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THE ATOM OF THE CHEMIST.
W. H. Rovepusy, Untversiry op TrrNors,

The chemist hag believed in the existence of the atom
for more than one hundred years, The fact that the
different elements combine to form compounds in certain

definite Proportions by weight can be mogt easily ex-

plained by assuming each element to be made up of dis-
erete particles, all of the same mass in a given element
but of different masses for different elomentsg, But
while thig explanation of {he laws of chemica] combina-

a matter of fact, about twenty yearg ago a school of
chemistg arose, headed by Ostwald, who doubted the
‘existence of atoms, They said the atomie theory wag
an attempt to explain natnre by a crude mechanical
- analogy, and that matter was not the toarse grained sort

did so becauge they had a psychologieal intuition which
they got from observing dugt particles. One egn divide
-a dust particle into finer ang finer particles, but the
Imagination balkg at continuing thig brocess of division
indefinitely. Qo these literal minded people said that
one must ultimately arrive at a particle of such finenegg

that it could not be further divided angd hence is the in-

pand ind'eﬁnitély, must be made up of hard elastic par-
ticles flying about in Space. i :

On the other hand, these liters] minded: chemists, ang
they confprised a great majority, went a’he‘ad Serenely

e —
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building up a system. of chemical combination based
upon the agsumption of indivisible atoms—2 system
which has proved extremely fruitful in bringing the facts
of chemistry, especially organic, chemistry, to light and
which constitutes one of the most remarkable achieve-
ments of human intelligence. . Within the last few years,

by a series of brilliant experiments, the existence of the
atom has been established beyond a doubt. TFor most of

the direct evidence of the existence of the atom we are .

indebted to the physicist. But the physicist was not .
content with demonstrating the existence of the atom.
He has gone ahead and shown that the atom is made up
“in torn of clectrons and positive nuclei and is of such
complexity as to defy our comprehension. His work has
proved that both schools of chemists were wrong. Atoms
exist, but they are not the hard, indivisible particles that
the chemist thought them to be. They are perhaps
nothing but systems of electrical particles. These par-
ticles themselves are nothing but cenfers of electrical
force. There 18 nothing left for the man whose imagina- -
tion works through his tactual sense to rub between his:

~ fingers and say, ‘This is matter.”’ The man who Was
happy with hard, indivisible atoms is no more comfort-
able with this complicated atom that the physicist has
forced upon him than he would have been in the old days
without any atoms at all.

The chemist 18 interested primarily in the ability of
atoms to combine with atoms of other clements to form
chemical compounds. The numerical measure of the
ability of an.atom to combine with other atoms has been
called its valence, and the force which binds one atom
to another, as to the nature of which we have been until
recently very mueh in the dark, has been designated as
the valence bond. By ascribing to hydrogen one valence
bond, oxygen two. and carbon four, the organic chemist
has built up 2 most extraordinary system of chemical
valence which not only applies almost perfectly to sev-
eral hundred thousand compounds, but which may al-
‘most be said to predict the existence and the properties
“of this vast number of compounds as well as innumerable
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When we come to inorganic chemistry, the situation
is different. Tn the firgt place, the valence of many of the
elements is not 5 simple, definite number, but is a vari-
able quantity, some of the elements having as many as
seven different numerical valences. In the second plgee,
the valence bond ig a different sort of g thing than the
‘one we met in organie chemistry. Tf we electrolyze sodium
chloride which hag been brought into a liquid condition
by solution or melting, the sodium travels in the direc.
tion of the positive current, and the chlorine in the oppo-
site direction, thus demonstrating that the sodium atoms
are positively charged and the chlorine atomsg negatively
80. It has been recognized since the time of Faraday
that the attraction of the positively charged sodium
atom for the negatively charged chlorine atom would
account fully for the valence bond in sodium chloride,

t remained for the brilliant researcheg of Bragg and
Bragg to show Jjust how and why this was go, Physical
experiments show that g sodium chloride crystal is made
up of alternate positive and negative charges arranged
in a so-called simple cubic arrangement, each pogitive
- charge surrounded by six negative charges, and each
negative charge surrounded by gsix positives. MThege
charges are not to be confused with the electron or elo.
mentary positive charge, however. For with the posi-
tive charge ig associated a magg equal to that of the
sodium atom and. with the negative charge a magg equal
to that of the chlorine atom, Evidently,‘then, we have
the charged atomg acting ag indivisible units and bound
to each other by electrostatic forces alone. Tn valence
bonds of thig nature, therefore, numper has lost itg sig-
nificance, for apparently one sodium atom may attract
the six chlorine atoms which surround it with as much
forece as it would attract g single chlorine atom in g
sodium chloride molecule in the gaseous state. Fvident.
ly, therefore, if we were to try to write sodinm as we do
carbon, oxygen and hydrogen in organic chemistry, with
a certain number of dashes to represent itg valence; we
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should be at a loss whether to put one dash to represent
the sodinm atom, O gix. With the anderstanding, how-
ever, which the physicis‘t has given us of the structure of
sodium chloride, the uncertainty of the valence number
causes us no difficulty; rather, the new viewpoint of the
matter makes easily understandable the many interest-
ing properties of that large class of substances of which

sodium is a conspicuous example, known as electrolytes.

On the other hand, in the case of the organic com-
pounds, where the number system of valence works so,
qatisfactorily, we have 10 physical ovidence as to the
structure or arrangement of the atoms in the molecules
except that the atoms do not seem to be charged as they
are in the case of sodinm chloride. We must still rely
upon the intuition of the chemist rather than the direct
experiment of the physicist for an explanation of the
force which we call a valence bond. Many chemists still
prefer to regard valence as an abstract numerical prop-
‘erty of the atom and content themselves with taking it
as it exists without worrying about why it is so. On the
other hand, with the conception of the atom as a positive
nuelens whose charge is its atomic number surrounded

Dby electrons, a physical chemist believes that valence is .
not simply a number, but that it can be explained in all
cases as due to electrostatic forces between the positive
nucleus of one atom, and the outer olectrons of the same.
and other atoms. The theory of G. N. Lewis has met
with most remarkable suceess in explaining the combina-
tion of atoms in the milecules. This theory is based
upon the conception of the atom which the physicist has
given us, and I shall try to sketch for you its essential
features. RS

T.et us consider the clements from lithium to neon in-

clusive, which form the first row of eight in the periodic "

table. Lithium has an atomie number of three, glucinum,
four, boron five, and so on, to neon/with an atomic num-
ber of ten, the clements being placed. according to their
atomic number. The atomic number is the pumber of

positive charges on the nucleus, and we represent the

" pucleus of the atom by writing the atomic pumber with i1
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a plus charge after it. The neutral atom then must have
s many electrons aroung the nucleus as it hag positive,
charges on the nueleus. It should be observed that ex-
aept in the cases of substances like sodium chloride
where the atomg are alternately positively and negatively
charged, the atoms must be on the average neutral. In

cleus and the remaining electrong are arranged at gsome
distance away from the nueleys, The following congid-
eration, however, shows the justification for doing this.
When lithium combines with fluorine to form lithium-
fluoride, we get a-salt which resembles sodium chloride.
The lithium atom becomeg positively charged and the
fluorine atom negatively charged. Thig ean be brought
about only by an‘electron passing from the lithium atom
to the fluorine atom. The lithium atom, however, never
loses more than one electron. This ig g fact which hag
been recognized for a long time, Even before the electron
was discovered, it wag thoroughly understood that the
lithium atom coulq acquire only one positive charge while
the glucinum atom combines with two fluorine atoms ang
acquires two positive charges. That ig to say, the glucj-
num atom may lose two electrons. Sinee it has four elec-
trons, however, apparently there are two electrons in it
Just as in the lithjym atom which may not be lost. We
find the same considerations to apply throughout the rest
of this row of elements, and we assume that these elec-
trons are closer to the nucleus than those electrong which
take part in g chemical reaction Those electrong which
take part in g chemical reaction we, somewhat arbitrarily
perhaps, assame to be at a greater distance from the nu-
cleus and designate them as valence electrons. A valence
electron, then, is an electron in the periphery of the atom.
Lithium hag one, glueinum two, boron three, and so on
up to neon which hag eight. Lithium combines with one
fluorine atom, beryllium with two fluorine atoms, boron
with three ang carbon with four, Lithium fuoride and
glucinum fuoride are salt-like in their character, that is,
‘they resemble sodium chloride, and the valence bonds
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which hold them together may be aseribed to the electro-
static forces between the atoms when an electron passes
from one atom to another leaving the one atom positively
charged and causing the other atom to be negatively
- charged. Compounds of this type are called polar com-
,pound_sf, because the molecule consists of a positive and a
negative atom or atoms resembling & magnet with a north
and a south pole. The reason that the electron passes 8O
readily from the lithium atom to the fluorine atom ap-
pears to be because the positive charge upon the nucleus
of the fluorine atom 1is so much greater than that upon
the lithium atom. The recipe for making a polar com-
pound, that is, one of salt-like character, then, is to take
two atoms with a considerable difference in the positive
charge upon their nuclei. This rule is subject to a modi-
fication which will be obvious a little farther on. ‘When
that modification is introduced, it s found to be verified
absolutely by the facts of chemistry. When we consider
boron trifluoride, we find that the difference in positive
charges upon the nuclei of the two atoms in question is
not so great. Therefore, the tendency for an electron to
leave the boron atom and go to the fluorine atom will be
very much less. As a matter of fact, boron trifluoride
does not appear to be a polar substance, that is, of salt-
like character, and when we consider carbon tetrafluoride,
where the fluorine has only three positive‘ charges more
than the carbon, we have a compound which has no re-
gemblance whatsoever to a salt. There is no reason to
believe that the electron has left the carbon atom and
gone to the fluorine atom, and we are forced to the con-
clusion that the valence bonds here must be quite differ-
ent in character from those in lithium flyoride. - G. N
Tewis has proposed the theory that the valence bond in
a compound of this non-polar type consists’ of two elec-
trons oceupying a position somewhere intermediate be-
* tween the two atoms. We do not have time to go into the
detailed considerations which led Lewis to the idea that

a non-polar bond consisted of two electrons. We can only

try out the arrangement of a number of compounds to
see how it will work out and, of eourse, that is in the last
analysis the only consi(}eration- of importance in regard




, it will in general lead to an even number of
electrons in any molecule, Remarkab]y enough, all but g
very few of the hundreds of thousands of chemical com-
pounds do contain an even number of electrong, It may
be noticed that if we take the old valence theory of or-
ganic chemistry where carbon has four valence bonds
and hydrogen one, and assume that these valence bonds
link, not with each other, but from atom to atom, then the
electron in the Lewig theory of valence simply replaces
“ the valence bond in the old system. The application of
this theory of valence to organic chemistry in general,
then, becomes very simple, .

Since carbon combines with four fluorine atoms, we
might expeect nitrogen to combine with five and oxygen
with six.  But no such compounds oceur, The reason ap-
bears to be fairly obvious, The forces of repulsion bhe-
tween the nitrogen and fluorine nuclej are so great that
the atomsg refuse to remain in combination with each

with nitrogen op oxygen as due to the repulsion of the
positive nuclei, but there appears to be no reason why it

erties and can acquire only one positive charge, That
is to say, it hag only one valence electron. We must con-
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. having eleven positive charges upon its nucleus, two elec-
trons-close to the nueleus, eight more outside of these
two, and the one valence electron otill outside these eight
forming the beginning of a new shell of outer or valence
electrons. The gecond row in the periodie table thus be-
‘comes a repetition of the first row, the number of valence
electrons inereasing with the atomic number until we
reach the rare gas argow, the only difference being that
the second row has an inner shell of eight electrons The
chemical properties of these elements bear out this con-
- clusion absolutely. If time permitted, we could go on
through the periodie table of elements, showing how the
properties of these elements may be explained by as-
suming that the electrons are arranged in geries of shells,
one about the other, the outer shell always composed Of
the valence electrons. 4 o

- Qince this group of cight seems to be a peculiarly stable
arrangement for the clectrons about an atom, We should
expect that those atoms which have less than eight elec-
trons in their outer shells would try to acquire eight
clectrons when they enter into a chemical compound.
This proves to be the case. It does not apply, of course,
to those atoms which are relatively weak, that is, those
atoms which have a small positive charge upon the nu-
cleus, because we have seen that when they enter into
chemical combination they lose their valence electrons
entirely. But, for the atoms beginning with earbon,
which do not lose their valence electrons to another atom
in a chemical combination, we find in a vast majority of
cases they combine with other atoms in such a way that
they complete their shell of valence electrons up to the
number eight. An inspection of guch typical compounds
as carbon tetrafluoride, methane, ammonia, water and -
hydrogen fluoride, will show that this is the case. The
hydrogen atom, it may be remarked here, with only one
positive charge upon its nucleus and only one electron of
any kind, appears to be completely satisfied with two
electrons instead of eight. But this is what we might ex-
pect since we have been led to the conclusion that all
atoms have two electrons arranged very close to the nu-.
clens. Hydrogen and helinm with atomic numbers of one '




bination and the helium atom, having two electrons al-
ready, refusing to combine chemically with anything,
Helium gas ig absolutely unreactive chemically, ‘

The chemical properties of any atom, then, are to be
explained by the number of valence electrons it possesses
and the pull upon these valence electrons exerted by the -
positive nucleus, TIf the pull exerteq by the nucleus ig
very strong, as in the case of chlorine, which not only
retaing its valence electron with great force but strives
to acquire additional ones, we say that the element ig
eleetronegative, Tf the force upon the valence electrong
is weak, ag in the case of sodium, we say that the element
is eleetropositive, meaning, of course, only slightly elec-
tronegative since all atoms must pe regarded ag exerting
some pull on their valence electrons ang hence being
electronegative to some degree. - Now the concept of
‘atomic number would lead ug to expect that the atoms
would increage continuously in electronegativety,from
hydrogen, with an atomic number of one, up to uraninm

function of the atomic number, The atomg may be ar-

- ranged in the well known periodic table in periods of
~ two, eight, eight, eighteen, eighteen, thirty-two and
thirty-two. The electronegativety’ rises to a maximum

- at the end of each period and drops almost to zero at the

- 8as where presumably a shel] of electrons ig completely

S — o
- Actually, neon may be Subposed to be more electronegative than
: fluorine, but since it doeg not combine with any other element it ig not
. jordinarily so considered, p
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filled. With the first clement in the next pericd, then, '
there must be the beginning of a new shell. Thus sodium
Thas one valence olectron forming the beginning of the
second shell of eight around the first shells of two and
eight, each in the interior of the atom. The first ques-
tion, then, that arises, is why does the positive nucleus
exert so slight a retaining force upon this valence elec-
~ tron? The answer scems to be this: The valence elec-
tron is at a considerably greater distance from the
nucleus than the inner shells. The olectrons in the inner’
shells tend to neutralize the attractive force of the
positive nueleus for this valence electron. The whole
sodium atom, then, exclusive of this valence electron; may
be regarded as having a net positive charge of one only,
which acts as though it were centered in the nuecleus.
The force exerted, then, upon the valence electron will
be relatively weak. Futhermore, the valence electron of
sodium is farther from the nuecleus than the valence elec-

tron in the lithium atom. Thus, according to Coulombs
law, the force exerted upon an electron by 2 positive
charge is inversely propomional to the square of the
Jistance between them. The electron in the godinm atom
is then at a greater distance from the nucleus than in the
~ lithinm atom and should be retained with less force.
This is the case. Sodium is less clectronegative than
lithium. This explanation may be applied donsistently
to the properties of the elements throughout the periodic
table. The olectronegativety rises to a maximum at the
end of each period, but each maximum is actually less
than the preceding as we go from one period to another,
because of the increasing distances of the electrons from
the positive nuecleus. : -

This application of the laws of clectiostatics to explain
the properties of the atom must be recognized as being
only qualitative. The unsolved problem is why this ar-
rangement of electrons in shells around a positive nucleus
is stable at all. Undoubtedly there is something in the
geometry of arrangement of electrons which determines
how many electrons may be crowded into any shell.
When we study the properties of .the more “complex




trons is odd, instead of each electron’s having a definite -
position, one or more electrons are able to ogcillate be-
tween two or more positions, thug absorbing light of some
- Wave length in the visible spectrum and causing the
- phenomena of color. Tt has been noted that the complex
“atoms have g variable structure in their electron shellg,
These atoms are all colored.

Lo repeat, the most important question is, why the
shells of electrons do ot collapse into the positive
nuecleus. - '

The physicist hag offered an explanation, and g natural
enough one. He says that the electrons are rotating

nucleus for the same reason that the planetg do not fa]l

- ~ into the sun, The chemist hag a very grave objection to
- this dynamic atom of the physicist, The chemist hag

il and chemieal reaction. The chemigt believes that the

atoms are held together in these moleculeg by electrong
' which oceupy- definite positiong between the different
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atoms. It is almost incomprehensible how these elec-
trons can be rotating around these atoms in orbits and
at the same time bind the atoms together in fixed and
definite arrangements of molecular structure. Many
chemists therefore have preferred to believe in the static
atom, that is, one in which the electrons are arranged in
stationary ghells, preferring to leave the stability of the
shells unexplained rather than adopt an explanation
which appears to destroy the chemical property of the
atom we call valence. ' s :

The physicist 18 concerned mainly with the explanation
of such phenomena as radiation, and this dynamic theory
of the atom explains radiation very well, provided the
physicist discards a considerable portion of the classical

theory of clectrodynamics. He has the same justification

in doing this that the chemist has in discarding

- Coulombs law as being operative at gmall distances be-
tween electrons and positive nuclei. That is, each expla-
nation seems to fit the facts. The facts which the physi-
cist and the chemist are trying to explain are thus of a
different sort. To the chemist an atom which is radiating-

- light is in a pathological condition. 1t appears to be im-
possible for an atom to be brought into a condition in
which it radiates, without destroying the molecule of
which that atom is a part. The dynamical theory of the
atom, then, explains the properties of the atom in one
condition; the static theory explains the properties of
the atom when it is in another condition. The two theo-
ries may not be contradictory-—they may simply apply to
two different states of affairs. The problem to be answer-

‘ed, then, in the immediate future is not whether these

" 4wo theories may be reconciled, but rather, whether they.
are dealing with the same phenomena.
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