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PREFACE

IN drawing up a systematic course of elementary chemical
mstruction based upon the periodic classification of the cle-
ments, whether 1t be as a cowise of lectures, or as a text-book,
a number of serious difficultics are at once encountered
These possibly are sufficient to account for the fact, that
although twenty-five years have clapsed smce Mendelejeff
published this natural system of classification, the method has
not been generally adopted as the basts of English clementary
text-books

I have endeavoured to obviate many of these difficulties,
while still making the periodic system the foundation upon
which this Iittle book 1s based, by dividing the book nto
three parts Part I contains a brief sketch of the funda-
mental principles and theories upon which the science of
modern chemustry 1s built  Into this portion of the book I
have introduced, necessanly 1n briefest outhnes, some of the
more recent developments of the science mn a physico-c hemical
direction, of which it 1s desirable that the student should gain
some knowledge, even early 1n his career

Part IT consists of the study of the four typical elements,
hydrogen, oxygen, nitrogen, and carbon, and of their more
important compounds By dissociating these four elements
from their position in the periodic system, and treating them
separately, the student 1s early brought into contact with many
of the simpler and more famihar portions of the sciense  Such
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subjects as water, the atmosphere, and combustion, to which it
1s desirable that he should be introduced at an early gage m
his studies, are thus brought much more forward than would
otherwise be the case

In Part III. the elements are treated systematically, accord-
ing to the periodic classification  In this manner, while
avoiding a sharp separation of the elements mto the two arbi-
trary classes of metals and non-metals, 1. has been possible to
so far conform to the prevailing methods of nstruction, that
all those elements which are usually regarded as non-metals
{with the two exceptions of boron and silicon) are treated in
the earher portion of the book.

The science of chemistry has of recent years developed and
become extended to such a degree, that the difficulty of giving
a fairly balanced treatment of the subject, within the hmits of
a small text-book, 15 an ever-increasing one, and 1t necessarily
resolves itself mnto a question of the judicious selection of
matter. In making such a selection, I have endeavoured, as
far as possible, to keep in view the requirements of students
at the present time, without, however, following any examina
tion syllabus —

Acting upon this principle, I have omitted all detailed
description of the rare elements and their compounds, con-
fining myself merely to a short mention of them in a few
general remarks at the commencement of the various chapters

Although from a purely scientific standpoint many of these
rare substances are of the greatest interest and importance,
1t must be admitted that they stand quite outside the range
of all the customary courses of chemical instruction, and so
far as the wants of the ordinary student are concerned, the
space which would be occupied by an account of these
elements, 1s more advantageously devoted to such mattérs
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a8 are discussed in the Introductory Outlines. Moreover, 1t
is a matter of common observation that text-books, even
upon the shelves of reference libraries, and which bear un-
mustakable evidence of much use, are frequently wzcuz in those
portions which treat of these elements

Details of metallurgical processes, also, are out of place
in a text-book of chemistry, and must be sought m metal-
lurgical text-books  Only such condensed outlines, therefore,
have been given as are sufficient to explain the chemcal
changes that are involved in these operations

The great importance to the student, of himself perform-
ing experiments 1llustrating the preparation and properties of
many of the substances treated of mn his text-book, cannot
well be over-estimated  If he be n attendance upon a course
of chemical lectures, opportumty should be given to him for
repeating the simpler experiments he may see performed
upon the lecture table if he be not attending lectures, the
necessity for this practical work on his part 1s greater still
Instead of burdening this text-book with specific directions
for carrying out such elementaiy experiments, frequent refer-
ences have been made to my “Chemncal Lecture Experi-
ments,” where minute directions are given for carrying out
a large number of experiments, many of which may be easily
performed, and with the very simplest of apparatus.

Several of the woodcuts have been borrowed from existing
modern works, such as Thorpe’s ¢ Dictionary of Apphed
Chemistry,” Mendelejeff’s “Principles of Chemistry,” Ost-
wald’s ‘‘Solutions,” and others Care has been taken, how-
ever, to exclude all antiquated cuts, and a large number of
the 1llustrations are from onginal drawings and photographs.

G.S N.

SouTH KENSINGTON.






HINTS TO STUDENTS

For the help of students who may use this book at the
commencement of their chemical studies, and espeaially for
those who may not be wortkmg undcr the mmmedinte guidance
of a teacher, the following hints are given —

Begin by carefully reading the fust four chapters (pages
1-24)  Then pass on to Part 1T (page 171), and begin
the study of the four typical clements, hydrogen, oxygen,
nitrogen, and carbon, and their compounds, m the order n
which they are treatcd  Accompany your reading by per-
formmg as many of thc experiments rcfared to as possible,
m order that you may become practically fammhar with the
substances you are studying

Durmg the time occupied mn the study of these four
elements and their compounds, again rcad Chapters T to IV,
and slowly and carefully contimmue rcading Part I, so that
by the time Part IIT 15 rcached, you may have furly mastcred
at least the first thirteen chapters of the Introductory Out-
hines

The order in which the elements are treated in Part III.
1s based upon the periodic classification, therefore read the
short mtroductory rcmarks at the commencement of the
various chapters, 1n the light of the table on page 118.

Throughout the book temperatures are ginven in degrees

of the Centigrade thermometer 1° Centigrade equals 75 8
133
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Fahrenheit, and as the zero of the latter scale is 32° below
that of the Centigrade, temperatures given n degreeg of one
scale are readily translated into degrees of the other, by
the simple formula—
(n°C. % 1.8) + 32 ="F.

The abbreviation mm. stands for millimetre; the % part
of a metic (1 metre= 39 370113 inches, or roughly, 25
mm =1 inch). The abbrevation cc sigmfies cubic centi-
metre; the g5y part of a cubic decimetre, or htre (1
hitre = 1 76077 pints)

1 gramme (the weight of « cc of distilled water, taken at
its point of maximum density) =15 43235 English grains.
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1NORGANIC CHEMISTRY

PART I
INTRODUCTORY OUTLINES

CHAPTER 1
CONSTITUTION OF MATTER

THE science of chemustry may be described as the study of a
certain class of changes which matter 1s capable of undergoing
Matter 15 susceptible of a variety of changes,some of which are
regarded as pkysical and others as chemcal  Thus, when a steel
knitting-needle 1s rubbed upon a magnet, the ncedle undergoes a
change, by virtue of which it becomes endowed with the power
of attracting to itself iron filings or nails, and when an ordinary
lucifer match 1s rubbed upon a match-box the match undergoes a
change, resulting 1n the production of flame In the first case the
change 1s said to be a p/hysical one, while the 1gmtion and com-
bustion of the match 1s a c¢kemical change

When a fragment of ice 1s gently warmed, 1t 1s changed from a
hard, bnittle solid to a mobule, transparent hquid , and when white
of egg 1s gently heated, it changes from a transparent, colourless
hquid to an opaque white solid These changes, which appear at
first sight to be of a similar order, are 1n reality cssentially different
n their nature the transformation of sohid ice into hquid water
s a physical change, the coagulation of albumen 1s a chemical
change

Again, when certain substances (such as the matenals which
constitute the so-called /umsnous paint) are exposed to a bright
light, they undergo a change whereby they become invested with
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the power to emt a feeble hight when seen inthedark A stick of
phosphorus also emuts a very similar light when seen n the dark
The glowing of these matenals under these circumstances nught
readily be regarded as the result of the same kind of change in
both cases , but in reality the lumosity of the phosphorus 1s due
to a chemical change taking place upon the surface of that sub-
stance, while the emission of hght from the luminous paint 15 a
purely pkysical phenomenon.

I'he two sciences, chemistry and physics, are so closely related
and interdependent upon each other, that no sharp distinction or
line of separation between them 1s possible Every chemical
change that takes place 1s attended by some physical change, and
it often happens that this accompanying physical change foims
the only indication of the chemical change that has taken place
In certain important points, however, a chemical change 1s very
different from one that 1s purely physical 1n the latter case no
matenal alteration m the essential nature of the substance takes
place  This will be seen n the examples quoted  1he steel
needle remains unaltered 1 1ts essence, although by magnetisation
1t has acquired a new propeity-—a property which it agam loses,
and which can be again and again imparted to 1t The match, on
the other hand, when 1gmited has undergone a matenal and pei-
manent change the combustible substance 1s now no longet
combustible, neither will it ever retuin to 1ts onginal state The
solid water, in being tiansformed to hquid water, has not under-
gone any vital change , 1 essence 1t 15 the same substance merely
endowed with a new propetty of hquidity, a property which 1t loses
agan when cooled, and which can be again and again imparted to
it On the other hand, the coagulated albumen has undergone a
complete and lasting change, and never returns to its ongmal
condition

In the same way, the lummous pamt gradually ceases to enut
hght, and 1eturns to 1its ongmal state , 1t may be evposed to the
influence of light, when 1t once more acquires the property of
phosphorescence, and this change may be brought about indefi-
nitely, without altening the intrinsic nature of the substance Ihe
glowing phosphorus, on the other hand, 1s gradually changed into
a white substance, which escapes from 1t as a smoke or fume , 1n
the act of glowing the phosphorus 1s undergomng a process of slow
burning, and if allowed to remain will continue glowing and burn-
ing until the whole of 1t has disappeared 1n the form of smoke.
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The Constitution of Matter. Molecules.—Matter 1s regarded
by the chemust and physicist as being composed of aggregations
of minute particles, every substance, whether 1t be sohd, hquid,
or gaseous, presents the appearance to his mind of a vast number
of’extremely minute patticles To these particles the name mole-
cules (“ little masses ”) has been given  The particles or molecules
of any particular substance are all alike * thus in sulphui the
molecules are all of one kind, while in water they are all of another
hind , the chemical properties associated with sulphui are the pro-
perties of the individual sulphur molecules, while those belongmg
to water aie the properties of the molecules of that substance  All
matter, therefore, 1s to be concened as having what may be called a
grarned structure  The actual sizes of molecules 1s a matter which
has not yet been’ determined with exactness , they are orders of
magnitude which are as difficult for the mind to grasp on account
of their minuteness, as many astionomical measurements are by
1cason of their vastness It 1s certain that their size 1s less than
half a single wawe-length of hght,* and that therefoie they are
beyond the visual limits of the microscope Some general 1dea
of their order of magmtude may be gathered fiom I ord Kelvin’s
calculation, that 1f a single diop of water were magnified to the size
of the earth, each molecule bemng piroportionately enlarged, the
gramed appearance which the mass would present would probably
be finer than that of a heap of cricket-balls, but coaiser than a
heap of small shot

It will be evident, therefore, that in the stiictest sense matter 13
not Zomogeneous, since 1t consists of aggregations of molecules,
between which there exist certain interspaces

The forces which similar molecules cxert upon cach other aie
regarded as physwal, m contiadistinction to ckemical  These
forces are either a#fractive in their nature, or repellent  ‘The
attractive forces tend to draw the molecules closer together, and
thus to cause the substance to assume the solid state; while
repellent forces, on the other hand, tend to separate the molecules
and to make the substance pass into the gaseous condition
Changes which matter undergoes by the action of these forces are
physical changes, they do not affect the chenucal nature and
properties of the substance, which properties, as already stated,
reside 1n the molecules themselves

* The wave length of the blue ray (G) = oo0004311 millimetre, or
0.0000169 inch
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In each of the three states of matter, viz. sohd, hquid, or gaseous,
the molecules are conceived as being in a state of motjon ; they
are regarded as executing some vibratory movement within the
spaces that divide them In the sohd state this movement 1s
usually the most restricted, for the reason that in this case ¢he
intermolecular spaces are as a rule the smallest In the gaseous
condition, however, the attractive force between the molecules
has been almost entirely overcome by the operation of the
repellent forces. The molecules are therefore widely sepa-
rated, and consequently permit of a much greater freedom of
movement

Such changes 1n matter, which are merely the result of
alterations 1in the motions of the molecules, are likewise purely
plysical changes

Molecules may be defined as the smallest weight of matter
wm whick the original properties of the maltler are retained.

Atoms.-- It 1s the belief of chenusts that most molecules are
possessed of a st&ructure  That 1s to say, they are not simple,
single, indivisible masses, but themselves consist of aggregations
of still smaller particles, which are held together by the opera-
tions of some other force. These particles of which molecules
are composed are termed atoms, and the force which holds them
together 1s called chemical affinity, or chemical attraction To
the mind of the chemist, such molecules are httle systems, con-
sisting of a number of atoms which are attracted to each other
by this particular force , in the ordinary movements of the mole-
cule, the system moves about as a whole In this respect 1t beais
some analogy, on an infintely minute scale, to a solar system
T'he atoms of a molecule are regarded as mn a state of motion as
respects one another, possibly revolving ahout one another, while
the entire system, or molecule, at the same time performs 1its n-
dependent movements, just as mn a solar system the various
members perform various movements towards each other, while
at the same time the whole system travels upon its prescribed
ort, In the case of the heavenly bodies, the force which regulates
the Movements of the individual members of the system amongst
themselves 1s the same force that controls the motion of the umted
system, namely, gravitation. What is the precise relation, or
difference, 1f any, between the forces which control the move-
ments of molecules, and those which operate between the atoms
of the*molecule, 1s not known ; but as the effects produced are
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different, the latter force 1s distinguished by the name of chemical
affimty o

Any change which matter undergoes, 1n which the integnty of
the molecules 1s not destroyed, 1s regarded as a physical change ;
while any change which arises from an alteiation 1n the structure
of the molecule 1s a chemical change  For example, the molecules
of water consist of three sepaiate atoms, one of oxygen and two
of hydiogen, any change which water can be made to undergo,
in which these three atoms still remain associated together as the
molecule, 1s a physical change The water may be converted into
ice, or it may be changed into steam ; but these alterations still
leave the molecules intact—the three atoms still remain united as
an unbrohen system, and so long as this 1s the case chemical
change has not taken place

Suppose now the molecules of water aie heated to a much
higher temperature than that which 1s necessary to convert the
water nto steam, by passing electric sparks thiough the steam
It will then be found that a very different kind of change has come
over the substance The steam, after being so heated, no longer
condenses to water again when cooled , 1t has been changed into
a gas which can be bubbled through water and collected 1n an
inverted vessel filled with water standing mn a pneumatic trough,
and if a flame be applied to this gas 4 sharp explosion takes place
The change m this case 1s a chemical change, for the integrity
of the molecules of water has been destroyed The two atoms
of hydrogen have become detached from the oxygen atom, and
the onginal triune structure of the system 1s destroyed.

Atoms are therefore defined as the smallest particles of matter
which can take part in a chemcal change *

* The study of the phenomena of radioactivity has led to the belief that
atoms are not imdivisible particles of matter, but that they are themselves
systems, which under certam circumstances are capable of undergoing change
by ejecting from themselves relatively minute portions of the system called
electrons  (See p 104, also Appendix ) The precise nature of these electrons
still belongs to the realm of speculation, and the changes resulting from their
movements do not belong to the category of ‘‘ chemical change " as the term
1s here employed.



CHAPTER 1II
ELEMEN1S AND COMPOUNDS

THFRFE are certain molecules 1 which all the atoms present are
of the same kind, and there are other molecules which are com-
posed ot atoms which differ from onc another Thus, in the
substance sulphur, all the atoms composing the molecules are
alike , while 1n water, as already mentioned, there are two distinct
hinds of atoms 1n the molecule  Matter, therefore, 1s divided nto
two classes, according as to whether its molecules are composed of
siitlar or of dissimilar atoms  Molecules consisting of atoms of
the same kind are termed elementary molecules, and substances
whose molccules are so constituted are known as elements, mole-
cules, on the other hand, which contain dissimilar elements are
called compound molecules, and substances whose molecules are
thus composed are distingumished as compounds

Sulphur, therefore, 15 an element, and water 1s a compound It
will be evident that m the case of clementary molecules, whatever
processes they may be subjected to, only one kind of matter can
be obtamed fiom them, while in the case of compounds, the
molecules consisting of dissimilar atoms, a many diffcrent kinds
ot matter can be obtained as there are different atoms present
By appropnate means the atoms of hydiogen and oxvgen in water
molecules can be separated, and two totally different kinds of
matter, namely, hydrogen and oxygen, can be obtained fiom this
compound

At the present time there are about seventy substances hknown to
chemists which are believed to be elements  In the history of the
science 1t has frequently happened that substances which were
considered to be elements have proved, when subjected to new
methods of investigation, to be in reality compound bodies  thus,
prior to the year 1783, water was thought to be an elementary
substance , 1t was indeed regarded as the very type of an element,
until Cavendish and Lavoisier proved that it was composed of
two entirely different kinds of matter In the year 1807 Sir
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Humphry Davy showed that the substances known as potash
and sqgla, which were believed to be elements, were m reality
compound bodies, and he succeeded 1n separating the constituent
atoms 1n the molecules of these substances, and 1 obtaining from
them two essentially different hinds of matter It is thereforc
quite possible, perhaps cven probable, that some at least of the
forms of matter which are now held to be elements may yet prove
to be compound bodies  On the other hand, the hst 1s from tune
to time extended by the discovery of new elements  Thus during
the last few years at least five new members have been added to
the number

I'he number of compounds 15 practically infimte

[he elements aie very unequally distributed 1 nature, and are
of very different degiees of mportance to mankind  Some are
absolutely essential to life as 1t 15 constituted, while others nmight
be blotted out of creation without, so far as 1s known, their absence
bang appreciated  The following thinty elcments clude all the
most important (for the completc hst see page 22) —

Aluminum Gold Oxygen
Antimony Hvdiogen Phosphorus
Arsenic Todine Platinum
Bismuth Iron Potassium
Bromine I ead Silicon
Calcum Magnesium Silver
Caibon Manganesc Sochium
Chlonine Mercury Sulphu
Copper Nickel I'n
Fluotine Nitrogen /inc

On account of certamn propeitics common to a large number of
the clements, and more o1 less absent 1 othcrs, properties which
are for the most part physical in character, the elements are
dinvided mnto two classes, known as melals and non-metals ‘lhe
metals generally are opaque, and their smoothed surfaces reflect
hght to a high degree, thus giving them the appearance known as
metallic lustre They also conduct heat and electnuty  Gold,
silver, copper, iron, are metals, sulphur, bromine, oxygen, phos-
phorus, are non-metals  lhese two classes, however, gradually
merge 1to one another, and certain elements are sometimes
placed 1n one division and sometimes 1n the other, depending
upon whether the distinction 1s based more upon theft physical
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or their chemical properties thus, the element arsenic possesses
many of the physical properties of a metal, but n 1ts chemical
relations 1t 1s more allied to the non-metals, such elements as
these are often distinguished by the name metallords  The follow-
ing list embraces all those elements which by common consent
are regarded as non-metals and metalloids, including the recently
discovered elements of the argon group, which are here printed 1in
italics —

Arsenic Fluorine Phosphorus Helrum
Boron Hydrogen Selenium Neon
Bromne Iodine Silicon Argon
Carbon Nitrogen Sulphur Krypton
Chlorine Oxygen Iellurium Xenon

The number of atoms which compose the various elementary
molecules 15 not the same in all cases thus in the elements
sodium, potassium, cadmium, mercury, and zinc, the molecules,
when the elements are 10 a state of vapour, consist of only one
atom  The same 15 true also of the newly discovered elements 1n
the last column  I'he molecules of all these substances are single
particles of matter  The terms molecule and atom, therefore, as
applied to these clements, are synonymous Such molecules as
these aie called mono-atomic molecules In many cases elemen-
tary molecules consist of two atoms , such 15 the case with the
clements hydrogen, bromine, chlorine, ovygen, nitrogen, and
other> Elementary molecules of this twin or dual nature are
known as di-afomic molecules  Only one instance 1s known 1n
which an elementary molecule consists of a trio of atoms, namely,
the molecule of ozone, which 1s an aggregation of three oxygen
atoms  This molecule 1s said to be #r2-atom:c  In two cases,
namely, arsenic and phosphorus, the molecules are composed of
a quartette of atoms, and these elements, therefore, are said to
form fetr-atomec molecules In a large number of instances the
atomic constitution of the molecule of the elements 1s not known
These terms, mono-atomsc, di-atomic, &c, are apphed exclu-
sively to molecules of elements, and are not used in reference
to compounds, where the molecules are composed of dissimilar
atoms.

Mechanieal Mixtures.—\When molecules of different kinds of
matter arg brought together, one of two results may follow either
they will merely mingle together without losing their 1dentity, that
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1s to say, the atoms composing the individual molecules will still
1emain aseociated together as before, or the atoms 1n the molecules
of one kind will attach themselves to certain atoms piesent n
molecules of another kind to form still different molecules , n other
words, there will be a redistribution of the atoms, whereby diffe-
rent systems or molecules are produced

In the first case the result 1s said to be a sunple or mechani-
cal mixture, in the second it 15 the formation of a chemical
compound

In a simple merzure the mgiedients can be again separated by
purely mechanical methods , and as the properties of a substance
are the properties of the molecules of that substance, 1t follows that
if the integnity of the molccules 1s not broken, the properties of a
mechanical minture will be those of the ingredients  For example,
oxygen 1s a colourless gas without taste or smell , hydrogen also 15
a colourless gas without taste or smell  when these two gases aie
mixed together, the mixtute 15 gaseous, 1s colouiless, and tasteless,
and, being only a mizture, the molecules of one gas can be readily
sifted away from the other

Again, chaicoal 15 a black solid, insoluble in water , sulphuris a
yellow solid, also insoluble 1n water , nitre is a white solid, readily
dissolved by water when these three substances are finely
powdered and mized together, the 1esult 1s « mechanical mixture,
which 1s sohid, and wlich 1s dark grey o1 ncaily black in colour.
If this mixture be placed in water, the mtie 1s dissolved away and
the charcoal and sulphur are left

When, howevei, the integrity of the molecules1s disturbed, and a
rearrangement of the atoms takes place, resulting 1n the formation
of new molecules, then 1t 1s said that chemical action has taken
place

Chemical action, therefore, always results in the formation of
new molecules—new molecules which are endowed with their
own special properties, differing often in the most remarkable and
quite nexplicable manner from those of the onginal molecules
One or two examples may be quoted in order to illustrate this
extraordinary modifying effect of chemical action. The two
colourless gases, oxygen and hydrogen, when simply mixed to-
gether, give rise, as already mentioned, to a colourless, gaseous
mixture, in which the dual molecules of hydrogen and the simi-
larly constituted oxygen molecules move about freely amongst
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each other By suitable means chemical action may be made
to take place between these two elements, whereby aecomplete
rearrangement of the atoms takes place, resulting 1n the formation
of molecules of water—molecules 1in which, as has been already
mentioned, one atom of oxygen 1s associated with two atom$ of
hydrogen  lhe product of the chemical action 15 therefore water,
while both the forms of matter of which 1t 15 composed are
gaseous

Lhe air we bieathe, and which 1s necessary to life, consists of
a4 simple minture of two colaurless gascs, viz, ovygen and mittogen
When chamical action takes place between these substances, a
brown-coloured gas 15 produced in which no ammal or vegetable
Iife could cxist for many minutes, on account of 1its suffocating
nature

Common salt, which 15 a white sohd substance, and not only
haimless, but even a necessary article of food, contains two atoms
m 1ts molecules—one an aton of chlorine, and the other an atom
of sodium Chlotme 15 a ycllow gas, intensely suffocating and
poisonous, and sodium 1s a soft, silver-hke metal, which takes
fite in contact with water

Whv 1t 15 that a molccule, consisting of an atom of chlorine
and an atom of sodium held together by chenucal affinity,
should be endowed with properties so totilly different from
those of the contuncd elements, 15 altogether unknown, and
similarly, 1t 15 quite impossible to predicite fiom the properties
of any compound what are the particulir elements of which 1t 1s
composed  Thus, sugar 15 a white cryvstalhine solid, soluble n
water, and possessing a sweet taste , but no one would have
ventured to predict that the molecules of this substance were com-
posed of atoms of carbon, a bliuck, tasteless, nsoluble sohd ;
lvdrogen a coloutless, tasteless gas, and oaygen, another colour-
less, tasteless gas

Chemical Affinity. —\Vhen molecules, consisting of two atoms,
say A B, come 1 contact with molecules consisting of other two
atoms, CD, and a chamical change takes place resulting in the
formation of new molecules \ C and B D), the question naturally
arises, Why does the atom A leave the atom B and attach itself to
C? In other words, what determines the rearrangement of the
atoms into new molecules ?

A¢ present no exact answer can be gnen to this question
Chenusts express the fact by saying that the chemical affinity
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eusting between A and C 1s gireater than that exeited by B upon
A Thie remarkable selective power possessed by the atoms of
different elements lies at the root of all chemical phenomena, and
1t dlﬁ'ers between the vatious elements to an extraordinary degree
For example, the atom of chlonne possesses a very powerful
chemical affinity for the atom of hydiogen when hydrogen mole-
cules, which consist of two atoms, are*mixed with chlotine mole-
cules, which are also aggregations of two atoms, at first a simple
mechanical nmixture 15 obtained, the two different kinds of mole-
cules move amongst each other without undergommg change  On
very small provocation, howevel, the affinity of the hydrogen atoms
for the chlorine atoms can be ciused to exert itself, by merely
momentarily exposing the mixture to sunhght a complete redistri-
bution of the atoms suddenly takes place with explosive violence
and new molecules are formced, each contaiming one atom of
hydrogen and one atom of chlorine

Again, an atom of nitrogen 15 capable of associating itselt n
chemical union with thiee atoms of the clement chlorine, forming
a compound whose mnlecules thercfore contan four atoms  Ihe
chemical affituty botween the atoms of chlorine and nitrogen 1s
so feeble, the system 1s, so to speak, in a state of such unstable
equilibrium, that the very shghtest causes arc sufficient to mstantly
separate the atoms i the most violently eaplosive manner, and
so break up the compound molecules nto separate molecules of
chlorine and nittogen In tlus case the affimity between one
chlorine atom and another chlorinc atom 1s greater than that
between chlorme and mtirogen, consequently the redistribution
that results 1s of the opposite order to that of the forner
example

As a rule, those elements which the more closcly 1esemble cach
other in their chemical habits have the least affinity for cach other,
while the gieatest affinity usually exists betwcen those which aie
most dissimilar

Chemieal Action — lhe actual process of redistribution of the
atoms that takes place when moleculcs of different kinds of matter
are brought together 15 called ckhemical action  In many cases
chemical action takes place when the substances are merely
brought together, while mn others it 15 necessaty to expose the
bodies to the influence of some external encrgy thus chemical
action 15 brought about n a great number of nstances by the
application of heat to the substances In some cases the influcnce
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of hight has the effect of causing chemical action to take place;
for example, when the gases chlorine and hydrogen are gungled
together, no chemical action takes place in the dark, but on
exposing the mixture to ight the hydrogen and chlorine combine,
and form the compound hydrochloric acid It 15 upon the effelt
of light in causing chemical action to take place that the art
of photography depends

Chemucal action may sometimes be induced by the influence of
pressure , thus, when the two gases, hydrochloric acid and phos-
phoretted hydrogen, are subjected to increased pressure they
combine together to form a crystalline solid compound known as
phosphonium chloride  In the same way, by very great mechanical
pressuie, a mixture of powdered lead and sulphur can be caused
to combine together, when they form the compound, lead sulptude
There are also a number of chemical actions that are only able
to proceed 1n the presence of small quantities (often ersremely
small) of a third substance, which itself remains unchanged at the
conclusion of the action These cases are generallv included
under the name of cazalytic actions 1n some of them the modus
operand: of the third substance can be traced (see Oxygen, Modes
of Formation, also Chlorine, Deacon’s Process), while in others
1t 1s not understood  Thus 1t 1s found that a number of chemical
actions are quite unable to take place 1if the matenals are abso-
lutely dry, for example, the element chlorine has a powerful
affinity for the metal sodium, and when these substances are
brought together under ordinary conditions, chemical action 1n-
stantly takes place, and the compound known as sodium chloride
(common salt) 1s produced If, however, every trace of moisture
be perfectly removed from both the sodium and the chlorine, no
action between these elements takes place when they are brought
together, and so long as they remain 1n this state of perfect dryness
no chemical change takes place The admission nto the mixture
of the minutest trace of the vapour of water, however, at once
induces chemical action between the chlorine and the sodium, but
the exact part that the trace of moisture plays in producing this
effect is not known with certainty. (See also foot-note, page 89 )

A few interesting cases are known in which chemical action 1s
brought about by the vibration caused by a loud sound or note ,
for example, the molecules of the gas acetylene consist of two
atoms of carbon associated with two of hydrogen When a quantity
of this gas 1s exposed to the report produced by the detonation of
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mercury fulminate, the mere shock of the explosion causes a re-
distribugion of the atoms whereby solid carbon 1s deposited and
hydrogen set free  'We may suppose that the particular vibration
produced by the detonation of the fulminate exercises a disturbing
effect upon the motions of the atoms constituting the molecules of
acetylene, and thereby causes them to swing beyond the sphere of
their mutual attractions, and thus the system undergoes cisruption
and rearrangement

All known 1nstances of chemical action can be referred to one
of three modes, 1n which the rearrangement of the atoms can take
place

(1) By the direct union of two molecules to form a more
complex molecule Thus, 1f CO and CICI 1epresent two mole-
cules between which chemical action takes place according to
this mode, they unite to form a molecule containing the four
atoms COCICI

(2) By an eachange of atoms taking place between different
molecules  In 1its sunplest form this 1s illustrated in the action
of one element upon another to foom a compound  Thus,if HH
and CICl stand for two elementary molecules between which
chemical action takes place, the result 1s the formation of the two
molecules HCl HCl  Such a process as this, in which a com-
pound substance 1s produced directly from the elements which
compose 1t, 1s termed synthes:s

The same mode of chemical action may also be exemplfied by
the exact opposite to this process, namely, the resolution of a
compound 1nto 1ts constituent elements Thus, f OHH OHH
represent two molecules of the same compound, when chemical
action takes place 1t will result in the formation of the three
elementary molecules OO, HH, and HH  Such a process as
this, in which a compound 1s resolved into its elements, 1s known
as analysis *

(3) By a rearrvangement of the atoms contained 1n a molecule
There are a number of instances of chemical change, in which the
molecules of the substance do not undergo any alteration in their
compos:tion—that 1s to say, no atoms leave the molecule, nor are
any added to 1t The molecule stull consists of the same atoms
after the change as it did before, but the chemical action has

* It will be seen that in each of the examples here given, the process of

rearrangement involves first the decomposition of one or both of the geacting
molecules, and then the combination of the atoms to form different molecules,
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caused them to assume new relative positions, or different relative
motions with respect to each other  For example, the sybstances
known to chemsts as ammonium cyanate and urea are two totally
different and distinct kinds of matter These molecules, howevel,
each contain the same atoms and in the same number , they each
consist of aggregations of one atom of carbon, one atom of ovygen,
two atoms of mtrogen, and four atoms of hydrogen. \When am-
monium cyanate 1s gently warmed, the eight atoms composing
the molecules undergo this process of rearrangement, and the
substance 1s changed nto urea

When chemucal action tahes plice betwecn two substances, siv A and B
m ordiniry Iinguage we say that A wets upon B Such vstitement hovever
must not be understood to imply that A takes the mtintne, so to speah and
that Bisin iny way less responsible for the action It s equally true to sy
thit B acts upon A Tor mstince we commonly sty mittic wid acts upon
coppar hydrochloric weid aets upon zine, nitric aad h s no etion upon gold
and so on, but 1t 1s equally truc to say copper acts upon nitric wad, zinc
acts upon hydrochlonc aad  gold has no iction upon mitne acid -\ more
stiietly seientihe oxpression would be A and B teiwet or do not et as the
Cise may be  Thus, mitnie wad and copper raaet, gold and mitric wid do not
react



CHAPTER ITI
CHEMICAL NOMENCLATURE

Ti1 names which have been given to the vaiious elementary forms
of matter are not based upon any scientific system  The names of
some have their onigin m mythology  Others have received names
which are indicative of some charactenstic property, while those of
several bear reference to some special cincumstance connected with
then discovery It has been the custom m modern tines to dis-
tingwish metals from non-metals by 1pplying to the former names
ending m the letters #m, and consequently such mctals as are of
more 1ecent discovery all have names with this termmation The
common metals, howevar, which hue been known since earher
tumes, such as gold, silver, tin, and coppe1, heep their old names
Ihe two elements selenium and tcllunum were at the time of then
discovery thought to bc metals, and they conscquently 1ecaved
names with the terminal sz, these substances strongly 1esemble
metals in many of thair physical properties, but 1n then chemical
1edations they are so closcly simmlar to the non-metal sulphur, that
thev are by general consent classed among the non-mctals , they are
examples of those elements which are distinguished as metalloids
On this account selenium 15 by some chemists tcrmed selenion

In naming chemical compounds, the chemist endeavours that
the names cn ployed shall not only serve to identify the sub-
stances, but shall as far as possible mdicate their composition
Ihe simplest chemical compounds are those composcd of only
two different elements , such are spoken of as binary compounds*
and their names are made up of the names of the two elements
composing them, thus-—

* Ilis expression is now somctimies used in a somewhiat moditicd sense
Thus in the language of the 10nic theory (p 107) the term binary compound 1s
used to denote a substince which dissociates into fwo 1015, quite irrespective
of the number of elements 1t may contain It 15 to be regretted that nnder

these circumstances a new word was not coined to denote the newer idea,
1<
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The compound formed by the chemical union of—

Hydrogen with sulphur 1s called hydrogen sulphide.
Sodium ,» chlonnne ,, sodium chlonde
Copper »» OXygen ,»  copper oxide
Calesum  ,,  fluorine s,  calcaum fluonde.
Potassium ,, 10dine »s potassium 10dide

It continually happens, however, that the same two elements
combine together in more than one proportion, giving rise to as
many different compounds, in which case 1t becomes necessary to
so modify the names that each of the compounds may be dis-
tingwished  This 15 accomplished by the use of certain terminal
letters or of certain prefixes, for example, the element phos-
phoius combines with chlorine in two proportions, forming two
different compounds—in one the molecules contain one aton of
phosphoius united to three atoms of chlorine, in the other the
molecules consist of one atom of phosphorus associated with five
of chlorine These two compounds may be distinguished in the”
following ways —

1 atom of phosphorus with 3 atoms of chlorine forms phosphorous chloride

¥ " " " S " " " phosphoric chlonide
or—

11tom of phiosphoruswith 3 atoinsof chlorine forms phosphorus #2 ichloride

1 " " m 5 " " " phosphorus gentachlonde

The latter method of distinction 1s the mote general, thus—

1 atom of sulphur with 2 atoms of oxygen forms sulphur dionide

1 " " " 3 " ) " sulphur trioaide
1 atom of carbon with 1 1itom of ovygen foims carbon monoxide
T " ' " 2 atoms " , cubon dioxide

Occasionally the prefines swé and profo are employed to denote
these differences of composition, but theit use 1s more hmited, and
1s becoming out of vogue When more than two compounds are
formed by the union of the same two clements, the additional
prefixes &) po, under, and per, over, are sometimes used

In a considerable number of instances the systematic names of
famihar compounds give way to the vulgar or common names by
which they are known, thus —

Ammonia Hydrogen nitride
Common | Hydrochloric acid Hydrogen chloride | Systematic
eonames ) Sulphuretted hydiogen  Hydrogen sulphide names
Water .+ Hydrogen monoxide
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Binary compounds consisting of elements umited with oxygen
are called the o1sdes of those elements Certain of thesc oxides
are capabfe of reacting with water, giving nise to substances known
as acids, such oxides are distingwished as acid-forming oxides, or
acgee oxides.  They are also sometimes termed ankydrides  All
the non-metallic elements, except hydrogen and the members of
the argon group, form oxides of this order, and the acids derived
from them are known as the oxy-acids or hydroxy-acids

Certain other oxides also unite with water, but give rise to com-
pounds known as /ydroizdes When such oxides, which are all
derived from the metallic elements, are brought 1nto contact with
acids, chenucal action takes place, and a compound termed a sa/z1s
formed, together with water Such oxides are distinguished as sa/s-
Sornung or basic oxides  There are also oxides which are neither
acudic nor baste  The names of oxy-auds are deimned from the
name of the particulai onide from which they are foimed, thus—

Carbon dioxide gives carbonic acid
Sihcon dioxide  ,,  sthac aad

When the same element forms two acid-forming oxides, the
termunals 7 and ous are applied to the acids to denote respectively
the one with the greater and the less proportion of oxygen, thus—

Sulphur #z0\de gives sulphurec acid
Sulphur dzoxide g es sulphurows acid
Nitrogen penzoxide gives nitrze acid
Nitrogen #rzoxide gives mitrous acid

When more than two such acids are known, the additional
prefixes /iypo or per are made use of Thus persulphunic aad
denotes an acid containing the highest quantity of oxygen, while
Zyponitrous acid stands for an acid containing less oxygen than 1s
present 1n nitrous acid

There 1s a class of binary compounds formed by the combination
of a large number of the elements with sulphur, these are known as
sulphides Certan of these sulphides are also capable of forming
acids which are analogous 1n their constitution to oxy-acids, but in
which the oxygen atoms are substituted by atoms of sulphur
These acids are known as #4z0 acids (sometimes sw/pho acids),
and the same system of nomenclature 1s adopted to distinguish
these thus we have thio-arsenious acid, thio-arsenzc acid, deaoting
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respectively the acid with the smaller and the larger proportion of
sulphur

It was at one time believed that all aczds contained ox$gen, that
ideed this element was essential to an acid  The name oxygen
indicates this behief, the word signifyng “the acid-producer”
This view 1s now secn to have been incorrect, for many acids are
known 1n which oxvgen 1s not one of the constituents  Thus the
clements fluorine, chlorine, bromine, and 10dine, which constitute
the so-called Halogen group of elements, each combines with
hydrogen, giving rise respectively to hydiofluoric, hydrochloric,
hydrobromic, and hydriodic acds

All known aids contain hydrogen as one of their constituents

As already stated, when chemical action takes place between an
acid and a base * a sa/t1s formed  Oxy acids in this way give rise
to oxy salts, thio-acids to thio-salts, and halogen acids to haloid
salts

The latter salts bang éznary compounds, their names aie given
according to the system already explained, such, for example, as
caleium fluonde, sodrim chloride, potassium bromide, silver 10dide

In the case of the ovy-salts and thio-silts, the names are made
up from the names of the acid and of the metal contamed 1n the
base, with the addition of certain distinctive suffixes  thus 1f the
acid be one whose name carries the ternunal ows, 1ts salts will be

* The word dase 15 unfortunately emplosed by ditferent chenusts in different
senses sothatitis scarccly possible to give prease defimtion of it Oniginally,
no doubt, the term was employed simply to denote the wdevof foundation and
wisapplied to the metil or the oxide of the me tal entering into the composition
of 2 salt, which being the more tangible constitucnt was thus regarded as the
more importint one, or the fzws of the salt At the present dy the word
base 1s used 1 INORGANIC chenustry chietly to denote that cliss of compounds
descrnibed on page 17 s Avdrovedes, while the ovides fiom which these
hydroxides e detned are spolen of as dasic vrides  Besides this cliss, 1t
includes ammonit and 1 few other compounds which like ammonia are not
derived from metallicoxides  The ORGANIC chemust, on the other hand, regards
ammontt 1s the true ty pe of a base, 1nd all organic compounds which can be
regarded as ** dernatives  of ammonii are called bases  Not only so, but the
term1s even extendud 50 1s to include similar ¢ derivatives ™ of the phosphorus,
arsenic and antimony in ilogues of ammonn, thus giving rise to the expressions
nitrogen bases, phosphorus bases, &c

Again, 1n the language of the modetn theorv of ionic dissociation, a base 1s
defined as a compound 1 which the only negative 1ons are the hydro1sde 10ns
(page 107) This defimtion includes the class of hydroxides 1bove mentioned,
but do~s not include ammonia gas
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distinguished by the suffix 2/, while the names of the salts derived
from acids whose names end 1n zc are terminated by the letters
ate o

Nitrows acid and potassium oxide give potassium nitrzfe

Sulphurous acd " » " sulphsze
Nitrzc acid " » " ntiale
Sulphurze acid ’ ’ " sulphate

The formation of a salt by the action of an acid upon a base 1s
due to the redistribution of the atoms composing the molecules of
the two compounds, m such a manner that some or all of the
hydrogen atoms i the acid molecules exchange places with certain
metallic atoms from the melecules of the base  Aads which con-
tain only one atom of hydiogen so capable of becoming exchanged
for a metal are termed mono-basic acids, those with two, three, or
four such hydrogen atoms are distinguished respectively as de-basic,
tHe-basic, and tetr a-basic acids

If the whole of the displaceable hydiogen n an acid becomes
replaced by the base, the salt formed 1s known as a nermal salt
On the other hand, when only a portion of the hydrogen atoms
s displaced by the base, the salt 15 distingmished as an acre
salt  Thus sulphuric aad contains two atoms of hydrogen n its
molecule (associated with one of sulphur and four of o\ygen) , 1f
both the hydrogen atoms are exchanged for potassium, the salt
obtamned 1s normal potassium sulphate, and when only one 15 s0
1eplaced the salt 1s known as aud potassium sulphate By the
term acd salt, therefore, must be understood 7o/ a substance
having the fanuihar properties of an acid, such as a sout taste and
the power to redden htmus, but a salt m which one o1 moie of the
hydrogen atoms of the onginal acid are stll left in the molecule *
It 1s quite true that some of the salts of this class do possess acid
qualities and will redden htmus, but this 1s due to what may be
regarded as mercly the acadental circumstance of the acide
portion of the molecule being derived from a strong aad  Many
substances belonging to the class of acid salts are perfectly neutral
in their behaviour towards hitmus, while, on the other hand, some
are strongly alkaline For example, aced potassium sulphate s aad

* Some chemusts prefcr toregard the acids themselves as the hydrogen salts,
accordingly they apply to nitric acid, sulphuric acid, nitrous acid, sulphurous
acid, &c., the names hydrogen nitrate, hydrogen sulphate, hydrogen nitrite,
hydrogen sulphite, &c , respectively.
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to test paper, acid calctum carbonate 1s neutral, while acid sodium
carbonate 1s alkalhine

A third class of salts 1s formed by the association ®f one or
more molecules of normal salt, with one or more additional mole-
cules of the base * these are known as daszc salts  Thus, carbonic
acid and the base lead hydroxide form such a salt known as éasz¢
lead carbonate
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CHEMICAL SYMBOLS

CHEMISTS are agreed in adopting ceitain symbols to denote the
atoms of the various elementary foims of matter  ‘The table on
page 22 contains the names of the elements at present recognised,
and i the second column are given the symbols which aie em-
ployed to represent their atoms The names of the rare elements
are printed in italics

In a number of instances the atomic symbol 1s the imtial letter
of the ordinary name of the element thus Boron, B, Caibon, C ,
Fluorine, F, Hydrogen, H , Oxygen, O, Sulphu1, S

When more than one element has the same mitial, either the
first two letters of the name, or the first and another that s pro-
minently heard in pronouncing the word are employed, as Bromine,
Br, Cobalt, Co, Chlonne, Cl, Platinum, Pt In some cases
letters taken from the Latin names for the elements are used, such
as Antimony (S#1é1um), Sb , Gold (Aurum), Au , Silver (Argentum),
Ag, Lead (Plumbum), Pb, and Iron (#errum), Fe

These symbols are not intended to be employed as meie short-
hand signs, to be substituted as abbreviations for the full names
of the elements, but 1n every case they denote one atom of the
element The symbol H stands foir one atom of hydiogen, the
symbol O stands for one atom of oxygen , Cl means one atom of
chlorine, and Ag represents one atom of silver No other use of
these symbols is legitimate

It has been already mentioned (page 8) that the molecules of
the different elements are composed of different numbers of atoms ;
for example, the molecule of hydrogen consists of two atoms, and
ordinary oxygen also forms diatomic molecules. These facts are
expressed 1in chemical notation by the use of small numerals placed
immedaately after the symbol of the atom, thus H; denotes a mole-
cule of hydrogen, O, a molecule of oxygen. The molecu]e of ozone
consists of an aggregation of three atoms of oxygen, dnd s
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represented by the symbol O, while the tetr-atomic character of
the phosphorys molecule 15 expressed 1n the symbol P, The
composmon of compound molecules 1s expressed by placmg the
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symbols of the atoms which compose such molecules 1n juxta-
position thus a molecule consisting of one atem of sodium (symbol
Na) and one atom of chlorine (symbol CI) 1s 1epresented by the
united symbols of these two elements, NaCl, a compound con-
sisting of one atom of catbon and one atom of oxygen by the
symbols of these two atoms, CO  Such arrangements of symbols
representing molecules are termed molecular formule, or, ssmply,
Jormulae

When the molecule contains moie than one atom of any parti-
cular element, this fact 1s indicated by the use of numeirals placed
immediately after the symbol to be multiphed thus, a molecule of
water consists of two atoms of hydrogen and one atom of oxygen,
the formula for water 1s therefore H,O0  One molecule of ammonia,
consisting of an atom of mitrogen with three atoms of hydrogen,
1s represented by the formula NHjy, and a molecule of sulphunc
acid, which 1s an aggiegation of two atoms of hydrogen, one
atom of sulphur, and four atoms of oxygen, has the formula
H,50,

It 1s sometimes necessary to 1epicsent the presence m a mole-
cule of certain groups of atoms, groups which secm to hold together
and often to function as a single atom  This 15 accomphshed by
the use of brackets thus (NH,),50, 15 the formula for a molecule
containing one atom of sulphui, four atoms of oxygen, cight atoms
of hydrogen,and two atoms of mtiogen , the mtrogen and hydrogen
atoms being present as two groups, i cach of which one mitrogen
atom 1s associated with four hydiogen atoms Such groups of
atoms are termed compound radicaly

When 1t 1s required to indicate more than one molecule of the
same substance, numerals are placed nnmediately in front of the
formula thus 2H,0 signifies two molecules ot water, and 3NHj,
expresses thiee molecules of ammonia

By means of these symbols and formulw, chemists are enabled
to represent, in a concise manner, the various chemical changes
which it 1s the pravince of chemistry to examine  Such changes
are usually termed chemical reactions, and they are represented
in the form of equations in which the symbols and formule of
the reacting substances as they are before the change are placed
on the left, and those of the substances which result from the
change upon the right, thus—

H,+ClL,=2HCI
HgCly+2KI=Hgl,+2KCl
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The sign 4 has a different significance as used on the left side
of the equation to that which 1t bears upon the nght, On the
left hand 1t implies that chemucal action takes place between the
substances, whilc on the opposite side 1t has the simple algebraic
meaning  Thus, the second of the above equations 1s understéod
to mean, that when the compounds, mercuric chloride and potassium
1odide, are brought together in such a way that chemical action
results, a redistribution of the atoms will take place, resulting n
the formation of mercury 10dide and also potassium chlonde

As further illustrations of the use of chemical symbols, the
following three examples may be given as exemphfying the three
modes of chemical action mentioned on page 13 —

(1) NH; + HCl = NH,CI
Ammoma combines with hydrochloric aud, and gives ammonium
chlonde

(2) H,50, + Na,CO; = Na,SO, + CO, + H,0
Sulphutic acid reacts with notmal sodium carbonate, and yields
normal sodium sulphate, carbon dioxide, and watet

(3) (CN)O(NH,) = (NH,),CO
Ammonium cyanate 1s conveited 1nto-ures

In all cases where the nature of the chenucal change 1s under-
stood, 1t 1s capable of exprussion by such equations, and as matter
15 indestructible, cvery atom present in the intciacting molecules
upon the left of the expression reappears on the right-hand side
1n some fiesh association of atoms *

See 1lso Chenneal Notition, cnapter vi



CHAPTER V
THE ATOMIC THFORY

THE atomic view as to the constitution of matter, buefly sketched
out in Chapter I, forms a part of what 15 to-day known as the
’lomsc theory

When chemical changes were carefully studied from a guwantita-
f1ve standpoint, four laws were discovered 1n obedience to which
chemical action takes place These laws are distinguished as
the laws of chemical combination  Ihice of these generalisations
refer to quantitative relations as 1espccts werg/é, while one ex
presses quantitative relations with 1egard to volwme, and only
relates to matter n the gaseous state

I. Law of Constant Proportion.— 7 /e same compound always
contains the same elements combined together in the same proportion
by werght, or expressed n other words, /e weights of the con-
stituent elements of every compound bear an unalterable ratio to
each other, and to the weight of the compound formed

II. Law of Multiple Proportions.—IV%en the same two
elements combine together to form more than one compound, the
different weights of one of the elements whik unite with a constant
weight of the other bear a sumple ratio to one another, or this law
may be stated thus When one element unites with another in
two or more different proportions by weight, these proportions are
simple multiples of a common factor.

I11. Law of Reciprocal Proportions, or Law of Equivalent
Proportions.—-7%e weights of different elements whick combine
separalely with one and the same weight of another element, are
erther the same as, or are simple multiples of, the weights of these
different etements which combine with each other; or in other
words, 7ke relative proportions by weight in whick the elements,
A, B, C, D, &*c, combine with a constant weight of another
element, X, are the same for their combinations with any, other

element, Y,
3
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1V. Law of Gaseous Volumes, or The Law of Gay-Lussae.
— When chemacal action takes place between gases, eitheg elements
or compounds, the volume of the gaseous product bears a simple
relation to the volumes of the reacting gases

These four laws are the foundations upon which the wlfole
superstructure of modern chemistry rests

(1) The Law of Constant Proportions.—When two sub
stances are mingled together, and remain as a mere mechamcal
mixture, they may obviously be present in any proportion, and 1t
was at one time thought that when two substances enteied into
chemical combination with each other, they could do so also in
any proportion, and that the composition of the resulting com-
pound would vary from this cause This belief was finally
disproved, and the law of constant proportions defimitely estab-
lished by Proust in the year 1806 1he same compound, therefore,
however made, and from whatever source obtained, 1s always
found to contain the same elements united together 1n the same
proportion by weight Thus, common silt, or, to adopt 1ts
systematic name, sodium chloride, which 1s a compound of the
two elements sodium and chlorne, may be made by bringing the
metal sodium into contact with chlormme gas, when the two
elements unmite and form this compound It can also be made
by the action of hydiochlotic acid upon the metal sodium, or by
adding hydrochloric acid to sodium carbonatc, and by a variety
of other chemical reactions  When the sodium chlonde obtained
by any or all of these processes 1s analysed, 1t 15 mvanably found
to contain the elements chlonine and sodium 1n the proportion by
weight of 1 0.6479, or, expressed centesimilly—

Sodium 3932
Chlonne 60 68
100 00

and when this 1s compared with the sodium chlonde as found 1n
nature, obtained either from the salt-mines of Cheshire, or the
celebrated mines in Galicia, or by evaporating sea-water, 1t 15
found that the composition of the compound 1n all cases 1s exactly
the same In the same way the compound water, consisting of
the two elements hvdrogen and oxygen, whether 1t be prepared
synthetically bv causing the two elements to umte directly, or
obtained from any natural source, as rain, or spring, or niver, is
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found to contain its constituent elements hydrogen and oxygen in
the ratio by weight of 1 8, or,

Hydrogen 1112
Oxygen 88 88
100 00

If in the formation of sodium chlonde by the direct combination
of 1ts constituent elements, an excess of either one or other be
present beyond the propottions 39 32 per cent of sodium and 60 68
per cent of chlorine, that excess will simply remain unacted upon
If eight parts by weight of hydiogen and eight paits by weight
of oxygen be brought together under conditions that will cause
chemical action, the eight parts of oxygen will unite with one part
of hydrogen, and the other seven parts of hydiogen merely 1¢main
unchanged Tlis fact, that elements are only capable of uniting
with each other in certain defimite proporttions, marks one of the
most charactenistic differences between chemical affinity and those
other forces, such as gravitation, that aie usually distinguished as
physical forces, for although there are many instances known 1n
which the erfent to which a chemucal action may proceed (that 1s,
the particular proportion of the reacting bodies which will undergo
the permutation that 1esults in the formation of different mole-
cules) 1s influenced by the mass of the acting substances, 1t never
governs the proportion in which the elements combine 1n these
compounds

It follows from the law of constant composition that the sum of
the weights of the products of a chemical action will be equal to
that of the interacting bodies, and upon the vahdity of this law
depend all processes of quantitative analyses

(2) The Law of Multiple Proportions was first recogmsed
by Dalton, who investigated certam cases whete the same two
elements combine together in different proportions, giving 1ise to
as many totally distinct compounds | hese proportions, however,
were always found to be constant for each compound so produced,
so that this law formed no contradiction to the law of constant
composition The sumple numerical relation existing between the
numbers representing the composition of such compounds will be
evident from the following examples The two* compounds of

* In Daiton s day these two substances were the only known compoupds of
carbon with hydrogen
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carbon with hydrogen, known as marsk gas and ethylene, are

found to contain these elements 1n the proportions— .

Marsh gas 1 part by weight of hydrogen with 3 parts of carbon
Ethylene 1 " " " 6 "

.
The two compounds of carbon with oxygen contain these ele-
ments in the proportion—

Carbon monoxide 1 pait of carbon with 1 334 parts of oxygen by weight,
Carbon dioxide 1 " " 2 667 " " "

The elements nitrogen and oxygen form as many as five different
compounds, 1n which the two elements are present in the propor-
tions—

Nitrous oxide . . 1 partof mitrogen with o 571 prtsof oxygen by weight

Nitric oxide 1 s , 1133 ) " "

Nitrogen trioxide 1 " " 1714 B ' "

Nitrogen paovide  x \ , 2 286 " "

Nitiogen pentoxide 1 \ " 2 857 " ' "

The relative propc uons of cartbon combining with a constant
weight of hydrogen in the two first compounds are as 1 2

Those of oxygen uniting with a constant weight of carbon in the
second example are also as 1 2, while 1n the nitrogen series the
relative proportions of oxygen i combination with a constant
weight of nitrogen areas 1 2 3 4 3§

(3) Law of Reciprocal Proportions.—Known also as the law
of proportionality, or the law of equivalent proportions \When
the weights of varous elements, which were capable of uniting
separately with a given mass of another element, were compared
together, 1t was secn that these weights bore a sunple relation to
the proportions 1n which these elements combined amongst them-
selves For example, the elements chlormme and hydrogen each
separately combine with the same weight of phosphorus, the pro-
portions being—

Phosphorus chlorine
Phosphorus hydrogen

I

I 343
1 0097

The elements chlorine and hydrogen can combine together, and
they do so in the proportion—

I

]

Chlorine hydrogen
but 35 1

355 1
343 0097

Therefore the proportions by weight in which chlonne and
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hydrogen separately combine with phosphorus 1s a measure of the
proportion m which they will unite together

Agam, the two elements carbon and sulphur each separately
combine with the same weight of oxygen, the proportion being—

Oxygen :carbon =1 0375
Oxyygen : sulphur = 1 1

But the elements carbon and sulphur themselves unite together,
and in the proportion—

I

Carbon sulphur = 01875 * 1
but o1875 1 =o0375 2

Therefore the proportion by weight in which catbon and sulphur
separately unite with the same mass of oxygen 1s a szmple multiple
of that 1in which these two elements combine together. These
1emarkable numerical relations will be rendered still more evident
by comparing the proportons in which the members of a series of
elements combine with a constant weight of various other elements .
thus—

Hydrogen Sodium  Potassium  Silver  Mercury Chlorme

002817 06479 102 304 2810 umte scpiritely with 1 part

It will be seen that the proportion in which these numbers stand
to each other 1s as—

X 23 39 107 100 355

Let us now compare these proportions with those in which the
same elements unite with a constant weight of the element
bromine— .

Hydrogen Sodium  Potassium  Silver  Mercury Bromine
0 0125 o 2875 0 4875 134 125 unite with 1 pait,

or as—
1 23 39 107 100 8o

Each of these five elements in like manncr combines with
oxygen, and the weights which are found to unite with a constant
mass of oxygen are—

Hydrogen. Sodium Potassium  Silver  Mercury Oxygen
o.12§ 2 875 4 875 13.38 12 § umte with 1 part,

again as—

T : 23 : 107 . 100 .
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The same relation will appear 1n the case of the combination of
these five elements with a constant weight of sulphur—

Hydrogen Sodium Potasstum  Silver  Mercury Sulphu:
0 0625 I 4375 2 4375 6 69 6 25 unite with 1 part

or as— .
1 23 39 107 100 16

It 15 thus evident that the proportions i which the members of
such a series combine with a constant weight of one element 1s the
same as that in which they unite with a constant mass of another
element One part by weight of hydrogen combines with 355
parts of chlorine, 8o parts of bromine, 8 paits of oxygen, and 16
parts of sulphur —that 1s to say, these proportions of these four
elements satisfy the chemcal affimty of 1 part of hydrogen , they
are therefore said to be egurvalent  Twenty-thiee paits of sodium
15 ikewise equivalent to 35 § patts of chlorine, 8o parts of bromine,
8 parts of oxygen, and 16 parts of sulphur, and by the same
reasoning 1t 1s also equivalent to 1 part of hydrogen, 39 parts of
potassium, 107 patts of silver, and 100 parts of mercury These
numbers, therefore, are known as the eguiwvalent weeghts or the
equivalents of the elements, or their combining proposr frons, and the
combining weight of an element may therefore be defined as the
smallest weight of that element which will combine with 1 part by
weight of hvdrogen

This law of proportionality, or reciprocal proportion, was dis-
covered by Richter, but 1t was left for Dalton to tracc the connec-
tion between these thiee generalisations  Dalton adopted and
adapted an ancient theory concerning the ultimatc constitution of
matter which was expounded by certain of the cailv Greek philo-
sophers The exponents of this theory held that matter 1s built up
of vast numbers of minute indivisible particles, 1n opposition to the
antagomistic theory believed by others, namely, that matter was
absolutely homogeneous and capable of infinite subdivision,

Dalton embraced the ancient doctrine of atoms, and extended 1t
into the scientihic theory which 1s to-day known as Dalton’s atomic
theory, and 1s accepted as a fundamental ciced by modern chemusts

According to this theory, matter consists of aggregations of minute
particles, or atoms, which are chemically indivisible  Dalton
conceived that chemical combination takes place between atoms—
that 1s to say, when chemical action takes place between two
elements, 1t 1s due to the union of their atoms, the atoms, coming
into juxtaposition with each other under the influence of chemical
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affinity, are held together by the operation of this force He further
assumed that the atoms of the various elements possessed different
relative welghts, and that the relations existing between these
weights was the same as that between the weights 1n which experi-
ment had shown the elements to be capable of combining together
In other words, he said that the numbers representing the comébin-
ing proportion of the elements expressed also the relative weights
of the atoms

Let us now sce how this theory satisfies and evplams the finst
three laws of chemical combination

(1) The Law of Constant Composition.—It has alieady been
shown (p 26) that the compound sodium chloride, wheiresoever and
howsoever obtained, contains the elements chlonme and sodium
in the proportion—

Chlorine sodium = 1 006479

These numbers have been shown on p 29 to 1cpresent the com-
bining proportions—

Chlorme sodium = 355 23

Now the atomic theory states, that sodium chloride 1s formed by
the union of afoms of chlorine with afoms of sodium, and that the
relative weights of these atoms 15 expressed by the combining
weights of the elements, namely, 35 5 and 23 If therefore, sodium
1s to combine with chlorine, since atoms ate indivisible masses, 1t
follows that the compound produced by thc union of one atom of
each of these two elements must always have the same composi-
tion

(2) The Law of Multiple Proportions.— [ he ratio m which
oxygen combines with hydrogen to form the compound water 13
seen on p 27 to be as8 1 Tlis number 8, theiefore, we will
for the present argument regard as the relative weight of the atom
of oxygen *

Oxygen combines with carbon as already mentioned, forming
two different compounds , 1n the first, the elements arc present in
the proportion—

Cathon oxygen =1 1334 =6 8§,
* For reasons which will be explained later, chemists now regard the number

16 as representing (in round numbers) the relative weight of the atom of
oxygen .
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that s to say, in the proportion of one atom of carbon to one atom
of oxygen According to the theory, if the atom of carbon unites
with more oxygen than oze atom, 1t must at least he with swe
atoms It may be with three or with four, but as the compound
must be formed by the accretion of these indivisible atoms, the
increment of oxygen must take place by multiplesof 8  Whet the
second compound 1s exammed 1t 1s found to contain 1ts constituent
elements 1n the proportion—

Carbon oxygen=1 2667=6 16,

that 1s to say, i the proportion of one atom of carbon to two
atoms of oxygen Tlis information respecting the composition of
thesc two compounds i1s conveyed both i thar names and their
formule  The first 1s termed carbon zonovide, and its formula 15
expressed by the symbol CO , while the second 1s distinguished as
carbon droxide, and has the formula CO,

Lhe ditference in the composition of the five compounds that
nitrogen forms by umon with oxygen will be made evident by the
aid of this theory The proportion of nitrogen to oxygen in these
compounds 15—

(1) Nitrogen oxygen=1 o571 =14 8
(2) Nitrogen ovygen=1 1143 =14 16
(3) Nitrogen ovygen =1 1714=1} 24
(4) Nitrogen oxygen =1 22068 =14 32
(s) Nitrogen oxygen=1 2857 =14 Jo

And 1t will be seen that the incicasc n the proportion of oxygen n
the compounds takes place by the regular addition of a weight of
that element equal to 8, which at the present stage of the argument
we are regarding as representing the relative weight of the atom
ot o\ygen

(3) The Law of Reciprocal Proportions — If the illustrations
given on p. 28 of the operation of this law be examined 1n the ight
of the atomic theory, their explanation will be evident thus, the
relative proportions 1n which hydrogen and chlorine separately
combine with phosphorus 1s0097 3 43, and the ratio between these
numbers isas 1 33 5, which 1s the proportion in which these two
elements are known to unmite together to form hydrochlonc acid
These numbers, however, represent the relative weights of the
atoms of these elements, therefore hydrochloric acid may be sup-
posed to be formed by the union of one atom of hydrogen with
one ztom of chlonne.
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Again, the relative weights of carbon and sulphur which sepa-
rately combmc with a constant weight of oxygen are—carbon, 0 375 ;
sulphur, 1, *and the ratio between these numbers 15 as 6 16

Carbon and sulphur, however, unite together in the relative
propartion—

Carbon sulphur=01875 1=6 32

Therefore the compound they produce may be supposed to consist
of one atom of carbon, having the relative weight 6, and fwo atoms
of sulphur, each with the relative weight 16.



CHAPTER VI
ATOMIC WEIGHTS

IN the third column of the table on page 22, the numbers are
given which are at the present time generally accepted by chemists
as representing the approxiumate atomic weights of the elements
These numbers depart, n many stances, from those arrived at
by Dalton’s methods thus, the relative weights of carbon, oxygen,
nitrogen, and sulphur, which were found to be equivalent to one
part of hydrogen, ate—carbon = 6,* oxygcn = 8, nitrogen = 4 66,
sulphur = 16, while the figures given as the approuimate atomic
weights of these elements in the table arc—carbon — 12, oxygen
= 16, nittogen = 14, sulphur =32 We must now discuss some
of the chiet reasons for these departures In the two compounds
of carbon and hydrogen known to Dalton, namely, marsh gas and
ethylene, the proportions of carbon to hydrogen are—

In cthylene Carbon hydrogen =6 1
In marsh gas Carbon hydrogen =6 2

Dalton therefore concluded that ethylene was a compound con-
taining 1 atom of carbon united with 1 atom of hydrogen, and to
which, therefore, he gave the formula CH , and that marsh gas
consisted of 1 atom of carbon combined with 2 atoms of hydrogen,
and which he accordingly represented by the formula CH,

There was, however, nothing to prove that the weight of carbon
was constant in the two compounds, for 1t will be obvious that the
same ratio between the weight of carbon and hydrogen will still
be mamtained by assuming that the Aydrogen 1s constant, and
that the carbon varies, thus—

In marsh gas Hydrogen carbon 1 3
In ethylene Hydrogen carbon ‘1 3x2

* These are the numbers which Dalton ought to have obtained had his
methods of dctermination been more exact  Ihe figures he actuilly found for
the ombining weights of these fuur elements were respectivelv g, 7, s, 13

34
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*
That 1s to say, the ratios are not disturbed by the assumption
that in magsh gas we have 1 atom of hydrogen combined with 1
atom of carbon, having the relative combining weight of 3, and 1n
ethylene 1 atom of hydrogen united with 2 atoms of carbon.

It *'will be evident, however, that if we could gain any exact
information as to the actual number of atoms which are present
n these various molecules, this difficulty would no longer exist

For example, suppose 1t were possible to ascertain that in the
molecule of marsh gas there were 4 atoms of hydrogen, then as
the relative weights of hydrogen and carbon in this compound are
as i 3, the weight of the carbon atom would obviously have to
be raised from 3to 12, andif it could be determined that in the
ethylene molecule there were also 4 atoms of hydrogen, then
seeing that the ratio of hydrogen to carbon n this substance 1s
as 1 6, we should conclude that 1t contained 2 atoms of carbon,
of the relative weight not less than 12, and the composition of the
two compounds would be expressed by the formule, marsh gas
CH,, ethylene C,H,

Again, the relative weights of hydrogen and oxygen in water
are as 1 8 If the molecule of water contains only 1 atom of
hydrogen, then we conclude that 8 represents the relative weight
of the oxygen atom, and the formula for water will be HO But
suppose 1t to be discovered that there are two atoms of hydrogen in
a molecule of this compound, then 1t becomes necessary, in order
to retain the ratio between the weight of these constituents (a
ratio ascertained by analysis), to double the number assigned to
the oxygen atom and to regard its weight as 16, as compared with
1 atom of hydrogen, and the formula for water in this case would
be H,0

The compound ammonia contains the elements hydrogen and
nitrogen 1n the ratio—

Hydrogen nitrogen I 466

If the molecule of ammonia contains only 1 atom of hydrogen,
then 4 66 represents the relative weight of the mitrogen atom, and
the formula will be NH , but if 1t should be found that there are
3 atoms of hydrogen in this molecule, then again the relative
weight assigned to the nitrogen must be trebled in order to pre-
serve the ratio, and 1t will have to be raised from 466 to 14 (in
round numbers), and the formula for ammoma will be NH;

From these considerations it will be evident, that 1t 1s of the
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highest importance to gain accurate knowledge as to the actual
number of atoms which are contained 1n the molecules of matter—
1n other words, to learn the true atomic composition and structure
of molecules , and 1t may be said that this problem has occupied
the minds of chemists from the time that Dalton published his
atomic weights, in the year 1808, down to the present time There
1s no single method of general application, by means of which
chemists are able to determine the atomic weight of an element ,
but they are guided by a number of independent considerations,
some of which are chemical 1n their character, while others are of
a physical nature, and that particular number which 1s 1n accord
with the most of these considerations, or with what are judged to
be the most important of them, 1s accepted as the true atomic
weight

The chief methods employed for determining atomic weights
may be arranged under the following four heads —

1 Purely chemical methods

2 Methods based upon volumetric relations

3 Methods based upon the specific heats of the elements
4 Method based upon the 1somorphism of compounds

t As an illustration of the chemical processes from which
atomic weights may be deduced, the following examples may be
given, namely, the case of the two elements oxygen and carbon

Oxygen combines, as already stated, with hydrogen in the
proportion—

Hydrogen oxygen=1 8

When water 1s acted upon by the element sodium, the compound
1s decomposed and hydrogen 1s evolved, and 1t 1s found that 1f
18 grammes of water are so acted on, 1 gramme of hydrogen 1s
evolved, and 40 grammes of a compound are formed, which
contains sodium, together with all the oxygen ongmally in the
18 grammes of water, and some hydrogen This compound, under
suitable conditions, can be acted upon by metallic zinc, and when
these 40 grammes are so acted on, 1 gramme of hydrogen 1s again
evolved, and 72 5 grammes are obtained of a compound containing
no hydrogen, but sodium and zinc combined with all the oxygen
ongmnally contained in the 18 grammes of water

It will be ewvident, therefore, that the hydrogen contained in
water can be expelled 1n two equal moieties ; there must, therefore,
be fwo atoms of hydrogen in this compound. By no known
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process can the oxygen be withdrawn from water in two stages
thus, 1f 18 grammes of water are acted upon by chlorine, under the
conditions 1n which chemical action can take place, 73 grammes of
a compound containing only chlormme and hydrogen are formed, and
the whole of the oxygen 1s thrown out of combination and evolved
as gas It 1s therefore concluded that water contains in 1ts mole-
cule 2 atoms of hydrogen and 1 atom of oxygen, and as they are
combined 1n the relative proportion of 1 8, the atomic weight of
oxygen cannot be less than 16

No compounds have been found in which a smaller weight of
oxygen, relative to one atom of hydrogen, than 1s represented by
the number 16 (approximately), 1s known to take part in a chemical
change

The compound arsk gas contains hydrogen and carbon n
the proportion by weight of 1 3 By acting on this compound
with chlorne, 1t 1s possible to remove the hydrogen from 1t in
four separate portions

By the first action of chlorine upon 16 grammes of marsh gas,
1 gramme of hydrogen 1s removed in combination with 355
grammes of chlorine, and a compound containing carbon, hydrogen,
and chlorine, in the ratio 12 3 35 5, 1s formed

By the successive action of chlonne, three other moieties of
hydrogen can be thus withdrawn, each being in combination with
its equivalent (35 5 parts) of chlorine  The second and third com-
pounds that are formed contain carbon, hydrogen, and chlorine 1n
the ratios 12 2 (355 x 2)and 12 1 (355 X 3)

The compound produced by the fourth action of chlorine, which
withdraws the fourth portion of hydrogen, contains only carbon
and chlonne, 1n the ratio 12 (355 x 4) From the fact that the
hydrogen contained 1n marsh gas can thus be removed in four
separate portions, the molecule must contain four hydrogen atoms,
and therefore the atomic weight of carbon must be at least 12 No
compounds of carbon are known in which a smaller weight of
carbon, relative to one atom of hydrogen, than 1s represented by
the number 12, takes part in a chemical change

The defimition of atomic weight, furmished by considerations
of a chemical nature, may be thus stated the atomic weight of an
element, 1s the number which represents how many times heavier
the smallest mass of that element capable of taking part in a
chemical change 1s, than the smallest weight of hydrogen which
can so function.
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The choice of hydrogen as the unit of atomic weights 1s a purely arbitrary
selection, but since 1tomic weight values can only be determined 7e/atively, 1t
becomes necessary to select some one element and to assign to fts atom some
particular number to serve as a standard ~ As hydrogen 1s the lightest of all
elements, Dalton oniginally adopted 1t, and arbitrarily fixed unity as the
number which should stand for its atomic weight The disadvantages &f this
particular unit are twofold in the first place the number of elements that form
hydrogen compounds that are suitable for atomic weight determinations is very
small, whereas nearly all the elements form convenient oxygen compounds, or
compounds with elements whose atomic weights with reference to oxygen are
accurately known, and 1n actual practice such compounds are 1lmost always
made use of for such determinations  In the second place, the exact ratio of
the weights of an atom of hydrogen and oxygen 1s not known with certainty, so
that in calculating atomic weights that are determined with reference to oxygen,
possible errors may anse ‘The ratio Hydrogen Oxygen 15 zof exactly 1 16
Various values have been obtained by different experimenters, and at the present
time 1 15 8815 accepted as more nearly the truth

On account of the extreme difficulty of exactly determining this ratio,
chemists are now generally agreed in adopting as the unit 1 all exact determi-
nations of atomic weights & number which 1s {4;th the weight of the atom of
oxygen that 15 to s1y, the atomic weight of oxygen is in reality the standard,
and 1s fixed as 16, and the umt, insteid of being the weight of one atom of
hydrogen, 15 ggth of this number

The effect of this change 1s only of importance in cases of chemical investiga-
tion where 1 high degree of exactitude 1s required, for purposes of ordinary
analyses and chemical calculations the difference that it makes 1s practically nz/
kixing the atomic weight of oxygen at 16 metcly raises the atomic weight of
hydrogen from 1 to 1008 As the use of small decimnl fractions introduces
unnecessary complications which tend to obscure simple processes of reasoning,
the approximate atomic weights given n the third column of page 22 will be
employed for the most part in the following Introductory chapters

Ihe student will frequently meet with shght discrepancies between the
numbers given as the atomic weights of vatious elements by different writers
Such discrepancies 1re often due to the fact that in some cases H = 1 1s used
as the standard, and in others O =16 For example, the atomic weight of
gold will be 195 7 1n the first case, and 197 2 1n the second, while with the
lighter metal alununium the numbers will be 26 g as against 27 1

The discrtepancy may also arise from the fict that the determination of
atomic weights by different cxperimenters often vary verv considerably ~ With
a view to arrive at some uniformity, a conference of representative chemists
was held to consider the snbject, and the atomic weights finally decided upon
by them were published under the title of /nfgr national Atomic Weights A
revised list of these weights 1s published annually in the Berickte, and n the
fourth column of the table on p 22 will be found the latest values (1912)

2 Determination of Atomic Weights from Considerations
based upon Volumetric Relations. The Law of Gaseous
Volpmes.—In the year 1805 the fact was discovered by Gay-
Lussac and Humboldt, that when 1 hitre of oxygen combines with
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2 litres of hydrogen the vapour of water (or steam) which was
produced occupied 2 hitres, the volumes 1n all cases being measured
under the $ame conditions of tempeiature and pressure * This
fact led to the discovery of the simple relation eaisting between
the volumes of other reacting gases and the volume of the products
thus 1t was found that—

1 vol of hydrogen unmites with 1 vol of chlorine, and gives
2 vols of hydrochlotic acid

1 vol of hydrogen unites with 1 vol of bromme vapour, and
gives 2 vols of hydrobromic acid

2 vols of hydrogen umte with 1 vol of ovygen, and give
2 vols of steam

2 vols of carbon monoxide umte with 1 vol of oxygen, and
give 2 vols of carbon dioxide

1 vol of carbon monoxide unites with 1 vol of chlonne, and
gives I vol of phosgene gas

In the same way with compounds that cannot be obtained by
the direct union of their constituent elements, 1t 1s found that on
being subjected to processes of decomposition similar simple
volumetric 1elations exist  thus by suitable methods of decom-
position—

2 vols of ammonit gas yield 1 vol of mtrogen and 3 vols of

hydrogen

2 vols of mitrous oxide yield 2 vols of nitrogen and 1 vol of
oxygen

2 vols of mtric oxide yield 1 vol of mtrogen and 1 vol of
oxygen

1 vol of marsh gas yields 2 vols of hydrogen and some sohd
carbon, which cannot be volatihsed, and therefore its
vapour volume 1s unknown

1 vol of ethylene yields 2 vols of hydrogen and solid carbon
as in the preceding

The observations of these and similar facts gave rise to the law
of Gay-Lussac, and 1t will be seen that there 1s evidently a close
connection between the simple wvolumetric relations and those
existing between the multiple proportions by wezg#%?, in which one

* For the relations of gaseous volumes to temperature and pressure the
student 1s referred tc chapter 1x , on the general properties of gases, o
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element unites with another For example, in the two oxides of
nitrogen the ratios of the two elements by weight are—

Nitrous oxide Nitrogen oxygen=328 16
Nitric oxide Nitrogen oxygen=14. 16,

while the volumetric relation in which the two constituents are
present 15—

Nitrous oxide . . Nitrogen oxygen=2 1.,
Nitricoxide . . Nitrogen . oxygen=1 1

In other words, there 1s twice as much mtrogen by weig4¢ 1n the
one compound as in the other, and there 1s twice as much nitrogen
by volume n the one as compared to the other Moreover, if 14
and 16 respectively represent the relative weights of atoms of mtro-
gen and oxygen, then the numbers reprcsenting the relative
volumes 1n which these elements unite will also express the number
of atoms of each 1n the molecule

The connection existing between the proportions i which
elements unite by weight, and by volume, was first explained by
the Italian physicist and chemist Avogadro, who in the year
1811 advanced the theory now recognised as a fundamental prin-
ciple, and known as Avogadro’s hypothesis This theory may be
thus stated Egqual volumes of all gases or vapours, under the
same conditions of lemperature and pressure, contain an equal
number of molecules 1f this be true, if there are the same
number of molecules in equal volumes of all gases, 1t must follow
that the ratio between the weights of equal volumes of any two
gases will be the same as that between the single molecules of the
particular gases If a hitre of oxygen be found to weigh sixteen
times as much as a litre of hydrogen (under like conditions of tem-
perature and pressure), inasmuch as there are the same number
of molecules 1n each, the oxygen molecule must be sixteen times
heavier than that of hydrogen , and therefore by the comparatively
simple method of weighing equal volumes of different gases, 1t
becomes possible to arrive at the relative weights of their molecules.

The relative weights of equal volumes of gases and vapours, 1n
terms of a given umt, are known as their densitres or specific
gravities  Sometimes densities are referred to air as the umt, but
more often hydrogen, as being the hghtest gas, 1s taken as the
standard Taking hydrogen as the umt, the density or specific
graw'ty of a gas 1s the weight of a given volume of 1t, as compared
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with the weight of the same volume of hydrogen—or in other
words, the ratio between the weight of a molecule of that gas and
a molecdle of hydrogen The ratio that exists between the weight
of a gaseous molecule and Zalf the weight of a molecule of hydrogen,
chemists term the molecular weight of that gas, hence 1t will be
obvious that the number which represents the molecular weight of
a gas 1s double that of its density or specific gravity

If 1 Iitre of hydrogen and 1 litre of chlorine be caused to combine,
2 litres of gaseous hydrochloricacid are formed  As equal volumes
of all gases (under like conditions) contain the same number of
molecules, in the 2 hitres of hydrochlonc acid there must be twice
as many molecules of that compound as there were of hydrogen
molecules 1n the 1 litre, or of chlorine molecules 1n the other
But each molecule of hydrochloric acid 1s composed of chlorine
and hydrogen (from other considerations one atom of each element),
therefore there must have been at least twice as many atoms
of hydrogen in the litre of that gas as there were molecules ,
and by the same reasoning, twice as many chlorine atoms in the
litre of chlorine as there were molecules 1n other words, both
hydrogen and chlorine molecules consist of swo atoms The
molecular weight of hydrogen therefore 1s 2 ; that 1s, its molecule
1s twice as heavy as its atom  The afom of hydiogen 1s the umit
to which molecular weights are referied, while the weight of the
molecule of hydrogen 1s taken as the standard of densities or
specific gravities

In oider, therefore, to find the molecular weight of any gas or
vapour, 1t 1s necessaty to learn 1its density—that 1s, to ascertain
how many times a given volume of 1t 1s heavier than the same
volume of hydrogen,* and to double the number so obtained +

The following table gives the densities or specific gravities of all
the elements whose vapour densities have been determined The
Iist includes all those elements which are gases at the ordinary
temperature, and those that can be vaporised under conditions

* Certain exceptions to this rule are discussed under the subject of Dissocia-
tion, chap x p 88

+ The specific gravity of hydrogen, as compared with air taken as unity,
15 0 0695, or air 15 14 3875 times heavier than hydrogen. If, therefore, it be
desired to find the molecular weight of a given gas, whose density as compared
with air 1s known, 1t 1s only necessary to multiply its density (air=1) by the
number 14 3875, which gives its density as compared with hydrogen, gnd then
to double the number so obtained
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which render such determinations experimentally possible (Hy-
drogen being taken as unmity, the other numbers are the approxi-
mate values, which for purposes of discussion are more® suitable
than figures that run to two or three decimal places )

Hydrogen 1 Selenium . 79
Helium 2 Bromine . 8
Neon 10 Iodine 127
Nitrogen 14 Sodium 115§
Oxygen 16 Potassium 19§
Fluorme 19 Zinc . 325
Aigon 20 Cadmium 56
Sulphur 32 Meicury 100
Chlorine 355 Phosphorus 62
Krypton 41 Arsenic 150
Xenon 640

Let us now consider how the knowledge of the relative weights
of gaseous molecules 1s utilised 1n assigning a particular number
as the atomic weight of an element

The molecular weight of chlorine 1s 71 It has been shown that
the molecule certainly contains mote than 1 atom, and probably 2,
mm which case 3535 would represent the relative weight of the
atom

The compound hydrochloric acid has the molecular weight 36 5
It has been already proved that this compound contains 1 atom of
hydrogen, therefore 36 5—1=35 3§

The compound catbon tetrachloride gives a molecular weight
154 Analysis shows that this compound contans 12 parts of
carbon 1n 154 parts, therefore 154 —12=142=35 5X 4

In thesc three molecules the weights of chlorine relative to the
weight of 1 atom of hydrogen are 142, 35 5, and 71, the greatest
common divisor of which 1s 355  This number, therefore, 1s
selected as the atomic weight of chlorine

Again, 1t has been shown that by the action of metals upon
water, the hydrogen contained in the water could be expelled 1n two
separate portions, thus proving that there must be 2 atoms of
hydrogen 1n the molecule of that compound

The molecular weight of wateris found to be 18 , deducting from
this the weight of the two hydrogen atoms we get 18—2 = 16

The molecular weight of carbon monoxide 1s 28, 28 parts of
this cdmpound contain 12 parts of carbon, therefore 28— 12 = 16,



Atomic Weights 43

The molecular weight of carbon dioxide 1s 44 ; 44 parts of this
compoungl also contain 12 parts of carbon, therefore 44—12 = 32

When 1 Iitre of oxygen combines with two litres of hydrogen,
2 hitres of water vapour are formed , there are theiefore twice the
number of water molecules produced as there are oxygen mole-
cules (since by Avogadro’s hypothesis 2 hitres contain twice as many
molecules as 1 litre) But each water molecule contains certainly
I atom of oxygen, therefore the original oxygen molecules must
have consisted of not less than 2 atoms When the density of
oxygen 1s determined 1t 1s found to be 16, 1ts molecular weight
therefore 1s 32

In these four various molecules the weights of oxygen relative to
the weight of 1 atom of hydrogen are 16, 10, 32, 32, the greatest
common divisor of which 1s 16  This numbei, therefore, 1s selected
as the atomic weight of oxygen

Again, 1t has alieady been shown that in the compound ammonia,
the hydrogen can be removed in thiee separate moieties, proving
that there must be three atoms of that element in the molecule
The molecular weight of ammoma 1s found to be 17, therefore
17— 3 = 14, which 1s the weight of the nitiogen

The molecular weight of mitrous oxide 15 44, 44 parts of this
compound are found to contain 16 parts of oxygen and 28 parts of
nitrogen

The molecular weight of nitric oxide 1s 30, 30 parts of this
compound contain 16 parts of oxygen and 14 parts of nitrogen

The molecular weight of nitrogen 1s found to be 28

In these four different molecules the weights of mitrogen relative
to the weight of 1 atom of hydrogen are 14, 28, 14, 28, the
greatest common divisor of which 1s 14 The atomic weight of
nitrogen, therefore, 1s regarded as 14

These three examples, namely, chlorine, oxygen, and nitrogen
are nstances of elements which are gaseous at ordinary tempera-
tures , but the same methods are apphcable in the case of the non-
volatile elements, such as carbon, provided they furnish a number
of compounds that are readily volatile

On comparing the numbers in the foregoing table (p 42),
representing the densities of various clements, with the atomic
weights of those elements as given on p 22, it will be seen
that 1n several cases the numbers given are approximately
the same This agreement 1s merely because the molecules
of these elements consist of two atoms. The molecules of
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helium, neon, argon, krypton, xenon, sodium, potassium, zinc,
cadmium, and mercury consist of only one atom, their atomic
weights, therefore, will be the same as their molecular welghts, that
15, twice their densities. The elements arsenic and phosphorus, on
the other hand, contain in their molecules four atoms—that 1s to
say, the number which represents the smallest weight of phosphorus
and of arsenic, capable of taking part in a chemical change, 1s only
half the density, and therefore a fourth of the molecular weight

The definition of atomic weight that 1s furmshed by the con-
sideration of volumetric relations may be thus stated  7%e afomac
weight 1s the smallest weight of an element that is ever found in a
volume of any gas or vapour equal to the volume occupied by one
molecule of hydrogen at the same temperature and pressure

The volume occupied by one molecule of hydrogen 1s regarded
as the standard molecular volume, while that occupied by an atom
of hydrogen—or, 1n other words, the atomic volume of hydrogen—is
called the wn:¢ volume The standard molecular volume, therefore,
1s said to be fwo unit volumes, and as, from Avogadro’s law, all
gaseous molecules have the same volume, 1t follows that the mole-
cules of all gases and vapours occupy two umt volumes Atomic
weight may therefore be defined as ke smallest weight of an
element ever found in two umt volumes of any gas or vapour.

The molecular volume of a gas 1s 1its molecular weight divided
by 1its relative density, a ratio which 1n all cases will obviously
equal 2, that 1s, two unmit volumes

The atomic volume of an element in the state of vapour 1s 1ts
atomic weight divided by 1ts relative density  In the case of such
elements as chlonne, nitrogen, oxygen, &c, whose molecules are
diatomic, the quotient will be 1—that 1s to say, the atomic volume
of these elements 1s equal to 1 unit volume In the case of mer-
atomic weight=200 _

density=100

The atomic volume of mercury 1apour, therefore, 1s equal to 2
umit volumes, and 1s identical with 1ts molecular volume

On the other hand, with the element phosphorus the atomic
atomic weight=31
" density=62
and therefoie one-fourth the molecular volume , consequently, four
atoms exist in this molecule

The method of determining atomic weights based upon volu-
metncrelations, when taken by itself, 1s not an absolutely ce*tain

cury vapour, however, we have

volume 1s = 5, or one-half the unit volume,
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critenon, for although the atomic weight of an element cannot be
greater than the smallest mass that enters into the composition of
the molecules of any of its known compounds, 1t might be /Zess than
this, as there 1s always the possibility of a new compound being
discovered, 1n which the relative weight of an element 1s such as to
make 1t necessary to halve the previously accepted atomic weight.

3 Determination of Atomic Weight from the Specific
Heat of Elements in the Solid State.—When equal weights of
different substances are heated through the same range of tempera-
ture, 1t 1s found that they absorb very different quantities of heat,
and on again cooling to the original temperature, they consequently
give out different amounts of heat Thus, if 1 kilogramme of water,
and 1 kilogramme of mercury be each heated to a temperature of
100°% and then each be poured into a separate kilogramme of water
at 0% 1n the first case the resultant mixture will have a temperature
of 50°, while in the second 1t will only reach the temperature of 3 2°,
that 1s to say, while the water 1n cooling through 50° has raised the
temperature of an equal weight of water from o° to 50°, the amount
of heat in 1 kilogramme of mercuiy at 100° has only raised the
temperature of an equal weight of water from o° to 3 2°, and 1n so
doing has itselfbecome loweredin temperature 100~ 3 2=96 8° The
amount of heat contained, therefore, 1n equal weights of water and of
mercury at the same temperature, as shown by these figures, 1s as—

o
%6 N 9% =1 316 ’

therefore 1t requires 30 times as much heat to raise a given weight
of water through a given number of degrees as to raise an equal
weight of mercury through the same interval of temperature, or
the tiermal capacily of mercury 1s Fyth that of water

The specific heat of a substance is the ratio of its thermal
capacity to that of an equal weight of water, or, the ratio between
the amount of heat necessary to raise a umt weight of the sub-
stance from o° to 1°, and that required to raise the same weight
of water from o° to 1°, thus, the specific heat of mercury 1s g, or
0033 Water 1s chosen as the standard of comparison because 1t
possesses the highest thermal capacity of all known substances ,
the numbers, therefore, which express the specific heats of other
substances are all less than unity

Dulong and Petit were the first to draw attention (1819) to a
remarkable relation which exists between the specific heats and
the atomic weights of various solid elements, whose specific heats
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they themselves had determined They found that the specific
heats of the solid elements were inversely as their atomic weights,
that 1s to say, the capacity for heat of masses of the elements pro-
portional to their atomic weight was equal This law, known as
the law of Dulong and Petit, may be thus stated Z7ke thermal
capacities of atoms of all elements in the solid state are equal

The thermal capacity of an atom 1s termed 1ts afomuc keat;
hence the law may be more briefly stated, all elements in the
solid slale have the same atomic heat ‘This important constant
1s the product of the atomic weight into the specific heat From
the following table 1t will be seen that the number expressing
the atomic heat 15 not perfectly constant the departures from the
mean 64 are, as a rule, only shght, and may be attributed to
the fact that the determinations are not always made upon the
elements under conditions that are strictly comparable At the
end of the table, however, there are certain elements which appear
to present marked exceptions to the law

} lument Specific Atomic  Atomic
eat Weight Heat
Lithium o9y x 7 = 66
Sodium o029 X 23 =67
Potassium o166 x 39 = 635
Manganese orz22 x 55 = 67
Iron orrz x 56 =63
Silver 0057 X 108 = 61
Gold 0032 X 196 = 62
Mercury (sohid) 0032 X 200 — 64
Lead 0031 X 2004 - 65
Beryllium o041 X Q1= 37
Boron (cryst ) 025 X II = 27§
Carbon (diamond) o147 X 12 = 176
Silicon (cryst ) o177 X 28 — 4095

It will be seen that, relatively speaking, the four elements
which show a considerable departure from the law of Dulong are
elements with low atomic weights Low atomic weight, however,
1s not a/ways accompaned by such deviation, as 1s shown in the
case of hthium and sodium

When the different allotropes of carbon are experimented upon,
1t 1s found that the departure 1s not the same for each modification
of the ¥ement, thus—



Atomic Wesghts 47

Element Sprofe fiome fome
Diamond 0147 X 12 = 176
Graphite 0200 X 12 = 240
Charcoal 0241 X 12 = 290

It has been observed that, as a general rule, the specific heat of
an element 1s shghtly higher at higher temperatures , but 1n the
case of the four elements showing abnormal atomic heats, this
increase rises rapidly with increased temperature, until a certain
point 1s reached, when 1t remains practically constant, and repre-
sents an atomic heat which closely approximates to the normal
value , thus n the case of diamond, the specific heat at increasing
temperatures 15—

Specfic Atomic  Atomic
eat Weight Heat

Diamond at 107° or128

X 12 = 13§
' 45° o1470 X 12 = 176
” 206° 02733 x 12 = 328
’ 607° 04408 X 12 = 530
5 806° 04489 x 12 — 54
» 985° 04589 X 12 = 535

The same result 1s seen 1n the case of graphite, and 1t 1s also to
be remarked, that while at low temperatures theie exists a wide
difference between the specific heats of these two modifications of
carbon, this difference vanishes at a temperature of about 600°

Specific Atomic  Atomic
Teat Weight Heat

Graphite at 10 8° 01604 X 12 = 193
” 613° 01990 X 12 = 239
" 642° 04454 X 12 = 5§35
. 978° 04670 X 12 = 5350

Both the clements boron and silicon are found to follow the
same rule, and at moderate temperatures their atomic heats nearly
approximate the normal constant

The case of the somewhat rare element beryllum 1s of special
interest from another point of view, which will be referred to when
treating of the natural classification of the elements from the
following numbers ¥ 1t will be seen that its atomic heat very
rapidly rises with moderate increase of temperature

Humpidge.
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Specific Atomic Atomic
eat Weight  Heat

Beryllium at 100° 04702 X 91 = 4,28
» 200° 05420 X 91 = 493
» 400° . 06172 X 91 = 561
” 500° 06206 X 91 = 565

The relation between atomic weight and specific heat, established
by Dulong and Petit, 1s of service in the determination of atomic
weights, not as a method of ascertaining the exact value with any
degree of refinement, but rather as a means of deciding between
two numbers which are multiples of a common factor

If specific heat x atomic weight = atomic heat, it will be obvious
that, 1if we experimentally determine the specific heat, and divide
that value into the constant atomic heat, 6 4, we obtain the
approximate atomic weight.

The two following examples will serve to 1illustrate the applica-
tion of the method

The element indium combines with chlorine 1n the proportion—

Indium chlorine = 37.8 355§

If InCl 1s the formula, then 37 8 1s the atomic weight of indium
but from the chemical similarnty between indium and zinc (whose
chloride has the formula ZnCly), it was believed that the formula
for indium chloride was InCl,, 1n which case, 1n order to preserve
the ratio between the two elements, the atomic weight would have
tobe 378 x 2=1756

When the specific heat of indium was determined,* 1t was found
to be o057

4

0057= 11228

Therefore the atomic weight must be raised by one-half, from
75 6 to 113 4, and the formula for the chloride will be InCl;
The element thalhum combines with chlorine 1n the proportion—

Thallum chlorine = 2036 355

In some of its compounds thallium exhibits a strong resemblance
to potassium, the chloride of which has the formula KCl If the
formula for the thallium chlonde 1s TIC, the atomic weight of the
metal must be 2036

In many respects thallium exhibits a striking analogy with lead,

Bunsen, 1870
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the chloride of which has the formula, PbCl,, If thalhum chloride
has a corrgsponding formula, TICl,, then the atomic weight of
thallium must be raised to 407 2
‘When the specific heat of thallum was ascertained,* it was found
to be 00335.
64
00335

This result shows that the number 2036 and not 407.2 1s the
atomic weight of thallium, and that the chloride has the formula
TICL

Molecular Heat of Compounds.—The capacity for heat of an
atom undergoes no alteration when the atom enters into combina-
tion with different atoms—n other words, the atomic heat of an
element 1s the same n its compounds The molecular heat of a
compound (that 1s, the product of the molecular weight into the
specific heat) will therefore be the sum of the atomic heats of 1ts
constituent elements Hence 1t 1s possible to calculate what will
be the atomic heat of an element which does not exist as a sohid
under ordinary conditions; and therefore the atomic weight of
such an element, as deduced from other considerations, 1s capable
of venification, by detetminations of the molecular heat of various
of its compounds  thus— °

The specific heat of silver chloride, AgCl, 1s 0089 —

= 1913

Specific Molecular Molecular
eat Weight Heat
i oo8g x 1435 = 1277

The atomic heat of silver = 6 1, therefore, as deduced from this
compound, the atomic heat of chlorine 1s 1277 - 61 =66
Again, the specific heat of stannous chloride, SnCly, 18 0 1016 —

Specific Molecular Molecular
eat, Weight Heat
o106 x 189 = 192

The atomic heat of tin 1s 6 6, therefore the atomic heat of twe
atoms of chlorne, as deduced from this compound, 1s 19.2 -6 6=
12 6, giving 6.3 as the atomic heat of chlonne

The differences that appear in the value, as deduced from
various compounds, are lessened, because the errors of the
method are more equally distributed, if we divide the molecular
beat by the number of atoms in the molecule. Thus, in ethe

* Regnault
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two examples quoted, silver chloride consists ot two atoms, while
the molecule of stannous chloride contains three , if, therefore, the
molecular heats of these two compounds are divided respectively
by 2 and by 3 we get —

127 192
*2—7=638,and—§—-=64,

as the value representing the atomic heat of chlorine
The element calcium combines with chlorine in the proportion-—

Calcium  chlorine =20 355

If the atomic weight of calcium 1s 20, the formula will be CaCl/,
whereas 1f 40 1s the atomic weight of the metal, the compound
must be represented by the formula CaCl,

The molecular weight of CaC/ would be 55 5, that of CaCl, 1110

When the specific heat of the compound was determned, 1t
was found to be 01642 In order, therefore, to decide between
the two values for the atomic weight of calcium, we calculate the
molecular heat fiom both of the molecular weights, and divide the
result by the number of atoms 1n the molecule 1n each case

On the supposition that Ca=20, and that CaC/ represents the
chloride —

0 1642 X
CaCl ——25———5-"=4 55
Or, 1if Ca=40, and CaCl,1s the formulx for the chloride, then—
CaCl, o164zx1110_
2 3 o7

The number 607, which nearly agrees with the constant 6 4,
decides the value 40 as the atomic weight of calctum  The
element calcium 1s one of those metals which it 1s very difficult to
1solate and obtain 1n a state of purty, but when 1n recent years
the specific heat of this metal was experimentally determined,*
1t was found to be o 1704 —

01704 X 40=68

Thus affording direct confirmation of the value 4o for the atomic
weight of calcium, which had been deduced from the molecular
heat of 1ts compounds

* Bunsen
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Deductions based upon molecular heats of compounds are only
trustworthy 1n the case of the most simply constituted compounds

4. Determination of Atomic Weight from Considerations
based on Isomorphism.—It was early obseived that certain rela-
tions existed between the crystalline forms of compounds and their
chemical composition  Mitscherlich found that certain substances
having an analogous chemical composition, as, for example, sodium
phosphate and sodium arsenate, crystallised in the same geometric
form Inthe year 1821 he stated his Jaw of 2s0morphism as follows .
“The same number of atoms, combined n the same way, give rise
to the same crystalline form, which 1s independent of the chemical
nature of the atoms, being influenced only by their number and
mode of arrangement” Subsequent investigations, however, have
shown that this statement 1s too general

In 1its broad sense as sigmfying the same crystalline form,
1somorphism 1s found to exist—

1 Between compounds contaming the same number of atoms
similarly combined, and which bear close chemical analogies to
each other

Znc sulphate /ZnSO,, 7,0

Isomorphous { Magnesium sulphite MgS0,,7H,0

Hydrogen disodiim phosphate  HN1,PO,,12H,0

Isomorphous { Hydrogen disodium, arsenate HN1,As04,12H1,0

Rubidium alum Rb,504,A1,(50,);,24H,0
Isomorphous {Ifzotassmm cllu'ome :A.lum1 K,S0y4, Crg(SOy)5,24H,0
| o:]ausrsrllum alumimium selenium } K ;5e0,, Aly(Se0,); 24H,0

2 Between compounds contaming a different number of atoms,
but which also bear close chemical analogies to one another

Ammonium chloride NH(I
Isomorphous { Potassium chloride KC1
Ammonium sulphate (NH,);SO,
hous { <
Isomorpho Potassium sulphate K,SO,

3 Between compounds containing either the same or a different
number of atoms, and which exhibit little or no chemical analogies.

Isomorphous { Sodium nitrate NaNO;
P Calcium carbonate CaCOq
Sodium sulphate (anhydrous) Na,SO.
h 290
Isomorphous { Barium permanganate . BaMn,0,
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Isomorphism of this order, where little or no chemical relations
exist between the compounds, 1s sometimes distinguished as
1sogomism. It must not be supposed, that because two ‘chemically
analogous compounds contain the same number of atoms, they will
necessarily crystallise in the same form  there are indeed a large
number of similarly constituted analogous compounds that do not
exhibit 1somorphism.

No simple definition of 1Isomorphism 1s possible, but the following
test 1s generally accepted as a criterion, namely, the power to form
either muxed crystals or layer crystals. Thus, when two su"stances
are mixed 1n a state of hqudity, and allowed to crystalhse, if the
crystals are perfectly homogeneous, they are known as muxed
crystals, and the substances are regarded as 1somorphous

Or when a crystal of one compound 1s placed 1n a solution of
another compound, and the crystal continues to grow regularly
in the hquid, the compounds are 1somorphous  Thus, if a crystal
of potassium alum (white) be placed in a solution of manganese
alum, the crystal continues to grow without change of form, and
a layer of amethyst-coloured manganese alum 1s deposited upon 1t

In making use of the law of 1somorphism 1n the determimation of
atomic weights, 1t 1s assumed that the weights of different atoms
that can mutually replace each other without altering the crystal-
hine form are proportional to then atomic weights *

Thus, if we suppose that, in the case of the sulphates of zinc
and magnesium, the atomic weight of zinc 1s known, viz, 65, and
that of magnesium 1s doubtful ; from the fact of the 1somorphism
of the sulphates 1t may be premised that the elements are present in
proportions relative to their itomic weights  Analysis shows that
the proportionis 24 of magnesium to 65 of zinc, therefore 24 is pre-
sumably the atomic weight of magnesium

In this way Berzelius corrected many of the atomic weights
which 1n hus day had been assigned to the elements

* The group (NH,) may be regarded as an atom, having the relative weight 18,



CHAPTER V1I
QUANTITATIVE CHEMICAL NOTATION

THE use of chemical symbols and formula, as a convenient means
of representing concisely the qualitative nature of chemical changes,
has been explained in chapter v We are now 1n a position to
read mto these symbols a quantitative significance, which at that
stage 1t would have been premature to explain

The symbol of an element stands for an atom , but, as we have
now learnt, the atoms of the various elements have different relative
weights, hence these symbols represent relative weights of matter
The symbol Na signifies 23 relative parts by weight of sodium, O
stands for 16 relative parts by weight of oxygen, H for 1 part of
hydrogen, 1n other words, the weight of sodium represented by
the symbol Na 1s 23 times as heavy as that which 1s conveyed
by a symbol H A chemical equation, therefore, 1s a strictly
quantitative expression, i which certain definite weights of matter
are present in the form of the reacting substances, and which
reappear without loss or gain 1n the compounds resulting from the
change In this sense a chemical equation 1s a mathematical
expression  Thus, the equation—

Na + Cl = NaCl,

not only means that an atom of sodium combines with an atom of
chlorine and forms 1 molecule of sodium chloride, but it also means

23+ 355 =585
Na Cl NaClL

In other words, that sodium and chlorine unite in the relative pro-
portion of 23 parts of the former and 35 5 parts of chlonne, and
produce 58.5 parts of sodium chloride

In the same way, into the equatxon which expresses the action of
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sulphuric acid upon sodium carbonate, we read the quantitative
meaning of the symbols—

H,50, + Na,CO, = Na,SO, + CO, + H,0
6

2 46 4
32 12 32 12 2
64 48 64 32 16
98*% 4+ 106 = 142 + 44 + 18

That 1s to say, 98 parts by weight of sulphuric acid act upon
106 parts of sodium carbonate, producing 142 parts of sodium
sulphate, 44 parts of carbon dioxide, and 18 parts of water It will
be evident that it becomes a matter of the simplest anthmetic to
calculate the weight of any product that can be obtained from a
given weight of the reacting substances, or wice wersd, to find
the weight of any reacting substance which wonld be required to
produce a given weight of the product of the action

Not only 1s mformation respecting the quantitative relations
by weight embodied 1n a chemical equation, but when gaseous
substances are reacting, the equation also represents the volu-
metric relation between the gases In order that the volumetric
relations may be more manifest, the equations expressing the re-
actions are written 1n such a manner as to represent the molecules
of the substances

H + Cl = HCI

15 an afomzc equation, but as the molecule 1s the smallest particle
which can exist alone, a more exact statement of the chemical
change 1s made, by representing the action as taking place between
molecules, thus—

H, + Cl, = 2HCI

From such an equation we see that 1 molecule of hydrogen, or
2 unit volumes, unites with 1 molecule or 2 unit volumes of chlorine,
and forms 2 molecules o1 4 unit volumes of hydrochloric acid :
or again—

0, + 2H, = 2H,0

One molecule, or 2 umt volumes of oxygen, unite with 2 mole-
cules, or 4 unit volumes of hydrogen, and produce 2 molecules of

* The number obtuned by adding together the weights of the atoms mn a
formula 1s known as a ‘‘ formula weight,” thus g8 1s the formula weight of
sulphunic acid,
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water, which when vaporised, and measured under the same con-
ditions of temperature and pressure, occupy 4 unit volumes In
other words, the number of molecules, in all cases* where gases
and vapours are concerned, represent exactly the volumetric
relations  In the cases quoted, 1t will be observed, the same ratio
also subsists between the number of afoms of the reacting gases
and the molecules of the compound, but this 1s not always the
case, for example—

Atomic equation, Hg + 2Cl = HgCl,

In this equation 3 atoms unite to produce 1 molecule, but the
ratio between the volumes 1s #0¢ represented by the statement,
1 volume of mercury vapour and 2 volumes of chlorine produce
2 volumes of vapour of mercury chlonde

Molecular cquation, Hg + Cl, = HgCl,

By this wessee that 1 moleculet (2 umt volumes) of mercury
vapour and 1 molecule (2 umt volumes) of chlorme give 1 mole-
cule (2 unit volumes) of vapour of mercury chloride

Again,

P + 3Cl = PCly
1s an atomic equation, showing that 1 atom of phosphorus unites
with 3 atoms of chlorine, but 1t 1s 2#0f true that the 1atio between
the volumes 1s represented by the statement, I volume of phos-
phorus vapour combines with 3 volumes of chlorine and gives 2
volumes of the vapour of phosphorus trichlonide, as will be seen
by comparison with the molecular formulae—

P, + 6Cl, = 4PCl,

This equation tells us that 1 molecule } (2 umt volumes) of phos-
phorus vapour combines with 6 molecules (12 unit volumes) of
chlorine, producing 4 molecules (8 unit volumes) of phosphorus
trichlonde vapour

Knowing the relative densities of gases compared with hydro-
gen, 1t 1s obviously possible, by ascertamning the actual weight in
grammes of some definite volume of hydrogen, to calculate the
actual weight of any given volume of any other gas

Two units are in common use, namely—

* See Dissociation, where apparent exceptions are explained
+ The atomic volume of mercury vapour being equal to 2 unit volumes (p 44}
% The atomic volume of phosphorus 1s § of a umit volume (p 44). ,
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(1) The weight of 1 litre of hydrogen, measured at a temperature
of o°* C., and under a pressure of 760 mm of mercury *

(2.) The volume occupied by 1 gramme of hydrogen, measured
under the same conditions

1. One litre of hydrogen, measured at the standard temperature
and pressure, weighs .0896 grammes+ This number 1s known as
the ¢»2¢4 ;1 and by means of 1t the weight of 1 litre, and therefore
any given volume, of any gas can be deduced thus, the relative
densities of oxygen, mitrogen, and chlorine are 16, 14, and 355
respectively, therefore 1 litre of these gases (measured always at
the standard temperature and pressure) weighs 16 criths, 14 criths,
and 35 5 criths respectively, or—

1 hitre of oxygen weighs 16 x 0896=1 4336 grammes
1, nitrogen , 14 X 0896=1 2544 »
1, chlorine ,, 355x% 0896=3 1808 »

So also with reference to compound gases, where“in each case
the density 1s represented by the half of the molecular weight
Thus, the relative densities of hydrochloric acid, ammonia, and
carbon dioxide are—

HCl ’.tz._355= 18 25,
NH;'4+3=85,
CO, 1.2_.}32:22,

and the weights of 1 litre of these gases are therefore—

1 Iitre of hydrochloric acid=18 25 x 0896=1 6352 gramme
1 , ammonia = 85 x 08g6=o0 7610
1 ,, carbondioxide =220 X 0896=19712

II The volume occupied by 1 gramme of hydrogen at the
standard temperature and pressure 1s 11 127 hitres.  As the rela-
tive density of oxygen 1s 16, it obviously follows that 16 grammes

* This temperature and pressure 18 chosen as the standard at which volumes
of gases are compared  See General Properties of Gases, chapter 1x

+ From time to time slightly different values have been given for this
constant. The most recent determinations give the number 089873

$ From the Greek, signifying a barley-corn, and used symbolically to denote
a httle weight,
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of this gas will also occupy 11 127 hitres, n other words, this
number 11 127 represents the volume in htres of any gas, which
will be occupied by the number of grammes corresponding to 1ts
relative density, thus—

14 grammes of nitrogen . occupy 11 127 htres
355 ” chlorine . . p 11127
1825 hydrochlonncacid ,, 11127 ,,
220 " carbon dioxide . y 11127

The number of grammes of a substance, equal to the number
which represents 1ts molecular weight, 1s spoken of as the grammne-
molecule. 'The molecular weight of hydrogen=2, therefore the
gramme-molecule of hydrogen (that 1s, 2 grammes of hydiogen)
will occupy 11127 x2=2225 litres The molecular weight of
oxygen= 32, therefore 32 grammes of oxygen will occupy 2225
htres , 1n other words, 22 25 htres 1s the volume which will be
occupied by the gramme-molecule of any gas

By means of this important constant, 22 25, the volume of any,
or all, of the gaseous products of 4 chemical change (when
measured at the standard temperature and pressure) can be de-
duced directly from the equation repiesenting the change, thus—

Zn+H,50,=ZnS0,+H,

expresses the reaction taking place when zinc 1s dissolved 1n
sulphuric acid  Just as in the former illustrations 1t carries the
information that 65 grammes of zinc+98 grammes of sulphuric
acid produce 161 grammes of zinc sulphate and 2 grammes of
hydrogen But 2 grammes of hydrogen occupy 22 25 litres, there-
fore by the solution of 65 grammes of zinc, the volume of hydrogen
cbhtamned will be 22 25 htres

So also 1n the following equation, which represents the formation
of carbon dioxide from chalk (calciumm carbonate) by the action
upon 1t of hydrochloric acid—

CaCO; + @2HCI = CaCl; + H,0 + CO,
40+12+48  2(1+4355) 40+ 71 2416 12+ 32
100 + 73 = 111 + 18 + 44

100 grammes of chalk, when acted upon by 73 grammes of hydro-
chloric acid, yield 111 grammes of calctum chloride and 18
grammes of water, and 44 grammes of carbon dioxide,

Carbon dioxide 1s gaseous, therefore 44 grammes (the gramwpe-
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molecule) will occupy, at the standard temperature and pressure,
2225 lhtres, hence, by the decomposition of 100 grammes of
chalk, 22 24 litres of carbon dioxide are produced

This chapter may be concluded with one illustration of the
methods employed 1n the exact determiation of atomic weights
which depends essentially upon the quantitative character of
chemical reactions By the three following processes the atomic
weights of chlorine, potassium, and silver may be deduced

1. By heating a known weight of potassium chlorate, the formula
weight of potassium chloride 1s found—

KCIO, = KCI + 30

50 grammes of potassium chlorate when heated left a residue
of potassium chloride weighing 30 395 grammes 50 — 30 395 =
19 605 = grammes of oxygen evolved

As potassium chlorate contains m 1its formula weight 3 atoms
of oxygen (16 x 3 = 48), we get the expression—

19605 30395=48 74 4o=formula weight of potassium chloride.

2 By dissolving a known weight of potassium chloride, and
adding to 1t excess of silver nitrate, silver chloride 15 precipitated,
which can be washed and diied and weighed, and from which the
formula weight of silver chloride 1s obtained—

KCl + AgNO, = AgCl + KNO,

10 grammes of potasstum chlonide were found to yield 19223
grammes of silver chloride , therefore,

10 19225 = 7440 14303 = formula weight of silver chloride

3 By the direct combination of silver and chlorine, by heating
the metal in a stream of the gas, the ratio of chlorine to silver in
silver chlonde 1s found

10 grammes of silver so treated yielded 13 285 grammes of silver
chloride , therefore,

13285 10=14303 10766 = atomic weight of silver.
Since the formula weight of silver chloride, AgCl = 143 03,
therefore, 143 03— 107 66 = 35 37 = atonuc weight of chlorine.
And since the formula weight of potassium chlornide, KCl = 74.40,
v therefore, 74 40 ~ 35.37 = 39 03 = atomic weight of potassium.



CHAPTER VIII
VALENCY OF THE ELEMENTS

WHEN chlorine unites with hydrogen, the combination takes place
between one atom of chlorine (1elative weight = 355) and one
atom of hydrogen (relative weight = 1), but when oxygen com-
bines with hydrogen, one atom of oxygen umites with Zwo atoms
of hydrogen The compound ammoma consists of one atom of
nitrogen, combined with #&re¢e atoms of hydrogen , while one atom
of carbon, on the other hand, can umte with four atoms of
hydrogen

One atom of chlorime never combines with more than one atom
of hydrogen , its affinity for that element 1s satisfied, or safus ated,
by union with one atom

The affimty of one atom of oaxygen for hydrogen, however, 15
not satisfied by one atom of that clement, but 1equires two atoms
for its saturation , while mitrogen requires three, and carbon four
hydrogen atoms, in oider to satisfy their respective affinitics for
this element

This varying power of combining with hydrogen 1s seen n a
number of other instances thus, the elements fluorine, bromine,
and 10dine, resemble chlorine in being only able to unite with one
atom of hydrogen  Sulphur, like oxygen, has 1ts affimty for
hydrogen saturated by two atoms of that element Phosphorus
and arsenic require three atoms of hydiogen n order to saturate
their combining capacity, while silicon resembles carbon in com-
bining with four hydrogen atoms This combining capacity of
an element 1s termed 1ts walency  Elements like chlorine,
fluorine, bromine, and 1odine, whose atoms are only capable
of umting with one atom of hydrogen, are called monovalent
(or sometimes monad) elements ; while those whose atoms com-
bine with two, three, or four hydrogen atoms, are distinguished
as di-valent (or dyad), tri-valent (or trnad), and tetra-valent (or

tetrad) elements. All elements, however, are not capable of
]
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entering mto combination with hydrogen ; mn which case, their
valency 18 measured by the number of atoms of some other
monovalent element which 1s capable of satisfying their com-
bining capacity Thus —

1 atom of sodium combines with 1 atom of chlorine, forming NaCl

T, caleum  ,, " 2 atoms . " CaCl,
t , boron , , 3 , v " BClg
T, tin . ” 4 » " " SnCl,
t ,,  phosphorus* ,, 5 ,, " " PCl,
o, tungsten ,, . 6, " " WClg

In the combinations of elements with hydrogen alone, no 1n-
stances are known in which a higher valency 1s exhibited than
that of four, but with chlorine, as here seen, cases are known in
which elements exhibit pentavalent and hexavalent characters

Measured by their combining capacity for hydrogen and chlonne,
elements do not, however, always exhibit the same valency thus,
the affinity of phosphorus for hydrogen 1s satisfied by three hydrogen
atoms, whereas one atom of this element can unite with five atoms
of chlorine

As measured by hydrogen, the valency of sulphur is two, the
compound that 1t forms with hydrogen being expressed by the
formula SH,, while, as estimated by its capacity for chlorine, 1t
becomes tetravalent, as seen 1n the compound SCl; As a general
rule, however, the highest number of monovalent atoms with which
one atom of an element 1s capable of combining 1s accepted as
representing the valency of that element Thus, one atom of
phosphorus not only combines with five atoms of chlorine, but
also with five atoms of fluorine , phosphorus 1s therefore a penta-
valent element

As measured by hydrogen alone, or by chlorine alone, mtrogen
15 a trivalent element, for the largest number of these atoms with
which one atom of nitrogen can unite 1s three, as seen in the
compounds having the composition NHy and NCl;; neverthe-
less, one atom of nitrogen 1s capable of combining with four
atoms of hydrogen and one of chlorine, forming the compound
NH,Cl, ammonium chloride, 1n which the nitrogen atom 1s penta-
valent

This rule, however, 1s not always followed , for example, one
atom of 10dine will unite with three atoms of chlorine, forming the

10sphorus also combines with hydrogen
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compound IClg, but iodine 1s not generally regarded as a trivalent
element *

In symbolic notation, this power possessed by an atom, of uniting
to 1tself monovalent atoms, 1s often represented b); lines, each line
signifying the power of combination with one monovalent atom
Thus, 1n the symbol H—CI, the line 1s intended to give a concrete
expression to the fact that both hydrogen and chlorine are mono-~
valent elements, and that the affimity of each element for the
other 1s satisfied when one atom of the one unites with one atom of
the other The symbol H—O—H, in like manner, signifies that
the oxygen atom 1s divalent, that its affimty for hydrogen 1s satisfied
only when 1t has united with two monad atoms In the same way
we may express the facts that nitrogen and carbon, in their com-
binations with hydrogen, are respectively trivalent and tetravalent,

H
by the symbols H—N—H, and H—('I-H These lines are merely
| I
H
a convenient symbolic expression for the operation of the force of
chemical affinity , their length and direction bear no meaning +
The power to combine with one monovalent atom 1s sometimes

spoken of simply as one affin7, + thus it s said that in the com-
pound having the composition PHj; or H—P—H, three of the

H
affinttses of the phosphorus atom are saturated, and that two
affinttres still remamm unsatisfied, phosphorus, as already stated,
being a pentavalent element

* See Iodine, Compounds

+ The student cannot be too often warned against attaching any materialistic
significance to these lines  The use of this convention 1s always attended with
the danger that the beginner 1s hable to fall into the error of regarding these
lines as representing mn some manner fixed points of attachment, or links,
between the atoms It must be remembered, therefore, that these lines not only
have no matenalistic sigmfication, but they must not even be regarded as convey-
ing any statical meaning  The atoms are undergoing rapid movements with
respect to each other, which movements are in some way governed by the
chemically attractive force exerted by the individual atoms upon one another,
and the molecule will be more correctly considered, if we regard 1ts atoms as
being held together 1n a manner resembling that by which the numbers of a
cosmical system are bound together The lines simply denote that the atoms
are held to each other by the attractive force which we call chemical affinity
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Compounds of this order, in which one of the elements has still
unsatisfied affinities, are called #nsafurated ¢~ npounds

In 1ts power to satisfy the affinities of an element, a divalent
atom 1s equal to two monovalent atoms thus, when the affinities
of the tetravalent carbon atom are saturated with oxygen, the mole-
cule contains two atoms of oxygen, which may be symbolically
expressed thus, O=C=0, m which the four affinities of the
carbon (represented by the four lines) are satisfied by the two
divalent atoms of oxygen Carbon, however, combines with a
smaller proportion of oxygen, forming th~ compound carbon mon-
oxide, CO The carbon atom 1n this case 1s divalent, as expressed
by the formula C=0, and this substance 1s also an unsaturated
compound

The number of divalent atoms with which an element can unite
cannot, however, be taken as a safe criterion or measure of the
valency of that element in cases where that number 1s greater
than 1, for example, 1n such a compound as calcium oxide, CaO,
we regard the two affinities of the divalent atom of oxygen as being
satisfied by two affinities possessed by the calcium, and express this
belief 1n the formula Ca=0, and regard the calcium as divalent
In the same way, in carbon monoxide, CO, the carbon being united
with one atom of the divalent element oxygen 1s 1itself divalent in
this compound , but 1n the case of carbon dioxide, where the carbon
atom 1s united with two atoms of divalent oxygen, we are not
justified 1n asserting that the atoms are united, as represented by
the formula O = C = O, in which the four affinities of carbon
are represented as saturated with oxygen There exists no posi-
tive proof that the carbon 1s not divalent 1n this compound, and
that the molecule does not consist of three divalent atoms united,

C
as shown 1n the formula /\ From the fact, however, that car-

bon forms a compound with four atoms of hydrogen, and another
with four atoms of chlorine, we know that this element 1s tetra-
valent, and therefore we delzeve that in carbon dioxide 1t 1s also
tetravalent

Again, as measured by 1ts compound with hydrogen, sulphur 1s
divalent ; while with chlorine 1t forms SCl; But sulphur unites
with oxygen, forming the two compounds sulphur dioxide, SO,, and
sulpBur trioxide, SO,  If it be assumed that 1n these molecules the
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whole of the oxygen affinities are satisfied with sulphur, then the
symbolic representation of these oxides will be O = S = O, and
O=S=0, the sulphur being 1n one case tetravalent and in the
I
(¢]
other hexavalent There 1s, however, no posifzve proof that the
affinities of one oxygen atom are not partially satisfied by union
with another oxygen atom, and that the valency of the sulphur 1s
higher than either two or four, as seen n the alternative formulz,

s N s
SO, /\\ SO, §S=0,0r / \_
0—0 o/ 0—0—0 -

Chemusts bclzeve, however, that in these two oxides the
sulphur functions mn the one case as a tetravalent, and n
the other as a hexavalent element, and this behef 1s strengthened
by the recent discovery (Moissan) of a fluoride having the com-
position SFg 1 which the hexavalent character of sulphur 1s
unquestionable

It will be evident from these consideiations, that in many cases
the valency of an element 1s a vanable quantity, depending partly
upon the particular atoms with which 1t umites It 1s also found
that 1t 1s dependent in many instances upon temperature and
upon pressure  Thus, between a certain limited range of
temperature, one atom of phosphorus combines with five atoms
of chlorine in the compound PCI;, but above that hmit two atoms
of chlorine leave the molecule, and the phosphorus becomes tri-
valent Again, 1f hydrogen phosphide, PH;, be mixed with hydro-
chloric acid, HCI, and the mixed gases be subjected to increased
pressure, the gases combine and form a sohd crystalline com-
pound known as phosphomum chloride, PH,Cl, in which the
phosphorus atom, being united with five monovalent atoms, 1s
pentavalent. When the pressure 1s released an atom of hydrogen
and an atom of chlorine leave the molecule, and the phosphorus
returns to its trivalent condition

A compound, 1n whose molecules there 1s an atom which for the
time being 1s not functioning 1n 1ts hghest recogmised valency,
often exhibits a readiness to umte with additional atoms tq form
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new compounds thus ammonia combines eagerly with hydro-
chloric acid, forming ammonium chloride—

NH, + HCl = NH,CI

Carbon monoxide unites directly with chlorine to form carbonyl
chlornide—

CO+Cl=COCl,.

Carbon monoxide also combines with an additional atom of
oxygen, and gives carbon dioxide, thus—

2C0O +0,=2CO,

In this last action 1t will be seen that the molecule of carbon
monoxide, 1n bemg converted nto the dioxide, takes up one atom
of oxygen ; but as the molecule of oxygen 1s the smallest 1solated
particle, 1t follows that the two atoms contained 1n such a molecule
must first separate, and each one then furnishes the requisite
additional oxygen for one molecule of carbon monoxide In the
union of carbon monoxide with chlorine, and of ammomnia with
hydrochloric acid, are we to suppose that the same action takes
place? That 1s to say, do the two atoms in the molecule of
chlorine separate from each other and unite with carbon, thereby
satisfying 1ts tetrad valency, in the manner here expressed >—

cl
Cle —C(14+CO= NC=0
c/

And i the case of ammonia and hydrochlotic acid, do the
hydrogen and chlorine atoms pait, and each umte with the
nitrogen atom, thereby raising 1t from the trivalent to the penta-
valent condition ® thus—

cl H
N
H— -—C1+H—-II\I-—H =H-IT—H.
H H
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Or are we to suppose that the two molecules, without losing their
mntegiity, become held together as independent molecules, by
virtue of the unsatisfied affinities of the carbon, or the nitrogen,
as the case may be, in which case the compounds might be repre-
sented thus—

cl H—Cl
[C=0 H—N_H
Cl |

H

This question would be settled by determining the vapour-
density of the compound If, for instance, we were to find the
vapour-density of ammonum chloride to be 26 75, then the com-
pound having the composition NH,Cl would have the normal
molecular volume, that 1s, 1ts molecule would occupy two unit
volumes,* and the conclusion would be that the vapour consisted
of single molecules of the composition represented by the formula
NH,Cl But ammomum chloride at ordinary temperatures 1s a
solid, and when heated to the temperature necessary to convert 1t
nto vapour 1ts molecules break up nto separated molecules of the
two original gases—ammonia, NH;,, and hydrochloric aad, HCI +
So that we aie unable to gain any information in this direction
as to the mode 1 which the atoms are disposed n the compound
When the two gases are brought together under ordinary con-
ditions, they combine with the evolution of considerable heat,
owing to loss of eneigy; this 1s taken as evidence that true
chemical action, in the sense of atomic rearrangement, has re-
sulted, hence 1t 1s believed that in this compound the mitrogen
1s umted with the five monovalent atoms, and consequently 1s
pentavalent

In the case of carbonyl chloride, COCI,, the vapour-density can
be ascertained, this compound existing 1n the gaseous condition
at the ordinaiy temperature Its vapour-density, determined by
experiment, 1s found to be 506 This number, divided nto the
molecular weight of the compound having the composition COCI,,
gives practically the number 2 as the molecular volume of the
compound. Hence we conclude that these four atoms constitute
a single molecule

There are a number of combinations, however, in which mole-

* Seep 43 1 See Dissociation, p 89
E
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cules of different compounds unite, that do not so readily admit of
explanation, because 1n neither of the molecules 1s there any
atom functioning 1 a lower state of valency than that which
it 1s known to be capable of For example, the monovalent
elements fluorine and hydrogen form the compound hydrofluonc
acid, HF, fluorine also combines with the monovalent element
potassium, forming potassium fluoride, KF  Both of these com-
pounds come under the head of sa/urated compounds, in the sense
that neither of them contamns an atom which 1s known to be
capable of exercising a higher valency than 1t exhibits 1n these
compounds  Nevertheless these two molecules unite together and
form a definite chemical compound, known as hydrogen-potassium
fluonide

Again, the divalent element zinc combines with two atoms of
the monad element chlorine, forming zinc chloride, 7nCl,, the
two monovalent elements sodium and chloine also combine,
giving the compound sodium chloride, NaCl  Both of these
substances must be regarded as saturated compounds, and yet
they unite with each other, forming a distinct chemical compound,
known as sodium zinc chloride  Such compounds as these are
known as dondle salts, and examples might be multiplied almost
indefinitely. A similar union of molecules, where the recogmsed
valency of the atoms 1s all satisfied, 1s seen m a large number
of compounds containing water of crystallisation,* for example,
the divalent element copper, 1n combination with two atoms of
chlorine, forms cupric chlonide, CuCl, The divalent element
oxygen, in combmation with two hydrogen atoms, forms water,
H,0 When cupiic chloride crystallises from aqueous solution,
each molecule of the chloride unites to itself two molecules of
water, which 1s therefore termed water of crystallisation

In chemical notation, 1t 1s usual to represent compounds of this
order by placing the formulz of the different molecules that have
entered nto union In juxtaposition, with a comma between,
accordingly, the examples here quoted would be indicated thus—

Hydrogen potassium fluoride HF,KF
Sodium zinc chloride ZnCly,NaCl
Crystallised cupric chloride . CuCly,2H,0

Combinations of this order are by no means confined to the

See page 216,
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union of fwo kinds of molecules, as the following examples will
serve to show —

Platinum sodium chloride . . PtCl,2NaCl,6H,0.
Mercuric potassium chloride 2HgCl,KCl,2H,0.

At the present time our knowledge of the nature of the union
between these various molecules 1s too 1mperfect to admit of any
precise explanation, such compounds are frequently distingmshed
as molecular combinations

It 1s quite possible that the unit which has been adopted for estimating
valency, namely, 1 monovalent atom, 1s after all only an extremely rough and
crude measure, which 1s incapable of appreciating smaller differences of com
biming capacity that may, and most probably do, exist Its use may be com-
pated to the adoption of a single unit, say 1 gramme, for the estimation of
mass or weight, when, 1f a given quantity of matter has 2 weight equal to 1
gramme, but less than 2 grammes, 1ts weight would be 1, 1if greater than 2
grammes, but less than 3, then 1ts weight would be 2—a method of estimating
which tacitly assumes that no imtermediate weights of matter between the
various multiples of the selected unit are possible  Theie 1s no evidence to
show that the combining capacity of an element is evactly expressed by simple
multiples of a monovalent atom

For example, 1 hydrogen atom unites with 1 chlorine atom, that 1s to say,
with a mass of chlorine weighing 35 5 times 1ts own weight, and we say that
the mutual affinities of these atoms are sitished  But for anything we know
to the contrary, an atom of hydrogen may have an affimty for chlorine which
would enable 1t to unite with a mass of chlorine weighing 40 or 45 or 50 times
its own weight, but 7o a mass weighing 71 (35 5x 2) imesits own  But since
a mass of chlorine 35 5 times the weight of a hydrogen atom 1s the smallest
quantity that 15 ever known to take partina chemical change, 1s the chemically
indivisible mass we call an atom, 1t follows that as the hydiogen atom has not
sufficient combining capacity to unite with 2 atoms, 1t 1s compelled to be
satisfied with 1 It might still, however, retun a residual combining capacrty
Or the 1esidual combining capacity may be lodged in the chlorime atom,
which m1y be conceived as being able to unite with a greater weight of
hydrogen than is represented by 1 atom, but not so much as that of 2
atoms

Iuach of the elements fluorine, chlorine, bromine, and 1odine unites with
1 atom of hydrogen, and we represent their compounds In a similar manner,
thus—

H-F, H-Cl, H - Br, H-1I,

but we make an enoimous assumption if we suppose that in each of these
compounds the mutual affinities of the atoms 1s equally satisfied

Ihe trend of modern thought, however, lies in the direction of an electrical
interpretation of valency T'he fact that atoms are alwavs associated with
fixed and definite charges of electricity, that valency, indeed, could be measured
In terms of electric units (the outcome of Faraday’s Law, chap xi ) sgemed
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at one time only to emphasise the difficulty of explaining such cases as those
above mentioned, but the moie recent developmentsin this region of physics
have led to modified views as to the nature of the bond which unites atoms
together, Stated in briefest outline, this chenucal ““bond" or unit of affinity,
which formerly has been regarded in the light of a single line of force—a
fraction of a bond being considered as altogether inadmussible—is now 1egarded
as a undle of lines of force (a Faraday bundle), Under appropriate condi-
tions, such as the proximity of suitable molecules or 10ns, 1t 1s conceived that
some strands of the bundle may become loosened from one of the attached
atoms and thus become available for attraction by similar wandering strands
from other molecules  Obviously, therefore, this view admuts of practically an
unbioken gradation mn degrees of chemical affimity Instead, therefore, of
residual affinity, we have varying fractions of the total bundle of Lines of
force which 1n 1ts entirety constitutes the chemical ** bond ”

A modification of this view, recently advanced by Sir W Ramsay,* substitutes
electronst for this * bundle of lines of force "' Atoms are regarded as cariying
with them a *“ zeserve of electrons,” electrons which may be inactive, or latent
Thus taking chlorme as an example, he says ‘* It appeais likely that each
atom of chlotine catiies with 1t no fewer than seven electrons, latent as it
were, not revealing themselves in such a compound as common salt
These valencies are manifested m such compounds as perchlorc acid

* Presidential address, Chem Soc , 1909 1 See page 104



CHAPTER IX
GENERAL PROPERTIES OF GASES

UNDER the head of the general properties of gases 1t will be con-
venient to consider the following subjects *—

1. The relation of gases to heat

2 The relation of gases to pressure.
3 The hquefaction of gases

4 Daffusion of gases

5 The kinetic theory of gases

The Relation of Gases to Heat.—The fact that substances
expand when heated, and again contract upon being cooled, was
observed in very early times The fact also that all substances do
not undergo the same alterations in volume when subjected to the
same changes of temperature has been long known , but 1t was not
until the beginning of the nineteenth century that i1t was proved by
Charles and Gay-Lussac that all gases expanded and contracted
equally when exposed to the same alterations of temperature
This law 1s generally known as the Law of Charles, and may be
thus stated : When a gas 15 heated, the pressure beng constant, u!
tucreases in volume to the same extent whatever the gas may be.

The increase m bulk suffered by 1 volume of a gas in being
heated from o° to 1° 1s termed the coefficient of expansion, and 1if
the law of Charles 1s true all gases will have the same coefficient.

Modern research has shown that the law of Charles 1s not aéso-
lutely true, and the extent to which gases deviate from the strict
expression will be seen from the coefficients of expansion given n
the following table —

* The study of these subjects belongs more especially to the science of
physics or chemico-physics  For fuller information on these points than can
be included within the scope of this book students are referred to special
treatises on physics. 6
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Arr . . . . 003665
Hydrogen . . 003667
Carbon monoxide . . 003667
Nitrogen 003668
Nitrous oxide . 003676
Carbon dioxide . . 003688
Cyanogen . . 003829
Sulphur dioxide . 003845

It will be noticed that the first four gases have almost the same
coefficient of expansion these gases are all very difficult of hique-
faction, and 1t will be seen that the coefficient rapidly nises in the
case of the other gases, which are easily hquefied

For purposes of ordinary calculation 1t 1s usual to adopt the
coefficient of expansion of air as applicable to all gases. It will
be obvious that since the volume of a gas 1s affected by alterations
of temperature, 1t becomes necessary, when measuring the volume
of a gas, to have regard to the particular temperature at which the
measurement 1s made, and 1n order to compare volumetric measures
they must be all referred to some standard temperature  This
standard temperature 1s by general consent o° C

Taking the fraction 003665, therefore, for the coefficient—

1 volume of a gas at o° becomes 1 + 003665 volumes at 1°
1 ) ) o’ » I+ 003665 x 2, 2°
or I ” ” °o° , I F 0036657 y L
Therefore the volume at #* equals the volume at o multiplied by
I + 0036654 Let v be the volume at #°, and v, the volume at o°,
then—
7 = v,(1 + 003665 ?),

and conversely the volume at o° equals the volume at #° divided by
1 +.003665 {—

_ v

T + 0036657

L2

The vulgar fraction equivalent to .003665 1s z}3 273 volumes
at o° become 273 + Z at £°,

What 1s known as the absolute temperature of a substance 1s the
number of degrees above —273° C. Taking this point as the zero,
the*absolute temperature of melting 1ce, for example, will be 273°,
Charles’ law, therefore, may be thus stated . The volume of any
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gas, under constant pressure, s proportronal o the absolute tem
peralure.

The Relation of Gases to Pressure.—The effect of increase
of pressure upon a gas 1s to diminish its volume. The law which
connects the volume occupied by a gas, with the pressure to which 1t
15 subjected, was discovered by Robert Boyle (1661), and 1s known
as Boyle’s Law. It may be thus stated 7%e volume occupied by
a gwen weight of any gas s inversely as the pressure  The
general truth of this lJaw may readily be 1llustrated by subjecting a
gas to varying pressures,and 1t will be seen that when the pressure
1s doubled the volume of gas 1s reduced to one-half, and so on

Just as 1n the case of the law of Charles, modern nvestigations
have shown that the law of Boyle 1s not a mathematical truth It
1s found not to be absolutely true of any gas, for, with the exception
of hydrogen, all gases are more compressible than 1s demanded by
the law  Hydrogen deviates from the law 1n an opposite sense, 1n
that 1t requires a higher pressure than the law would indicate, in
order to reduce a volume of 1t to a given point These deviations
from Boyle’s law are explained by the operation of two causes ,
first, the attraction exerted by gaseous particles upon each other;
second, the fact that increased pressure dimmmshes the space
belween the molecules, and not the actual space occupied by the
molecules of a gas When the former cause predominates, the
gas deviates from the law by being more compressible , in the case
of hydrogen the second cause operates more powerfully. (See
Kinetic Theory of Gases) For ordinary purposes of calculation
the law of Boyle may be regarded as true

As the volume of a given weight of gas 1s so intimately related
to the piessure, and as the atmospheric pressure 1s varnable, it
becomes necessary, n all quantitative manipulation with gases, to
know the actual pressure under which the gas 1s at the time of
measurement, and to refer the volume to a standard pressure
The pressure that has been adopted as the standard 1s that of a
column of mercury 760 mm 1n height (See Atmosphere.)

If 7 equals the volume of gas measured at 2 pressure, and v,
the volume at the standard pressure, then

74

Vo= 2—.

760

In practice it 1s most usual tc make both correction for tempe
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rature and pressure together ; then 7, being the volume at the
standard temperature and pressuie, we get

- v _ 2*
1+ 0036652 " 760

The Liquefaction of Gases.—Under certain conditions of tem-
perature and pressure, the law of Charles and the law of Boyle both
completely break down According to
the law of Charles, 100 cc of a gas at
o° C should occupy 96 4 c ¢ if the tem-
perature were lowered to —10°% If 100
AL cc of the gas sulphur dioxide at o° C.
be confined 1in a glass tube standing 1n
mercury, and the gas be cooled to —10°
% by surrounding the tube with a freezing

Yo

mixture, 1t will be found that the volume
of gas, mstead of occupymng 964 cc,
o b has been reduced to a few cubic centi-
metres only, and that the surface of the
mercury 1n the tube 1s wet owing to the
presence of a minufe layer of a colourless
hiquid upon it In this case the law of
Charles has broken down, and the sul-
phur dioxide has passed from the gaseous
to the hquid state

Sumilarly, according to the law of
Boyle, 100 ¢ ¢ of a gas measured at the
standard pressure should occupy 25cc
when exposed to a pressure of four additional atmospheres If
100 ¢ ¢ of the gas sulphur dioxide be enclosed 1n one lmb of a long
U-tube, as shown in Fig 1, the other lunb being filled with air,
and the two gases be simultaneously exposed to increased pressure
by raising the mercury reservoir, it will be seen that at first the
gases 1n both tubes are compressed equally. As the pressure
approaches three atmospheres, however, the mercury will be seen

Fic 1

* The student should famiharise himself with the method of calculating the
changes of volume suffered by gases, by changes of temperature and pressure,
by working out a number of examples such as the following —

1 If 30 litres of gas are cooled from 25° to o°, what 1s the diminution in
volume, the pressure being constant? Ans 2 51 hitres

2. If a litre of air at o® weighs 1 293 grammes when the barometer 1s at
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to rise much more rapidly in the tube containing the sulphur
dioxide, and when the mercury reservoir has been raised to such a
height that the gases are subjected to four atmospheres, the sulphur
dioxide will have completely broken down, and will be entirely con-
verted into a few drops of iquid, which appear upoa the surface of
the mercury The air meantime, in the other imb, will be found to
occupy 25 ¢ ¢, as that gas at that pressure obeys Boyle’s law almost
absolutely. We see, therefore, that at a certain temperature and at
a certain pressure the gas sulphur dioxide begins rapidly to depart
from the laws of Charles and Boyle, and ultimately passes into the
liquid conditron

All gases, when exposed to certain conditions of temperature
and pressure, conditions which are special for each different
gas, will pass from the gaseous to the hquid state; and
as the point at which liquefaction takes place 1s approached,
the departures from Boyle’s law become more and more pro-
nounced.

The first substance, recognised as being under ordinary condi-
tions a true gas, that was transformed nto the liquid condition
was chlorine, which was liquefied 1n the year 1806 by Northmore
The true nature of this hquid was
not understood until Faraday inves-
tigated the subject

In lis earlier experiments Fara-
day’s method consisted in sealing
mto a bent glass tube (Fig 2) sub-
stances which, when heated, would
yield the gas, the substances being
contained 1n one hmb of the tube,
and the empty limb being immersed FIG 2
mice The pressure exerted by the gas thus generated 1n a con-
fined space was sufficient to cause a portion of 1t to condense to

760 mm , what will be the weight of a litre of air at 27°, the barometer
standing at the same height? A#ns, 1 177 grammes

3 What will be the weight of a litre of air at 42° when the barometer stands
at73smm ? Ans 1084 grammes

4 Air at a temperature of 15° 15 enclosed in a vessel and heated to 93°
Compate the pressure of the enclosed air with that of the atmosphere A#ns
As 61 48,

5 What will be the volume, at the standard tempeiatuie and piessure, of
500 cc of hydrogen, measured at 20°, and under a pressure of 8oo mm ?
Ans 490cc
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the hqud state, and the liqud collected 1n the cooled mb In
this way Faraday liquefied such gases as chlorine, sulphur dioxide,
ammonia, cyanogen Inhis later experiments Faraday compressed
the gas by means of a small compression pump, and at the same
time applied a low degree of cold, and by so doing he succeeded
n hquefying carbon dioxide, hydrochloric acid, nitrous oxide, and
other gases There were a number of gases, however, which Fara-
day found 1t 1impossible to hquefy, such as hydrogen, oxygen, nitro-
gen, marsh gas, nitric oxide, carbon monoxide, &c¢ It became the
custom to call these permanent gases, and this term was applied to
them until the year 1877

In that year 1t was proved by Pictet, and independently by Cail-
letet, that under sufficiently strong pressure, and a sufficiently low
degree of cold, the so-called permanent gases could in the same
way be reduced to the hquid condition Pictet’s method was 1n
principle the same as that employed by Faraday, the difference
being that with the machinery at his disposal he was able to
employ enormously increased pressure and a greater degree of
cold For the liquefaction of oxygen, a quantity of potassium
chlorate was heated mn a strong wrought-iron retort, to which was
connected a long horizontal copper tube of great strength and small
bore At the extreme end of this tube there was a pressure gauge
capable of indicating pressures up to 8oo atmospheres, and a stop-
cock The tube was cooled by being contained mn a wider tube,
thiough which a constant stream of iquid carbon dioxide, at a tem-
perature of —120° to — 140°, was caused to flow

The machinery employed to maintamn this flow of iquefied car-
bon dioxide was somewhat elaborate, consisting of condensing and
exhaust pumps for hquefymg and rapidly evaporating sulphur
dioxide, and similar condensing and exhaust pumps for hiquefying
and rapidly evaporating carbon dioxide the sulphur dioxide being
merely the refrigerating agent used to assist the hquefaction of
the carbon dioxide This machinery was driven by two eight.
horse-power engines. As the potassium chlorate was heated
and oxygen evolved, the internal pressure in the retort and
copper tube rapidly rose, and its amount was indicated by the
gauge.

When the stop-cock upon the end of the tube was opened, hiquid
oxygen was forcibly driven out in the form of a jet.

I the method employed by Cailletet, the pressure to which the
gas 1s subjected 1s obtamned by purely mechanical meaus, The
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gas to be liquefied 1s introduced into a glass tube (Fig. 3), the
narrow end of which consists of a strong capillary tube. The tube
carries a metal collar, which enables 1t to be secured in position
n the strong steel bottle (Fig. 4), by means of a nut, E’ (Fig ),
which screws into the mouth  The bottle, which 1s partially filled
with mercury, 1s connected by means of a flexible copper tube of
fine bore with a small hydraulic pump, by means of which water
1s forced nto the steel bottle. The water so driven mn foirces the

Fic 3

mercury up into the glass tube T, and thereby compresses the
contained gas  In this way a pressure of several hundred atmos-
pheres may be applied to the gas. In his earher experiments
Cailletet depended almost entirely for the refrigeration he required
upon the fact, that when a gas 1s allowed suddenly to expand 1t
undergoes a great reduction in temperature. This method of
cooling may be termed wlernal refrigeration. In the cage of
oxygen, the gas was first subjected to a pressure of 300 to 400
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atmospheres, and was then allowed suddenly to expand by a rapid
velease of the pressure. The result of the sudden expansion was
to momentarily lower the tempeiature of the gas to such a point
that the tube was filled with a fog, or must, consisting of liquid
particles of oxygen.

This principle, namely, the self-coolng of a gas by its own
sudden expansion, has recently been applied for the liquefaction
of oxygen in large quantities. When oxygen under considerable
pressure, say 120 atmospheres, 1s allowed to escape from a fine
orifice at the end of a long pipe, the 1ssuing gas suddenly expands,
and thereby 1ts temperature 1s greatly lowered  If this self-cooled

A gas 1s made to
sweep over the pipe
from which it 1s
escaping, 1t will

11w a? cool the pipe, and
‘a = theretore lower the

temperature of the
remaining gas be-
fore it issues. In
this way the cooling
effect becomes cu-
mulative, the initial
temperature of the
gas before 1t es-
capes being con.
tinually  brought
lower and lower,
until at last the
point 1s reached at
which the oxygen
1s hquefied ¥

If the oxygen be
first cooled to about
—80° by means of
solid carbon di-
oxide, then in a few
mnutes, by the further cooling due to 1ts own expansion, the tem-
perature will fall below the boiling-point of oxygen, and the
liqueied gas be obtained.

The apparatus for the purpose 1s shown in Fig. 6+ Oxygen
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under a pressure of 120 to 140 atmospheres 1s passed through a
series of spirals of fine copper pipe contained in the chamber C,
which 1s encased in a non-conducting jacket of cork-dust. The
gas enters by the pipe O (seen in the enlarged section), and passes
through the spiral S S, which 1s 1immersed 1n a mixture of alcohol
and solid carbon dioxide (the iquid carbon dioxide from the reservoir
being admutted into the alcohol through the valve W, which 1s regu-
lated by the screw B) The oxygen thus cooled passes through the
double spiral pipe D D, which ultimately extends through the
bottom of the chamber, and terminates 1 a stirrup, U, the short
end of which 1s closed. In the bend of this stirrup there 1s a fine
hole, which can be closed or opened at will by the pointed end
of the rod V, connected to the screw A On opening this valve,
the oxygen, already cooled to about —80° escapes from the hole
under a pressure of 120 to 140 atmospheres It instantly expands,
and 1s thereby cooled still lower, This cold gas 1s prevented from
escaping at once 1nto the atmosphere by the glass tube G, but 1s
compelled to rush upwards (as shown by the arrows), and, sveep-
ing past the double spiral D D, cools this pipe, and therefore the
succeeding portions of issuing oxygen In a few minutes the tem-
perature of this pipe 1s thereby brought so low, that the further
cooling of the gas by 1ts expansion causes the liquefaction of a
portion of 1t, and a fine spray of hiquid 1s seen to spurt out from
the hole This spray quickly increases 1n quantity, and rapidly
collects as a clear hquid in the glass tube G This tube 1s double-
walled, the space between the walls being perfectly vacuous. In
such a vessel the hiqud oxygen may be kept for a considerable
tume, evaporating only very slowly in spite of its extremely low
boiling-point, as 1t has been found that such a vacuous envelope
forms the most perfect non-conductor.

The instruments designed by Linde in Germany, and by Hamp-
son mn England, and known as az/-liguefiers, are constructed on
precisely similar principles. In this case, however, the preliminary
cooling by means of sohd carbon dioxide 1s dispensed with ; for
instead of a limited and comparatively small supply of com-
pressed gas in a steel cylinder, an unlimited supply of air is
delivered into the machine, under a pressure of 120 to 160
atmospheres, by means of powerful compression pumps driven
by an engine

By an extension of the same principles hydrogen was first suc-
cessfully liquefied in 1898, In this case, however, the gas requires
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to be previously cooled to about — 200° before expansion is allowed to
take place By utilising the low temperatures which can be obtained
by means of boiling hquefied gases, 1t has now become possible
to hquefy all the known gases by cold alone, that 1s, without the
application of pressure ; in other words, then temperatures can
be brought down delow their boiling-points, under which circum-
stances they must obviously assume the liquid state  For example,
hquefied ethylene boils at — 103 5° ; 1f, therefore, a stream of nitrous
oxide 1s passed through a tube immersed 1n a bath of liquid ethy-
lene, the nitrous oxide will be cooled below 1ts boiling-point(~ 89 8°),
and will consequently be reduced at once to the hquid state
Agam, hquid oxygen bois at -—1825°
This boiling hquid therefore 1s sufficiently
cold to cool marsh gas below z/s boiling-
point, namely, —1647°, and therefore to
cause 1ts liquefaction

Moreover, by the rapid evaporation of hqud
oxygen the temperature may readily be
lowered to the point at which air will iquefy
Thus, if a quantity of liquid oxygen 1n the
glass tube O (Fig 7), which 1s provided with
a vacuous envelope, V, be made to bhoil
rapidly by putting the pipe P 1n connection
with an exhaust - pump, the temperature
quickly falls to —200° when air itself be-
comes liquefied without the applcation of
pressure , and drops of hquid air quickly
collect upon the walls of the inner empty tube,
N, which 1s freely open to the atmosphere
In this way considerable quantities of lique-
fied an can be collected in a few minutes

By means of boiling liquid hydrogen the low temperature of
—253° has been reached, at which temperature all other known
gases, except helum, are frozen to the sohd state The lowest
temperature yet obtained by the rapid evaporation of sohd
hydrogen 1s —260° (Dewar)

The Critical Point.—As far back as the year 1869, it was
shown by Andrews that when hquid carbon dioxide was heated
to a particular temperature, 1t passed from the hiquid to the gaseous
state, and that no additional pressure was able to condense 1t again
50 fong as the temperature remained at or above that point. This
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particular temperature 1s called the crefzcal pont, or the critical
temperature of the gas  In the case of carbon dioxide this cnitical
temperature 1s 31 35°, and in order that this gas may be hiquefied by
pressure, 1t 1s an essential condition that the temperature be below
that point ; above 32° no pressure 1s capable of bringing about
hquefaction, All gases have a ciitical temperature, which 1s special
for each gas, and until the temperature of the gas be lowered to
that poimnt, hquefaction 1s impossible The critical temperatures
of the different gases vaiy through a very wide range thus,
the cntical temperature of hydrogen 1s as low as —238°) while that
of sulphur dioxide 1s +1554°% In the thnd column of the table
of physical constants on page 8o the cntical temperatures of a
number of the more common gases are given *

The gases n this hst, from ethylene downwaids, all have their
critical temperatures so high that there 1s no difficulty in cooling
them below these points These are the gases which were first
reduced to the hqud state The first five upon the list have
very low critical temperatures ; these are the very gases which for
so long resisted all attempts to liquefy them, and which were on
that account called permanent gases We now know that the
tailure to obtain them in the hquid state was owing to the fact
that the relation between the critical temperature and the point
of hiquefaction was not fully realised Just as carbon dioxide
cannot be lquefied unless its temperature be brought down to
31 35°, so oxygen resists liquefaction under the mghest possible
pressures, until 1ts temperature be lowered to —118 8° the cntical
temperature of oxygen

The cnitical temperature of a gas 1s sometimes spoken of as the
absolute boiling-point

Critical Pressure.—The particular pressure that 1s required
to hquefy a gas at 1its critical temperature 1s called the crvf2cal
pressure. Thus the pressure necessary to liquefy oxygen, when
the temperature has been lowered to ~118 8°, 1s 58 atmospheres ,
while that required to condense chlorine at 1its cntical point, viz,
+141°% 15 84 atmospheres At temperatures delow the critical
temperatures a gas liquefies under Jess pressure than the or2tzcal

* For the constants for the gases of the Argon family see page 271 It may
be well to remind the student that such ccnstants as are here tabulated
are obtamed from measurements involving very great experimental difficulties,
and that consequently they are always hable to vevision  The values here
given are from the most recent determinations, 2
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pressure, until when the temperature 1s lowered to the boiling-
point of the gas 1t passes into the iquid state without the applica-
tion of any external pressure The following table contains the
most recently determined physical constants of a number of
common gases —

TABLE OF PHYSICAL CONSTANTS

Boilin Meltin Critical Crtical Density
Pow tg l"‘olntg Temp Pressure | 2 gg] lllltng
Hydrogen -253° |-257° —238° 153Ats| o006
Nitrogen . -195 5| =213° ~149° 275 0 791
Carbon monoxide -190° |-207° —~=136° 335 .
Oxygen -182 5° |~ 223° ~118 8° 580 ,, I 131
Methane (marsh gas) |- 164 7° | —184° — 82° 558 ,, 0 416
Ethylene | -103 §5° | - 169° + 9 580 ,, 0371
Nitrous oxide |- 898 |-1027°| + 37° "
Acetylene -~ 827° + 35° 6r
Carbon dioxide - 80° + 3135°| 723
Ammonia - 385°|= 755°| ti3r° 3,
Chlorine = 33 4° 4 141° 84 I 507
Sulphur dioxide ‘— 10° F155 4° 789 ,,

From the figures given mn thic table 1t will be seen that the
cutical pressure (which is the pressuie required to hiquefy a gas a#
the highest temperature at whick pressure can possibly cause lgue-
faction) 1s 1n most cases comparatively small  In only ene instance,
namely, ammonia, 1s 1t over 1oc atmosphetes, and falling in the
case of hydrogen as low as 153 atmospheres The enormous
pressures, therefore,amounting often to many hundied atmospheres,
which some of the eailier experimenters employed 1n attempting to
effect the hquefaction of the so-called permanent gases, are thus
seen to have been efforts 1n an entnely wronyg direction It was not
greater pressure that was required, but the means of cooling the
gases to a sufficiently low temperature

In ordinary language such a gas as chlorine 1s spoken of as an
eastly hquefied gas, while oxygen would be described as a dzfficueltly
hquefied gas Strictly speaking, however, and considering them
from a comparable standpoint, 1t would perhaps be more correct
to regard them in exactly the opposite hght Thus, taken at their
respective critical temperatures, oxygen 1s hquefied by a pressure
of 58 atmospheres ; while at the cntical temperature of chlorine this
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gas requires a pressure of 84 atmospheies to reduce 1t to the hquid
state At 0° it1s true chlorine may be hquefied by a pressure of
only 6 atmospheres, but 1t must be remembered that o° 1s 141
degrees below the critical temperature of this gas Long before
oxygen has been cooled 141 degrees below z£s critical temperature,
which would be down to —254° 1t not only passes mto the hquid
state without the application of any external pressure at all, but 1s
frozen to the sold state

Diffusion of Gases —If a jar filled with hydrogen pe placed
mouth to mouth with a jar of air, the hydiogen being uppermost,
1t will be found that after the lapse of a few minutes some of the
hydrogen will have passed into the bottom jar contaimng air, and
some of the air will have made 1ts way up into the hydrogen jar
The hght gas hydrogen does not, as might have been supposed,
remain floating upon the air, which 15 14 44 times as heavy, but
gradually escapes into the lower jar, and the heavier gas finds 1ts
way, in opposition to gravitation, into the upper jar  This process
goes on until there 1s a uniform mixture of air and hydrogen in both
jars, and the gases never scparate agamn according to their
densities

This transmugration of gases will take place even through tubes
of considerable length thus, if two soda-water bottles be filled one
with hydrogen and the other with oxygen, and the two bottles be
connected by a piece of glass tube a metre in length, the system
being held in a vertical position with the light hydiogen uppe:-
most, 1t will be found after an hour or two that the two gases
have become mixed Some of the hydrogen will have descended
through the long tube mto the lowe:r bottle, and in like manner
a portion of the oxygen, although nearly sixteen times as heavy
as hydrogen, will have travelled up into the top bottle That the
gases have so mixed may be readily shown by applying a lighted
taper to the mouth of each bottle, the detonation which then takes
place proving that the bottles contan a mixture of oxygen and
hydrogen This passage of one gas mto another 1s called the
diffusion of gases It was observed by Graham that when the
two gases were separated from each other by a thin porous
septum, such, for instance, as a piece of unglazed porcelain (so-
called “ biscuit ), or plaster of Paris, the pressure of the gas on
the two sides of the porous partition did not remain the same
during the process of diffusion that 1s to say, one gas madg 1ts
way through the partition faster than the other, and 1t was noticed
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that the lighter the gas the more rapidly was 1t able to transpire
or diffuse through the porous medium This fact, viz, that a hght
gas diffuses more rapidly than a heavier one, may be observed
mn a variety of ways * The apparatus seen 1n Fig. 8 1s a modified
form of Graham’s diffusiometer. It consists of a long glass tube
with an enlargement or bulb near to one end Into the short neck
of this bulb there 1s fastened a thin diaphragm of stucco, or other
porous material. If the apparatus be filled with hydrogen by dis-
placement, the short neck being closed by a cork, and the long
hmb be immersed in water, it will be seen, upon the withdrawal

e

 ————————————————— —

of the cork, that the water rapidly nses in the long tube. The
hydrogen diffusing out through the diaphragm so much more
rapidly than air can make 1ts way i, a diminution 1n piessure
within the apparatus results, and this causes the water to ascend
in the tube  The same phenomenon may be seen even more
strikingly by means of the apparatus, Fig. 9, which consists of a
tall glass U-tube, upon the end of one hmb of which there 1s
fastened, by means of a cork, a porous cyhindrical pot, such as

* See Experiments Nos 350-359, Newth's “Chemical Lecture Experiments,”®
new ed,
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is used in an ordinary Bunsen battery. The U-tube 1s half
filled with coloured water. Under ordinary circumstances air 1s
continually diffusing through the porous pot, but as 1t passes at
an equal rate mn both directions, there 1s no disturbance of the
pressure, and consequently the coloured water remains level n
the two hmbs  If now a beaker contamning hydrogen be brought
over the apparatus, as seen 1n the figure, the hydrogen will stream
through the porous pot so much more rapidly than the air in the
pot can make its way out, that there will be an increase in the
total amount of gas mside the apparatus, which will be nstantly
rendered evident by the change of level of the liquid 1n the U-tube,
the water being forcibly driven down the tube which carres the
porous pot Upon removing the beaker the reverse operation
will at once take place, the hydrogen imnside the apparatus now
rapidly diffuses out, and much more quickly than air can pass in,
consequently a reduction of pressure within the apparatus results,
which 1s indicated by a disturbance of the level of the water
in the tube, in the opposite direction to that which occurred at
first,

The Law of Gaseous Diffusion.—Graham established the law
according to which the diffusion of gases 1s regulated, and 1t may
be thus stated The relative welocities of dyffusion of any two
gases ave inversely as the square roots of ther densities

The density of hydrogen being 1, that of air 1s 14 44, the velocity
of the diffusion of hydrogen, therefore, as compared with that of
air, will be 1n the ratio of J/1444 to V1 1444 =38, N1 =1
Therefore hydrogen diffuses 3 8 times faster than air , or 3.8 volumes
of hydrogen will pass out through a porous septum, while only 1
volume of air can enter.

If d = the density of a gas, air being unity, and v = the volume
of the gas which diffuses 1n the same time as I volume of air, then

- N
v= \/ d
The following table gives in the last column the results obtaned

by Graham, which will be seen to accord very closely with the cal-
culated numbers demanded by the law of diffusion .—
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Volume of Gas
Deunsity of Gas T which Diffused in
Name of Gs compared with ~/— the same lime as,
Awr=d a one Volume of
Ar
Hydiogen 0 06926 3 7794 383
Marsh gas 0 559 T 3375 T 344
Carbon monoatde 0 9678 1 0165 I 0149
Nitrogen 09713 10147 I 0143
Oxygen 1 1056 o 9510 09487
Sulphurctted hydrogen I 1912 09162 095
Carbon dioxidc i 1 5290 o 8087 o 812
Sulphur dioxide { 2 247 1 0 6671 o 68
- ——— i ——— —— et e — —

‘The property of diffusion 15 sometimes made use of n order to
separate gases, having different densities, from gaseous mixtures
This process of separation by diffusion 15 known as atmolysis
The prinaple may readily be illustrated by causmg a mntue of
oxygen and hydiogen, m
propottion to form an ex-
plosive mixture, to slowly
traverse tubes made of
porous matenal, such as
ordinaty tobacco pipes
Two such pipes may be
arranged as shown m Fig
10, and the gaseous mix-
ture passed through in the
direction indicated by the
arron  On collecting the
1SSUIng gas over waier ma
pneumatic trough, 1t will
be found to have so far
lost the hydiogen, by dif-

FIG 10. fusion through the tube,
that a glowing splint of
wood when mtroduced into 1t will be reignited

From the rate of diffusion of ozone, 1n a misture of ozone and
ovygen, Soiet was able to calculate the density of this allotropic
form of oxygen, and so confirm the result he had previously ob-
tained by other methods (see Ozone)

Attempts have been made to utihise this principle 1n order to
obtain oxygen from the air The relative densities of oxygen and
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nitrogen are as 16 to 14, the rate of diffusion, therefore, of nitrogen
1s shightly greater than that of oxygen

Efusion 1s the term applied by Graham to the passage of gases
through a fine opening 1n a very thin wall, and he found that 1t
followed the same law as diffusion  Bunsen utilised this principle
for determining the density, and therefore the molecular weights,
of certain gases The method, mn essence, i1s as follows —A
straight glass eudiometer 1s so constructed, that a gas contained
I 1t can be put mto conmunication with the outer air through a
minute pin-hole 1n a thin platinutm plate The gas 1s confined in
the tube, which 1s placed in a cylindiical mercury trough, by
means of a stop-cock at the top When the tube 1s depressed
in the mercury, and the cock opened, the gas escapes through
the minute perforation mn the platinum plate, and 1ts rate of effu-
sion 1s detetmined by the time occupied by a glass float placed
in the tube 1n nsing a graduated distance within the eudiometer

The flow of gases through capillary tubes 1s called #anspiration
of gases  In this case the friction betwcen the gas and the tubes
becomes a factor in the movement, so that this phenomenon 1s
not governed by the same law as gaseous diffusion

The Kinetic Theory of Gases.—The term Aunelzc signifies
motion, and as appled to this theory 1t expresses the modern
views of physicists conceining matter in the gascous state, and
setves to haimonise and explain the physical laws relating to
the properties of gases Matter in the state of gas or vapour
1s regarded as an aggregation of molecules in which the attractive
forces which tend to hold them together are reduced to a minmimum,
and 1n which the spaces that separate them arc at a maximum
These molecules are mn a state of rapid motion, each one moving
n a straight line until 1t strikes some other molecule, or rebounds
from the walls of the containing vessel, when 1t continues 1ts move-
ment n another direction until it 1s once more diverted by another
encounter As they constantly encounter and rebound from each
other, 1t will be evident that at any given instant some will be
moving with a greater speed than others, the majonty, however,
will have an average velocity In these encounters no loss of
energy results so long as the temperature remains constant, but
any change of temperature results in a change in the velocity of
movement of the molecules, the speed being increased with
increased heat The actual volume of the molecules 1s very gmall
as compared with the space occupied by the mass, the spac¢
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between the molecules, theiefore, in which they pass to and fro,
1s relatively very great As the molecules are constantly colhding
and rebounding, the distances between them, as well as their speed,
will be sometimes greater and sometimes less , but there will be
an average distance, which 1s known as the mean free path of the
molecule

The pressure exerted by a gas, or its elastic force, 1s the combined
effect of the bombardment of 1ts molecules against the containing
vessel ; 1n other words, the pressure of a gas 1s proportional to the
sum of the products obtained by multiplying the mass of each
molecule by half the square of 1ts velocity It will be obvious
that if the space within which a given mass of gas 1s confined be
reduced, the number of impacts of the molecules against the walls
of the containing vessel, 1n a given time, will be increased, and
therefore the pressure 1t exerts, or 1its elastic force, will also be
mcreased If the space be reduced to one-half the original, the
number of these impacts will be doubled, or in other words, the
number of impacts 1n a given time 1s imnversely as the volume
This statement 1s simply the law of Boyle stated 1n the language
of the kinetic theory.

When a given mass of gas contained m a confined space 1s
heated, the pressure 1t exerts, or 1its elastic force, 1s increased But
as the number of molecules present has not been increased by
raising the temperature of the gas (provided no chemical decom-
position of the gas 1s brought about by the change of temperatue),
the increased pressure can only have resulted from the greater
frequency, and greater energy, of the impacts of the molecules
against the walls of the vessel, owing to their greater velocity

Two equal volumes of different gases under the same conditions
of temperature and pressure, exert the same elastic force upon the
containing vessels, that 1s to say, the kinetic energy in each volume
1s the same According to Avogadro’s hypothesis, equal volumes
of all gases under the same conditions of temperature and pressure
contain an equal number of molecules, however much the weight
of these molecules may vary , therefore the average kinetic energy
of each individual molecule will be the same It follows from this
that the mean velocities of different molecules must vary, and the
calculated numbers representing the actual velocities of movement
of the molecules of different gases show that these rates are pro-
portional to the inverse square roots of their respective densities.
But according to the law of gaseous diffusion (Graham’s law), the
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relative rapidity of diffusion of gases is mversely proportional to
the square roots of their densities, hence Ry purely mathematical
processes, based upon the kinetic theory of gases, the law of
gaseous diffusion 1s proved to be true. Similarly, the kinetic theory
1s applicable to the consideration of the phenomena of evaporation
and condensation (see page 126), and to the processes of solution
(page 148).

The dewviations from the laws of Boyle and Charles, already
referred to,* are also explained by the dynamical theory of gases,
from considerations of the following order —

1. That the molecules themselves aie not mathematical points,
but occupy a space , mn other words, the space occupied by the
actual particles of matter 1s not znfinzzely small as compared with
the entire volume of the gas, ze. the bulk of the particle g/us the
intermolecular spaces. -

While the pressure upon a gas 1s only shght, and therefore the
total volume occupied by a given mass of the gas 1s great, the bulk
of the actual particles themselves becomes a vanishing quantity in
compaiison with the total volume (z¢ the space occupied by
particles, p/us the intermolecular spaces), and the gas under these
circumstances tends to approach more nearly to the conditions of
an zdeal gas But when the pressure is increased, and the total
volume thereby greatly reduced, then the bulk of the particles
themselves begins to bear an appreciable proportion to the total
volume cccupied by the gas

2 That the impact of the molecules against each other and
agamst the containing envelope occupies time , or, in other words,
the time occupied by the impacts 1s not zzffnz/ely small compared
with the time elapsing between the impacts

3 That the molecules themselves are not entirely without attrac-
tion for each other ; that 1s to say, although the attractive force
between the molecules which holds them together n the hqud
and sohd states of matter 1s at a mmmmum 1n the case of gases, 1t
18 not entzrely absent

See page 91



CHAPTER X

DISSOCIATION—REVERSIBLE OR BALANCED
ACTIONS

D1SSOCIATION 1s the term employed to denote a special class of
chemical decompositions When potassium chlorate 1s heated 1t
breaks up into potassium chloride and oxygen, thus—

2KClO, = 2KCl + 30,,

and when calcaum carbonate (chalk) 1s heated 1t breaks up nto
calcium oxide (ime) and carbon dioxide —

CaCO, = CaO + CO,

In the fiist case the oxygen 1s mncapable of reunmiting with the
potassium chloride, but in the second, the caibon dioxide can
recombine with the ime and repioduce calcium carbonate theie-
fore both the following expressions are possible—

CaCO, = CaO + CO,,
Ca0 + CO, = CaCO,

Reactions of this order are known as reversible or balanced actions,
and the breaking up of calcium carbonate by the action of heat 1s
termed dissociation, while that of the potasstum chloride under
similar circumstances 1s simple decomposition

When ammonia 1s passed through a tube heated to a dull red
heat, the gas 1s decomposed into mtrogen and hydrogen—

2NH, = N, + 3H,,

and the two gases pass out of the heated tube as separated gases,
and do not recombine again ¥
But when steam 1s strongly heated 1t 1s dzssoczated into oxygen

and

* Nitrogen and hydrogen can be caused to umte under switable conditions
(see Ammonia)
%
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and hydrogen, and as these separated gases pass away fiom the
heated region they reunite, forming molecules of water vapour.
Such a reversible reaction may be thus expressed—

2H,0 Z 2H, + O,

Again, when the gases ammoma and hydrochlornc acid are brought
together at the ordinary temperature, they unite to form solid
ammonium chloride, and when ammonium chloride 1s heated 1t
dissociates into 1ts two generators,* hence we have the expression—

NH; + HCl Z NH,CL

The corresponding compound containing phosphorus m the place
of nitrogen digsociates at a temperature as low as —20°, hence
when hydrogen phosphide and hydrochloiic acid are mned at
ordinary temperaturcs no combination takes place, the separate
molecules are 1n the same relation to one another as those of
ammonia and hydrochloric acid at a /Zzg% temperature When,
however, the mixture of gases 1s cooled below —20° union takes
place and crystals of phosphonium chloride are formed, which at
once begin to dissociate into the original gases as the temperature
agamn nses The change, as before, may be represented as a
reversible one—
PH; + HCl1 Z PH,CI

In such cases of dissociation as that of calcium carbonate, where
one of the products 1s gaseous and the other solid, no difficulty
exists in separating the simpler compounds that result from the
decomposition , but where the products are entirely gaseous, special
methods have to be adopted to withdraw the one from the other,
while they still exist as separate molecules, and before they reunite
again  One such method, which 1s well adapted for the quali-
tative 1llustration of dissociation, 1s based on the law of gaseous
diffusion  If when ammonium chloride 1s heated 1t 1s dissociated
into ammonia, NH;, and hydrochloric acid, HCI, these two gases,
having the relative densities of 8.5 and 18 25, will diffuse through
a porous medium at very different rates. According to the law of
diffusion, these rates will be inversely as the square roots of the
densities of the gases , 1if, therefore, the conditions are so arranged

* Baker has shown (May 1894) that when adsolutely dry, these gases do not
combine , and also, that when aqueous vapour 1s enf:7ely absent, ammonigm
chloride does not undergo this dissociation
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that the heating of the ammonium chloride takes place in the
neighbourhood of a porous diaphragm, more of the hght ammoma
gas will diffuse through 1n a given time than of the heavier hydro-
chloric acid, so that a partial separation of these gases will be
effected. Fig. 11 shows a convenient arrangement for carrying out
the experiment. A fragment of ammonium chlonide 1s heated 1n a
short glass tube through which passes the stem of an ordinary clay
tobacco pipe. As the dissociation takes place, both of the gaseous
products begin to diffuse into the nterior of the porous clay pipe,
but owing to their greater rate of diffusion, a larger number of am-
moma molecules will pass in, than of hydrochloric acid, 1n the same
time, consequently, when the gases pass away from the heated
region and once more recombine, there will be a surplus of am-
monia molecules within the porous pipe, and for the same reason
an excess of hydrochloric acid molecules outside  If the gaseous
contents of the porous tube be diiven out by means of a stream of

Fic 1

air from an ordinary bellows, the presence of the free ammonia may
be recognised by allowing the air to impinge upon a piece of paper,
coloured yellow with turmeric, which 1s instantly turned brown by
ammonia. The excess of hydrochloric acid within the glass tube
may also be proved by placing a piece of blue itmus paper 1n the
tube before heating the compound, and 1t will be reddened by the
free hydrochloric acid

In all cases of dissociation we may 1nagine two opposing forces
1n operation, one being the external force supplying the energy
which tends to bring about the disruption of the molecules, and
the other being the force of the chemical affimty existing between
the disunited portions of the molecule, which tends to bring about
their reunion  When these forces are equally balanced, the same
pumber of molecules are dissogiated as are recombined 1n a given
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unit of time, and the system is said to be in a state of equilibrium,
If by any means the balance between the two opposing forces 1s
disturbed, by augmenting or lessening either one or the other of
them, the equilibrium of the system will also be disturbed and a
new condition of equilibrium will be set up, in which agan an equal
number of molecules undergo dissociation and combination n a
given time, but in which the ratio of the number of united and dis-
united molecules 1s different from that which obtaned under the
former condition of equilibrium The relation between these two
forces may be most readily disturbed, by either a change of tempe-
rature or pressure Thus, n the case of nitrogen peroxide, N,O,,
when this gas 1s at a temperature of 26 7° 20 per cent of 1t is
dissociated mto molecules having the composition NO, ; and so
long as this temperature 1s maintained this ratio of the weight of
the dissociated molecules to the total weight of the system (known
as the fraction of dissoctation) still subsists.

When the temperature of the gas 1s 1a1sed to 60 2° the state of
equilibrium existing at the lower temperature is disturbed, and the
system gradually assumes a new condition of equihbrium, where
once more the actual number of molecules undergoing dissociation
and recombination in a given unit of time 1s the same, but where
the percentage of dissociated molecules in the gaseous mixture 1s
now 52 o4

It might at first be supposed when such a gas 1s heated, and a
temperature 1s reached at which the molecules are dissociated, that
they would a// dissociate, and that the process once begun would
rapidly proceed until the decomposition was complete , mnstead of
which, we find a definite fraction of dissociation corresponding to a
particular temperature  This may be explained on the basis of the
kinetic molecular theoty. Let us imagine the gas nitrogen per-
oxide to be at a temperature below that at which dissociation
begins, when all the molecules will have the composition N,O,
The molecules of the gas aren a state of rapid movement,and the
rapidity of their movement 1s increased by rise of temperature
But the molecules 1n a given volume of the gas do not all move
at the same velocity, and therefore they have not all the same
temperature  On account of the infimte complications in their
movements, caused by their impacts against one another, some will
be moving at a speed considerably greater than that of the average,
and will have a temperature proportionally higher, while others
again will have a velocity and a temperature below the average.
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The observed temperature of the gas, therefore, 1s not that of the
molecules having the highest or the lowest velocity and tempera-
ture, but 1s the average or mean temperature between, possibly, a
very wide range

On the application of heat to the gas, the observed or mean
temperature rises, but the velocity of some of the molecules, and
consequently their temperature, may have been thereby raised to
the point at which dissociation takes place, and they consequently
separate mto the simpler molecules Let us suppose that the
observed temperatuie of the nitrogen peroxide 1s 26 7°, and that 1t
1s maintained at this point  Although this temperature may be
below the dissociation temperature of the molecules, 1t must be
remembered that it only represents the szeaz temperature, and that
while some of the molecules have a lower, some also have a higher
temperature  As already mentioned, at the temperature of 26 7°,
20 per cent of the molecules are dissociated , that 1s to say, at
any given nstant one-fifth of the total numbe: of molecules reach
a velocity which causes them to break down nto the simpler NO,
molecules, which themselves then take up independent movements
If, 1n the process of their movements, two of these disunited mole-
cules come 1nto contact with each other at a moment when their
velocities are lower than that at which they dissociated, they at
once reuntte, so that at the same instant some are uniting and
others are dissociating, and, the two processes going on equally,
the percentage of disunited molecules at any moment 1s the same,
although the actual molecules which aie dissociated at one point
of time may not be the identical ones that are in this state at
another time  Let us now suppose the gas to be heated until the
1egistered (z.¢ the mean) temperature reaches 6o 2° and that 1t be
mamntamned at this pomnt At this higher temperatere a much
larger proportion of the molecules will acquire a velocity at which
they are unable to hold together, namely, 52 o4 per cent , but the
remainder, amounting to nearly one-half, are still at a temperature
below that at which dissociation takes place  Under these altered
conditions a greater number of disunions and reunions takes place
during a given imterval of time, but the numbers are equal, and
therefore the equihibrium exists  If once more the gas be further
heated, until the indicated temperature 1s 140°, then 1t 1s found
that the whole of the N,O, molecules have dissociated into NO,
molecules , that 1s to say, when the mean temperature has reached
h}o‘, then even those molecules that are moving with the slowest
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speed have reached the temperature of dissociation It will be
evident that the rate at which the fraction of dissociation n-
cieases, as the temperature of a gas 1s gradually raised, will be
gieatest when the mean temperature approaches the »za/ dissocia-
tion temperature of the gas, for the temperature of the greater
number of the molecules will be coincident with, or very closely
approximating to, that point

The vapour density of nitrogen peroxide, 1f 1t could be ascertained
when all the gaseous molecules had the composition N,0,, would
be 46, while that of the gas, when entirely dissociated into NO,
molecules, 1s 23 At temperatures between these extremes, the gas,
consisting of mintures of both molecules, will have a density lying
between these figures, thus at 27 6° and 60 2° the density 1s 38 3 and
301 (see Nitrogen Peroxide, and also Phosphorus Pentachloride)

The cffect of increased pressure upon a gas being to diminish
the mean free path of the molecules, and thereby increase the
number of molecules 1n a given space, the number of mpacts
between the molecules in a given time will be increased If,
therefore, while the nitrogen peroxide 1s maintaned at a constant
temperature, say 62 2°, the pressure be increased, the dissociated
molecules, having shorter distances to travel, and making more
frequent 1mpacts 1 a given time, will unite more quickly than
others are being disunmited, and a fresh condition of equilibrium
will be established for any paiticular pressure

The case of phosphonium chloride already mentioned may
be 1eferred to as an illustration  This compound 1s completely
dissociated nto molecules of hydrogen phosphide, PH,, and
hydrochloric acid, below a temperature of o° If, while at this
temperatuie, 1t be subjected to pressure, the dissociated molecules
are caused to unite, and at a pressuie of thirteen atmospheres the
union 1s complete, the whole of the disunited molecules having
combined to form molecules of phosphonium chloride, PH,Cl

If 1n the process of dissociation one of the products be with-
drawn from the sphere of action, then the process may be carried
on to completion For example, 1n the case of calcium carbonate
already quoted, if this substance 1s heated in such a manner that
as fast as 1t dissociates, the gaseous product, namely the carbon
dioxide, 1s allowed to escape and so pass away from the sphere of
action, the change expressed by the equation

CaCO; = CaO + CO,
will proceed until the whole of the carbonate has been converted
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into oxide  But 1if, on the other hand, the action 1s made to take
place 1n a closed vessel, so that the carbon dioxide remams 1n
contact with the lime, then the reverse action comes 1nto operation,
namely—

Ca0 + CO, = CaCO,,

and a condition 1s arrived at in which the one action proceeds at
the same rate as the other The pressure exerted by the carbon
dioxide under these circumstances 1s spoken of as the dissocza-
Zion pressure of the calcium carbonate for that particular tem-
perature

If, now, when this condition of equilibrium 1s established the
temperature be raised, the balance will be disturbed, and the
materials will readjust themselves to a fresh condition of equilibrium
at the higher temperature in which the dissociation pressure will
also be greater For any given temperature, therefore, the dis~
sociation pressure 1s the only possible pressure at which a state of
equilibrium can be established between carbon dioxide, calcium
carbonate, and calcium oxide , for if while the temperature 1s con-
stant the pressure upon the gas were to be increased by external
means and maintained at a higher point, union between the carbon
dioxide and hime would proceed until the whole of the hme was
converted into the carbonate On the other hand, if the pressure
were to be reduced and maintained at a lower pont, then dis-
sociation would go on until the action was complete and once
more one of the three interacting substances would cease to
exist

Increasing and dimmishing the pressure upon a gas 1s obviously
synonymous with increasing and dimimishing the number of mole-
cules 1n a given volume This 1n modern phraseology 1s called
the molecular concentration of the gas, which embodies the same
idea as the expression acfzve mass. From the above illustration,
therefore, 1t will be clear that there is some connection between
the molecular concentration (or active mass) of the carbon dioxide
and the rate of the chemical actions 1n question. This connection
1s thus formulated (Guldberg and Waage) the rate of chemical
action 1s proportional to the active mass (molecular concentration)
of each of the reacting substances. Advantage 1s sometimes
taken of these facts in determining the vapour-density of a sub-
stance which when heated dissociates into two gaseous con=
stituents For example, phosphorus pentachloride when heated
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dissociates into phosphorus trichloride and chlorine (see page 466),
according to the equation—

PCl; 2 PCl; + Cl,

But 1f the active mass of either the chlorine or the trichloride be
increased by adding more molecules of either one of these sub-
stances from some other source, the extent to which dissociation
takes place will be proportionally diminished. Hence, by heating
the pentachloride in an atmosphere of chlorine and thereby greatly
increasing the molecular concentration of this gas, dissociation may
be so far prevented that the density of the vapour 1s found to have
practically the normal value for the compound PClg,



CHAPTER XI
ELECTROLYSIS AND ELECTROLYTIC DISSOCIATION

1k a strip of pure zinc and a strip of platinum be together dipped
mto a vessel containing dilute sulphuric acid, neither metal 1s
affected by the acid, so long as the metals do not touch each other
If the ends of the strips outside the hiquid be joined by means of a
metal wire, the zinc gradually dissolves in the acid, and bubbles
of hydrogen are disengaged from the hquid 1n contact with the
surface of the platinum plate (which itself 1s otherwise unaffected
by the acid), and at the same time an electric current passes
through the wire. So long as the chemical action of the sulphuric
acid upon the zinc proceeds, so long will the electric curient con-
tinue to pass ; in other words, chemical energy will be transformed
mnto electrical energy  If the wire be severed, the electric current
can no longer pass, and the chemical acuon at once stops

Such an arrangement constitutes a galvanic or voltaic element
or cell, and a series of such cells forms a galvanic battery The
zinc plate, or the end of a wire that may be connected to 1t, 1s
termed the negative pole of the battery, while the end of a wire
attached to the platinum plate 1s the positive pole  Other arrange-
ments can be employed for generating a galvanic current, but n
all cases the electnical energy 1s derived ultimately from chemical
action

If the two poles of a battery are connected together by placing
them both 1n contact with various different substances, 1t 1s seen
that 1n some cases the electric current passes, and n others not
For instance, if the poles are joined by placing them both 1n contact
with a bar of sulphur, no current passes, whereas when connected
by a rod of graphite the current freely passes Substances which
behave n this respect like the sulphur are said to be non-con-
ductors of electricity, while those that allow the current to pass
are distinguished as conductors  Substances capable of conducting
electricity are of two kinds, name;Ly, those which are merely heated,
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and those which undergo a chemical change in consequence  All
the metals, and a few of the non-metals, belong to the first of these
classes ; while the second includes a large number of compound
substances, which are either in the liquid state or in solution 1n
some solvent Thus, if the poles of a battery are immersed 1n pure
water, practically no current passes, because this iquid 1s a non-con-
ductor ; but if a quantity of hydrochloric acid (HCI) be dissolved in
the water, the solution at once becomes a conductor, and 1t 1s seen
that gas 1s disengaged from the liqud upon the surface of each
wire. If the solution of hydrochloric acid 1s moderately strong,
1t will be found, upon examination, that the gas evolved at the
negative pole 1s hydrogen, while that from the positive pole 1s
chlorine . the hydrochloric acid, therefore, 1s separated into 1its
elements by the passage of an electric current through 1ts
aqueous solution. Such a process 1s termed elecfrolysisy and
the conducting hquid 1s known as an electrolyte.

The poles or terminals that are introduced into the electrolyte
are called electrodes, the negative electrode being termed the
cathode, and the positive electrode the azode.

Liquids which do not conduct electricity, or conduct only with
extreme difficulty, such as water, benzene, aqueous solutions of
alcohol or of sugar, are called non-electrolyltes, while those which
are good conductors, such as aqueous solutions of hydrochloric
acid or of sodium chlonde, are called elecirolytes. Other hquids
range themselves between these two extremes with respect to
their conductivity, but those which may be said to fall about
midway are sometimes spoken of as Aalf-electrolyfes. These
terms, strictly speaking, apply to the actual liquids or solutions ,
thus in the above examples 1t 1s the aqueous solution of sugar
which 1s the non-electrolyte, and the aqueous solution of sodium
chloride which 1s the electrolyte. For brevity, however, 1t 1s usual
to apply the terms to the substance 1n solution, and to understand
that an agueous solufion 1s meant unless another solvent 1s specially
mentioned Thus, when we say that sugar 1s a non-electrolyte,
and sodium chloride an electrolyte, it 1s the aqueous solutions of
these substances that are referred to

In the class of electrolytes are mncluded the strong acids, such
as mitric, hydrochloric, and sulphuric acids , the strong bases, such
as the hydroxides of the alkali metals, and almost a// the class of
substances known as salts, irrespective of whether the acids and
pases they are composed of are electrolytes or half-electrolytes.

G
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The half-electrolytes are the weak acids, such as acetic, tartaric,
and oxalic acids, and the weak bases, as ammonium hydroxide and
the hydroxides of divalent metals other than the alkaline earth
metals. Non-electrolytes aie substances of a neutral character
such as sugar, this class including the large majonity of orgamic
compounds which do not happen to fall under the category of
acids, bases, and salts

In a great number of instances the electrolytic scparation 1s
accompanied by ceitain secondary reactions, caused by the
action of the primary products of the electrolysis upon either the
electrolyte or the solvent ; for example, when a solution of sodium
chloride (NaCl) 1s electrolysed, the primary products are sodium and
chlorine, the latter appearing at the anode and the sodium making
its appearance at the cathode The sodium, however, 1n contact
with the water 1n the neighbouthood of the cathode at once reacts
with the hquid, with the hiberation of 1ts equivalent of hydrogen,
according to the equation—

2Na +2H,0=2NaHO+H,

Similarly, in the case of hydrochloric acid, if the solution 1s
sufficiently dilute the final products obtained by subjecting 1t to

electrolysis are zof hydrogen and chlorne, but hydrogen and
oxygen The pgzimary products are the same as before, but under

the altered condition the chlorine which 1s discharged at the
anode acts upon the water, combining with the hydiogen, and
Liberating an equivalent quantity of oaygen the two actions
being expiessed by the equations—

4HCl=2Cl,+2H,
2C),+2H,0=4HC1+0,

Again, when a dilute solution of sulphuric acid in water 1s
electrolysed, the acid separates into the two primary products
H, and SO, The hydrogen as before appears at the cathode,
while the group or radical SO, passes to the anode, where it under-
goes decomposition 1n contact with the water, reforming sulphuric
acid, while oxygen escapes Thus—

2H,S0,=2H, + 250,
2SO‘+2H30= 02+2H3$O4

It will be observed that the final products are oxygen and
hydrogen in the proportion of two volumes of hydrogen to one
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volume of oxygen; that 1s, the proportion in which they exist
in water. This process 1s, in fact, the same as that frequently
spoken of as the “electrolysis of water”

If instead of a solution of sulphuric acid, a solution of sodium
sulphate, Na,SO,, 1s treated in the same way, this compound
separates into the two primary products 2Na and SO,; the
sodium appearing at the cathode and the SO, at the anode
The sodium 1n contact with the water reacts as explained above,
hiberating an equivalent quantity of hydrogen; while the SO,
group, as before, gives rise to the reformation of sulphuric
acid and the liberation of oxygen. The final products, there-
fore, are again hydrogen and oxygen in the same proportions
as before.

In the same way, when an aqueous solution of copper
sulphate (CuSO,) 1s submitted to electrolysis, the primary
products are copper, Cu, and the group SO, The copper 1s
Iiberated at the cathode, and since 1t exerts no action upon
the water, 1t 1s deposited as a metallic film upon the electrode *
The group SO, again passes to the anode, where 1t undergoes
decomposition 1n the presence of the water, as in the former
cases.t

Faraday’s Law.—When the same quantity of electricity 1s
passed through different electrolytes, the ratio between the
quantities of the hberated products of the electrolysis 1s the
same as that between their chemical equivalents

Thus, if the two electrolytes, hydrochloric acid and dilute sul-
phuiic acid, be intioduced into the same electric circuit, hydrogen
and chlorine are evolved 1n the one case and hydrogen and oxygen
mn the other If the gases be all collected 1n separate measuring
vessels, 1t will be seen (1) that the hydiogen and chlorine evolved

* Thus 1s the essence of the process of electro plating  The metal to be de-
posited, whether 1t be gold, silver, or nickel, &c , 1n the form of a suitable salt
(usually a double cyanide) in aqueous solution, forms the electrolyte The object
10 be plated 1s made the cathode, that 1s, 1t 1s suspended n the liqud and 1s
connected to the negative electrode of a suitable hattery The anode consists
of a strip of the metal to be deposited  Thus m silver plating, a strip of silver
1s employed, and 1n this way the acidic radical that 1s hiberated at the anode
dissolves the metal, and thereby prevents the weakening of the solution,
which would otherwise result from the gradual deposition of silver upon the
cathode

1 For fuller explanation of these changes see page 207,
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from the hydrochloric acid are equal in volume, (2) that the
volume of hydrogen collected from the other electrolyte 1s the same,
while that of the oxygen 1s equal to only one-half this amount
Knowing the relative weights of equal volumes of these three gases
to be hydrogen, oxygen, chlorne, as 1, 16, 35 5, we see that they
must have been liberated in the proportions by weight of—

Hydrogen = 1 Oxygen = 8 Chlorine = 35 5.

Smularly, if the same quantity of electricity be passed through
aqueous solutions of hydiochloric acid (HCI), silver mitrate (AgNO,),
copper sulphate (CuSOy), and gold chloride (AuCl,), by the time
that 1 gramme of hydrogen has been hberated from the hydro-
chloric acid, there will be deposited upon the cathodes of the other
electrolytic cells 108 grammes of silver, 31 7 grammes of copper,
and 65 6 grammes of gold These numbers, which are the electro-
chemical equivalents, are 1dentical with the chemical equivalents of
those elements, the chemical equivalent of an element being its
atomic weight divided by 1ts valency

H (0] Cl Ag Cu Au
Atomic weights . 1 16 355 108 635 197
Valency I 2 1 I 2 3

Regarding the quantity of electricity required to lberate 1
gramme of hydrogen as the umit, we may say that 16 grammes ot
oxygen require 2 unts of electricity for its liberation, 108 grammes
of silver 1 umt, 63 5 grammes of copper 2 units, and 197 grammes
of gold 3 units, or, in other words, the number of units of
electricity required to liberate a gramme-atom 1s identical with
the number representing the valency of that atom i the particular
electrolyte employed

Some metals, such as copper, mercury, tin, &c, are capable of
functioming with different degrees of valency Thus copper 1s
divalent in copper sulphate and in cupric chlornide, but mono-
valent 1 cuprous chloride If, therefore, 1 umt of electricity be
passed through aqueous solutions of each of these copper chlorides,
in the case of cupric chlonide 6132-5 = 31 7 grammes of copper will
be deposited, while i1n the cuprous chloride éi—s’ = 635 grammes
are formed

The Ionic Theory.—The modern theory now generally held,
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to explain the phenomena of electrolysis, 1s known as the theory
of electrolytic dissociation or the zomic theory  The passage of
electricity through conductors of the two classes above mentioned,
that 1s, through conductors such as metals, and those which are
electrolytes, may be compared with the two ways by which heat
1s transmitted, namely, by conduction and convection. When
a bar of metal 1s heated at one end, the heat travels along
the bar, the metal remaining stationary; but when water 1s
contained 1n a tube which is heated at its lower end, the heated
particles of water travel along the tube, conveying the heat
to the other extremity In a simlar manner, when electricity
passes through a metallic conductor, the electricity travels through,
or along, the metal, which itself does not move,* but when
1t 1s passed through an electrolyte, 1t 1s conveyed or transported
through the hquid by the moving particles, to which the name
1ons (signifying wanderers) was first given by Faraday One set
of 10ns charged with negative electricity travels towards the anode,
while another set conveying positive electricity moves towaids the
cathode Inasmuch as the negative 1ons appear at the anode they
are called anzons, while the positively charged ions are distinguished
as catzons In the earlier stages of the development of the present
theory 1t was supposed that the electrolyte was only separated
mnto 1ts 1ons as the electric current was passed nto 1t, that the
electricity was the prime cause of the dissociation of the electro-
lyte, hence the expression electrolytzc decomposition, still commonly
used It was believed (Grotthus) that the first effect of the current
was to cause the molecules n the solution to take up positions
towards each other and the electrodes which may be crudely
represented by the top line n the following diagram, where the
molecules of hydiochloric acid, for example, are arranged with
their electro-negative constituents all directed to the anode, and
their electro-positive elements towards the cathode, precisely as a
number of separate cells 1in a battery would be arranged Then
that a disruption of the molecules took place in which those
nearest to the electrodes parted with their positive and negative
10ns to their respective electrodes (where they would be disengaged
as free hydrogen and chlorine in the case of hydrochlonc acid),
while an exchange of partners between the other molecules all
along the line took place, as represented in the second line, result-
ing n the formation of fresh molecules of the original compound.

* In the language of the modern theory of the atomic nature of electricity,
1t 1s the electrons which travel, while the metal ions remain (probably) stationary
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These would then immediately assume the position of those in the
upper row. This theory, while affording an explanation of many
of the phenomena connected with electrolysis (such as the fact
that the 1ons are disengaged only at the surface of the electrodes,
and not 1n the itervening space, that the appearance of the
liberated 1ons takes place simultaneously at the two electrodes,
however far removed from each other, &c ), was not capable of
satisfying all the facts of the case It was pointed out (Clausius)
that 1f the electric current were the actual cause of the separation
of the molecules into their constituent 1ons, this ought to be made
manifest by the fact that the current would have to expend energy
in doing the work of effecting such decomposition. But exact
experiment shows that this 1s not the case It 1s found that when
an electric current passes through an electrolyte, no electric energy
1s absorbed 1n causing the dissociation of the molecules of the
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dissolved substance , but that the current 1s conducted by electro-
lytes with the same freedom as 1t 1s by metallic conductors In
other words, 1t has been shown that Ohm’s law is equally appli-
cable to electrolytes as 1t 1s to metals, namely, that the current 1s
proportional to the electro-motive force for all values of that force

The theory of electrolytic dissociation, first proposed by Arrhenius,
and now generally accepted by chemists and physicists, 1s that all
solutions which are capable of conducting electricity contain mole-
cules which are already 1n a state of dissociation That 1s to say,
the electrolyte consists of molecules which are already dissociated
into their constituent 10ns to a greater or less extent The simple
act of solution 1 water results mn the dissociation of a portion of
the molecules 1nto their positive and negative 1ons. For example,
a solution of sodium chloride is an electrolyte , when, therefore,
this substance 1s dissolved 1n water a certain proportion of the
molecules 1mmediately undergoes 1onic dissociation, so that the
solution contains some molecules of sodium chlonde, some sodium
1ons, and some chlorine 1ons, a state of balance or equilibrium
between the 1ons and the undissociated molecules being main-

cathode
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tained, depending upon various conditions In such solutions
it 1s the 7oms alone which take any part in the conduction of
the electric current, the undissociated molecules being entuely
moperative  Obviously, therefore, when a substance dissolves
mn water w:thout undergoing 1onic dissociation, the solution
will be a non-electrolyte , while if dissaciation only takes place
to a limited extent the solution will come under the head of
the half-electrolytes. Strong acids, bases, and salts, which aie
good electrolytes, ate therefore the substances which undergo
dissociation to the greatest extent For any given solution the
extent to which dissociation takes place increases as the solution
1s diluted until a point 1s reached at which all the molecules are
dissociated nto their 1ons

At first 1t might appear contrary to established 1deas that in
such a case as sodium chlornide, for instance, the sodium and
chlorine 1n the free or separated state should be capable of exist-
ence side by side 1n the samg hiquid—a liquid, moreover, upon which
one of these elements, namely, the sodium, 1s under ordinary circum-
stances capable of exerting a chemical action  Simularly, that with
such a compound as sodium sulphate there should not only be the
same element, sodium, existing in contact with water, but also a
group of elements, or radical, SO, which 1s not known n a state of
separate existence. These 10ns, however, whether elementary like
sodium or compound like the group SO, are all umted with and
carry with them enormous electrical charges, positive or negative,
as the case may be, and 1t 1s only so long as they retain their
electrical charges that they can retain an independent existence
and exhibit their own special piroperties When the electrodes
from an electric battery are introduced mnto a solution of sodium
chlonide, the sodium 10ns with their positive charges are attracted
to the cathode , they there discharge their loads of electricity, and
thereupon become ordinary molecules of sodium, possessing the
properties usually associated with that metal Hence, since
ordinary sodium cannot exist in contact with water, the metal
immediately upon 1ts liberation at the cathode reacts upon the water
with which 1t 1s 1n contact in the manner usual to sodium  Similarly,
the chlorine 10ns with the negative electric charges are endowed with
their own characteristic properties, which are retained so long as
the atom 1s united to the electiicity  So soon as it loses 1ts charge,
which 1t does when 1t conveys 1t to the anode, the cAloride 101
then becomes a cklorane atom, two of which immediately unite,
forming a molecule of the element possessing the ordinary proper-
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ties of chlorine gas 1If, therefore, we use the term radical to
embrace single atoms as well as groups of atoms, we may describe
an 1on as a radical united to an electric charge—a positive 1on
being one which carries positive electricity, and a negative 1on
being a radical which 1s united to a negative charge.

Indeed, instead of regarding this subject as one presenting a
new difficulty to the mind, we may even trace an analogy between
it and another set of 1deas with which we are alieady quite fami-
liar We know that when two elements enter into chemical union
with each other they lose their own characteristic properties, and
that the resulting compound 15 endowed with new and different
properties , when an atom of sodium combines with an atom of
chlorine the sodium no longer exhibits the properties of metallic
sodium, Similarly, when an atom of sodium 1s combined with a
negative electric chaige, the product of the union, namely, the z0x,
possesses properties differing from those of metallic sodium  The
exact “how” and “why?” are equally mysterious in both cases,
and 1n neither case are we able to explain the precise nature
of the union for which in both instances we employ the word
“combine” Since the immediate effect of passing an electric
current through an electrolyte 1s to cause the ions to travel to
their respective electrodes, and there becoming electrically dis-
charged to cease to exist as zons, 1t will be evident that the
condition of equilibrium previously existing between the 1ons and
the undissociated molecules 1s at once disturbed This disturbance,
however, immediately adjusts itself by the dissociation of more of
the molecules, as fast as ions are removed fresh molecules dis-
soclate into 1ons  Hence, although the electric current 1s not the
prime cause in the pioduction of the 1ons, 1t 1s 1n a sense an
indirect cause, since by bringing about the removal of the ions
previously present 1t induces conditions which allow more of the
molecules to dissociate into 1ons

Atomuc Electric Charges—Valency —1f we take as our umit
the amount of electricity which 1s carried by one atom of hydrogen,
then of all monovalent 10ns we may say that they convey one unit
of electricity, for all such 1ons are united to equal amounts of
electricity, whether they be simple or complex radicals Daivalent
and trivalent 1ons respectively are umted to two and three umits of
electricity  Valency may, in fact, be defined as the numoer of
unit electric charges which are umited to an atom (or radical)
These electric charges are called electrons, or atoms of electricity,
in accordance with the present-day views as to the nature of
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electricity.  Electricity is now regarded as having an atomic
structure 1t 1s believed to consist of indivisible and 1nde-
structible particles, positive electrons and negative electrons,
comparable 1n a measure with the atoms of monovalent chemical
elements. To denote these electrons, or atomic charges of elec-
tricity, the symbols + and — are employed , they represent one
“atom of electricity” (positive and negative 1espectively), just as
the symbol H stands for one atom of hydrogen *

A positive electron combmed with a positive chemical atom
or radical gives rise to a positive 1on, or cafzo72, while negative
elements or radicals united to negative electrons constitute nega-
tive 10ns or anzons.

Jonic Notation —In chemical notation 1t 1s usual to represent
ions by employing either the ordinary @ and © signs, or more
commonly a dot () and dash (), in conjunction with the chemical

symbol for the atom or radical Thus Na or Na signifies a sodium

1on, and Cl! or CI' represents the chloride 10n

The symbol Na therefore conveys the information that the
sodium 10n 1s a monovalent cation, while Cl’ indicates that the
chloride 10n 1s a monovalent anion  SO,”, n the same way, stands
for the sulphate 10on, with 1ts two negative charges, and Fe for
the trivalent ferric 1on with 1ts triple charge of positive electricity
Sodium chlonde 222 solufzon would be represented by the formula
Na CI, ferric chlonide by Fe Cl';, potassium sulphate by K ,SO,",
and so on

In the system of nomenclature of the 1ons now generally adopted,t
the names of the cations are formed by the addition of the termina-
tion zoz to the stem of the chemical name of the element or radical ,
thus, hydrion, H, sodion, Na, ammonion, NH , calcion, Ca ,
zincion, Zn , &c

When 1t becomes necessary to indicate the number of umt
charges (2 ¢ the valency) of the radical, Greek numerals are pre-
fixed to the name For example, diferrion, Fe (the ions in ferrous
salts), triferrion, Fe  (the 1ons 1n ferric salts) , monocuprion, Cu,
and dicuprion, Cu*, for the cations i cuprous and cupric com-
pounds respectively

* Negative electrons are known m the free state The ¢ cathode” rays
emutted from a Geissler vacuum tube consist of these negative electrons, and
they also form a part of the ‘‘ radiation " emitted by the element radium (see
Appendix) So far positive electrons have not been 1solated

¢+ First introduced by ] Walker,
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In the case of anions the names are formed by the use of one of
the three terminations—zdzon, anion, and oszon, depending upon
whether the salt radical ends 1n zde, aze, or :/¢ For instance,
anions derived from chlor:des, bromzdes, hydroxzdes, sulphzdes, will
be chlow:dion Cl'; bromedion Br', hydrox:dion OH', sulphidion S”
respectively ; those from chlowates, sulphafes, orthophosphates,
&c, chloranzon ClOy, sulphanzon SO,’, orthophosphaznzon PO,”,
&c. ; while those derived from such salts as mitrzZes and sulphz/es
are termed nitroszon NO), sulphoszon SO;” These names are
employed precisely as ordinary chemical names are used, that 1s
to say, they appiy to the maferial taken collectively, and nof 7o
the particles themselves of which the maternal 1s composed *

It 1s often convenient to regaird the amount of electricity which
1s carried by one gramme of hydrogen as the unit, instead of that
conveyed by one atom  The value of this unit 1s 96,550 coulombs
Hence these dots and dashes signify that one, two, or three times
96,550 coulombs of electricity are carried by the gramme-molecule
(see p 57) of the ion according to the number of these signs
aftached to it Thus 96 grammes of SO,” will carry 96,550 % 2
coulombs of negative electricity, 18 grammes of NH, carrnes
96,550x 1 coulombs of positive electricity, and 95 grammes of
PO,” conveys 96,550% 3 coulombs, or 3 umts of electricity In
other words, each dot and dash attached to the formula signifies
one charge of 96,550 coulombs united to the gramme-molecule of
the 1on

* Just as the names sodium, hydiogen, chlorine, &c , are used to denote
matter which 1s made up of atoms or molecules of sodium hydrogen or chlorine
respectively, so the terms sodion, hydiion, chloridion, are the names appled
to the matter which 1s composed of sodium 10ns, hydrogen iouns, and chloride
10ns respectively ' We speak of a sodium atom, and of kydrogen molecules, so
also of a sodium zn and kyd