of pressure and cold. His method was to seal up in a
strong glass tube bent to the form of the letter U the materials to give the gas, then to generate
this in one limb, whilst the other limb was cooled in a freezing mixture. It was Andrews who
first showed the existence of a critical temperature for each gas below which alone it can be
liquefied by pressure.

Before 1877, all the then known gases except hydrogen, oxygen, nitrogen, carbon monoxide,
methane, and nitric oxide had been liquefied. On December 24th, 1877, Cailletet and Pictet
announced the liquefaction of oxygen and carbon monoxide. Then the attack was begun again
upon the other  permanent ”* gases at the Royal Institution, especially hydrogen. Liquid air
was made a commercial possibility, and with its aid in 1895 Dewar was able to cool even hydrogen
sufficiently to reduce it also to the liquid state. Liquid hydrogen in its turn, in the hands of
Onnes aided by the Dewar vacuum vessel and the Dewar charcoal absorbent, was the means
of effecting the liquefaction even of helium, the most permanent gas of all known, with which a
temperature only 1° above that of absolute zero has been attained.

The story of the liquefaction of hydrogen and later of helium is one of the epics of chemical
history—as is still more the whole chapter of the discovery of the rare gases, about which
Dr. Travers writes so feelingly, and with the knowledge born of his own personal participation
in the quest. Just think of the facts—scarce thirty years ago no scientific worker had even
dreamt of the existence of the inert gases, and yet they were all around us, in the very air we
breathe; moreover, a hundred years before Cavendish had indicated a clue to their discovery.
In quick succession five new elements were discovered ; one of them, helium, which has proved
to be the most wonderful of all, had been already recognised as present in the sun by its character-
istic spectrum and actually named by Frankland and Lockyer, its discoverers. To-day we, or
at least our American cousins, fill an airship with this gas—Ramsay’s discovery—without
causing undue excitement in the world at large. Argon is now so common that it is used in
filling the ordinary * gas-filled ” electric lamp, neon replaces it in some illuminated signs.
Never before have the results of abstract science so soon become of value in industry.

Few indeed will associate the now indispensable vacuum flask with low temperature research :
this was Dewar’s greatest gift to the nation and his name should always be associated with it.
Both in its primary glass form and as the still more original metallic vessel with an absorbent
charcoal filling, it has been of outstanding utility in the progress of low temperature research.
The picture has only been sketched in briefest outline : how few would at first thought connect
the airship, the electric lamp, the picnic flask, and the Sunday joint with Faraday’s attempts
to liquefy gases. How pregnant for the future may be the researches that are being made
to-day by the contributors to this volume.

It is not enough to produce cold and maintain it within the insulated walls of a chamber,
to bring meat, fish and fruits unchanged to our table. Attention has to be paid to many other
factors, some of them of considerable complexity and involving all branches of chemical know-
ledge. It is satisfactory to note that a special Low Temperature Research Station has been
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equipped at Cambridge, by the Department of Scientific and Industrial Research, to study the
chemical changes which take place during cold storage and ripening, and other low temperature
problems.

It is only within the present century that real progress has been made in the knowledge
of foodstuffs. It had been realised that in addition to small quantities of mineral salts the body
required a certain ratio of carbohydrate, fat and protein food to maintain it in health, and it
was customary to express these quantities on an energy basis in terms of calories. This was
the basis of rationing during the War. Although the result was not unfavourable, the value of
quality in food as opposed to quantity was also gradually brought home to a good many sceptics.
Some years previously the possible differences in the food values of the proteins, owing to their
being built up of different amino acids, had been emphasised and there is now reason to think
that fats are not all equally available. There is still much to be done in this field in studying
the effect of specific units, but so long as we enjoy a mixed diet the problem is not of pressing
economic importance; interest in it for the moment has been superseded by a discovery of
outstanding interest and importance. It was found by Hopkins, whose name is associated with
most of the really effective steps forward in the domain of biochemistry of late years, that whereas
animals could be kept in a healthy state and even grew on a natural food, as, for example, milk,
they invariably languished or died when fed with an artificial mixture of fats, proteins, carbo-
hydrates and minerals of the same composition as the milk. Even this diet could be rendered
complete by the addition of a very small amount of fresh milk. It has been proved beyond
question that in many foods accessory factors cxist and that their presence is absolutely neces-
gary in any diet on which an animal can develop normally. These substances are termed
vitamins : they appear to act as stimulants or catalysts, and not to contain some necessary
complex substance which the animal body is unable to manufacture. Fuller investigation has
shown that there are at least three or four of these vitamins—one of them is associated with fat,
and its absence from the diet is at least in part responsible for such maladies as rickets. Another
is found in yeast and in seeds—its absence from the food in Eastern countries has been held to
cause beri-beri. A third is the antiscorbutic vitamin which occurs in green vegetables and
fruits. The discovery of these vitamins has thrown much light on many maladies associated
with malnutrition, and their presence or absence forms an important criterion of foods—so far
there is not the very slightest clue to their chemical structure or indeed to the nature of their
action, and recent observations of McCarrison in India would lead us to pause before being
too absolute in our conclusions as to their activity and importance. The proposition is perhaps
far more complex than has been supposed. However, a new conception has been introduced
into the study of food materials, that of stimulation : a similar explanation has latterly been
given in connection with the function of certain of the ductless glands, which secrete well-
defined substances capable of acting as chemical messengers. We are learning that the control
of the body functions is in part chemical and in part effected through the nervous system.

When the achievements of the engineer, particularly in connection with the use of steel and
new alloys in constructional work, are acclaimed, it is easy to qverlook the assistance rendered
by the chemist in the field of metallurgy. The study of steel, not only by chemical analysis,
but also by the more refined technique of the microscopist, has given an enormous impetus to
the proper understanding of its properties and the influence exerted by small quantities of other
substances. The names of Sorby, Stead, Arnold, and other pioneers in this field will long be
honoured. Stead, in particular, was one of the first in Britain to grasp the importance of Sorby’s
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investigations with the microscope, which have led to metallography being made a science.
The result has been that the microscope is now systematically applied to the study of the
crystallisation phenomena, not only in iron and steel, but also to metals generally. Dr. Desch
gives some idea of how far the work in this field has taken us both in theory and in its
practical applications.

One further illustration may serve to show the manifold activities of the chemist—namely,
the problem of liquid fuel. Mineral oil as obtained from the earth was used originally only for
direct burning or when refined for lubrication; the advent of the motor-car created a demand for
light oils of low boiling point which had previously been of little value; to-day this class of
fuel is the main product of the industry. The demand would probably have already outstripped
the supply but for the success of the chemist in inventing cracking processes whereby heavy
oils are converted with a minimum of loss into petrol. But there are signs that the oil fields of
the world, including any new ones which may come into production, will not be able to cope
with the growth of the internal combustion motor, and the chemist has for years been hard
at work to find alternative sources of liquid fuel. Through the improvement of the process of
distilling coal it has been made to yield large additional quantities of benzol and, on the
other hand, much attention is being paid to methods of low temperature carbonisation with a
view to the direct production of oil fuels.

Even more attention is being paid to the only other possible substitute for petrol, namely,
alcohol. Alcohol is at present so important a source of revenue both in this and many other
countries that its production is safeguarded by restrictions almost to the extinction of the
industry when it is desired to use alcohol for other than potable purposes. Much work is, how-
ever, being done both to produce it cheaply and to alter the internal combustion engine so as to
use it. Under the Pure Methylated Spirits Regulations of 1921, alcohol is now being denatured
and used for motor transport in this country. On the Continent, its synthesis by catalytic
processes from acetylene attained considerable importance during the War, the cost depending
on cheap electric power and on satisfactory yields being obtained in a series of difficult reactions.
More probable processes are based on fermentation of cheap or waste carbohydrate materials,
probably after a preliminary degradation to sugar (glucose) either by chemical or fermentative
agencies, the amylo process being one of the most promising. It may well be preferable to
carry out such processes in the Colonies, where ample sunlight and high temperature mean
quick production of carbohydrate. There is little doubt that the problem of the cheap produc-
tion of alcohol is on the point of being solved.

To many of us the real goal of the efforts of the chemist is to acquire such intimate knowledge
of the structure, properties and behaviour of his compounds that he may at last gain an inkling
of the mysteries of nature. Progress in this direction is already becoming rapid now that our
investigation of the great natural groups of substances, the proteins, the fats and the sugars,
has attained a considerable degree of exactitude.

The substances classed as the sugars or carbohydrates are unique among chemical substances
on account of the high proportion of oxygen in their molecule and the number of asymmetric
carbon atoms they contain. In consequence, there are no fewer than sixteen distinct isomerides
of glucose, and a legion more if closed ring formule be taken into account; there are still more
substances of the same ultimate composition of a ketonic structure. The unravelling of the
mysteries of this group, the synthesis of its members, and the proof of their constitution rank
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perhaps as the most wonderful achievements in organic chemistry. Carbohydrates are the main
constituents of the plant and form the bulk of our food, whilst their importance in what may
be termed the more subtle points in animal metabolism is only just beginning to be appreciated.
Nowhere clse does Nature ring so many changes on what might at first be called a simple theme,
and no chemist can help a feeling of awe, of mystification, at the intricacies of the sugar molecule.
These subtle changes in structure have a biological significance, as they serve to decide whether
or not a particular material shall take part in the ordinary metabolism which is brought about
by agencies known as cnzymes, described by Dr. Harden in his chapter on Fermentation.
Slight variations in the structure of the molecule thus serve as a regulating mechanism for the
vital functions. The chemist has learnt much from the systematic study of the sugar group,
in particular as to the relation between optical rotatory power and structure and the mechanism
of the reversible changes into one another which closely related forms undergo. Curiously
enough, the actual structure of cane-sugar itself is still a matter of controversy, and its synthesis
is not yet within our reach. The nature of starch and cellulose for a long time eluded investigators,
but, to-day, a very fair idea has been gained of their basic or nucleus structure, though it remains
to extend this to the large colloid molecules which we know in practice. Both materials form
the basis of a multitude of industries, and their propertics in the aggregate are exhaustively
known : it is a striking comment on the difficulty of the subject that only now are we learning
their real structure, though, in explanation, possibly something might also be said as to the neglect
of research in pure science by industry. Mr. Cross’s chapter on cellulose must be read with the
understanding, based on sympathy and knowledge, which it requires before the full merit
of the achievements which he outlines can be appreciated. A veritable magician, the chemist
has wrought his spells to charm wood into silk, leather, explosives, and what not more.

The fats, curiously cnough, are unfashionable in chemical circles, though their importance in
industry was never greater. This is perhaps because it appears, at first sight, that their investi-
gation is mainly a problem for the organic manipulator—a type of worker which, alas! is fast
becoming extinct—and yet the problems in fat chemistry, as Mr. Allan shows, are many. The
demand for fats, other than butter fat, for food purposes has become enormous, and has led to
great developments in the industries—now largely British—based on the winning of vegetable
oils from nuts and seeds. The quantity required for the soap and other industries also
continues to increase, though this has been in part met by the discovery how to reduce liquid
unsaturated fats, on the large scale with hydrogen in presence of a catalyst, so as to obtain
saturated solid products. Whilst the structure of the more common fatty acids is established,
much remains to be done in investigating the form in which they occur as mixed glycerides and
which gives to each fat the special qualities which are associated with it and are of technical
importance. We have very little knowledge as to how fats are built up in the plant and animal,
and, conversely, how they are used up.

Five and twenty years ago our knowledge of the nitrogenous constituents of the cell was
small, but the progress since has been amazing, and Dr. Plimmer’s chapter shows how full and
varied to-day’s information is. The great protein molecules are made up of a limited number
of different but closely allied simple molecules, so that the differences between the proteins
is to be explained on the basis of variations in the arrangement and proportion of these units,
an almost infinite number of varieties being theoretically possible. Nitrogen in such compounds
is far from being the inert element which we picture in our atmosphere, and the forms in which
it exists in combination afford infinite scope for a multitude of chemical actions.
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The obvious question arises as to how far the chemical composition of any individual organism
is constant in regard to the particular special forms of protein fat or carbohydrate it contains
or elaborates at particular stages in its life-history. It appears possible to answer to-day that
the outward differences which biological systematists observe and use as the basis of classifica-
tion into species are always accompanied by inward chemical changes, so that we may expect
a chemical classification of species in the future and regard as proven the inheritance of chemical
factors including chemical idiosyncrasies. It is too early yet to say what is the precise
function of the various special chemical compounds in the plant, for example the glucosides;
as to the universal constituents it is clear that each species has elaborated a special chemical
edifice for itself, specific both in detail and in its finality as judged by outward characteristics.
Each of us differs from our neighbour as the result of a difference in the structure of the mole-
cules of which we are composed—molecules composed of the same elements but differently
arranged.

Thus, for example, the patient work of Osborne and others on the proteins in seeds has shown
that similar proteins are only present in seeds which are closely related. Proteins from different
seeds vary noticeably from one another, whereas the fatty acid and carbohydrate constituents
are practically the same in all seeds. Such differences in the reserve food substances of the
seeds must have an important bearing on the development of the embryo which derives its first
food from them. This food substance, as well as the tissues of the embryo itself, are the final
products of the metabolism of the plant which produced them. When the embryo first develops
it 1s supplied with a definite food which, for each individual of the same species, is the same
but for those of different species is different. Each member of a species thus begins its individual
life under similar chemical conditions, but subject to variations which are different from those
of every other species. It seems probable, therefore, that when the plant has reached a stage of
development at which its organs of assimilation are able to furnish it with nutriment from its
external surroundings, its chemical processes have already been established along definite lines
which it must follow throughout the rest of its life.

Our introduction is finished : as Robert Louis Stevenson has said :

““ To travel hopefully is better than to arrive and the true success is labour.”



THE ROLE OF CHEMISTRY IN PHYSICAL SCIENCE

By Proressor IrvINE Masson, D.Sc.

A. INTRODUCTION

THE aim of this chapter is to convey a view of the place of chemistry in science, and to show
enough of its modes of discovery to enable a layman to form a general idea of how a chemist
thinks, and where his work leads him in the present century.

Whether the investigator bears the label “ chemist,” “ physicist,” * botanist ”’—whatever
his peculiar ’ology—only one broad way is lepitimately open to him. That way is, first to
observe and to record; secondly, to classify accordingly; then, and only then, to speculate;
any hypothesis so formed is now tested, first by discovering what it logically implies, and,
next, by comparing all the implications with the facts, already known and freshly sought.

There are, then, five successive processes. Of these, some appeal especially to one race or
to one type of mind, some to another; genius, as distinct from patience and care, perhaps makes
most difference when it is used in the middle three stages, and can flash through any of them
80 as to seem to leap it altogether; yet, whether the five are performed by one man or by many,
at one time or during years, all of them are necessary to establish that which natural science
seeks to find out. And the rightness of an interpretation is altogether dependent upon how
far it continues to withstand the assaults of the last process of them all: the test of further
observation and experiment.

The youth of a science which uses this method is marked by being qualitative. For
example, consider these types of statement : iron is magnetic, water is volatile, indigo is dark
blue, alcohol heated with sulphuric acid forms ether; these are all qualitaiive statements of
what has been observed. Obviously, a systematic course of discovery along such lines yields
results of the highest importance, and no progress whatever could be made without this type of
investigation. At an early stage in chemistry, however, still earlier in physics, and lately in
biology, it was realised that the qualitative method alone has its limits, and that the scrutiny
must be intensified. Nature works by strictly-measured quantities, whether of matter or of
energy; and a knowledge of such quantities becomes essential for adequate understanding.
It is not the abstract quantities themselves which are interesting, but the concrete picture
which our measurements of them enable us to form.

Thus, while qualitative discovery in chemistry continued and, happily, still continues,
“ physical chemistry ” arose; it is simply the gquantitative study of the inherent properties of
substances, and of their reactions towards each other and towards the various forms of energy.

If this definition be criticised as too wide, since it seems to include most of physics as well
as chemistry, the answer is, that the distinction implied by the criticism is out of date in this
twentieth century. There are many kinds of physicists, many kinds of chemists, but there is
only one Physical Science, for which they both work; and perhaps the outstanding intellectual
achievement of our time is that which enables such a statement to be upheld. In order, then,
that we may place in due perspective the value of progress in any one branch of Physical
Science, we must first have a clear vision of the whole, and must express in concrete terms the
single end towards which our diverse endeavours now drive.

The desire to find the Unrrs, whose assembly and interplay shall express things as we know
them, is a mental necessity and an instinct in any human enquiry. It is the satisfaction of this
desire which is the real goal of the worker in pure science; he is a creature whose hope is, not to
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spoil, but to help to reveal the beauty of the scheme of things, and to portray the tangible unities
and the rhythms which rise clear from the seeming complexity of nature.

The foremost aim, then, of physical science to-day may be taken as the discovery of a funda-
mental unit of matter; of a fundamental unit (if there be one) of action or energy; and,
ultimately, of the cause-and-effect connection between these two units. Although we do not
at all presume to determine the deeper explorations of the future, it seems justifiable for us
now to say that the first of these units is nearly in our grasp, the second is apparently drawing
within range; but the definite capture of both involves that of the third, which is no nearer
than the horizon.

When these three questions have received their first assured answers, there will be still
further probings of the infinitesimal, till the bounds of reality are touched; but the vast bulk
of investigation will be increasingly occupied with what physics and chemistry are already
beginning to attempt, namely, with the task of learning how to use the three answers; how in
terms of them first to translate and next to predict—verifiably—the behaviour of the progres-
sively larger units, without whose prior discovery any reply to the three questions must have
been vain and without foundation.

It will be in the course of the spread of this new three-letter alphabet, just as it is during
the present working-out of the 92-letter alphabet of the atoms, that those discoveries accrue
which invention will use for increasing human prosperity.

The distinction drawn between discovery and invention is a real one. The march of pure
knowledge in its many groups has been likened to the advance of allied armies, each sending
forward its skirmishers, each busy in extending its front, in establishing contact with others,
and in consolidating ground already won. And the useful application of that knowledge,
under the control of ‘‘ meum and tuum, that great Rudder of humane affairs,” is like the civil
occupation which follows the army. It is to be noted that the progress of the civil occupation
is limited by that of the army; and that an army marches on its stomach, even though it fights
with its brains.

Before summing up, let us recall that the kinds of energy and of matter which we know
are not merely terrestrial but are universal; and we owe this truly mighty knowledge to the
genius of Newton and to Kirchhoff’s work with Newton's spectrum.

Now to sum up. To express the units of our stellar universe in terms of unit masses which
we can see and weigh and handle; to express, these, in turn, in terms of molecules, molecules in
terms of atoms, and atoms in terms of protons and electrons, and thus by steps to link the
great with the small : these are actual themes of research to-day. In the domain of energy,
the interconversion of some of the forms has been described by the principles of thermodynamics,
a subject which now bears to physical science much the same relation as geometry bears to
geography; and a unitary conception of radiant energy, the  quantum theory,” is being
rapidly developed and put to the test.

With this general introduction, we may go on to review, in a very broad fashion, the part
which is played by chemistry, remembering that the particular units revealed by this branch,
and in especial by that mode of it called physical chemistry, are the molecule, the atom, and
the ion.

It will be seen in the course of the story that the ion (hitherto not mentioned) is one of the
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earliest units which have proved to be expressible in terms of the more primitive varieties.
There is, further, another unit, which will be barely touched upon : the colloid particle, which
is dealt with at large in another chapter. This is one of the two units which link molecules and
ions with matter in bulk, the other intermediate object being the ‘ crystal unit.” Existent
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in liquids chiefly, the colloid particle is also represented in gases by mist and by dust. It owes
its peculiar properties to a special arrangement of the molecules which ensheathe it; so that it
crudely reminds us of organised bodies. It is, indeed, a link not simply to matter-in-bulk, but
is especially significant, and is mentioned in this place, because it forms a bridge between the
small units of physical science and the cells and micro-organisms which are the units of biology.
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Through its introduction, biology is becoming one of the affiliated branches of physical science,
at least in so far as it is now seeking to learn which of the properties of living matter are
also those of inanimate matter.

The scope of physical science, as far as concerns the units of the fabric of matter with which
it has to deal, but neglecting the interwoven themes of energy, may for clarity be shown by the
foregoing diagram of the great analysis which is being made.

In the sequel, we shall by no means confine ourselves to work of the past twenty-four years;
for the twentieth century has brought to a head so many lines of investigation that it can be
properly viewed only in relation to the nineteenth. The eighteenth century and the second
half of the seventeenth (when Boyle launched chemistry as a science) were the pre-unit period of
pure observation and classification.

B. TaE MoOLECULE

1. The Physical Molecule.—When cold water dries up by evaporating into vapour, it
expands itself nearly forty-thousandfold, and this vapour can be expanded still more, without
any definite limit; and it can intermingle with air or other vapours to any extent. We find it
impossible to conceive of a continuous material which could be endowed with such properties,
and we are compelled, in the face of these facts, to assign to water, and to everything else
which shares such properties, a ‘‘ discrete ”’ structure; that is to say, to picture it as being
made of separate little masses which can spread far apart or can aggregate. These molecules
must be very small, for no microscope will show them. A gas or a vapour, then, is pictured
as being mostly empty, weightless space (whatever * empty * space is), with here and there pin-
point massive molecules in it. In a liquid, the molecules would be quite close together; in a
frozen solid, they would presumably be nearly touching, and (in a crystal) massed in orderly
ranks and piles.

Yet this is not all; for, despite the tenuous structure thus attributed to a vapour or gas, it
has very definite powers of resistance, as everyone knows who pumps a tyre. By cooling the
gas, it is made to shrink. The question thus is necessary : What is there which could keep the
molecules apart, especially at higher temperatures? They might be thought—and have been
thought—to exert upon each other at a distance some force of repulsion, whose strength increases
when the gas is made hotter. This idea must not be lost sight of; nevertheless, it entails the
invention of a novel agency, for whose existence there is no other ¢vidence; and consequently,
in accordance with the plain logic of common sense, we must first see whether some more familiar
agency will not fit the facts.

We therefore try the suggestion that these molecules, not necessarily repelling each other at
all, are in motion in all directions, as with a swarm of flies in a room. Each of our “ flies,”
however, since from the outset we deny it free-will, must be presumed to dart on without
turning, until it collides with others or with the walls of the vessel. What must be its fate after
collision? Obviously, if it then stopped altogether—if the insects flew about in a room lined
with a sticky fly-paper instead of wall-paper—the gas, as such, would in the course of time
disappear from the middle of the vessel; but it does not, however long it is kept. Hence if
there is molecular motion at all, it must be elastic motion; the molecule when it hits anything
must bounce off and resume its flight, and so on unceasingly. No doubt, at any moment, some
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of the molecules are moving slowly, some quickly, retarded and accelerated by their own
encounters; but there could be stated some average degree of speed or energy of movement.

Now this conception—the ““ Kinetic ” conception—is useful in two ways to begin with.
It enables us to visualise the mechanism of gas-pressure, which we picture as due to the steady
drumming of a hail of molecules on the walls of the vessel. And it enables us to visualise the
mechanism of temperature and the conduction of heat; for, whether the body be gaseous or not,
it is easy to grasp the notion that the hotter it is—the more heat-energy it contains—the greater
is the average energy of the molecular movements within it. Conduction of heat from one side
of a body to the other is simply the communication of a more energetic motion from each mole-
cule to the next in front of it, by means of the collisions and impulsions which occur. That is
partly why solids are better conductors than gases, for in them the molecules are closer and so
collisions are more certain; and that is also why a ““ thermos ” flask, from whose hollow walls
all air has been extracted, will let practically no heat get in from outside nor out from inside,
except by the narrow avenue of the solid neck.

All this “ kinetic hypothesis ” can be put in a precise and mathematical way. So expressed,
it was found to imply, as exact and necessary deductions, all those actual facts of gaseous
behaviour which are summarised in the experimental laws of Boyle and Charles and Dalton and
Graham. It was also successful in expressing a great deal of other work, when it was used in
conjunction with the principles of thermodynamics, which themselves involve no sort of assump-
tion whatever as to the inner structure of matter. On the same purely physical grounds, it was
even possible to infer that some gases are composed of molecules which must be in some way
complex structures; to maintain the inward throbbings of which, a part of the heat supplied to
the gas is automatically diverted. What these structures are, chemistry had already been
called in to decide.

We therefore now hark back, to trace the other road which led up to this point.

II. The Chemical Molecule.—At the beginning of last century, Dalton, studying the
relative weights in which pure substances unite together chemically, discovered that for chemical
purposes each of the sorts of elementary matter is made up in characteristic bundles, whose
relative weights, not necessarily the same for all elements, can be ascertained by measuring the
combining proportions of weighable samples of the elements. These bundles, said Dalton,
must be simply multiples of characteristic atoms.

The atomic theory, now for the first time put forward in a form amenable to experimental
test, gave to chemistry the status of a unified science; great numbers of known facts became
linked, and the accumulated knowledge of a century and a half, founded on the labours of Boyle,
Mayow, Black, Scheele, Priestley, Cavendish, and Lavoisier, was ready to be knitted into a
single structure.

Yet, before uniformity could be properly achieved, and while the immediate indications of
the atomic theory were being explored, it became necessary to clarify the concept still further;
and naturally, this demanded still more experiments. For, as yet, the connection between these
atoms and the larger units of which they are the parts was not sufficiently clear; the kinetic
molecular hypothesis was not to be framed till long after. Gay-Lussac, measuring the pro-
portions in which gases will combine chemically, found that the volumes of the combining
gases are always extraordinarily simply related. It was Avogadro who pointed out that the
only sensible interpretation of this is, that a given volume of any gas consists of & number of
particles, which number does mot in the least depend on what sort of particles they are. Thus, in
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forming water, 2 litres of hydrogen are found to join with 1 litrc of oxygen, and this is simply a
manifold repetition of vast numbers of unions, each of which occurs between 2 ultimate particles
or molecules of hydrogen and 1 molecule of oxygen. When, moreover, it was found that the
volume of steam formed from one measure of oxygen is just two measures, it followed that out
of every single molecule of oxygen there had been formed two identical molecules of water.
That is, the molecule of oxygen had been split into two, each half going with a whole hydrogen
molecule to form a whole molecule of water. These two halves are the chemical atoms of oxygen,
whose molecule is built of them.

It was the fusion of the molecular hypothesis of Avogadro with the atomic theory of Dalton
which supplied a really firm basis for chemistry and rescued it from a condition of unhappy
entanglements. Curiously enough, although Avogadro’s hypothesis was put forward within
three years of Dalton's, that fusion was not effected until nearly fifty years afterwards, in 1858,
at the hands of Cannizzaro. The chemical results will be indicated in a later section; mean-
while, it can be said that they were so far-reaching, and in themselves carried conviction to such
a degree, as to fortify almost to the point of impregnability the two theories from which they
depended and which at the same time they more richly expressed.

At about the same time as this began to take place, the kinetic theory outlined in our initial
paragraphs took shape, in the hands of Clausius and Clerk-Maxwell. As we have seen, it was
at once fully successful in explaining the then-known facts of the physical properties of gases;
but it did more, for the physical kinetic theory was shown necessarily to imply the hypothesis
which Avogadro had promulgated on chemical grounds. Thus, gaseous physics and the whole
of chemistry could now rely upon each other's full experimental support in their joint conception
of the molecular unit, which could henceforth be called the physico-chemical molecule.

We may for clearness describe the later work on the molecule in two sections, which, strictly
speaking, overlap in point of time, and bring us up to the present day. Much must be omitted,
or barely mentioned; and nothing like justice can be done to the skill and courage of the
experimenters; all one may hope to convey is a little of their logic and its results.

III. Weighing and Counting Molecules.—(a) Relatively.—With the advent of Avogadro's
hypothesis, it became possible to find by experiment how many times heavier a single molecule
of one gas is than that of another. If we were to weigh two heaps of coins, one heap of florins
and one of halfpennies, and we found, let us say, that the florin-heap weighed 2-1 times as much as
the halfpence-heap, this alone would not allow us to say how heavy one florin is when compared
with one halfpenny. But if we were then told that there had been the same number of coins in
each heap, then (without having to know what that number actually was) we should at once say,
one florin is 2-1 times as heavy as one halfpenny. So it is with gases; for Avogadro shows us
that we do get equal numbers of molecules to weigh, if we choose equal volumes of our gases (at
some one fixed pressure and temperature).

In this way, the molecular weights—that is to say, relative molecular weights—of different
substances are measurable. When, in addition, chemical measurements have shown what
elements, in what proportions, are present in these substances and therefore in their molecules,
we can say how much the constituent elementary atoms of a single molecule weigh. It is all
relative so far; for instance, the molecule of water is nine times as heavy as the molecule of
hydrogen, and in both of them there is twice as much hydrogen as the smallest amount of
hydrogen found in any other molecule. This least quantity defines the atom of hydrogen, H;
and because it is the lightest atom known, its weight may be provisionally called 1, until we
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know its weight in ordinary units. To the chemist, the symbol “ H” does not mean simply
the substance hydrogen; it means one atom of it, weighing 1. Hydrogen gas is made of mole-
cules each of which we write “ H, ” ; the water molecule, containing this quantity and one atom
of oxygen, is the object symbolised by H,0. These symbols show amounts, then, just as much
as 2s. 1d. does; in fact, there is no particular reason why we should not write this molecule of
money as S;D. We have in the foregoing a very short summary of that fusion of Avogadro’s
hypothesis with Dalton’s which has already been mentioned.

The experimental methods for finding the relative weights of gases are very simple in principles
but not so easy in practice; for the gases are naturally very light compared with the vessels
in which they must be weighed, and any small errors in the accuracy of the weighings there-
fore bulk largely. Morley in America, the late Lord Rayleigh, Guye at Geneva, Whytlaw-Gray
here, have in turn developed the methods so that with ordinary gases, such as oxygen, nitrogen,
nitric oxide, and the like, we can now trust some of the relative gaseous densities as being
accurate within two or threc parts in ten thousand. Methods have also been developed so that,
where a substance becomes gascous only when strongly heated, it can then still be weighed,
indirectly; and such methods have been used up to 2000°C. An interesting example (at
ordinary temperatures) was when, with exceeding skill, the late Sir William Ramsay and Dr.
Gray used the micro-balance of Stecle and Grant to weigh the gas niton or radium emanation;
the quantity available weighed one-thousandth of a milligram, and its volume was about a
tenth of the size of an ordinary pin’s head.

(b).—The next step towards counting molecules was made in a great expansion of work,
which enabled the operations of molecules to be traced elsewhere than in gases—hitherto the
only physical state of matter in which this could be done with any certainty. It was, of course,
recognised that molecules are everywhere present, in liquid solutions as well as in gases or any-
where else; but the advance consisted in the proof that the dissolved molecules in solutions
confer upon those liquids a group of properties which enables the relative numbers or weights
of these molecules to be counted, as if they were molecules in a gas. For example, the
tendency of water to evaporate into vapour, and its tendency to freeze into ice, are found to be
lessened when a foreign body is dissolved in it. The solution has to be made hotter to boil it
and colder to freeze it, compared with pure water. Again, pure water tends to diffuse,
molecule by molecule, into a watery solution, if this is placed in contact with it in such a
way that ordinary rough mixing does not occur. The fewer the water-molecules in the
solution—that is, the more numerous the foreign molecules—the greater is this tendency ;
and if the swelling of the solution by interpenetration of the water is to be prevented,
mechanical pressure—known in this connection as * osmotic ” pressure—has to be exerted
on the solution. All these properties of solutions, then, can be measured and exactly
expressed; and in a great mass of diverse work which was brought together by van’t Hoff at
Leiden in 1887, it was shown that one and all depend upon the numbers, not at all on the kinds,
of the foreign dissolved particles in the liquid. We are forcibly reminded of Avogadro’s and the
kinetic theory of gases; and evidently here likewise is a means of relatively weighing or number-
ing dissolved particles.

One outcome of this was to be the discovery of ions, told in a later section; the other which
now concerns us is as follows : for clearness it is told in a very much simplified form.

(c) Absolute Counting.—It has been found that the foregoing  osmotic ” effects are shown,
not only by solutions, but by suspensions of visible particles in otherwise pure water. In this
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case it is possible to count the foreign particles by eye, assisted with the microscope and, better
still, with the ultra-microscope; and it turns out that the ““ osmotic ” effects depend, once more,
on the number of the suspended particles, in exactly the same way as with dissolved molecules
and with gaseous molecules. It is these suspended particles which are the colloid particles
referred to in the introduction.

By these physical tests, then, visible mud-particles are molecules; and, since they can be
counted by eye, we are provided with a means of finding the real number, not merely the relative
number, of molecules in any gas.

Actually, the molecular nature of suspended particles is even more convincingly shown;
for they can be seen to be in motion, hither and thither, in the fluid. This long-known
“ Brownian > motion has been timed and measured by various means, including the use of
the kinematograph; and it turns out to be precisely that which, on the kinetic theory, would
be given by magnified molecules having the size and weight of these particles, moving through
a liquid, and bombarded by the (invisible) agitations of the liquid’s own molecules. One might
say that as a result of this twentieth-century work, the presence of the liquid’s own molecules,
and their movement, have been proved to be as real as the dark stars; and we are as firmly
assured of the true existence of molecules in gencral as an astronomer would be assured
that Mars is really a world, if he paid it a visit in person.

Measurements of this sort have been confirmed by a large number of investigations of other
kinds. Some of these, as in Rankine's experiments upon gaseous viscosity, are made with
materials in the ordinary molecular condition of gases; others, as in the researches of H. A.
Wilson and of Millikan upon the movements of electrified mist-droplets, have had to do with
aérial colloid particles and with electrical measurements. All the results converge upon the
same conclusion, so that we now know with very fair precision the actual numbers and the
approximate sizes of molecules.

In a drop of water there are some two thousand million million million molecules. This
conveys no conceivable idea; so we may put it in another way. Supposing that we were to
magnify one drop of water to the size of the earth, and all its molecules and their atoms
proportionally, we should see a space populated by something like trios of toy-balloons, bouncing
about everywhere at intervals of no more than two or three feet.

That it has been possible to prove anything at all, let alone to prove anything precise, about
objects so minute as molecules is no doubt wonderful enough; but the real miracle is the
molecule, not our methods of divining it. The thing is so small, and yet it decides the behaviour
of bodies so great, that it lies far beyond the limits of insignificance and, rightly considered, is
awe-inspiring; and still more so when it is realised as being formed from things even smaller.

IV. Molecular Attractions.—(a) The Liquefaction of Gases.—The obvious fact that some
gases are more easily liquefied than others—for example, compare steam with air—shows that
some molecules tend to cling to their kind and form aggregates. No gas known at the present
day has resisted liquefaction. Many gases, such as laughing gas, carbonic acid gas, and others,
can be liquefied without cooling them, by simple compression. Others, the  permanent gases,”
like air, hydrogen, and so forth, have been compressed up to 20,000 atmospheres—100 to 150
tons per square inch—without showing any sign on the way that there was any separation of
liquid, though the very molecules were compressed and distorted. But even these gases liquefy
by pressure, provided that they can first be cooled sufficiently.

It was Andrews, in Belfast, who in the ’sixties first showed what he called the “ continuity
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of the liquid and gaseous states,” and demonstrated the existence of a “ critical temperature >
for each gas, below which it can be liquefied by pressure, above which it exists in only one form,
more or less dense. One-half of the principle of the liquid-air machine is that whereby the
air must not only be compressed, but must be compressed when it is below —140° C.

Van der Waals next showed, by a modification of the kinetic theory, that the existence of a
critical temperature, and, in general, the new facts which Andrews and his successors discovered,
can be accounted for by allowing for two things, neglected in the simple theory, namely, that
molecules have size, and that they tend to stick together when they are close. This * cohesion
works, of course, against the independent motion which tends to keep them apart. It is not
quite the same as the force which makes one atom combine with another chemically; at all
events, we find cohesion even among the gases of the argon group, and the atoms of these are
not known to form any chemical compounds at all. Although various ideas are current as to
what might be the origin of molecular cohesion in gases and liquids, they are still under test.
No sort of explanation of cohesion is therefore justifiable here; we shall accept the fact and
leave it at that.

We may note at this point one or two uses which are made of this cohesion. Evidently
molecules can cling together with a good deal of energy; and correspondingly, it requires the
using-up of a good deal of energy to draw them apart again. When a compressed gas which
contains cohering molecules is suddenly released so as to expand, its molecules are compulsorily
drawn apart; and the resulting using-up of energy, necessary to provide for this separation,
makes the whole gas cold. The liquid air machine makes use of this method of chilling, in order
to bring the air to the pitch of cold at which it can begin to liquefy—its critical point. With
the help of liquid air which is boiling away in its vessel at —200° C., even hydrogen can be
cooled enough to make it liquefiable ; and with the aid of liquid hydrogen, the most ““ permanent
gas of all—helium—has been liquefied by Kamerlingh Onnes at Leiden. Onnes has used this
liquid helium to obtain the lowest temperatures ever known; he has reached within one degree
of the absolute zero of cold, —273° C. At such a temperature, ““ 1° Absolute,” everything except
helium is rigidly solid; and the molecules are all but lifeless. It is not improbable, from what
we otherwise know of its molecules, that helium may prove to be incapable of forming anything
nearer to a crystalline solid than a sort of loose-knit and flexible assemblage; but this is a
speculation which only those who can test it are properly entitled to make.

(b) Films.—The foregoing variety of cohesion is not one of whose mechanism we form a very
definite picture; but the explanation of it will doubtless turn out to be akin to, if not the same
as, that of several better-understood phenomena, which we shall now very imperfectly indicate.
Their study belongs mainly to this century.

When a liquid form drops, each of these is held together, and its size is decided, by the taut-
ness of the skin of the drop. This tautness can be exhibited and measured in a number of
experimental ways, some of them very delicate in detecting changes in it. The pouring of
oil on troubled waters is our most ancient example of an artificial change in “ surface-tension.”
The late Lord Rayleigh studied quantitatively this effect, and measured the least quantity of
oil which was necessary to affect the surface tension of water.” He showed that the minimum
layer is so thin that it seems to be a carpet no thicker than one molecule. Hardy, working by
another method, showed that the energy with which films of different oils adhere to the surface
of water is definitely connected with the presence of certain atoms or atomic groups within
their molecules; and his work, emphatically confirmed by many recent investigators, leaves
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little doubt that in such films the molecules are anchored to the liquid or solid surface to which
they cling, by reason of forces emanating from certain special atoms in them. Each molecule
is, as it were, more sticky at one part than at another; and the whole film on a solid is like
a mussel-bed on a rock. Certain of the atoms, though bound to each other within a molecule,
can evidently spare some of their force to reach out a little way and attract similarly-disposed
atoms in neighbouring molecules; as when a rower reaches a hand to someone on a landing-
stage and so makes fast the boatload. We cannot doubt, in the face of this work and of a
great deal of strong collateral evidence, both chemical and physical, and too voluminous to be
indicated here, that at least a part of molecular cohesion or attraction takes its origin in the
incompletely monopolised affinities of one or more atoms within the molecule. It would be
premature to push the matter further.

(¢) The Solidification of Liquids.—It is characteristic of solid crystals that they influence
in a peculiar way the passage of light through them. The effect which is well scen with Iceland
spar is one example; if a clear crystal of this substance is held at a proper angle and used as a
window through which to view, for instance, a ruled line, the line is seen doubled. The effect
is called ¢ double refraction.”” We cannot escape the conclusion that this has to do, somehow,
with the orderliness of the molecules and atoms in crystals; an arrangement long believed to
exist, and precisely shown as a fact by the beautiful researches of Sir W. H. Bragg and Professor
W. L. Bragg upon X-rays. The total effect produced by a crystal upon a beam of light is thus
thought of as the summation of a number of successive small effects, each caused by one
small molecule or unit, and all working in the same way because all the molecules or units of
the crystal are facing the on-coming beam in the same way.

When the molecules, or such parts of them as berd the light, are higgledy-piggledy, as they
are in a gas or a liquid, double refraction is not observed, because on the whole there are at every
instant just as many molecules acting in one way as there are molecules acting in the opposite
way. The essential thing is, that double refraction implies a preponderance of order in the
molecular array within the doubly-refracting body. Adopting this test, we may see what it
tells.

Gases and liquids show no orderliness. Also a glass shows no optical difference from a
liquid; for glasses, and what are called * supercooled liquids ” in general, are simply liquids
which have been cooled without freezing till they are so viscous as to resist, perhaps for years,
any internal settling of their molecules into a symmetrical pattern. As Robert Boyle put it
in a flash of insight 264 years ago, “ the particles of the Glass agitated by the heat, were sur-
priz’d by the cold before they could make an end of those motions which were requisite to their
disposing themselves into the most durable texture.”

Optically, all ““ amorphous ” transparent bodies, such as celluloid, jellies, and colloid “ solids ”’
are like glass. Nevertheless, if glass or celluloid be strained mechanically along one direction,
then, while the strain lasts, there is double refraction; to some extent the molecules have been
forced into lines, rather as if one took a tangled bundle of chains and pulled it out taut. Glass
which has not been properly annealed in manufacture is under internal stresses of this kind,
due to unequal contractions during cooling, and so is liable to fly in pieces; and the examination
for double refraction (by a very sensitive method) is now applied as a routine test of good
annealing in many glass-works. Ordinary liquids, too, can show the effect of strain; but since
their molecules are more mobile than those in glasses, and are consequently less easily * sur-
priz’d ” before they slip back into random motion, the stress has to be applied rapidly. Thus,
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oil which is lubricating two quickly-moving surfaces is found to be in this condition. So also,
suspensions of certain rod-shaped particles (iron oxide, vanadium oxide) in water show double
refraction if the rods are made to ““ head * in one direction, either by streaming the liquid rapidly
along a tube, or by placing it between the poles of a strong magnet.

Now certain substances have been found which spontaneously become doubly-refracting
while still in the liquid state. When well above their freezing points, such bodies are quite
normal liquids, optically; but as they cool to near their freezing points, they show more and
more clearly, under the special illumination used in the test, places of double refraction; and
yet any foreign particles which may be present can wander freely through these places, so that
these are still liquid. On cooling further, the liquids freeze to ordinary solid crystal masses,
retaining and extending their double refraction. Tt seems from this that “liquid crystals ”
are places in the liquid where the molecules have begun to string themselves out in anticipation
of the array which they will ultimately assuine, though in closer formation, in the solid crystal.
Evidence of this preliminary * stringing-out ” has also been found in liquids which are on the
point of forming a fibrous curd.

(d) Change of Solid Form.—We might have thought that, arrived at the solid crystalline
state, the molecules might be finally content; yet it is not always so. To illustrate this fully
would require several books; some of the matter is dealt with in another chapter; and we must
give but the briefest attention to it.

There are innumerable cases in which one and the same chemical compound or element
exists in more than one solid form. The classic example of carbon, in the diamond and in graphite,
is only one of many examples of this “ allotropy ’ among the elements. Tin, when it is kept
in cold climates, tends to suffer from “ tin plague,” in which the bright, tenacious metal falls
away in pits and patches to a grey powder. The powder is still pure tin; and it has been proved
that if this is kept warm it can be made to revert to the ordinary form, though no longer, of
course, in a compact shape. Iron has several forms also, and only one of them is magnetic.
An interesting compound, ammonium nitrate (the chief component of our war explosives)
can change into another and more voluminous form of the same substance so quickly, when kept
rather warm, that it breaks the glass vessel which holds it. Hundreds of cases might be cited.

In many of these cases, we can point to a definite temperature of transition or molecular
re-arrangement, which is no less definite than the melting-temperature. Often, also, heavy
pressure assists in the production and the maintenance of the change; if the form to be pro-
duced is less voluminous than the original, pressure inevitably helps. It is most interesting that
in the last few years ice has been proved to undergo these changes when suitably compressed.
There are no fewer than five ““ ices,” each form with its own distinet properties, and each best
fit to exist within its own characteristic range of pressures and temperatures. One kind of ice,
which requires pressures of over 40 tons per square inch to form it, exists—and can exist only—at
temperatures higher than  freezing-point,” 7. e. over 0° C.; and, under pressures such as 100
tons to the square inch, it has even been kept, perfectly solid, at 75° C., a temperature such as
can hardly for a moment be borne by one’s hand. The possible bearing of these results upon
glacial geology is perhaps worth thinking about; for they limit the pressures and at the same
time extend the upper ranges of temperature, at which solid water can exist.

Regarding the nature of the linkage between molecule and molecule in a crystal, we must
not invade the province of the writers of the chapter on Crystallography, but we may borrow
from them just this : the linking of unit with unit in a molecular crystal is determined, as in

3
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films on surfaces, -by stray forces emanating from atoms within the molecules; the crystals
cleave or split most readily at the planes where atoms of weak residual affinities are facing each
other. An analogy with the splitting of a bread-and-butter sandwich is not as far-fetched as
it may seem; for, ultimately, the same forces govern both the solid and the sandwich.

V. A Picture of Molecular Processes.—We may draw this section to a close by describing
the intimate mechanism of the passage through the three states of matter which occurs when
we cool a vapour. The picture here drawn, it should be remembered, is entirely based on exact
numerical measurements, and describes nothing which is not authenticated by them. We
begin with the gas enclosed in a vessel of some kind.

The gas is chiefly space, and in this space innumerable molecules constantly fly, collide, and
rebound, spin and internally vibrate; if, here and there, pairs and trios are formed, they are
instantly dismembered by the onset of molecules whose paths they cross; no molecule is ever
at rest for more than a very small part of its perpetual journeying.

As the gas is cooled, the movements diminish in vigour; the transient clusters may form more
frequently, last a little longer, and grow a little laxrger, but within each cluster the loosely tied
components are violently vibrating, ready to fall asunder at the first impact. Meanwhile,
over the walls of the vessel there has spread a sheathing of molecules, all anchored to those
which jut from the solid wall, and serving as targets to others which shoot from the mass of the
gas. With further cooling, the coating thickens, as layers of molecules pile up on the first;
the clots increase in the gas; and we are at the point when, with a touch more of cold, the clots
thicken and merge together from out of the space and, gathering into one loose body, cling to
the layers lining the wall : the gas has become a liquid.

All through the liquid, incessant oscillations, jostlings, and slippings-past still go on; and
at the cordon of the upper surface, molecules are continually breaking away or piercing the rank
to escape into the vapour-space above, and are as continually returning.

As we cool the liquid, the oscillations grow quieter, the mass becomes more compact,
fewer molecules break from the surface; more and more frequently, groups of molecules find
themselves close enough and suitably set to begin to join in regularly-ordered chains and figures.
If at this point we suddenly cool the liquid extremely, the molecules are immobilised where
they stand, and in this state of suspended animation they constitute a glass or a jelly; and at a
number of points in it there are the groups which await only the release of the constraint to
continue the orderly building which they had begun. Allowing the supercooled liquid, then,
to grow warm again as it was before the sudden chilling, we regain the state of mobility; and
now, with the resumption of gentle cooling, there is reached a temperature where the energy of
propulsion can no longer debar the inward atoms of the moving molecules from maintaining
their directing drag upon others which come within range of them; all the molecules are pulled
into positions of quivering equilibrium, dwelling in serried rows of habitations, and the liquid
has frozen into a crystal.

Only by further cooling, and perhaps by pressure, may any rearrangement be made; though
this happens with less and less freedom as, with lowered temperature, the quiverings diminish,
which perhaps lessens the chance that the right parts of neighbouring molecules shall be
favourably placed to bear mutually on one another; but at length, the particles are locked into
whatever places are most narrowly and symmetrically fitted to the shapes of their * spheres ”” of
influence. Yet in no case will they cease to vibrate, each within its own confines, until the
crystal reaches the unattainable absolute zero of cold.
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C. TaE ATOM

For the sake of clearer understanding, we shall diverge from the order of units shown in the
diagram on page 25, and shall treat of the atom before the ion.

From the fusion of Dalton’s atomic theory with Avogadro’s and the kinetic molecular
hypotheses (page 28), there came a confidence in the existence of atoms as objects and not as
little more than arithmetical counters, which soon won unanimity among chemists. This
assurance led, during the second half of last century, to two discoveries, of the highest import-
ance then, and at the present time, in the very forefront of interest. These were: the property
of Valence, and the Periodic Classification. Both these subjects receive treatment in other
chapters, so that only so much of them need here be said as is necessary for the development
of our present theme.

1. Valence.—As a result mainly of the study of compounds of carbon by a number of
workers, culminating in the researches of Frankland, a new intrinsic and numerical property
was discovered in atoms. Hitherto, the measurable properties which had been assigned to
atoms had been of a kind shared by any sort of matter; mass, volume, specific heat, are familiar
and measurable in bulk-matter even though we knew nothing of atoms. The new property,
however, is characteristic of atoms and of atoms alone; it is the one feature which we might
have marked as distinguishing chemistry from everything else, but for the barrenness of any
such discrimination.

The valence of an atom is the measure of its capacity to unite with other atoms within a
molecule; and the essence of the discovery was that valence is a property which goes per
saltum, in units. The way was prepared for a simple classification of elements according as
their atoms have a valence of 1, 2, 3, and so on up to 8, this being the maximum valence
which it was found necessary to invoke.

At first a merely arithmetical property of atoms, valence was later exhibited by Couper
and Kekulé, and especially by van't Hofl and Le Bel and their successors, as a geometrical
property. For the first time there was produced reason for regarding the atom as something
more than a mere lump, and a glimpse was given of its having a characteristic shape; or rather,
of a characteristic orientation of the forces emanating from the atom. The story of the develop-
ment of geometrical valence is told in the chapter dealing with organic chemistry; for it has
been the specialised chemistry and the physical properties of the compounds of carbon which
have supplied by far the clearest information on this aspect of valence.

Chemical reactions alone, however, cannot afford a knowledge of what actual objects or
structures within the atom produce the outflung attractions which link it with others. Sooner
or later, the enquiry into these underlying causes was bound to begin; and this became possible
when the nature of ions began to be understood, and when the electron had been discovered.
How far we still are from finality in the solution of the enquiry may be learnt from the special
chapters. :

It is worth noticing, before leaving this subject, that another peculiarly atomic property,
more complex than valence but much more accurately definable, was discovered at very nearly
the same time : the spectrum of an element; and further, that it is the spectroscope which is
now proving the most potent weapon in locating the electrons which determine chemical

properties, including valence.
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II. The Periodic Classification.—(a) The newly-certified atomic weights of the ’sixties
provided a sequence of numbers whereby all the then-known elements (about 60) could be
arranged in order, so that the trend of their properties with rising atomic weights might be
examined. An English chemist, Newlands, partly saw and in his “ Law of Octaves ” in part
enunciated the ensuing generalisation, which was fully proclaimed by Mendeléev.

The word “ octaves  gives the clue to the nature of the discovery. Just as on the piano
we find that with rising pitch we get a periodic recurrence, in due order, of notes so similar as
to receive the same names from A to G, so with rising atomic weight, as we pass from element
to element, we find a periodic recurrence of similar elements, and all these fall into groups
named from I to VIIL. Broadly speaking, all the clements within any one group have the
same valence, and there is a regular gradation of other properties, from the member with the
lightest atom to that with the heaviest; while between one group and the next there are all
those chemical differences which are associated with the stepwise increase of valence.

The sequences initially suffered from many blemishes; but Mendeléev had formulated, and
was confident in, a brilliant hypothesis of rhythm; and he boldly stated that the blemishes
were due on the one hand to faulty assumptions made by early experimenters, and on the
other to elements as yet undiscovered, for which places should be left vacant in the sequence.
From the existing gradations of properties within one group and from one group to the next,
he stated in exact figures what the data alleged to be incorrect should be, and he foretold in
precise detail what the missing elements and their compounds should be like, both physically
and chemically. Reinvestigation of the antiquated data by fresh workers proved him right
in that respect; and within 15 years the discovery of two new elements, gallium and
germanium, which exactly fulfilled what he had predicted for them, triumphantly vindicated
the classification and the doctrine of rhythm.

(b) To review all the properties which were “ tidied up” and correlated by the Periodic
Classification as time went on would be neither possible nor desirable in this place. This
systematic study constitutes what is often still called Inorganic Chemistry, although the usual
purview of inorganic chemists has by now extended far beyond the stage of simply classifying
chemical properties, and has merged almost completely into the scope of general (including
physical) chemistry as it is defined in the introductory section of this chapter.

We can only note, then, that the periodic recurrence is seen in such properties of the
elements as : metallic and non-metallic nature; ease or difficulty of melting and vaporising;
magnetic susceptibility; specific gravity; and among the chemical properties, valence; com-
bustibility ; ease of corrosion by various chemical agencies; ionic characters in general ; whilst
their chemical compounds show periodic changes in physical properties, in solubility, in acidity
and alkalinity, and in a great number of other properties, all exactly measurable.

(¢) What ought to be specially noted here are rather the major factors in the array of the
elements, which later work has brought out.

One of these may be expressed by a quite rough analogy with the piano keyboard once
more. Just as, in ascending the gamut of notes, we find the simple scale in the key of C major
to be invaded by black notes which constitute an excursion from the regular sequence, although
each of them bears a relation to one of the white notes in the scale, so also in ascending the
gamut of the elementary atoms we come to invasions into the most simple-seeming sequence.
The atomic “ black notes” are, however, massed together without any alternating ‘‘ white
notes,” so that they form a cluster of what are called the sub-groups in the Classification.
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Each sub-group echoes to some extent the characteristics of a main group to which it corre-
sponds. It is asif we had to do with what the musician knows as harmonics; and in the chapter
on atomic structure it may be seen that this notion is more than merely fanciful, and that we
may look forward with some hope to an expression, in terms of the vibratory parts of atoms, of
the relations between main and sub-groups, and even of that interesting case of harmonics
nearly in unison which the chemist knows as the “ rare-earth elements.”

(d) The second important matter is the discovery of a certain set of elements, which
form an entire group of the Classification and whose existence had been quite unforetold. This
was the helium-argon group of gases, whose discovery by Sir William Ramsay, with Lord
Rayleigh first and with Dr. Travers later, forms one of the most interesting and dramatic stories
of chemistry. The reason why no provision had been made for this whole group of substances
in the chemical classification became evident after their investigation, for they proved to
be devoid of all chemical properties. Yet, now, those elements are absolutely essential to our
ideas of why ordinary elements undergo chemical changes at all; for we see in the atoms of
the “ inert gases "’ the perfect and completed types, whose forms the atoms of all other elements
are automatically seeking to attain when they undergo chemical change. It is by the group
of the inert gases that the two chemically-opposite wings of the Periodic Classification are
bound together, much as the opposing halves of an arch require a keystone which abuts on
them both.

(e) Lastly, there is this to observe. In the last 10 years atomic weights have in some
degree lost that primary significance, a belief in which first enabled the essential rhythms
of the elements to be perceived. Although atomic mass (weight) may yet prove indispensable
for probing atomic mechanism, the order of atomic weights in classification has been replaced
by the almost parallel, but chemically more definite, Atomic Numbers. The sequence of these
was originally laid down on purely chemical grounds; but the epoch-making work of the
Cambridge school of physicists has now given to that sequence a character of astonishing meaning
and precision. In the light of all that has becn done and is being done in the new branch of
physical science—sub-atomics—the chemical Periodic Classification remains an indispensable
guide, and it presents a crucial problem whose solution is occupying the mathematical physicists
of to-day.

D. TeE Ion

1. The Simple Theory.—(a) The fundamental researches of Faraday, which made exact
and greatly extended the knowledge obtained by Davy and others, gave the first clue to the
way in which matter and electricity are connected. Without adhering to strictly historic
sequence, we may review the salient facts.

Pure substances can be put into two classes according as they do or do not allow an electric
current to pass through them easily. The really good conductors are all metals; the poor
conductors and the insulators are non-metallic elements and most of the pure chemical com-
pounds. The passage of a current through a metal—for instance, in an electric cable—makes
no difference at all to the metal; it may grow warm at the time, owing to such resistance as
it opposes, but otherwise it remains exactly in its initial state.

When mized substances are studied, we find that there are three groups : one consists mainly
of metallic alloys, such as brass, which conduct in just the same way as pure metals, showing
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no change thereby; and solutions, on the one hand conducting solutions and on the other
non-conducting or insulating solutions.

Taking the two kinds of solutions, it turns out that there are many liquids, like chloroform,
petrol, and others, which never yield conducting solutions, no matter what we dissolve in
them; others, of which water is the chief, give conducting solutions, but only when the
dissolved body is a compound and of a certain wide class of compounds. Thus, solutions of
sugar or of alcohol in water do not conduct; those of salts, of acids, of alkalis do. Broadly
speaking, those “ organic * chemical substances which are not salts, acids, or alkalis are in the
former class; all the rest, including the inorganic compounds, form electric conductors when
dissolved in water.

We may now confine our attention to the conducting solutions. It is found that they differ
profoundly from metals in the way in which they conduct the current; for, whereas metals
are unaffected by the passage, these substances cannot conduct except in so far as they are
decomposed chemically in the process. Where the current is led into the liquid, and where it
leaves, there inevitably appear the separated components of the dissolved coropound. Thus, when
we pass a continuous current through a solution of copper chloride, metallic copper is deposited at
one side, chlorine gas is set free at the other, until all the copper chloride is gone—resolved
into its two components. Using ordinary salt—sodium chloride—in solution, a similar thing
happens; the sodium all goes towards one pole, the chlorine all goes towards the other; if we
do not see metallic sodium as such at the appropriate pole, this is only because this particular
metal happens to be unable to exist as such in the presence of water, which chemically attacks
it; but its arrival is signalised by the production of hydrogen gas in its place, and the neigh-
bouring part of the liquid is found to be rich in the piled-up sodium hydroxide simultaneously
formed. By heating pure salt itself (till it is molten), we have a liquid which avoids this
complication, and metallic sodium duly appears at one pole when the current passes.

In this way we can electrolyse, 1.e. resolve electrically, any member of this class of bodies
which is soluble in water or other ““ conducting solvent ” (including the liquids which they
themselves form when melted); every one is thus divisible experimentally into two opposite
parts or “radicals,” which are charged, when in solution, with positive and with negative
electricity, according to which electric pole attracts them. Positive radicals turn out always
to be the metallic constituents of salts and alkalis, and the hydrogen of acids; the negative
radical is what is formed by all the rest of a compound.

Here, then, is a puzzle, over a century old, which requires explaining: Why should the
metallic appearance of an element go hand in hand with its being positively electrified when
its compounds are dissolved in water or melted ? The question will be answered a little later;
the puzzle was not solved at all until a few years ago, and is still not perfectly cleared up.

(b) The next step is most concisely stated by using the molecular idea, and the atomic
theory as it was sketched in the foregoing section. When a dissolved substance is decomposed
at a pole in the act of allowing electricity to pass to that pole, it is fairly obvious that molecules
must separately be partaking in this process; that is, we are watching on a large scale what
is actually occurring to each separate molecule. Kach single molecule of the substance, then,
is to be thought of as having two parts, one of which is associated with positive electrification,
the other with negative; in a molecule such as that of copper chloride, the copper atom
becomes positive, and each of its two chlorine partners becomes negative. Arrived at the
respective poles, these electrified atoms lose their charges and revert to the elementary state.
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It is the electrified atoms or parts of a molecule which are called vons.

We thus gain the idea that the act of conduction is one of transport : that the atoms can
serve as actual vehicles for electricity. What Faraday’s experiments did was to show how
much electricity the different atoms can carry; and, taking again the single illustration of
copper chloride, we may put the result by saying that each of the two chlorine atoms takes
one definite quantity of negative electricity, while the single copper atom takes exactly two
such quantities of positive electricity. The molecule of copper chloride as a whole, CuCl,,
like copper chloride in bulk, is electrically neutral.

We have here the first indication of the unit of electricity, which was eventually to turn
out to be the electron. Further, it became clear that the number of Faraday units of electricity
(+ or —) which an atom can carry or unite with is precisely the same as the number of chemical
atoms which it can unite with; to put the matter shortly, its ionic charge is given by its
chemical valence. In subsequent chapters it will be seen that this fact is at the basis of
our ideas concerning the actual cause of chemical valence, and we must acknowledge
Faraday as their founder.

For the present purpose, we have arrived at the view that the electrically neutral molecules
of salts, either molten or in certain solutions, can divide into oppositely-electrified atoms or
radicals which serve as the vehicles for transporting clectricity when a current is turned on.
We have still to learn whether the splitting is spontaneous, or whether it is merely local and
transient and caused only by the current which is applied : is it inherent in the salts themselves ?
If we are to answer this we must seck evidence which is independent of electrical experiments ;
and such evidence we shall now review.

(¢) In the section dealing with molecules we saw how it is possible to count the number
of foreign particles of any kind which are mixed with those of a liquid to form a solution, by
means of simple measurements such as those of boiling point or freezing point. These measure-
ments have nothing to do with electrical properties as such.

When this method is applied to solutions in general—whether in water or not—it is found
that those solutions which do not conduct electricity contain only so many foreign particles as
have been put in, in the shape of molecules of dissolved material, when the solution was made
up; but that, in the case of conducting solutions, in proportion as the solutions are good con-
ductors, by so much are the foreign particles more numerous, than the neutral molecules origin-
ally put in. Arrhenius, finding this, pointed out in 1887 the inevitable inference: that the
extra number of foreign particles must have been provided by the spontaneous breaking-up
of the original molecules at the moment of dissolution; and that, when a current is afterwards
switched on, it is these fragments which are alone instrumental in conveying the current. This,
then, is the essence of Arrhenius’ ionic theory of solution. Uniting the two quite independent
lines of work which will always be associated with Faraday and with van’t Hoff, Arrhenius
proved that Faraday’s ions, or charged atoms and radicals, are not merely evanescent aspects
of the electrical disruption of a chemical molecule, but are separately-existing though com-
plementary objects, called into existence solely by the intrinsic nature of the parent molecule,
and (as far as could then be told) by the medium in which that molecule is placed.

(d) A third class of properties was at the same time brought into line; for it was shown
that the faculty, peculiarly associated with salts, acids, and alkalis, of undergoing chemical
changes instantaneously when mixed in solution, was to be connected with the proved dissoci-
ation of the molecules into ions. Further, a number of actions, classed under the heading of
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“ catalysis ” (g.v.), wherein the mere presence of one of these compounds is found to hurry
on certain slow chemical changes suffered by organic compounds, were shown to be accounted
for precisely if the ons of the catalysor, and not its unbroken molecules, are the effective
accelerators.

II. Later Developments.—In these ways, three great groups of facts were correlated by one
theory; and it might be said that for the remainder of the nineteenth century and well on into
the twentieth the phrase “ physical chemist ” meant chiefly one who was deducing or putting
to the proof the consequences of the ionic theory. Out of an enormous mass of results we may
select two additions which have been made to the simple original theory; these will now be
outlined.

(@) Arrhenius’ own followers did what disciples usually do: they claimed more than he
had, and neglected what virtues had lain in older views. But inevitably, the solid facts on
which these older views had rested, however insecurely, were revived and enlarged; and now,
incorporated in the modern ionic theory of solution, they strengthen it exceedingly.

What was neglected in the first dawn of the theory was the fact that the liquid, in which
the dissolved salt “ionises,” plays a more than purely physical role ; for, besides acting as a
medium which allows the electrified opposites to separate, some of the solvent molecules unite
chemically with the dissolved body or its ions. There is a vast literature of experiments and
speculation on this, and it is far too technical a matter to enter upon here. All that can be
said is, that chemical association with the solvent is inherent in the process of ionisation, and
is probably a necessary factor in enabling the electrical charges to be comfortably accom-
modated upon the ions which are in this way enlarged. In many instances, the union with the
solvent happens in a fashion so definite that there is no doubt whatever of its function as a
factor which conditions ionisation. Such cases are examples of a general type of chemical
union known to chemists as “ co-ordination,” whose study at the hands of Werner has pro-
vided one of the happiest links which have re-united organic with inorganic chemistry, by
reason of the methods of investigation and because of the kind of atomic valence which is now
found to be operative in the act of co-ordination.

(6) The other outcome to be mentioned is more fundamental. It was recognised from
the beginning that most salts are incompletely broken up into ions when they are dissolved ;
and yet there are many properties which are clearly duc to ions alone, and which are also
manifest in the substance when it is not in solution at all. For instance, the colours of many
solid salts are exactly the same as those of solutions in which they are present almost entirely
as lons—permanganates, for example. Yet these salts do not conduct electricity when they
are solid; if we were to judge by this criterion alone, the solid crystals would have to be
described as not ionised.

Here again, the methods of discovery are mainly too recondite to be followed unless one is
a regular student of the subject, and once more we must adopt the unsatisfactory procedure of
indicating results without adducing the facts which prove them.

Briefly, then, the results are these : those substances which form freely- conductmg solutions
when they are dissolved are ionised, not only in solution, but also when they are in the pure
solid state as well. Thus common salt crystals are made not of molecules of sodium chloride,
NaCl, but essentially of sodium ions (Na *) regularly intermeshed with chlorine ions (Cl1 ).
The crystal does not conduct electricity, because every ion is rigidly confined, and so none can
migrate to carry its charge to the electric poles applied to the sides of the crystal.
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When the solid salt is dissolved in water, or melted, or even vaporised at a high temperature,
many of these positive and negative ions move apart and become more or less independent,
so that they are free to deliver up their electric charges separately at two poles, i.e. to carry
a current. According to the nature of the intervening medium, the purely electrical attraction
of positive for negative—like for unlike—leaves some of the ions as only semi-detached pairs.
The difference between “ good electrolytes *” and ¢ poor electrolytes * lies principally in the degree
of this ““ semi-detachedness ’ when comparisons are made in similar surroundings; and, as has
alrecady been indicated, this degree is markedly influenced by the union which can occur with
the molecules of the solvent itself.

The difference between electrolytes in general and non-electrolytes, including organic
compounds, is that the latter consist of molecules in which either (i) the positive and negative
ions present in the molecule are electrically attracted to each other too powerfully to be drawn
asunder, or (ii) the molecules do not contain separate ions at all, but are groups of tightly-
locked neutral atoms. 1t is probably the case that one and the same molecule can exhibit
both of these states as different phases of its existence.

(c) Finally, the physical and the chemical characters of metals are interestingly correlated ;
for a piece of metal is now known to be not an assemblage of atoms merely, but an assemblage
of positively-electrified atoms, the ions of that metal; and interwoven with these are the com-
pensating units of negative clectricity, the electrons, none of them fixedly attached to any
special atom, but capable of being independent. The ions are positive because they are
atoms, initially neutral, which have lost these negative electrons.

The lustre of a metal is the lustre of the electronic web; its power of allowing electricity
8o freely to pass is due to the freedom with which the dotted tracery of electrons can move
through the interstices of the coarsely-grained ionic fabric, which itself remains immobile; it
is these negative electrons which are shot forth when ultra-violet light falls on a metal and
leaves it positively electrified; and, lastly, the chemical ability of a metal to dissolve in an acid
and form a salt depends on the fact that the acid provides something positive (hydrogen ions)
which can pair with these negative electrons and so leave the residual stack of metallic ions
free to fall to pieces and pass as such into the liquid.

(d) Gaseous Ions.—The purely physical work initiated by Sir J. J. Thomson on the
electrical conduction of gases has shown facts which have to do with the ions of solutions. It
appears that from the molecules of elements in the gaseous form ions can be produced electric-
ally, or by heat alone, which are the simple electrically-charged atoms, uncomplicated by any
union with solvent-molecules. At present, the chief interest of these gaseous ions to us is, that
the work which has to be expended in thus converting atoms to gaseous ions can be measured ;
and although the results are not yet all in order, nor by any means far advanced, it seems
that the work or energy of electrically charging the various types of neutral atoms is being
linked up with the chemical reactions which those same atoms undergo; for in such reactions
the atoms use up or give out energy and are turned into ions and parts of chemical molecules.
And, just as it is found by chemists that helium and its congeners are the most refractory of
all elements to persuade into chemical activity, so it is found by the physicist that they of all
gases have atoms the most difficult to ionise.

All this can be only touched upon and no more; it serves as one more reminder of the
mutual supports which stretch across the structure of our science.
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E. CoxcrLusioN

The real conclusion of this article is given at the beginning, and to that section the reader
who has come thus far is asked to return. There is only this to add, and it will have leaped to
the eye of any general chemist : this article has omitted reference to far more than it has
included, and has passed by great fields of physico-chemical endeavour without so much as a
hint. No word has been said of the study of chemical reactions in themselves, of the laws
governing their speeds; mnothing of the balance and play of the chemical competitions which
have formed our earth’s crust or have been produced in the laboratory, such as are summed
up for the student in the phrases ‘‘ chemical dynamics’’ and ¢ phase-rule equilibria’’; and,
perhaps worst omission of all, almost nothing has been hinted of ¢ chemical energetics,” the
study of the energy-evolutions which accompany and initiate chemical reactions. All these
are of the essence of chemistry; without their study none of our basic industries is secure, nor
can advance; yet they have been here relegated to the background, because they can be looked
upon as subsidiary to the main quest for the units of physical science.

Chemical energetics aflords already much more than an abstruse mode of classification;
it is beginning to throw light on the quantum of radiant energy itself, and will increasingly do so;
yet for still a little while chemistry will receive from the quantum theory more than it will
give to it.

Inasmuch as the subject of chemical energetics has alrecady been essential to our knowledge
of the molecule, of the atom, and of the ion, the reader must recognise that it has in
this survey been utilised as regards results but unjustly ignored as regards performance; and
he should scek in its farther study the immediate material for the worker of the ensuing era
of physical science, as that science is defined in the introductory section which sets the key of
this chapter.



THE STRUCTURE OF THE ATOM
By E. N. pa C. AnpraDE, D.Sc.

Introductory.—The problem of investigating the structure of the atom is one of peculiar interest
to British men of science, since so many of the pioneers of the atomic theory itself have been
our countrymen. Boyle and Hooke, who dominated the chemistry and physics of their day,
made many interesting speculations as to the nature, and even the size, of atoms, but the atomic
theory, as now understood, may be said to have been originated by John Dalton, when he
erected his system of chemistry on the foundation of the Law of Multiple Proportions. The
first direct demonstrations of the actual existence of atoms made in recent times were based on
a close investigation of that ceaseless motion of microscopic particles suspended in a fluid which
is named the Brownian movement, after the English botanist who first observed it in 1827. The
periodic law, so essentially bound up in the atomic theories of to-day, was adumbrated by
Newlands in his Law of Octaves. The first suggestion that all atoms might be built up of one
common substance was made by Prout—although, in a very general sense, some might claim
that Boyle anticipated him—when he suggested, in 1815, that the hydrogen atom might be a
common constituent, as, indeed, we believe to-day that it is. Coming to modern times, we find
that the early considerations of the atom as a structure of electrons are associated with the name
of J. J. Thomson, while the general theory of atomic structure universally accepted at the present
day is due to Ernest Rutherford.* The exp#ments of Moseley, of Aston, and of C. T. R. Wilson
are fundamental for all modern work on the atom. And while Niels Bohr, whose remarkable
theory has had so great an influence on scientific thought, is a Dane, England can claim that it
was in her universities that he developed his fundamental hypotheses, and that his original
papers were published in her tongue and in English journals. Numerous and remarkable as have
been the contributions of { men of science to atomic studies, it may be claimed confidently
that nowhere has the atomic #¥1d been cultivated more successfully than in Britain.

The modern view of the structure of the atom is essentially an electrical theory of matter.
In this respect it forms the last step of a general movement which has been taking place ever since
Faraday co-ordinated electric and magnetic forces, and demonstrated a connection between
magnetism and light—the tendency to express all physical and chemical phenomena in terms
of electricity and electromagnetic theory. The work of Clerk-Maxwell and of Hertz demonstrated
the electromagnetic nature of all forms of radiant energy propagated with the velocity of light;
it has been left for the electron theory, which is so recent a thing that its founders are still living
and full of scientific ardour, to bring together physics and chemistry as the investigation, from
various aspects, of the electrical structure of the atom. The electron, the small indivisible
charge of negative electricity, producible from any kind of matter, but yet always exactly the
same, dominates modern physical science. There is overwhelming proof that electrons are one
of the constituents of which all atoms are built. Atoms are normally neutral, and must therefore
contain positive electricity as well as the negative electrons. The problem of the structure of
the atom is to decide the nature of this positive electricity, how it is distributed, and how the
electrons are grouped in the atom; to solve this fully is to have the key to all the enigmatical
phenomena of physics and chemistry, of which optical and’ X-ray spectra, crystallisation,
cohesion, compressibility, magnetism, valency, and general chemical behaviour may be mentioned
as examples. Further, the study of the structure of the atom brings us to consider new sources

* Whom we may, perhaps, on this occasion, call an Empire product, since he was born of Scottish descent
in New Zealand, and was for many years Professor of Physics at Montreal.
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of energy which, if they ever become available, will save us the trouble of scratching the surface
of the earth for those débris of long-dead plants which we call coal and oil. It is remotely possible
that in the future a knowledge of atomic anatomy will be as important for the engineer as for the
chemist and physicist.

The Nuclear Atom.—Whatever divergencies may exist on minor matters, there is universal
agreement to-day that the atom has a nuclear structure, as first convincingly argued by Ruther-
ford in 1911. That is, the positive charge is concentrated in a small space, or nucleus, at the
centre of the atom, the electrons, in number sufficient to make the atom neutral as a whole,
being distributed round it at distances which are large compared to the nucleus. If the nuclear
charge be called Ze, where Z is a whole number and e the magnitude of the charge of an electron,
there must be, of course, Z electrons. An atom is an extraordinarily loose structure, which may
be compared—if I may gain pardon for so homely a simile—to a swarm of gnats round a small
lead shot. The size of the atom, as generally considered, means the space surrounding the centre
of the atom which acts as an impenetrable sphere to any other atom striking it with such velocities
as atoms or molecules have at the ordinary temperature in virtue of their heat energy : thus the
distance of closest approach between the centres of two similar atoms endowed with such
velocities is called the diameter of the atom. This is apparently of about the same size as the
sphere containing the outermost of the atomic electrons when the atom is in its normal, or most
stable, state. Compared to this size, the nucleus is only about as big as a small shot in a cathedral ;
in other words, our gnats, few though they be—for even the heaviest atom has but 92 of them—
guard a space as big es a cathedral from the gnats which, around a second shot, form a second
atom. Most of the atom is empty space, occupied by a field of force which endows it with
impenetrability to comparatively slow corpuscles. However, a fast-moving corpuscle—an
electron with a velocity of a thorsand miles a second or more, or an a-particle, which is the
nucleus of a helium atom, shot .at spontaneously with great speed by certain radioactive
substances—can pass freely through the atom on account of its large kinetic energy. It was by
subjecting thin metal foils to the bombardment of a-particles from Radium-C, and noting the
angles through which the particles were deflected, that Rutherford obtained the evidence which
originally enabled him to conclude “hat practically the whole mass, as well as the positive charge,
of the atom is concentrated in a very small space. Only by the assumption of such a concen-
tration can the very large angle, through which, every now and then, a particle is deflected, be
explained. In other words, when the positively charged a-particle smashes through the atom,
but does not pass close to the nucleus, it is only very slightly deflected, owing to its large kinetic
energy, but when, as must occasionally happen, it passes close to the heavy nucleus, vhiigh, on
account of its positive charge, repels it, a large deflection takes place. The patxy the
a-particles are detected by the scintillations which are caused by their arrival on a smait. phos-
phorescent screen, for a single swift particle causes one momentary microscopic spot of light. It
may be noted that the individual scintillations caused by the a-particles shot out b}“ra,dium were
first observed by Crookes in 1903, and exhibited by him in a simple little apparatus ghich he
called the spinthariscope. In the hands of Rutherford, the scintillation method of observation
has become a very powerful weapon of investigation which has enabled him to observe the
artificial disintegration of atoms.

Another device for following the paths of single a-particles, which leads to confirmation of
the nuclear theory, is offered by the beautiful method of C. T. R. Wilson, of Cambridge. He
makes use of the fact that the ions which the a-particle produces in its passage through a gas
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act as centres of condensation for water vapour. By letting the particles pass through moist
air, and effecting a sudden cooling by suitable expansion, he causes tiny drops of water to deposit
on the ions which strew its path : all the microscopic drops together form a visible track which
appears assa continuous white line when photographed. Fig. 1 is reproduced from a photo-
graph taken by Mr. Blackett, making use of this method. It shows the paths of several a-
particles in oxygen, photographed from two points of view so that foreshortening effects may be
eliminated from measurements made. Towards the left of the bundle is seen a forked track,
which is due to the a-particle in question having passed so close to an oxygen nucleus that it
has been deflected through an angle of 76°, while the struck nucleus has itself, in its rapid motion,
produced a track which appears as the shorter limb of the fork. We have an actual picture of
the collision of nuclei, from which the mass of the oxygen nucleus can be deduced : it is found
to be the mass of the oxygen atom. The nuclear theory has received many striking ggnﬁnnations

-
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from experiments on these lines, and interesting investigations are now being carried out in the
Cavendish laboratory by C. T. R. Wilson's method.

The Atomic Number.—The number which has been called Z, expressing the number of
positive charges which characterise the electric action of the nucleus, has proved to be of the
most fundamental importance, for it governs the general chemical and physical properties of the
atom, if mass be excepted. If the elements be arranged in order of their atomic weight, and then
numbered successively, so that hydrogen is 1, helium 2, lithium 3, sodium 11, and so on, the number
attributed to each element is called the atomic number. It was one of the great services of
H. G. J. Moseley, the brilliant young English physicist who was killed in Gallipoli at the age of
twenty-eight, to establish clearly that this atomic number is, in general, of deeper significance
for atomic behaviour than the atomic weight. It is only ten years since he did this, yet already
the time when the atomic weight was the only thing taken into account seems very remote.
Moseley drew his conclusions as a result of his pioneer measurement of the wave-lengths of the
so-called characteristic X-rays obtained from the various elements, which he measured by means
of the method of crystal reflexion developed by W. H. and W. L. Bragg. He found that the
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square root of the vibration frequency of one line of a given X-ray series (say the a-line of the
K-series) gave a smooth curve, approximately a straight line, when plotted against the atomic
number, but an irregular ““ lumpy ” curve when plotted against atomic weight. Fig. 2 shows
this clearly. He concluded that the atomic number must be the same as the number Z denoting
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the net positive charge on the nucleus, or, in his own words, we have in the regularity of curve
(b) of Fig. 2 ““ a proof that there is in the atom a fundamental quantity which increases by regular
steps as we pass from one element to the next. This quantity can only be the charge on the
central positive nucleus.” This essential feature of all modern atomic theory has been verified
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directly by Rutherford and his school, by the help of experiments on the scattering of a-particles
by matter, to which reference has already been made. The recognition of the importance of the
atomic number has introduced some notable simplifications into chemical theory. Before
Moseley’s work there had always been trouble about the position of argon and potassium, and of
cobalt and nickel in the periodic table when the elements were arranged in order of the atomic
weight. If the atomic numbers of potassium, cobalt, and nickel be determined by measurement
of the frequency of the characteristic X-rays, the order turns out to be that to be anticipated
from the chemical properties. The atomic weights have a comparatively superficial relation
to the chemistry of the elements. It will be seen, therefore, that the definition of the atomic
number as the ordinal number of the elements when they are arranged in order of ascending
atomic weights must be corrected by the X-ray measurements, which really serve to determine
the number. The X-ray frequencies also offer the clearest indication of the gaps which remain
to be filled by the discovery of new elements, since it is only a question of detecting a missing
whole number from a curve of type (b), Fig. 2. A large number of most accurate measurements
of X-ray spectra have been made by Moseley’s followers in Sweden, Germany, France, and
England, and we are now confident that only five elements, having atomic numbers 43, 61, 75, 85,
and 87, remain to be discovered, one of the six missing in Moseley’s time having been supplied
by the recent isolation of hafnium. All the results mentioned are, of course, dependent on the
fact that the characteristic spectra of the elements, being conditioned by the interior structure
of the atom, are atomic properties, that is, independent of the state of chemical combination
of the atoms in question.

Isotopes.—The nuclear charge, then, is in its nature some simple multiple of the charge on
the electron, but, of course, positive. The atomic weight, however, whether it be expressed in
terms of that of hydrogen or that of oxygen, is not in general a whole number, and it is this fact
which has always stood in the way of the acceptance of Prout's hypothesis. The work of the
last few years has furnished an elegant explanation of the existence of fractional atomic weights,
and has introduced great simplicity into what was before inextricable complication, namely,
the relations of the atomic weights to one another. The essence of the theory of isotopes, which
has been almost entirely developed in England, is that atoms of different mass can have the
same chemical properties, whereas until recently it was always assumed by the orthodox that
given chemical properties were inevitably connected with one perfectly definite kind of atom
alone. By the orthodox, because as long ago as 1887 Crookes foreshadowed the theory when he
suggested that the atomic weights might be mean values for atoms of a large number of different
weights.

Isotopes were first experimentally detected among the radioactive elements, when it was
found that certain of them, such as thorium and ionium, which differ widely in radioactive
properties, were chemically inseparable, and should occupy the same place in the periodic table.*
The method, however, which has demonstrated the far-reaching application of the isotopic
principle, and made of it an actual method of correcting atomic wéights, is the method of positive
ray investigation initiated by J. J. Thomson, and brought to great perfection by F. W. Aston,
also working at Cambridge. These positive rays, or, as I have suggested calling them, mass
rays (since the essential thing about them is that they consist of a stream of atoms or molecules,
which need not always be positively charged) can be obtained in various ways. J. J. Thomson
and Aston have in general used a pierced cathode of particularform, through the channel in which

* Whence the name, suggested by F. Soddy—isos, the same, and topos, place.
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the mass rays are projected when a discharge is passed through the exhausted tube containing
traces of the gas to be investigated, but a heated anode containing a paste made up of a salt of
the element in question has also been employed to originate the rays, especially by Dempster.
The ratio of the charge to the mass of the particles which constitute the pencil of mass rays can
be obtained by subjecting the beam to the joint action of an electric and a magnetic field, and
recording the resulting deflection on a photographic plate placed at right angles to the original
direction of the beam. Aston’s successes have been rendered possible by his adoption of a
particular arrangement of the electric and magnetic fields, as a result of which the deflected beam
may be focussed sharply on a single spot, instead of being spread into a comparatively broad
parabolic strip as it was in the original method. This allows shorter exposure combined with
greater accuracy. The ratio of the charge to the mass being known the mass can usually be
determined with but little trouble, since the charge is in general either one or two units, and
simple checks discriminate between the cases of single and multiple charges. Aston can now
measure the atomic weight by the method of mass rays with an accuracy of 1 part in 1000 parts,
and has been able to show, for instance, that the atomic weight generally accepted for antimony
was too low. When the element being investigated is present as a gas, less than one-tenth of a
milligram is used for an atomic weight determination; when an anode paste is used, somewhat
more is, of course, required. Mainly as a result of his labours it has now been proved in the case
of all elements so far investigated (that is, about half the total number of the elements) that
while those of which the atomic weights, expressed in terms of oxygen as 16, are whole numbers
consist of one kind of atom only, on the other hand, those of which the atomic weights contain
a fraction do so because they are mixtures of atoms of identical chemical properties, but different
masses, these masses being themselves whole numbers. Thus chlorine, of atomic weight 35-46,
consists of atoms of mass 35 and 37; zinc, of atomic weight 65-37, contains four isotopes of masses
64, 66, 68, 70; while tin contains as many as seven isotopes. 1t should be added that, although
the isotopes are by their nature chemically inseparable, they may be at any rate partially
separated by making use of certain physical properties governed by mass alone, such as the rate
of diffusion, or, speaking more generally, the gas-kinetic velocity. By ingenious methods based
on the principle indicated, the two isotopes of neon have been partially separated, as proved by
density measurements : the two chlorines have been partially separated, in the form of HCI;
while from ordinary liquid mercury mercuries have been obtained possessing densities of 0-99974
and 1-00023 respectively, if the density of the original substance be taken as unity.

Aston’s work has proved, then, that in all the large number of cases examined the atomic
weights of individual atoms are simple multiples of one-sixteenth of the weight of the oxygen
atom, oxygen, luckily, having no isotope. This is often alluded to as the whole number rule.
The objection to Prout’s hypothesis is no longer valid, and we can assume that in all atoms the
mass is contributed by a common constituent. This common constituent is the hydrogen
nucleus, or proton, that is, a hydrogen atom which has lost its one electron. It is believed, then,
that all atoms are built up ultimately of two constituents, the proton and the electron, the mass
of the electrons being negligible compared to that of the protons.

The existence of isotopes is simply explained by the modern view of the nucleus. The mass
of the nucleus is due to the protons in it, each of which must contribute one unit of mass and one
unit of positive charge. The nucleus must also contain electrons—not to be confused with the
extranuclear electrons already discussed—for otherwise, for all atoms, the atomic number would
equal the atomic mass, which is actually the case for hydrogen alone. Exactly how these
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electrons and protons are held together in the nucleus is not known, but they must be there.
Now if a positive proton and a negative electron be successively removed from a nucleus the
charge of the nucleus as a whole, which conditions the chemical properties, is unaffected, but the
mass is diminished. An isotope is formed. This theory is much strengthened by the considera-
tion of radioactive substances. An a-particle has mass 4 and 2 positive charges : everything
tends to show that it is a particularly stable combination of 4 protons and 2 electrons. Now
when a radioactive nucleus has lost, in successive ray changes, one a-particle and two electrons,
as happens in each of the radioactive series, a product which has the same nuclear charge,
and consequently chemical properties, as the parent substance, but a mass less by 4, is to be
anticipated. This anticipation is in exact agreement with what is found experimentally.

Atomic ENERGY AND ITS AVAILABILITY

An objection to the theory that the mass of all nuclei is due to protons immediately occurs,
namely, that the atomic weight of hydrogen is not 1, but 1-0077, in terms of oxygen as 16. This
has been met by arguments which lead to speculations of the first importance. The hypothesis
to be justified is that packing the protons close together to form heavier nuclei the size of which
is but little larger than their own leads to a slight loss of mass. The electromagnetic theory of
mass does, in fact, indicate such loss, since the inertia of an electric charge depends upon the
space in which it is concentrated, but the problem arises as to what has become of the mass.
On all older theories mass is indestructible, but according to Einstein’s theory of the equivalence
of mass and energy a loss of mass can be compensated by a release of an amount of energy which
calculation shows to be very large. In fact, it follows from the theory that if four protons, which
when separated have a total mass 4-0308, should combine to form a helium nucleus, 5 X 108
ergs of energy would be set free. This may not sound very much, but it is equivalent to saying
that if a gram-moleculc of helium could be made out of the necessary hydrogen atoms 7 x 1011
calories would be set loose, or some hundred million times as much heat as is produced by the
burning of an equal weight of coal. To put the matter in an engineering form, one ounce of
helium in the course of formation from hydrogen should yield a million horse power for seven
hours. This exceeds the transformations dreamt of by the alchemists, but so far we cannot see
our way to making hydrogen nuclei stick together with the cement of two electrons. Perhaps
we shall one day get, with great difficulty, a few atoms of helium so to form, which will satisfy
the man of science; perhaps we shall get a controlled rate of formation in appreciable
quantities, which will satisfly the engineer; perhaps we shall get an uncontrolled and cumulative
rate of formation which will destroy the experimenter, and satisfy certain religious sects who
object to experiments as impious : or will destroy the world and satisfy nobody. This is mere
speculation, but one can scarcely refrain from speculation at the thought of these enormous
supplies of energy associated with so small a weight of matter. Inany case nuclear chemistry,
which is at its very beginning, is bound to furnish sensational results.

This chemistry of the nucleus has been begun by Rutherford, who in an extraordinary series
of experiments has succeeded in obtaining definite proof that he has disrupted certain nuclei.
He bombards nitrogen with a stream of a-particles, and is able to show by the scintillation method
that long-range protons are produced : elaborate controls demonstrate that the only possible
source of these protons is the nitrogen nucleus. Since the original experiments of 1919 Ruther-
ford and his collaborators, of whom Chadwick deserves special mention, have shown that such

4
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protons can be struck out from the nuclei of a variety of light elements. It is particularly note-
worthy that in the case of aluminium the proton produced has a greater cnergy than the striking
a-particle. In other words, some of the energy of the nucleus has been transformed into kinetic
energy of the proton, or, in a sense, a fraction of the nuclear energy has been liberated, although
in no way made available. Lest it should be hastily assumed that practical developments are
to be anticipated in the near future, it may be pointed out that the whole a-radiation from a gram
of radium, costing some thousands of pounds sterling, will in favourable circumstances release
a few calories from aluminium, an amount of heat, that is, which can be produced by the burning
of a few grains of coal dust. The theoretical importance of the results, however, is immense.
They confirm the hypothesis that protons enter into the structure of the nucleus, and show that,
on this small scale, it is possible to transform heavier elements into lighter ones, but not, so {ar,
lighter into heavier elements. For nitrogen which has lost a proton becomes carbon ; aluminium
which has lost a provon becomes magnesium ; and so on.

This atomic chemistry (which has been devcloped by physicists) is a thing of the last fifteen
years—in fact most of the chief advances have been made since the War. The essential infor-
mation has been won by dealing with single atoms, or very few atoms, and following their
electrical and dynamical bchaviour by means of a new technique which has been worked out
by J. J. Thomson, E. Rutherford, C. T. R. Wilson, F. W. Aston and their followers. The older
chemists dealt always with thousands of millions of atoms at a time, and gave us certain average
results in which things which we are only now beginning to disentangle were confounded.

THE EXTRANUCLEAR ELECTRONS AND THEIR ARRANGEMENT

We now direct attention to those electrons which are sparsely grouped about the nucleus and
form what may be called the extra-nuclear structure. The behaviour and location of these have
been elucidated mainly by three lines of study—X-ray spectra, optical spectra, and chemical
combination.

The whole subject of spectra, both optical and X-ray, has been revolutionised in the last
eleven years by the theory of the Danish physicist Bohr, who was working in Manchester under
Rutherford when he published his epoch-making papers on “ The Constitution of Atoms and
Molecules.” His theory breaks away from classical electrodynamics, according to which an
electron moving in a closed orbit should emit a radiation the frequency of which is that of the
revolution of the electron, and invokes the quantum theory, applied in a particular way, to
determine the frequency of the radiation emitted by an atom. This is not the place for any
attempt at an exposition of the theory, but it may be recalled that he postulates certain
“ stationary ” states, in which the electron circulates in selected orbits without radiating at all.
If, however, the electron passes discontinuously from one “ stationary ”’ orbit to another the
consequent change of energy E is accompanied by a radiation the frequency of which is given by
the fundamental quantum relation E = kv, where » is the frequency and % is a constant. The
angular momentum in possible orbits is governed by certain dynamical relations, which also
involve the quantum theory. Not only have the line spectra of hydrogen and of ionised helium
been worked out in the greatest detail, but the fine structure of their spectral lines has been
connected up in one comprehensive formula with the so-called X-ray doublets. Further, a
general theory of spectra has been evolved, in deriving which Bohr makes great use of a principle
which shows that there is a certain correspondence between the classical theory and the quantum
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theory of radiation—the celebrated correspondence principle, which forms a bridge between
the new and the old point of view. Bohr’s methods have enabled him to deduce, largely from
the spectra, a general theory of atomic structure which explains many features of the periodic
system much better than any previous theory, and has already led to the discovery of the element
hafnium, of atomic number 72. Before discussing, very briefly, Bohr’s views, a word is needed
as to the relation between optical and X-ray spectra.

The spectra of characteristic X-rays are atomic in nature, that is, a given element gives a
determined line spectrum, which is (apart from a minute effect) independent of the state of
chemical combination in which the element may be. The interpretation of this is that the
X-ray spectra are due to the more closely bound electrons of an atom, which play no part in
chemical combination, that being an affair of the exterior, or, more correctly, the loosely-bound
electrons. The regular progression of the frequency of a given X-ray line as we go from one
atom to the next, which makes little account of the end of one period and the beginning of the
pext, shows that, as a first approximation, the inner structure of a given atom is a part of the
inner structure of all heavier atoms. The optical spectra, however, are due to transitions between
electronic orbits which lie near the periphery of, oggauite external to, the atom. These orbits are
involved in changes of chemical character, so that'the optical spectra show abrupt changes in
nature as we pass from element to element, especiallysat the end of periods, and are also pro-
foundly modified by the state of chemical combination of the atom. Bohr, in his theory, makes
use of both optical and X-ray spectra.

According to him, the orbits of electrons in the atom fall into classes, each class being charac-
terised by a certain total quantum number. Each class contains differept states—circular orbits,
and elliptical orbits of a few determined eccentricities, tigye@entricity being governed by an
auxiliary quantum number, usually written as a suffix to the total quantum number, thus : 3,.
Successive periods in the periodic arrangement are characterised by the highest total quantum
number represented in the atom. Thus with hydrogen and helium the total quantum number
is 1, and the orbits of the two electrons of neutral helium are both circular and equal, their planes
being inclined to one another. In the period lithium-neon the two inner electrons have orbits
similar to those of helium, while the others have orbits of total quantum number 2, both circular
and elliptical being present in the heavier elements. The period sodium-argon has, in addition,
3 quantum orbits : the next period acquires 4 quantum orbits; and so on. The great importance
of the theory for the chemist is that it indicates, much better than any other, the true nature of
the long periods. It shows that there are never, even in the heavier elements of a long period,
more than 8 electrons of the highest quantum number—outer electrons, they may be called,
although in tracing out their elliptical orbits they have to pass through the interior of the atom.
In the long periods, after the first one or two electrons have been added in orbits of highest
quantum number, the nextelectrons go to complete a group of lower quantum number, which the
addition of the first electrons has made, in a certain way, incomplete. Of the 18 electrons added,
for instance, in the period potassium-krypton only 8 have total quantum number 4 : the others
go to add to the orbits of total quantum number 3, which the formation of a higher group has
made capable of receiving new numbers. Speaking in a very general way, the electrons added
in long periods go, when a certain stage is reached, to add to the inner structure of the atom,
instead of accumulating outside. This forms a great contrast with Langmuir’s theory, in which
a completed period forms a part of all heavier atoms. Bohr’s theory has been strongly confirmed
by certain inconspicuous periodicities in the X-ray spectra which were pa