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On the Constitution of Atoms and Molecules.
By N. Bonr, Dr. plil., Copenhagen *.

Parr ITT.—SYSTEMS CONTAINING SEVERAL NucLzl t.

§ 1. Preliminary.
ACCORDING to Rutherford’s theory of the structure of

atoms, the difference between an atom of an element
and a molecule of a chemical combination is that the first
consists of a cluster of elecirons surrounding a single
positive nuclens of exceedingly small dimensions and of a
mass great in comparison with that of the electrons, while
the latter contains at least two nuclei at distances from each
other comparable with the distances apart of the electrons in
the surrounding cluster.
The leading idea used in the former papers was that the
atoms were formed throngh the successive binding by the
nucleus of a nuwber of electrons initially nearly at rest.

% Communicnted by Prof. E. Rutherford, F.R.S.
+ Part 1. and Part 11, were published in Phil. Mag. xxvi. p.1 & p. 476
(1918).
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Such a conception, however, cannot be utilized in con-
sidering the formation of a system containing more than a
single nucleus ; for in the latter case there will be nothing
to keep the nuclei together during the binding of the
electrons. In this connexion it may be noticed that while a
single nucleus carrying a large positive charge is able to
bind a small number of electrons, on the contrary, fwo nuclei
highly charged obviously cannot he kept together by the
help of a few electrons. We must therefore assume that
configurations containing several nuclei are formed by the
interaction of systems—each containing a single nucleus—
which already have bound a number of electrons.

§ 2 deals with the configuration and stability of a system
already formed. We shall consider only the simple case of a
system consisting of two nuclei and of a ring of electrons
rotating round the line connecting them ; the result of the
calculation, however, gives indicution of what configurations
are to be expected in more complicated cases. As in the
former papers, we shall assume that the conditions of
equilibrium can be deduced by help of the ordinary mechanics.
In determining the absolute dimensions and the stability of
the systems, however, we shall use the main hypothesis of
Part I.  According to this, the angular momentum of every
electron round the centre of ibs orbit is equal to a universal

value %r’ where %A is Planck’s constant; further, the
stability is determined by the condition that the total energy
of the system is less than in any neighbouring configuration
satisfying the same condition of the angular momentum of
the electrons.

In § 3 the configuration to be expected for a hydrogen
molecule is discussed in some detail.

§ 4 deals with the mode of formation of the systems. A
simple method of procedure is indicated, by which it is
possible to follow, step by step, the combination of two atoms
to form a molecule. The configuration obtained will be
shown to satisfy the conditions used in § 2. The part played
in the considerations by the angulur momentum of the
electrons strongly supports the validity of the main hypo-
thesis,

§ 5 contains a few indications of the configurations to be
expected for systems containing a greater number of
electrons.
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§ 2. Configurations and Stability of the Systems.

T.et us consider a system consisting of two positive nuclei
of equal charges and a ring of electrons rotating round the
line connecting them. Tet the number of electrons in the
ring be n, the eharge of an electron —e, and the charge on
cach nuclens Ne.  As can be simply shown, the system will
be in equilibrium if the nuelei are the same distance apart
from the plane of the ring and if the ratio between the
dinmeter of the ring 2a and the distance apart of the nuclei

2b is given by
z)=a((4§>§—1)*§. Y\

provided that the frequency of revolution o is of a magnitude
such that for each of the electrons the centrifugal force
halances the radial force due to the attraction of the nuclei
and the repulsion of the other electrons. Denoting this

2
force by %F, we get from the condition of the universal

constancy of the angular momentum of the electrons, as
shown in Part II. p. 478,

h? = 4me'm -,
= WIF and a)——hTF P (2)
The total energy necessary to remove all the charged particles
to infinite distances from each other is equal to the total
kinetic energy of the electrons and is given by

a

For the system in question we have

where

a table of s, is given in Part II. on p. 482.

To test the stability of the system we have to consider
displacements of the orbits of the electrons relative to the
nuclei, and also displacements of the latter relative to each
other.

A calculation based on the ordinary mechanics gives that
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the systems are unstable for displacements of the electrons in
the plane of the ring. As for the systems considered in
Part II., we shall, however, assume that the ordinary
principles of mechanics cannot be used in discussing the
problem in question, and that the stability of the systems for
the displacements considered is secured through the in-
troduction of the hypothesis of the universal constancy of
the angular momentum of the electrons. This assumption is
included in the condition of stability stated in § 1. 1t should
be noticed that in Part 1. the quantity F was taken as a
constant, while for the systems considered here, F, for fixed
positions of the nuclei, varies with the radius (.)f th(? ring. A
simple calculation, however, similar to that given in Part II.
on p. 480, shows that the increase in the total energy of the
system for a variation of the radius of the ring from a to
a+0a, neglecting powers of 8¢ greater than the second, is

given by
adF 8a)2

8(P+T)_T(1+ Faa)<a :
where T is the total kinetic energy and P the patential energy
of the system. Since for fixed positions of the nuclei I
increases for increosing a (F=0 for d=0; F=2N—s, for
a=w ), the term dependent on the variation of F will be
positive, and the system will consequently be stable for the
displacement in question.

From considerations exactly corresponding to those given
in Part 1. on p. 481, we get for the condition of stability for
displacements of the electrons perpendicular to the plane of
the ring

G>puo—Paymr » + « « .« . (5)
where P, 0— pa,» has the same signification as in Part IT,,
2

and %GSZ denotes the component, perpendicular to the
a

plane of the ring, of the force due to the nuclei, which acts
upon one of the electrons in the ring when it has suffered a
small displacement 8z perpendicular to the plane of the
ring. As for the systems considered in Part II., the dis-

placements cun be imagined to be produced hy the eflect of

extraneous forces acting upon the electrons in direction
parallel to the axis of the system.

For a system of two nuclei each of charge Ne and with a
ring of n electrons, we find

o=2(E) 0= -
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By help of this expression and using the talle for Puyo Do, m
given on p. 482 in Part IL., it can be simply shown that tle
system in question will not be stable unless N=1and » equal
to 2 or 3.

In considering the stability of the systems for a displace-
ment of the nuclei relative to each other, we shall assume
that the motions of the nuclei are so slow that the state of
motion of the electrons at any moment will not differ sensibly
from that caleulated on the assumption that the nnclei are
at rest.  This assumption is permissible on acount of the
great mass of the nuelei compared with that of the electrons,
which involves that the vibrations resulting from « digplace-
ment of the nuclei arve very slow compared with those due to
a digplacement ol the electrons, For a system consisting of
a ring of electrons and two nuelei of equil eharge, we shall
thus assume that the electrons at any moment doring the
displacement of the nuelei move in eireular orbits in the
plana of symmetry of the latter.

Let us now imagine that, by help of extrancous forces
acting on the nuelei, we slowly vary the distance hetween
them. During the displacement the radins of the ring of
electrons will vary in consequence of the alteration of
the radial force due to the attraction of the nuclei.
During this variation the angular momentum of each of
the electrons round the line connecting the nueclei will
remain constant.  If the distanece apart. of  the nuclei
inereases, the radius of the ring will ohviously also inerease
the radius, however, will increase at a slower rate than the
distance between the nuelei. For example, imagine a dis-
placement in which the distance as well as the radius are
both increased to « times their original value. Tn the new
configuration the radial foree acting on an electron from the

nuclei and the other electrons is = times that in the original

configuration.  From the constancy of the angular mo-
mentum of the electrons during the displacement, it further
follows that the velocity of the electrons in the new con-

T ; L.
figuration is = times, and the centrifugal foree — times that
(-4 e’

in the original. Consequently, the radial foree is greater
than the centrifugal force.

On acconnt of the distance between the miclei increasing
faster than the radius of the ring, the attraction on one of the
nuelei due to the ring will be greater than the repulsion from
the other nuelens.  The work done during the displacement
by the extraneous forces acting on the nuclei will therefore
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be positive, and the system will be stable for the displace-
ment. Obviously the same result will hold in the case of
the distance between the nuclei diminishing. It may be
noticed that in the above considerations we have not made
use of auy new asswmption on the dynamics of the electrons,
but have only used the principle of the invaviance of the
angular momentum, which is common both for the ordinary
wechanies and for the main hypothesis of § 1.

For a system consisting of a ring of electrons and fwo
nuclei of unequal charge, the investigution of the stability is
more complicated,  As before, we find that the systems are
always stable for displacements of the electrons in the plane
of the ring 5 also an expression corresponding to (5) will hold
For the condition of stability for displacements p(-.r;uamlittul:u'
to the plane of the ring, This condition, however, will not
he sufficient to secure the stability of the system. For a dis-
placement of the electrons perpendicular to the plane of the
ving, the variation of the radial force due to the nuclei will
be of the sune order of magnitude us the displacement ;
therefore, in the new configuration the radial foree will not
be in equilibeium with the centrilugal force, and, if the
radiug of the orbits is varied until the radial equilibrium is
restored, the energy of the system will decrease. This
circumstance must be taken into uccount in applying the
condition of stability of § 1. Similar complications arise in
the ealeulution of stability For displacements of the nuclel.
For w variation of the distance apart of the nuclei not only
will the eadius of the ving vary but also the ratio in which
the plune of the ring divides the line connecting the nuelei.
As a consequence, the full discussion of the general case is
rather lensthy ; an approsimate numerical ecaleulation,
however, shows thal the systems, as in the Former esse, will
be unstable unless the charges on the nuclei are small and the
ring contuins very few electrons.

The abiove considerations suggest configurations of systems,
consisting of two positive nuelei and o number of eleetrons,
which are consistent with the arrangement of the electrons
to be expeeted inmolecules of chemical combinations. 1 we
thus consider a neutrul system contuining two nuclei with
great charges, it follows that in a stable configuration the
greater part of the electrons must be arranged around each
nucleus approximately as if the other nueleus were absent
and that only a few of the outer electrons will be arranged
differently rotating in u ring round the line connecting the
nuclei. The latter ring, which keeps the system together,
represents the chemical “ bond.”
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A first rough approximation of the possible configuration
of such a ring can be obtained by considering simple systems
consisting of a single ring rotating round the line connecting
two nuclei of minute dimensions. A detailed discussion,
however, of the configuration of systems containing a
greater number of electrons, taking the effect of inner rings
into account, involves elaborate numerical calculations. Apart
from a few indications given in § 5, we shall in this paper
confine ourselves to systems containing very few electrons.

§ 3. Systems containing few Electrons. The Hydrogen
Molecule.

Among the systems considered in §2 and found to be
stable the system formed of a ring of two electrons and of
two nuclei of charge ¢ is of special interest, as it, according
to the theory, may be expected to represent a neutral
hydrogen molecule.

Denoting the radius of the ring by a and the distances
apart of the nuclei from the plane of the ring by b, we get
from (1), putting N=1 and n=2,

1

b= z/—.da;

from (4) we further get
F= 3\/%1 =1:049.

From (2) and (3) we get, denoting as in Part IT. the values
of a, w, and W for a system consisting of a single electron
rotating round a nucleus of charge ¢ (a hydrogen atom) by
ay, wo, and Wy,

a=0'95 Ao, 0=1'10 W, W=220 Wo.

Since W>2W,, it follows that two hydrogen atoms
combine into a molecule with emission of energy. Putting
Wo=2:0.10"" erg (comp. Part IL. p. 488) and N=6-2. 10%,
where N is the number of molecules in a gram-molecule, we
get for the energy emitted during the formation of a gram-
molecule of hydrogen from hydrogen atoms (W—2W,)N
=2-5.10", which corresponds to 6:0.10% cal. This value
is of the right order of magnitude; it is, however, con-
siderably less than the value 13 .10% cal. found by Lungmuir *
by measuring the heat conduction through the gas from an
incandescent wire in hydrogen. On account of the indirect

# I, Langmuir, Journ. Amer. Chem. Soe. xxxiv. p. 860 (1912).
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method employed it seems ditlicult to estimate the accuracy
to be ascribed to the latter value. In order to bring the
theoretical value in agreement with Langmuir's value, the
magnitude of the angular momentum of the electrons should
be only 2/3 of that adopted 3 this seems, however, difficult to
reconcile with the agreement obtuined on other points.

Irom (6) we get G= i\l/bé =0325. For the frequency of

vibration of the whole ring in the direction parallel to the
axis of the system we get

K
V=wo\/G (;% =061lw,=3"8. 10 1/sec.

Weo haveassumed in Part I.and Part IT. that the frequency
of radiation absorbed by the system aund corresponding to
vibrations of the electrons in the plane of the ring cannot be
calculated from the ordinary mechanics, bat is determined
by the relation iv=E, where A is Planck’s constant, and E
the difference in energy between two different stationary
states of the system. Since we have seenin § 2 that a con-
figuration consisting of two nuclei and a single electron
rotating round the line between them is unstable, we may
assume that the removing of one of the electrons will lead to
the breaking up of the molecule into a single nucleus and a
hydrogen atom. If we consider the latter state as one of
the stationary states in question we get

B=W—Wo=120W,, and =120 37,10 Ijsee.

The value for the frequency of the ultra-violet absorption
line in hydrogen calculated from experiments on dispersion
isy=235.10% 1/sec.* Further, a calculation from such expe-
riments based on Drude’s theory givesa value near two for
the number of electrons in a hydrogen molecule. The latter
result might have connexion with the fact that the frequencies
calculated above for the radiation absorbed corresponding to
vibrations parallel and perpendicular to the plane of the ring
are nearly equal. As mentioned in Purt IL., the number of
electrons in u helium atomn calculated from experiments on
dispersion is only about 2/3 of the number of electrons to be
expected in the atom, viz. two. For a helium atom, as for a
hydrogen molecule, the frequency determined by the velation
v.h=E agrees closely with the frequency observed from
dispersion ; in the helium system, however, the frequency

* C. and M, Cuthbertson, Proc. Roy. Soc. Ixxxiii. p. 151 (1910).
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corresponding to vibrations perpendicular to the plane of
the ring is more than three times as great as the frequency
in question, and consequently of negligible influence on the
dispersion.

In order to determine the frequency of vibration of the
system corresponding to displacement of the nuclei relative
to each other, let us consider a configuration in which the
radius of the ring is equal to y, and the distance apart of
the nuclei 2z. The radial force acting on one of the
electrons and due to the attraction from the nuclei and the
repulsion from the other electron is

20y e

- (y* +at)? Ty
Let us now consider a slow displacement of the system

during which the radial force balances the centrifugal torce
due to the rotation of the electrons, and the angular momen-

tum of the latter remains constant. Putting R = e—;F, we

have seen on p.-859 that the radins of the ring is iilversely
proportional to F. Thersfore, during the displacement con-
sidered, R® remains constant. This gives by differentiation
(84° + 32y — (224 y?)t)dy — 240ytda = 0.
Introducing =5 and y=aqa, we get
dy 27

91 /83— 4 ’

The force acting on one of the nuclei due to the attraction
from the ring and the repulsion from the other nucleus is
2¢% e
Q A 3 A2t
(ray A
For #=h, y=a this force is equal to 0.
Clorresponding to a small displacement of the system for

(‘i;_

2

. . . dy
which #=a+ 8z we get, using the above value for = and

putt'.ing Q= :; Héuz,

_ 27 o_ty)_.
H_R(v(, V)= 1515,

L

ol

For the frequency of vibration correspending to the dis-
placement in question we get, denoting the mass of one of
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the nuclei by M,

——— 3
y= w‘-',\/ﬂ"{l' % = 132w, 1%[1

= 1835 and w, = 6:2. 10", we get
y = 191, 10%

Putting

e

This Frequency is of the same order of magnitude as that
caleulated by Einstein’s theory from the variation of the
specific heaf of hydrogen gus with temperature*. On
the other hand, no absorption of radiation in hydrogen
gas corresponding to this frequency is observed. This is,
however, just what we should expect on account of the
symmetrical structure of the system and the great ratio
between the frequencies corresponding to displacements of
the electrons and of the nuclei, The complete absence of
infra-red absorption in hydrogen gas might be considered as
a strong argument in support of a constitution of a hydrogen
molecule like that adopted here, compared with model-
molecules in which the chemical bond is ussumed to have its
origin in an opposite charge of the entering atoms.

As will be shown in § 5, the frequency caleulated above
can be used to estimate the frequency of vibration of more
complicated systems for which an infru-red absorption is
observed,

The configuration of two nuclei of charge e and a ring of
three electrons rotating between them will, as mentioned in
§ 2, also be stable for displacements of the electrons perpen-
dicular to the plane of the ring. A caleulation gives
2: 0486, G =0623, and F=10879;
and further,

a=11day, w=0TTw, W =232W,

Since W is greater than for the system consisting of two
nuclei and two electrons, the system in question may be con-
sidered as representing a negatively charged hydrogen
molecule. Proof of the existence of such a syslem has been
ohtained by Sir J. J. Thomson in his experiments on positive
rays .

)A system consisting of two nuclei of charge ¢ and a single

* See N. Bjerrum, Zeitschr. f. Elekirochem. xvil. p. 731 (1911);
xviil. p. 101 (1912).
+ J. J. Thowson, Phil. Mag. xxiv. p. 253 (1012).
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electron rotating in a cireular orbit round the line connecting
the nuelei, is unstable for a displacement of the “electron
perpendicular to its orbit, since in the configuration of
equilibrinm G<0. The explanation of the appearance of
positively charged hydrogen molecules in experiments on
positive rays may therefore at first sight be considerad as a
serious difficulty for the present theory. A possible ex-
planation, however, might be sought in the special conditions
under which the systems are observed. We are probably
dealing in such a ease not with the formation of a stationary
system by a regular interaction of systems confaining single
nuclei (see the next section), but rather with a delay in the
breaking up of a configuration bronght about by the sudden
ramoval of one of the electrons by impuetaf a single particle.
Another stable configuration containing a few elecirons is
one consisting of a ring of three electrons and two nuclei of
charges e and 2e. A numerical ealculation gives
2= 1416 %: 0137, F = 1552,
where a is the radius of the ring and b; and b, the distances
apart of the nuclel from the plane of the ring. By help of
(2) and (3) we further get

a = 06d4q, ©=24lw, W =T722W,

where @ is the frequency of revolution and W the total
energy necessary to remove the particles to infinite distanees
from each other. Inspite of the Fact that W is greater thian
the sum of the values of W for a hydrogen and a helinm
atom (Wo+ 0613 Wi comp. Part L1 p. 489}, tha configuration
in question cannot, as will be shown in the next section, be
considered to represent a possible molecule of hydrogen anil
helium.

The vibration of the system corresponding to a displace-
ment of the nuclei relative to each other shows features
different from the system considered above of two nuelel of
charge ¢ and two electrons. If, for example, the distance
between the nuclei is increased, the ring of clectrons will
approach the nucleus of charge 2e. Consequently, the
vibration must be expected to be connected with an absorption
of radiation.

§ 4. Formation of the Systems.

As mentioned in § 1, we cannot assume that systems con-
taining more than one nucleus are formed by successive
binding of electrons, such as we have assumed for the
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systems considered in Part IL.  We must assume thu't }-he
systews are formed by the interaction ol others, cuni.:lmmrg
single nuclei, which already have bound electrons.  We
shull now consider this problem wmore closely, starting with
the simplest possible case, vie., the combination of two
hydrogen atoms to form a molecule, _

Consider two hydrogen atoms at a distance apart great in
comparison with the livear dimensions ol the orbits of the
electrons, and imagine that by help of extrancous forces
aeting on the nuelei, we muke these approach each other ;
the displacements, however, being so slow that the l]YlIH.llli(!‘d!_
equilibrium of the electrons for every position of the nuclei
is the same as if the latter were at rest.

Suppose that the electrons originally rotate in ‘parallel
planes perpendicular to the straight line connecting the
nuclei, and that the direction of rotation is the same and
the difference in phase equal to half a revolution. During
the approach of the nuclei, the direction of the planes of
the orbits of the electrons and the difference in phase will
be unaltered. The planes of the orbits, however, will ab the
beginning of the process approach each other at a higher
rate than do the nuclei. By the continued displacement
of the latter the planes of the orbits of the electrons will
appronch ench other more and more, until finally for a
certuin distance apart of the nuclei the plunes will (:ui_u(:lfle,
the electrons being arranged in a single ring rotating in the
plane of symmetry of the nuclei. During the further ap-
proach of the nuclei the ratio betweon the ‘Llliitllf_ﬂtt‘.t' n!’ Ll_1e
ring of electrons and the distance spurt of the m.mlm \”\Fl“
increase, and the system will pass through a configuration
in which it will be in equilibrium without the application
of extraneous forces on the nuclei.

By help of a caleulation similar to that indicated in § 2,
it can be simply shown that at any moment liurmg.tlus
process the configuration of the electrons is SL:IIJ!& for a
displacement perpendicular to the plane of the orbits. In
addition, during the whole operation the angular momentum
of each of the electrons round the live connecting the nuclei
will remain constant, and the configuration of equilibrium
obtained will therefore be identical with the one adopted
in § 3 for u hydrogen molecule.  As there shown, the con-
figuration will correspond to a smaller vuluf: for the total
energy thun the one corresponding to two l:iol_:ttt:d atoms.
During the process, the forces between t-l.ie particles of the
system will therefore have done w&:rl{ against the extraneous
forees acting on the nuclei; this fuct may be expressed by
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saying that the atoms have “attracted ” each other during
the combination. A closer caleulation shows that for any
distance apart of the nuclei greater than that corresponding
to the configuration of equilibeimmn, the forces acting on the
nuclei, due to the particles of the system, will be in such a
direction as to diminish the distance between the nuelei;
while for any smaller distance the forces will have the
opposite direction.

By means of these considerations, a possible process is
indicated for the combination of two hydrogen atoms to
form a molecule. This operation can be followed step by
step without introducing any mnew assumption on  the
dynamies of the electrons; and leads to the same con-
figuration adopted in § 3 for a hydrogen molecule. It may
be recalled that the latter configuration was deduced directly
by help of the principal hypothesis of the nniversal constancy
ot the angular momentum of the elecirons. These con-
siderations also offer an explanation of the “affinity ” of two
atoms. It may be remarked that the assumption in regard
to the slowness of the motion of the nuclei relative to those
of the electrons is satistied to a high degree of approximation
in a collision hetween two atoms of a gas at ordinary tem-
peratures,  In assuming a special arrangement of the
electrons at the beginning of the process, very little infor-
mation, however, is obtained by this method on the chance
of combination due to an arbitrary collision between two
atoms.

Another way in which a neutral hydrogen molecule may he
formed is by the combination of a positively and a negatively
charged atom. According to the theory a positively charged
hydrogen atom is simply a nucleus of vanishing dimensions
and of charge e, while a negatively charged atom is a system
consisting of a nncleus surrounded by a ring of two electrons.
As shown in Part IL., the latter system may be considered
as possible, since the energy emitted by the formation of it
is greater than the corresponding energy for a mneutral
hydrogen atom. Let us now imagine that, by a slow dis-
placement of the nuclei, as before, a negatively and a
positively charged atom combine. We must assume that,
when the nuclei have approached a distance equal to that in
the configuration adopted for a hydrogen molecule, the
electrons will be arranged in the same way, since this is the
only stable configuration for this distance in which the
angular momentum of the electrons has the value prescribed
by the theory. The state of motion of the electrons will,
however, not vary in a continuous way with the displacement
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of the nuclei as in the combination of two neutral atoms.
For a certain distance apart of the nuclei the configuration
of the electrons will be unstable and suddenly change by a
finite amount ; this is immediately deduced from the fact
that the motion of the electrons by the combination of two
neutral hydrogen atoms considered above, passes through an
uninterrupted series of stable configurations.  The work
done by tlw system against the extraneous forces acting on
the nuclei will therefure, in the case of the combination of a
negatively and a positively charged atom, not be equul to the
difference in energy between the original and the final con-
figuration ; but in passing thirough the unstable configurations
a radiation of energy must be emitted, corresponding to that
emitted during the binding ol electrons by a single nucleus
and considered in Parts I, and 11.

On the above view, it follows that in the breaking up of a
hydrogen molecule by slowly increasing the distance apart
of the nuclei, we obtain two neutral hydrogen atoms and not
a positively and a negatively charged one. This is in agree-
ment with deductions drawn from experiments on positive
rays *.

Next imagine that instead of two hydrogen atoms we con-
sider two helium atows, ¢. e systems consisting of a nueleus
of charge 2e surrounded by a ring of two electrons, and go
through a similar process to that counsidered on p. 868,
Assume that the helium atoms at the beginning of the
operation are orientuted relutively to each other like the
hydrogen atoms, but with the exception that the phases of
the electrons in the helium atows ditfer by one quarter of a
revolution instead of one ballf revolution as in the case of
hydrogen. By the displacement of the nuclei, the planes of
the rings of electrons will, as in the former case, approach
each other at u higher rate than the nuclei, and for a certain
position of the latter the plunes will coineide. During the
f-irther approach of the nuclei, the electrons will be arranged
at equal angular intervals ina single ring.  As in the former
case, it can beshown that at uny moment during this operation
the system will be stable for a displacement of the electrons
perpendicular to the plane of the rings.  Contrary, however,
to what took place in the case of hydrogen, the extrancous
forces to be applied to the nuclei in order to keep the system
in equilibrium will always be in a direction to diminish the
distance apart of the nuclei, and the system will never pass
through a configuration of equilibrium ; the helium atoms

* Comp. J. J. Thomson, Phil. Mag. xxiv. p. 248 (1912).
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will, during the process, “repel ” each other. The con-
sideration offers an explanation of the refusal of helium
atoms to combine inlo molecules by a close approach of the
atoms.

Tnstead of fwo hydrogen or two helinm atoms, next con-
sider a hydrogen and a helinm atom, and let us slowly
approach the nuelei to each other in a similar way. In this
case, contrary to the former eases, the electrons will bave no
tendency to flow together in a single ring,  On account of
the great difference in the radii of the orbits of the electrons
in hydrogen and helium, the electron of the hydrogen atom
must be expected to rotate always outside the helinm ring,
and if the nuelei are brought very close together, the con-
figuration of the electrons will coinecide with that adopted in
Part I1. for a lithinm atom. TFurther, ihe extraneous forces
to be applied to the nuclei during the process will be in such
a direction as to diminish the distance apart. In this way,
therefore, we cannot obtain a combination of the atoms.

The stable configuration considered in § 3, consisting ol a
ring of three electrons and two nuclei of charge e and 2o,
cannot be expected to be formed by such a process, unless
the ring of electrons were bound originally by one of the
nuelei,  Neither a hydrogen nor a helium nuelpus will,
however, be able to bind a ring of three electrons, since such
a configuration wounld correspond to a greater total energy
than the one in which the nueleus has bound two electrons
(comp. Part I, pp. 488 and 490).  As mentioned in § 3, such
a configuration cannot therefore ba considered as representing
a possible combination of hydrogen and helinm, in spite of
the fact that the value of W is greater than the sum of the
values of W for a bydrogen and a helium atom. As we
shall see in the next section, the configuration may, however,
give indications of the possible structure of the molecules of
a certain class of chemical combinations,

§ 5. Systems containing a greater number of Electrons.

From the considerations of the former section we are led
to indications of the configuration of the electrons in systems
containing a greater number of electrons, consistent with
those obtained n § 2.

Liet ns imagine that, in a similar way to that considered
on p. 868 for two hydrogen atoms, we make two atoms con-
taining a large number of electrons approach each other.
During the beginning of the process tLu effeet on the con-
figuration of the inner rings will be very small compared
with the effect on the electrons in the outer rings, and the
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final result will mainly depend on the number of electrons in
these vings. IE, for example, the outer ring in both atoms
contains only one electron, we may expect that during the
approach these two electrons will form asingle ring as in fle
case of hydrogen. By a [urther approach of the nuclei, the
system will arriveat a state of equilibrium before the distance
apart of the nuclei is comparable with the radii of the inner
vings of cleetrons. 1f the distance be decreased still further,
the repulsion of the nuclei will predominate and tend to
prevent an approach of the systems.

In this way we are led fo a possible configuration of a
molecule of 4 combination of two monovalent substanees—
such as HCI—in which the ring of electrons representing
the cliemical bond is wrranged in a similar way to that
assumed for a hydrogen molecule,  Since, however, as in
the case of hydrogen, the energy emitted by a combination
of the atoms’is only w small part of the kinetic energy of the
outer electrons, we may expect that small differences in the
configuration of the ving, due to the presence of inner rings
of electrons in the atoms, will be of great influence on the
heat of combination and congequently on the affinify of the
substances. As mentioned in § 2, o defailed discussion of
these questions involves claborute numerical ealeulations,
We may, however, make un approximate comparison of the
theory with experiment, by considering the frequency of
vibration of the two wtoms in the molecule velative to each
other, In §3, p. 866, we have calculated this frequency for a
lydrogen molecule.  Since now the binding of the atoms is
assumed to be similar to that in hydrogen, the frequency of
another molecule cin be simply culeulated if we know the
ratio of the muss of the nuelei to be that of a hydrogen
nucleus. Denoting the frequency of a hydrogen molecule
by v, and the atomic weights of the substances entering in
the combination in question by A; and A, respectively, we
get for the frequency

A+A,

1f the two atoms are identical the molecule will be exactly
symmetrical, und we cannot expect an absorption of radiation
corresponding to the frequency in question (comp. p. 866).
Tor HCI gas an infra-red absorption band corresponding to a
frequency of about 8-5.10% is observed *. Putting m the
above formula A;=1 and A,=35 und using the value for v,

V=V,

* See I Kayser, Handb. d. Spectr. iii. p. 366 (19095).
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on p. 866, we get y=13-7.10%. Onaccountof the approxi-
mation introduced the agreement may be considered ax
sutisfactory.

The molecules in question may also be formed by the
combination of a positively and a negatively charged aton.
Asin the ease of hydrogen, however, we shall expect to obrain
two neutral atoms by the breaking upof the molecule.  There
may be another type of moleenle, For which this does not hiold,
viz., molecules which are formed in a manner analogons to
the system eonsisting of a ring of three electrons and twa
nuelei of charges ¢ und 2¢, mentioned in the former seetion.
As we have seen, the necessary condition for the Formation
of a configuration of this kind is that one of the atoms in the
moleenle is able to bind three electronz in the outer ring.
According to the theory, this eondition is not =atislicd for a
hydrogen or a heliwm atom, but is foran oxygen atom.  With
the symbols used in Part L1 the confignvation suggested for
the oxygen atom was given by § (42.2).  From acaleulation,
as that indicated in Part 11., we get lor this configuration
W =228-07 W, while for the contignralion 8 (4.2,3) we get
W=22818 W,. Since the latter value for W is greater
than the first, the configuration 8 (4,2,3) may be considercd
as possible and as representing an oxygen atom with a single
negative charge.  1F nowa hydrogen nuclens approaches the
system 8 (42,3, we may expect a stable configuration to be
Formed in which the outer electrons will be aveanged approxi-
mately as in the system mentioned above. In a breaking
up of this configuration the ring of three electrons will
remain with the oxygen atom,

Such considerations suggest a possible configuration for a
water molecnle, consisting of an oxygen nnelens surrounded
by a small ring of 4 electrons and 2 hydrogen nuclei situnted
on the axis of the ving at equal distances apart from the fivst
nucleus and kept in equilibrium by help of two rings of
greater radius each containing three electrons ; the latter
rotute in parallel planes round the axis of the system, and are
sitnated relatively to each other so that the electrons in the
one ring are placed just opposite the interval between the
electrons in the other.  If we imagine that such o systenm is
broken up by slowly removing the hydrogen nuelei we should
obtain two positively charged hydrogen atoms andan oxygen
atom with a double negative charge, in which the outermost
electrons will be arranged in two rings of three electrons
each, rotating in parallel planes. The assumption of such
a configuration for a water molecule offers a possible
explanation of the great absarption of water for rays in the
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infra-red and for the high value of its specific inductive
capacity.

In the preceding we have only considered systems which
possess an axis of symmetry around which the electrons are
assumed to rotate in circulur ovbits. In systems such as the
molecule CH, we cuunot, however, ussume the existence of
an axis of symmetry, and consequently we must in such eases
omit the asswuption of exuaetly circulur orbits. The con-
figuration suggested by the theory for u molecule of CII, is
of the ordinary tetrahedron type; the carbon nueleus sur-
rounded by w very small ring of two electrons being situated
in the centre, and a hydrogen nueleus in every corner. The
chemical bonds ave represented by 4 ringsof 2 electrons ench
rotating round the lines connecting the ecentre and the
corners, The closer discussion of such questions, however, is
far out of the range of the presenst theory.

Concluding remarks.

In the present paper an attempt has been made to develop
a theory of the constitution of atoms and molecules on the
basis of the ideas introduced by Planck in order to account
for the rudiation from a black body, und the theory of the
structure of atoms proposed by Rutherford in order to
explain the scattering of a-particles by matter.

Planck’s theory deals with the emission and absorption of
radiation from an atomic vibrator of a constant frequency,
independent of the amount of energy possessed by the system
in the moment considered. The assumption of such vibrators,
however, involves the azsumption of quasi-elastic forces and
is inconsistent with Rutherford’s theory, according to which
all the forces between the particles of an atomic system vary
inversely as the square of the distunce apart, In order to
apply the main results obtained by Planck it is therefore
necessary to introduce new assumptions as to the emission
and absorption of radiation by an atomic system.

The main assumptions used in the present paper are :—

1. That energy radiation is not emitted (or absorbed) in
the continuous way assumed in the ordinary electrodynamics,
but only during the passing of the systems between different
¢ stationary ”’ states.

2. That the dynamical equilibrium of the systems in the
stationary stales is governed by the ordinary laws of
mechanics, while these laws do not hold for the passing of
the systems between the different stationary siates,
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3. That the radiation emitted during the transition of a
system between two stationary states is homogeneous, and
that the relation between the frequency and  the Ltli'i‘ll
amount of energy emitted 1 is given by Ii=hy, where / is
Planck’s constant.

4, That the different stationary states of a simple system
consisting of an electron rotating round a positive nucleus
are determined by the condition that the ratio hetween the
total eneray, emitted during the formation of the configura-
tion, and the frequency of revolution of the electron is an

entire multiple of {—ﬁ Assuming that the orbit of the

electron is circular, this assumption is equivalent with the
assumption that the angular momentum of the electron round

the nucleus is equal to an entire multiple of —2%

5. That the ¢ permanent ” state of any atomic system—i. e.,
the state in which the energy emitted is maximum—is
determined by the condition that the angular momentum of

. . L
every electron round the centre of its orbit is equal to o

It is shown that, applying these assumptions to Rutherford’s
atom model, it is possible to account for the laws of Balmer
and Rydberg connecting the frequency pi' the different lines
in the line-spectrum of an element.  Further, outlines are
given of a theory of the constitution of the atoms of the
elements and of the formation of molecules of chemical
combinations, which on several points is shown to be in
approximate agreement with experiments. )

The intimate connexion between the present theory and
modern theories of the radiation from a black body and of
specific heat is evident ; again, sinee on the ordinary electro-
dynamies the magnetic moment due to an electron rotating
in a circular orbit is proportional to the angular romentum,
we shall expect a close relation to the theory r.rl' mignetons
proposed by Weiss. The development of a r.h».tu!led theory of
heat radiation and of magnetism on the basis of the present
theory eclaims, however, the introdoction of additional as-
sumptions ahout the behaviour of bound electrons in an
electromagnetic field. The writer hopes to return to these
questions later.



