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Preface

Emphasis upon the various phases of chemistry has proved to be
quite generally cyclic in nature. In the early days of modern chem-
istry, inorganic materials received primary attention. This period was
followed by the development of physical chemistry and organic chem-
istry, and, subsequent to the First World War, organic chemistry was
strongly emphasized and attained a position of well-deserved eminence.
More recently, however, the pendulum has begun another swing toward
inorganic chemistry, with emphasis upon its physico-chemical aspects
rather than upon its treatment in a purely descriptive fashion. The
remarkable theoretical and technical advances which have been made
and continue to be made are again raising inorganic chemistry to the
position that it so richly merits.

Unfortunately, however, instruction in inorganic chemistry has not
expanded in a completely comparable fashion. Too often, college and
university students have made their only contacts with the subject in
_their freshman general chemistry and sophomore analytical chemistry
-courses. These egntacts have been insufficient, to acquaint the stu-
dents with the modern aspects of inorganic chefhistry amd to appraise
them of its scope and possibilities. Too often, they have felt that all
that is to be done in the field has long since been done. Too often,
they have concluded that no opportunities exist either in research or in
technology. Sober reflection shows the fallacies in such statements.
Sober reflection also shows the need for more complete instruction in
modern and advanced inorganic chemistry.

For a number of years, the University of Illinois has offered a one-
semester lecture course in advanced inorganic chemistry. which surveys
the field from a modern point of view and acquaints students with
existing problems and current investigations. This course admits
advanced undergraduate students and beginning graduate students.
At the graduate level, the course provides the foundation material
~upon which the more advanced and specialized courses in inorganic
chemistry are based. Student interest has always been high, and
enrollments are consistently large. . '

Those who have taught this course have been plagued by the lack of
suitable textbooks to delineate the pattern which is desired. _Asa con-
sequence, they have drawn material from a variety of books and have
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CHAPTER |

Introduction

Inorganic chemistry is not general chemistry. To some, this may
appear as an obvious statement of fact. To others, it may appear as a
contradiction of accepted opinion. As opposed to organic chemistry,
inorganic chemistry is properly a study of all chemical materials other
than the hydrocarbons and their derivatives. Not only does inorganic
chemistry embrace the properties and modes of preparation of such
materials, but it goes beyond and seeks to account for and explain
specific characteristics and observed similarities, differences, and
trends in observed behaviors. Modern inorganic chemistry, unlike
classical inorganic chemistry, is more than a descriptive science. It
attempts to relate the properties of chemical substances to their
structures, which in turn are related to the ultimate structures of the
particles which combined to make those substances. Modern inor-
ganic chemistry employs, therefore, both the experimental and theo-
retical approaches and requires familiarity with each. It is concerned
with all the elements and with all the combinations in which these
elements are found. Since it embraces a study of a variety of differ-
ent individual materials, bonds, and behaviors, it is inherently more
involved than organic chemistry. Organic chemistry, though con-
cerned with more individual compounds, involves a limited number of
bond types and, therefore, a more restricted number of behavior types.
It is no exaggeration to state that the phenomena of organic chemistry
will receive adequate theoretical interpretation long before those of
inorganic chemistry.

Inorganic chemistry is not general chemistry. General chemistry is
properly introductory chemistry and embraces only broad interpreta-
tions of the behaviors of chemical materials while providing the neces-
sary bases for the further, more detailed studies involved in specific
phases of chemistry. General chemistry amounts essentially to a
combination of the elements of theoretical chemistry, analytical
chemistry, organic chemistry, and inorganic chemistry. That many
of the examples studied are inorganic in nature provides no real basis
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4 Introduction Ch.1

for terming it inorganic chemistry. Emphasis on these materials is
merely essential to an understanding of the periodic system as a whole.
The unfortunate concept of synonymity has been maintained too
long. It were well to discard it and then to develop the subject clearly
and without preconceived views.

Classical inorganic chemistry was essentially purely descriptive.
As such, it was the dominant phase of chemistry throughout the major
portion of the nineteenth century. With the advent of ideas on atomic
structure in the early years of the twentieth century, emphasis changed,
and the resulting trend toward accounting for observed properties
and behaviors rather than accepting and tabulating them as such has
increased as more and more knowledge about the fundamental charac-
ter of matter has been accumulated. This was the genesis of modern
inorganic chemistry. Its growth during the twentieth century has
been largely along such lines, although necessary emphasis upon
descriptive chemistry has been retained to provide data for systematic
studies. The lines of demarcation between inorganic chemistry and
other phases of chemistry have become less well defined. As aresult,
one finds in modern inorganic chemistry considerations of crystal
structures, radioactivity, color, analytical methods, oxidation-reduc-
tion phenomena, acid-base phenomena, physical measurements of a
number of types, and a host of other things. To fit these into a logical
picture which will then describe the scope of the entire subject is the
primary purpose of the first part of this book.

Because so much of modern development in inorganic chemistry
either involves atomic structure directly or is concerned with interpre-
tations based upon atomic structures, it seems wise to base the general
treatment of the subject upon the concepts of atomic structure. From
these views, then, other concepts can be developed logically. In this
chapter, significant developments which have led to modern views on
atomic structure are outlined. In the next two chapters, the natures,
implications, and applications of modern views are discussed.: Sub-
sequent chapters are devoted to the development of inorganic chemis-
try in the light of these views, and in Part II the principles developed
in Part I are applied to specific inorgani¢ materials.

THE ATOMIC NATURE OF MATTER

The concept that matter is built up of tiny discrete particles prob-
ably originated with the early Greek philosophers. In fact, the
designation atom for such a particle stems from the Greek meaning
“not divided.” However, it was not until about 1802-1803 that the
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rather nebulous ideas of the early thinkers were given the more
quantitative interpretation necessary to modern development. At
that time, John Dalton, the father of modern atomic theory, suggested
that:

1. Matter is composed of tiny real particles called atoms.

2. Atoms of any pure substance can be neither subdivided nor
changed one into another.

3. Atoms are incapable of being destroyed or created.

4. Atoms>of any pure substance are identical with each other in
weight, size, and other properties.

5. Atoms of one pure substance differ in weight and other character-
istics from those of other substances.

6. Chemical combination amounts to the union of atoms in deﬁmte
numerical proportions.

The fundamental importance of these thoughts cannot be minimized,
even though some are no longer true in substance. Dalton’s hypoth-
eses were incapable of direct verification, but they were in accord with
experimental fact and influenced chemical thought for over a century.
It should be mentioned also that Dalton supplemented his general
concepts with values for atomic sizes and weights. These values are
without real significance. .

Developments subsequent to Dalton’s proposals amounted to
expansions of the atomic theory and more comprehensive explanations
of its tenets. Thus Prout (in 1815) proposed that the weights of all
atoms were simple multiples of the weight of the hydrogen atom and
that hydrogen was thus the fundamental material out of which all
other elements were constructed. Although fundamentally incorrect
(p. 36), Prout’s hypothesis does contain the ideas that atoms them-
selves are complex and that certain even more simple particles may
exist. As the nineteenth century progressed, this thought grew in
stature, particularly after the work of Michael Faraday (in 1833)
showed matter to be electrical in nature and demonstrated equivalences
between electrical energy and chemical change.

The complexity of the atom became increasingly apparent with dis-
covery of the electron, of x-radiation and other types of radiation, of
radioactivity, of nuclear reactions, and of a number of subatomic
particles. The inescapable conclusion based upon the wealth of
accumulated data is that a number of particles are essential to the
construction of the atom. These particles may now be considered in
detail,
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Fundamental components of atoms

It is convenient to consider atoms as being composed of several types
of ultimate particles. Some of these are of sufficient stability to be
capable of independent existence outside an atom. Others are so
unstable by comparison as to exist only momentarily outside the atom
or to possess only transient existence within the atom itself. Most of
these particles are simple in nature, although some composite particles
are known as well. However, there is little or no positive evidence
that any composite particle plays a real role in the construction of an
atom. Only the salient features of these particles need be considered
here. For more detailed consideration, reference should be made to
such a comprehensive text as that by Stranathan.!

Stable Particles. Only three such particles are recognized, namely,
the negative electron, the proton, and the neutron.

THE NEGATIVE ELECTRON, ELECTRON, OR NEGATRON (¢~, _l¢, §7).*
The term electron was first employed in 1874 by Stoney, who used it
for the unit charge on a monovalent negative ion. Because of errors,
however, the currently accepted magnitude of this charge is some six-
teen times Stoney’s value. In 1879, Sir William Crookes showed that
in highly evacuated discharge tubes so-called cathode rays streamed
from the negative poles when high potentials were applied. Regard-
less of the natures of the negative poles used or the natures of the
residual gases in such tubes, these cathode rays were found to possess
the following characteristics:

Travel in straight lines from the negative pole (cathode).
. Cast shadows when targets are placed in their paths.
Produce mechanical motion in pinwheels.

Produce fluorescence in glass walls of the tubes.

Heat thin metal foils to incandescence.

. Impart negative charges to objects in their paths.

. Suffer deflection in applied electrostatic or magnetio fields.

NS o e

Later, it was also shown that they cause ionization in gases, expose
photographic plates, and yield penetrating x-radiation when directed
against suitable targets. These characteristics suggest that such

1], D. Stranathan: The “Particles” of Modern Physics. The Blakiston Com~
pany, Philadelphia (1942).

* Among physicists, the term negatron is preferred, and the term electron is applied
to both negative and positive particles. Among chemists, however, the term
electron is used universally to characterize the negative particle, and this is the
usage which will be followed in this book.
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rays are made up of small but energetic negative particles. This was
proved in 1897 by Sir J. J. Thomson. These particles are called
electrons.

Although independent evidences for the existence of electrons in
matter were obtained through the production of identical particles by
thermionic and photoelectric emission and as a result of radioactive
decay, perhaps the most significant studies were made with cathode
rays. Using tubes in which a collimated beam of cathode rays could
be deflected by the simultaneous application of magnetic and electro-
static fields arranged perpendicular to each other, Thomson? evaluated
the ratio of charge to mass (e:m) for the electron by measuring the
magnitudes of the two fields required to produce no deflection in the
electron beam. Although the value obtained by Thomson has been
revised upward by more precise measurement, his observation that
the ratio e:m is the same regardless of the nature of the cathode or
residual gas has been shown to be valid. This leads to the conclusion
Mﬁm;;g s are identical. Evaluation of the electronic charge
was first effected by Millikan® ¢ by use of the classic oil-drop experi-
ment, in which the rate of fall of a tiny charged oil droplet due to
gravity was exactly balanced by an electrostatic field of measured
intensity. Millikan’s value was accepted as exaet for many years,
and only recently have more precise measurements necessitated
revision of it. The numerical characteristics given in Table 1-1 repre-
sent the most generally accepted values at the present time. The
reader will understand that literally hundreds of experiments in
addition to those described have been involved in the complete
characterization of the electron.

It should be pointed out that, although the electron has been charac-
terized as a finite particle and is most usefully so considered by the
chemist, it does possess wave properties. Although it is beyond the
scope of this book to explore this view, such properties as reflection
and diffraction can best be explained by means of such considerations.
These views on the wave properties of an apparently particulate
material were first advanced by de Broglie® and have since formed the
basis for theoretical views on the extranuclear structures of the atoms.
Their treatment lies properly in the realm of theoretical physics.

THE PROTON (p, ip, P, |H). Detailed experiments with discharge
tubes of the cathode ray type showed the presence of beams of positive

2], J. Thomson: Phil. Mag. (5], 44, 293 (1897).

8 R. A. Millikan: Phil. Mag. [6], 19, 209 (1910).

¢ R. A. Millikan: Phys. Rev. [1], 82, 349 (1911); 3, 109 (1918).
8 L. de Broglie: Ann. phys., 8, 22 (1925).
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particles (positive rays or canal rays), which unlike the electrons of
cathode rays depended for their charges and masses upon the natures
of the residual gases in the tubes. Some of the results obtained for
the positive rays will be explored in the next chapter (pp. 21-25).
However, it was found that unipositive particles with maximum ratio
of charge to mass were obtained when the residual gas was hydrogen.
These particles, called protons, were found to be identical with hydro-
gen atoms from which the single electrons had been removed. The
appearance of protons as products in a variety of nuclear reactions has
led to the general feeling that their presence in all atomic species is
likely (pp. 66-71). The general characteristics of the proton are
summarized in Table 1-1.

THE NEUTRON (n, in, N). Existence of a neutral particle common to
most atomic species was predicted around 1920, but the difficulties
associated with detecting a particle which could neither ionize other
materials except by direct collision nor be deflected by magnetic or
electrostatic fields were so great that proof of its existence was long in
coming. The discovery of the neutron was foreshadowed by an
observation by Bothe and Becker® that bombardment of certain of
the lighter elements (e.g., Li, Be, B) with alpha particles yielded a
penetrating radiation, an observation which was checked by others
but attributed to gamma radiation (p. 57). In 1932, Chadwick’
showed definitely that such radiation was due to neutral particles of
approximately unit mass (Table 1-1) generated by nuclear reactions
such as

¢ Be+jHe—"C+in

(see p. 26 for explanation of notation used). Although similar
reactions are difficult to effect with the heavier elements, evidences
from a variety of nuclear reactions, especially those of the fission type
(pp. 72-77), support the view of the nearly universal occurrence of
neutrons. Outside nuclei, neutrons appear to be unstable.

Unstable Particles. Among such particles are the positron, the
neutrino and antineutrino, and the meson.

THE POSITIVE ELECTRON OR POSITRON (e*, Je, 8*). The positive
counterpart of the electron was discovered more or less accidentally by
Anderson® in 1932, when, during studies on the effects of magnetic
fields upon particles ejected from atomic nuclei by absorption of cosmic

¢ W. Bothe and H. Becker: Z. Physik, 66, 280 (1930).
7J. Chadwick: Proc. Roy. Soc. (London), A136, 692 (1932).
$ C. D. Anderson: Phys. Rev., 41, 405 (1932); 48, 491 (1933).
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rays, he noticed fog tracks* exactly like those given by electrons but
deflected in the opposite direction. Particles responsible for these
tracks were called positrons. They apparently resulted from cosmic
radiation through the creation of electron-positron pairs. They are
also noted in the decay of certain radioactive substances (p. 54).
However, their stable existence under any circumstance appears
highly unlikely since electrons and positrons mutually annihilate each
other with the production of gamma radiation (p. 57). Characteris-
tics of the positron are summarized in Table 1-1.

THE NEUTRINO AND ANTI-NEUTRINO (»). These are particlesof small
mass and zero charge the existence of which has been postulated to
account for energy changes during the radioactive emission of elec-
trons and positrons (p. 54). The neutrino is supposedly associated
with and shares the energy of the electron, whereas the anti-neutrino
occupies the same position with respect to the positron. Although
these particles seem very probable, no concrete evidence for the exist-
ence of either has been obtained.

THE MESON (FORMERLY MESOTRON). To account for nuclear
binding energies (p. 18), Yukawa!® postulated the existence of a
particle (the meson) of mass intermediate between the electron and
the proton. Mesons were discovered first in cosmic ray studies, result-
ing doubtless from the effects of cosmic radiation on matter. Recent
work in ultrahigh energy ranges with the cyclotron has led to the
creation of mesons in the laboratory., Mesons are of two types,
designated » and p, the former being somewhat heavier than the latter
(Table 1-1). Both » and x mesons are unstable and are believed to
decay as

xE— pu 4y 108 sec.

ut — e + 2v 2 X 10 sec.

Apparently, both types of mesons may be either positively or nega-
tively charged as indicated. An interesting summary of the charac-
teristics of mesons is given by Keller.!!

Composite Particles. The only composite particles which are of
importance are the deuteron and the alpha particle.

* When an energetic particle passes through a gas, ions result. If at the same
time this gas is rendered supersaturated with water vapor, condensation results
upon these ions, and the path of the particle becomes visible as a track of tiny
water droplets. This phenomenon was first used by Wilson® in the study of such
particles, The familiar Wilson cloud chamber employs this phenomenon.

* C. T. R. Wilson: Proc. Roy. Soc. (London), A85, 285 (1911); A87, 277 (1912).

1H, Yukawa: Proc. Phys.-Math. Soc. Japan {3), 17, 48 (1935).

1 J. M. Keller: Am. J. Phys., 17, 356 (1949).
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THE DEUTERON (d, 3d, }H, ID). The deuteron is a deuterium (heavy
hydrogen) nucleus and bears the same relation to heavy hydrogen
that the proton does to ordinary hydrogen. Although useful as a
bombarding particle (p. 70), it plays no role in the ultimate composi-
tion of matter.

THE ALPHA PARTICLE (@, $He). The alpha particle is a doubly
charged helium nucleus. Its appearance as a product of radioactive
decay (p. 57) and the fact that the masses of many comparatively
stable atomic nuclei are multiples of its mass (p. 28) suggest its
importance as a fundamental atomic constituent. Actually, there
is little or no evidence to support this view.

Suggestions as to other particles, namely anti-protons, anti-neutrons,
and various other types of mesons, must still be regarded as tentative
and in need of experimental verification. The general characteristics
of the particles described above are summarized in Table 1-1.

TABLE 1-1
CHARACTERISTICS OF ELEMENTARY PARTICLES

Mass, Charge, Relative

Particle Designation AMU* - esu X 1010f Charge
Electron e, _Je, B~ 0.0005486 —4.8029 (=¢) —e
Proton p ip, 1H 1.00757 +4.8029 +e
Neutron n, in 1.00893 0 0
Positron e, le, Bt 0.0005486  +4.8029 e
Neutrino Y e 0 0
Anti-neutrino = ........  ......... 0 0
Meson x 0.156% +4.8029 te
M 0.118% +4.8029 te
Deuteron d, 14, 3D 2.01416 +4.8029 +e
Alpha a, $He 4.00279 +9.6058 +2e

* AMU, atomic mass units, are the units of the physical atomic weight scale
(p. 33); 1 AMU = 1.6603 X 10~ g

t esu, electrostatic units, are the fundamental units of electrical charges.

{ Equivalent to 285 electron masses.

§ Equivalent to 216 electron masses.

The development of modern atomic theory

Modern atomic theory has developed largely since 'about 1898.
This development has amounted to a series of discoveries involving
the elementary particles just deseribed and the phenomena associ-
ated with them, followed by logical expansions of theoretical views to
accommodate these observations. The picture is not complete, nor is
it-conceivable that a complete picture will be obtained for many years
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to come. The developing picture has assumed more and more of a
mathematical character, and less and less opportunity to use models,
formerly so common, remains. The story of these developments is a
fascinating one. Here, however, only a few of the more outstanding
contributions to a picture useful to chemists and physicists alike can
be described. In the next two chapters, these basic observations are
expanded and supplemented.

he first attempt to depict an atom from an electrical point of view
was apparently made in 1904 by Thomson.!? He pictured a jelly-like
atom made up of positive and negative electricity, with the positive
charge distributed uniformly throughout a sphere representing the
atom. Inasmuch as atomic diameters had been shown to be of the
order of 10~8 cm. (1 A), the positive portion of such an atom would
necessarily extend through a region of this size. It soon became
apparent, however, that the relatively high energies associated with
alpha particles ejected from radioactive atoms would require the
existence of a positive charge concentrated in a region of diameter
somewhat less than 102 ¢m. As a result, Thomson’s views could
not be correct. \

Modern views accept a nuclear atom. These stem from experiments
carried out by Rutherford!® on the scattering of alpha particles by
thin metal foils. In a detailed investigation, Rutherford allowed
collimated beams of alpha particles from radium-C (p. 65) to pass
through thin foils (ca. 0.0004 cm.) of gold, platinum, silver, and copper
and noted the deflection suffered by such particles by allowing them to
strike a zinc sulfide fluorescent screen, where they could be observed.
Although the majority of the particles passed through the foils unde-
flected, a limited number were deflected through much larger angles
than could be accounted for only by attractions between heavy alpha
particles and light electrons. To account for such deflections, Ruther-
ford proposed that an atom is largely space occupied by widely sepa-
rated electrons, with the mass concentrated in a tiny, centrally located,
positively charged nucleus. On this basis, observed alpha particle
deflections might be considered as having arisen in the manner shown
diagrammatically in Figure 1-1. Indeed from the measured angles of
deflection and the assumption that an alpha particle and a nucleus
repel each other according to the inverse square law, it was possible to
evaluate the nuclear charges (Ze) of the atoms of the elements used as
foils. The validities of this assumption and the basic premise of a

18], J. Thomson: The Corpuscular Theory of Matter, Ch. VI, VII, Archibald

Constable & Co., Ltd., London (1907).
11 E, Rutherford: Phil. Mag. (6], 31, 669 (1911).
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F1a. 1-1. Schematic representation of scattering of alpha particles by an atom.

nuclear atom are shown by calculated nuclear charges of 78 (£5%) for
gold, 29.3 (10.5) for copper, etc.}t

The other really significant development essential to the appearance
of modern views was due to work by Moseley.!* Rontgen had shown
in 1895!¢ that bombardment of a target with cathode rays (electrons)
yielded a very penetrating radiation of short wavelength, which he
called x-rays. Such radiation is now believed to be due to the energy
released when inner electrons in atoms are displaced and other elec-
trons then drop back into the vacated spaces (pp. 81-83). It was
soon shown that x-rays could be diffracted into spectra somewhat
similar to those obtained with longer wavelength radiation (p. 80),
provided a grating of sufficiently close spacings, such as a natural or
synthetic crystal, were employed. Such a spectrum consisted of
series of lines which, in the order of increasing wavelength or decreasing
frequency, were called K, L, M, etc., series. Lines of the K series
were observed for all elements, those of the L series only with zinc
and elements of larger atomic weight, and those of the M series
only with the heaviest elements. Moseley prepared x-ray tubes in
which targets made either from elements of regularly increasing
position in the periodic system or from their compounds were bom-
barded. The resultant radiations were diffracted by appropriate
crystals, and the spectra produced were recordéd photographically.
When these spectra were compared, it was noted that, if for a given
series of lines (for instance, K) a line of particular frequency (for
instance, the highest) was selected, this line was displaced regularly
toward shorter wave lengths as atomic weight of the target material

¥ H. Geiger and E. Marsden: Phil, Mag. (6], 26, 604 (1913).

1 H. G. J. Moseley: Phil. Mag. [6), 26, 1024 (19183); [6], 37, 703 (1914).

1¢ W, C. Rontgen: Ann. Phyeik, 64,1 (1898). Reprint of an earlier paper.
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Ca

Cr

Mn

Fe

Ni

{ Cu
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A

Fia. 1-2. Graphic adaptation of Moseley’s x-ray spectra for K series for lighter
elements.

Au

Hg

Tl

Pb

Bi

Fia. 1-3. Graphic adaptation of Moseley’s x-ray spectra for L series for heavier
elements.
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increased. This is shown in Figures 1-2 and 1-3 as idealized drawings"
adapted from Moseley’s photographs. .

Moseley found that, if to each element an atomic number (Z),
representing the ordinal number of occurrence of that element in the
periodic system (Z = 1 for H, 2 for He, etc.), was assigned, the fre-
quency » of the particular line in question would be given very nearly
exactly by the relation

v =a(Z — b)* 11

where a and b are constants. Or, as shown in Figure 1-4, the graphical
relation between Z and +/v was found to be almost linear. The

- Atomic weight
0 25 50 75 100
30 T T T
20}~ -
‘.’o/ %}
0’
- /
=4
»o
s
Atomic weight_oe ol
e ‘_.o"/Alomic number
10 /' —
” X'
% x/
0 | I |
0 10 20 30 40

Atomic number

F1a. 1-4. Relation of frequency of x-ray spectrum line and atomic number and
weight. (Adapted from J. D. Stranathan: The ‘‘Particles” of Modern Physics,
p. 208. The Blakiston Company, Philadelphia [1942].)

fundamental character of Moseley’s contribution became apparent
when it was shown that his atomic number was identical with the
nuclear charge as deduced from Rutherford-type scattering experi-
ments. The atomic number was interpreted as giving the number of
electrons within the atom.

The observations of Rutherford and Moseley provide the foundations
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of present-day atomic theory. They have, of course, been supple-
mented by a variety of important and profound developments, among
them the discovery of isotopes, Bohr’s theory of electronic arrange-
ments and the subsequent considerations of Sommerfeld and the
quantum mechanics, the discovery of nuclear transformations, the
discovery of other fundamental particles, the discovery of nuclear
fission, and a host of others. Many of these are considered in the two
subsequent chapters. :

The essentials of modern atomic theory

From experimental observation and theoretical consideration, it is
believed that the atom consists essentially of two parts, namely:

1. A positively charged nucleus which is small in size (diameter
~ 10-'? ¢m.) and eomparatively heavy.

2. An extranuclear arrangement of electrons which is comparatively
large (diameter ~ 10~8 ¢cm.) and diffuse in character.

The nucleus may be regarded as a physical factor governing many of
the physical characteristics of the atom, whereas the extranuclear
structure is a chemical factor determining its chemical behavior. It
is now necessary to explore each factor in greater detail.

SUGGESTED SUPPLEMENTARY REFERENCES

H. T. Briscoe: The Structure and Properties of Matter, Ch. I, II. McGraw-Iill
Book Co., New York (1935).

F. Daniels: Outlines of Physical Chemistry, Ch. XXI. John Wiley and Sons, New
York (1948).

8. Glasstone: Textbook of Physical Chemistry, Ch. I, II. D. Van Nostrand Co.,
New York (1946).

A. W. Stewart and C. L. Wilson: Recent "Advances in Physical and Inorganic
Chemistry, 7th Ed., Ch. I. Longmans, Green and Co., London (1944).

J. D. Stranathan: The ‘‘Particles” of Modern Physics. The Blakiston Co., Phila-
delphia (1942).

8. Glasstone: Sourcebook on Atomic Energy, Ch. I, II. D. Van Nostrand Co.,
New York (1950).



CHAPTER 2

Atomic Nuclei and
Properties Related Thereto

Some detailed considerations on atomic structure may now be
offered. Of the two general regions into which the structure of the
atom has been divided, that involving the nucleus will be discussed
first since it bears less relationship to the majority of the topics to be
considered in this book than does the extranuclear region. Although
it may be argued that discussions of atomic nuclei lie more properly in
the fields of applied and theoretical physics, the line of demarcation
between physics and chemistry has become so indistinct in recent
years that neither of these branches of physical science can any longer
be considered independent of the other. If the chemist is to employ
the outer architecture of the atom to best advantage in solving his
problems, he must be conversant with the inner architecture as well
and with those properties which are dependent upon it.

Although knowledge relative to atomic nuclei has increased tre-
mendously in the past few years, it must be admitted that surprisingly
little is known in comparison with what remains to be learned. This
is particularly true of theoretical considerations. Much of what is
offered in a theoretical way to account for the constituents of atoms and
their behaviors amounts more exactly to restatement of observed fact
and cannot be used for further predictions. This is due largely to the
lack of adhergnce of particles of nuclear and subnuclear dimensions to
classical behavior. However, much useful information concerning
the behaviors of nuclei, their syntheses, their stabilities, the release of
energy from them, and their general properties can be presented. If
such fundamental points as the exact compositions of atomic nuclei and
the true natures of the binding forces which render them stable remain
unsettled, they should be regarded as goals for future achievement.

In the discussion which follows, no attempt has been made to cover
more than the real essentials. The treatment is non-mathematical
and, where possible, modular in character. More comprehensive

16
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treatments as indicated in the cited references may be consulted with
profit by the interested individual.

THE COMPOSITIONS OF ATOMIC NUCLEI

A number of combinations of the fundamental particles discussed in
Chapter 1 lead to nuclei with the requisite mass numbers (4)* and
positive charges (Z). Among the more important nuclear pictures
which have been offered are those which are described here.

The Proton-Electron Concept. Offered shortly after development of
the nuclear atom concept, this view, in spite of its weaknesses, was
quite generally held until the discovery of the neutron in 1932. The
nucleus was considered to contain sufficient protons (A) to account for
its mass and sufficient electrons (A — Z) to neutralize the proton
charges in excess of those indicated by the atomic number (Z). Both
nuclear protons and electrons were regarded as essenti~!ly free, and a
distinction between extranuclear and nuclear electrc ns was always
necessary. The improbability of the coexistence of oppos.iely charged
particles within the small element of space (sphere of diameter 10—!2
cm.) encompassed by the atomic nucleus caused many to question the
proton-electron concept and led both Harkins and Rutherford to
postulate the existence of the neutron as early as 1919. The improb-
ability of such a charge combination must be regarded as the strongest
argument in support of the ultimate rejection of this view.

The Proton-Neutron Concept. Discovery of the neutron was fol-
lowed logically by an alteration of the nuclear picture to accomodate
this neutral particle. Since the neutron was regarded as a close com-
bination of an electron with a proton, the nucleus was considered to
contain protons equal in number to the atomic number (Z) and neu-
trons (N) equal in number to the mass number (4) minus the atomic
number. The proton-neutron concept is the most consistent in
accounting for the majority of the properties of atomic nuclei and is
the most widely held at the present time. Nevertheless, it is far from
perfect. It is difficult, for example, to conceive of the stable packing
together of numbers of positive particles in the small element of volume
that is the nucleus. Nor in the usual sense can one conceive of sizable
attractive forces between neutrons and protons. Although it is per-
haps wrong to visualize the nucleus as a mere grouping of neutrons and
protons, such a view is qualitatively useful. To regard a neutron as
being a combination of a proton and an electron is probably equally
in error, but it is again of qualitative use.

* The mass number is the whole number closest in magnitude to the actual
weight (in AMU) of the species in question.
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The Positron-Neutron Concept. Alternatively, the nucleus may be
considered to contain positrons equal in number to the atomic number
(Z) and neutrons equal in number to the mass number (4). In a
broad sense, then, the proton would represent an intimate combination
between a positron and a neutron. Although such a concept is
attractive in accounting for positron emission in decay processes (p.
54), there is little evidence that it is a true one. Nothing is gained by
adopting this view in preference to the proton-neutron concept.

In the discussions which follow, the neutron-proton model is used
exclusively. Inasmuch as the neutron and proton differ by a unit
charge, one may write

neutron + positive charge = proton 21)
and
proton + negative charge = neutron (2-2)

For practical purposes, particularly in accounting for changes in
nuclear charges during radioactive decay processes (pp. 62-66),
this positive charge may be regarded as a positron (e*) and this nega-
tive charge as an electron (¢-). The neutron and proton can then be
formally related as

+e*
neutron — proton 2-3)
+e-

The true state, however, is less simple. It is believed that attractive
forces between neutron and proton are due to transformation of one
into the other by means of electronic charges, such transformations
being referred to as exchange or resonance processes. The small
masses of the electron and positron forbid their functioning in such
processes. Mesons with their larger masses, however, can so function,
and it is believed that they are responsible for nuclear forces. Accord-
ing to Serber! nuclear forces arise from the creation and annihilation
of » mesons (p. 9) by nuclear particles (nucleons). He proposes the
following scheme of nuclear process:

p=n+xt (2-4)
xt— pxt 4 ’ (2-5)
o+ 2y @ (2-6)

mtp—onty 27

1 R, Serber: Phys. Rev., 75, 1459 (1949).
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vhich show the relation of proton to neutron in terms of = and u
nesons and the neutrino (v). This view appears acceptable in the
ight of most recent evidences.

Many attempts have been made to reduce observed nuclear com-
yositions to a series of types which are more or less periodic in charac-
er. Itis beyond the scope of this treatment to discuss this subject in
letail. The interested reader will find the comprehensive account by
{urbatov? to be worth study. It is of interest to point out, however,
hat nuclei with 2, 8, 20, 28, 50, 82, or 126 neutrons or protons are
specially stable. These so-called magic numbers are conceived to
epresent closed shells of nucleons.? 4

ISOTOPES

Of the postulates of Dalton’s atomic theory (p. 5), only the one
uggesting that all atoms of a given element are identical to one another
ind equal in weight has been proved to be seriously in error. Actually,
f identity is taken to mean identity in chemical characteristics, only
he idea of equality in weight need be seriously altered. Such a
sostulation, although incapable of proof in Dalton’s time, seemed so
ogical that even the many fractional atomic weights found during
ittempts to prove Prout’s hypothesis (p. 5) failed to shake faith in
t. That fractional atomic weights necessitate the assumption that
toms themselves must have fractional weights for acceptance of this
»hase of Dalton’s theory apparently troubled few, if any, investigators.

This general concept was first questioned in 1886 by Sir William
Jrookes. The following quotation from Crookes’s original publica-
ion® summarizes his views: “I conceive that when we say the atomic
veight of, for instance, calcium is 40, we really express the fact that,
vhile the majority of calcium atoms have an actual weight of 40, there
ire not a few which are represented by 39 or 41, a less number by 38
ir 42, and so on.”” When one realizes that this statement was based
ipon no physical or chemical evidence, one is struck by Crookes’s
Imost prophetic insight into the nature of matter. Yet this concept
vas not destined for acceptance for some time. Shortly after this
roposal, Crookes separated the earth yttria (p. 891) into a number of
omponents with similar chemical properties but different phosphor-
scence spectra.® These he regarded as containing the same element

$J. D. Kurbatov: J. Phys. Chem., 49, 110 (1945).

3 M. G. Mayer: Phys. Rev., T4, 235 (1948); 75, 1969 (1949); 78, 16, 22 (1950).
¢ R. A. Brightsen: Nucleonics, 8, No. 4, 14 (1950).

$ W. Crookes: Nature, 84, 423 (1886).
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but with differing atomic weights. Subsequent work by others
showed his postulated meta-elements to be different elements, and the
concept of variability in atomic weight was abandoned.

More conclusive evidence of the truth of Crookes’s early specula-
tions was presented shortly after the discovery of radioactivity. In
1906, Boltwood? discovered a new radioactive element, which he called
ionium and which he found to have chemical properties so similar to
those of thorium as to render its compounds chemically inseparable
from those of thorium. Further work by others showed differences in
‘mass and radioactive properties which proved ionium and thorium to
be different materials. Yet even the arc spectra of the two were
identical.® The chemical identities of mesothorium-I with radium
and of radium-D with lead were established at about the same time,
and Soddy suggested® that ‘‘chemical homogeneity is no longer a
guarantee that any supposed element is not a mixture of several differ-
ent atomic weights, or that any atomic weight is not merely a mean
number.”

Final evidence was presented in 1913, when it was shown by positive
ray analysis!® (p. 21) that neon contains atoms of mass numbers 20
and 22, those of the latter type constituting much the smaller fraction
of the whole. At the same time, Soddy, in considering the radioactive
elements, suggested the term #solope (Greek, equal places) in the
following words:!! ““The same algebraic sum of the positive and nega-
tive charges in the nucleus when the arithmetical sum is different
gives what I call ‘isotopes’ or ‘isotopic elements’ because they occupy
the same place in the periodic table. They are chemically identical,
and save only as regards the relatively few physical properties which
depend upon atomic mass directly, physically identical also.”

Subsequent investigations have shown that the occurrence of eie-
ments as mixtures of isotopes is the rule rather than the exception.
Isotopes may be defined as atoms the nuclei of which contain the same
number of protons but different numbers of neutrons. It follows,
therefore, that all isotopes of a given species contain the same number
of electrons, and, since these electrons are identically arranged (Ch.
3), it is not surprising that essential identity in chemical characteris-
tics should result. Such differences in properties as are due to mass

7 B. B. Boltwood: Am. J. Sci. [4], 23, 637 (1906); [4], 24, 370 (1907).

s A. 8. Russell and R. Rossi: Proc. Roy. Soc. (London), ATT, 478 (1912).

* F. Soddy: Ann. Reports, T, 286 (1910).

10 J, J. Thomson: Proc. Roy. Soc. (London), A89, 1 (1914).

1 F, Soddy: Report of the British Association for the Advancement of Science,
p. 445 (1913).



Ch. 2 The Detection and Study of Isotopes 21

differences can be.large only with the lightest elements because it is
only with them that percentage differences in mass are appreciable.

The detection and study of isotopes

One of the most important experimental approaches to the study of
isotopes has involved positive ray analysis. Although discovered in
1886 by Goldstein!? as luminous paths behind a perforated cathode in a
discharge tube, positive rays were not examined systematically until
much later, when their production was shown'to be a common phe-
nomenon and their natures to depend upon the type of residual gas
present in the tube!? (p. 8).

Like electrons, positive rays are deflected by electrostatic and mag-
netic fields, and the extents of such deflections in fields of known
strength may be used for the evaluation of charge to mass (e:m) ratios.
The parabola method devised by Thomson!® was the first used for
accurate studies. In this procedure, a narrow beam of positive
particles, obtained by passage through a small hole in the cathode of a
discharge tube, was passed through electrostatic and magnetic fields
of known strengths applied slmultaneously and colinearly. Deflec-
tions were measured by recording the position of the emergent beam
upon a photographic plate. It can be shown!? that under such condi-
tions all particles of the same charge to mass ratio but of differing
velocities will fall along a parabolic path recorded on the film. In an
actual experiment, a variety of parabolic paths, each characteristic of a
particular positive ion species, is obtained. From the constants of a
given parabola and the known field strengths, the characteristic charge
to mass ratio can be evaluated.

Exact interpretation of experimentally determined positive ray
parabolas is complicated by a number of factors. Thus every ionizable
material in the discharge tube will yield at least one parabola, and
careful account of the purity of the sample must be taken. Further-
more, a single material will commonly yield more than a single ioniza-
tion product. For example, an analysis of carbon dioxide!® gave
parabolas corresponding to the species CO;*, COt, Ct+, C+2, O*, and
O+*2.  Each parabola requires careful characterization.

In spite of these difficulties, positive ray parabolas may be used to
show the existence of isotopes and to evaluate their mass numbers.
In 1913, Thomson!? first ascribed particles of mass 22 found in the
analysis of neon to an element of similar properties occurring in the

132 E. Goldstein: Ber. Preuss. Akad. Wiss., 89, 691 (1886).

1], J. Thomson: Rays of Positive Electricity and Their Application to Chemical
Analyses, 2nd Ed. Longmans, Green and Co., London (1921).
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neighborhood of neon, but these observations were soon shown to be
due to a neon isotope of this mass number (p. 20).

Nearly simultaneously, both Dempster!* and Aston'* adapted
positive ray procedures to the study of mass spectra. Both pro-
cedures differed from Thomson’s essentially in the application of the
magnetic field perpendicular to the electric field in order to effect
focusing of all particles of a given charge to mass ratio. The funda-
mentals of Dempster’s apparatus are shown in Figure 2:1. Positive
ions from a heated filament F were accelerated by an electric field

—_—E P ——+

|
!
|
\

Fig. 2.1, Principles of Dempster’s apparatus.

applied between this source and a slit S, and then bent by a magnetic
field H applied perpendicular to the plane of the drawing. Those
passing through a second slit S; were then measured as a positive ion
current with an electroscope at E. Since it can be shown that the
masses of the positive ions reaching the electroscape are dependent
upon the accelerating potential and since the measured positive ion
current is proportional to the number of positive ions striking the
electroscope, Dempster’s procedure amounted to varying the accelerat-
ing potential and recording a positive ion current at each potential.
Plots of positive ion current against mass number then yielded peaks
indicating isotopes at definite mass numbers, the heights of these
peaks being proportional to the relative abundances of the isotopes.
Typical of Dempster’s early results are data given in Figure 2:2 for
magnesium, where the existence of magnesium isotopes of mass num-
bers 24, 25, and 26 is clearly shown.!* From the relative heights of
the peaks the average mass was determined to be 24.34.

Dempster’s apparatus used the focusing action of the magnetic

1 A. J. Dempster: Phys. Rev., 11, 316 (1918).

1 F. W. Aston: Proc. Camb. Phil. Soc., 19, 317 (1919); Phil. May. (6], 88, 707
(1919).

18 A. J. Dempater: Sciencs, 58, 559 (1920); Phys. Rev., 18, 415 (1921).
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field to bring together particles having the same velocity but differing
in direction. Aston’s apparatus,'* however, brought together at one
spot all positive ions having the same direction and the same charge to
mass ratio, regardless of their velocities. The essential details of
Aston’s apparatus are indicated in Figure 2-3. A narrow bundle of

Relative positive ion current

24 25 26
Mass number

Fr1e. 2-2. Analysis of magnesium by Dempster’s method.
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F16. 2.3. Principles o. Aston’s mass spectrograph.

positive rays admitted through a hole in the cathode C was collimated
by the slit system S; and S, and passed between charged plates P,
and P,, P, being positively charged. The resulting angles of deflection
were dependent upon the ion velocities, the slower ions being deflected
through greater angles than the faster ones. After passage through a
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third slit S; the divergent beam was passed through a magnetic field
H, so applied as to produce deflections opposite to those pbtained in
the electric field. Ultimately, all particles of the same ¢:m ratio were
brought to a focus at a given point on the photographic plate P. This
apparatus is called a mass spectrograph.

From the positions of the exposed regions on the developed photo-
graphic plate, corresponding e:m ratios were evaluated. Actually,
Aston was concerned more with the individual masses of the particles
themselves. For an element yielding ions of the same charge, exposed
regions would indicate the masses of the isotopes if the same reference
standard was used. Aston referred these positions to that of oxygeén,

15 17 20 22 24 26 28 30 32 40
| ' 1 I | 1 ] l J l | ' ; ; i lNe
16 18 25 27 29 v
20 28 32 35 37 44
(o — 8 ia X al
36 38

F1G. 2-4. Schematic representation of typical results obtained with Aston’s mass
spectrograph. Mass numbers indicated numerically.

the mass of which he took as 16.0000, and obtained isotopic masses
accordingly. Typical of his results are the schematic reproductions of
some of his photographs as shown in Figure 2-4.17 Relative isotopic
abundances were evaluated from the intensities of the lines on the
developed plates.

Positive ray analysis has been extended and refined extensively,
particularly by Aston, Dempster, Bainbridge, Jordan, Mattauch,
and Nier, to mention several of the more prominent investigators.
It is beyond the scope of this treatment to discuss in detail all the
instruments employed and the results obtained. Reference to any
of a number of excellent reviews'’~?! is recommended. Instruments

17 F, W. Aston: Mass Spectra and Isotopes, 2nd Ed. Longmans, Green and Co.,
London (1942).

18 J. D, Stranathan: The ‘‘Particles”’ of Modern Physics, Ch. 5. "The Blakiston
Co., Philadelphia (1942).

W E. B. Jordan and L. B. Young: J. Applied Phys., 18, 526 (1942).

10 N, D, Coggeshall and J. A. Hipple: J. Alexander’s Colloid Chemistry, Theo-
retical and Applied, Vol. VI, pp. 39-107. Reinhold Publishing Corp., New York
(19486).

81 J, Mattauch: Angew. Chem., Ab9, 37 (1947).
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used may be described as either mass spectrometers or mass spectro-
graphs. Mass spectrometers are devices which measure the intensities
of positive ion beams, usually electrically, and which are employed to
establish the abundances of the isotopes. These may be classified!?
as radian spectrometers, magnetic lens spectrometers, crossed-field
spectrometers, and sector spectrometers depending upon the mode of
operation. Mass spectrographs, on the other hand, are devices which
correlate the positions of positive ion beams, usually photographically,
with ion masses and which are used to evaluate the masses of isotopes.
Mass spectra are being used for ordinary analytical purposesincreasingly
often.

For the detection of comparatively rare isotopes, the optical method
is sometimes more suitable than the positive ray procedure. The
optical method depends upon the fact that the positions of rotational
and vibrational lines in the far and near infrared regions of emission
spectra, respectively, are influenced by the masses of the species which
produce them. Slight line displacements, therefore, characterize
the isotopes of a given element, and the extents of these displacements
may be used in-evaluating isotopic masses. The existence of both the
heavier oxygen isotopes (p. 32) and the heavy hydrogen isotope,
deuterium (p. 387), was indicated by optical data.

Data used in compiling the table of isotopic compositions of the
elements given in Appendix I (pp. 913-916) are from a variety of
sources. ??

Generalizations relative to atomic nuclei

Examination of the table in Appendix I indicates a number of items
of importance. In the range of nuclear charges from 0 through 83,
stable isotopes of all mass numbers except 5 and 8 are known. Some
274 stable isotopes have been recognized, and of the elements listed
only 23 are simple (i.e., non-isotopic or pure elements). Nuclei of
the same mass number but differing charge, the so-called isobars,
are not particularly uncommon; but, in a given set of isobars, only one
member is normally abundant. The only exception is that of the
A = 40 isotopes of argon and calcium, both of which are abundant.
The existence of stable isobars of adjacent elements appears to be
limited to the pairs 13Cd- '13In,* *2!Sb- !23Te, and *}{Ba- ;:La- {3Ce.

21 G, T. Seaborg and I. Perlman: Revs. Modern Phys., 20, 585 (1948).

* A variety of methods of indicating mass number and nuclear charge have
been employed. In this book the notation recommended by the International
Union of Chemistry is employed as being most nearly free from ambiguity. For



26 Atomic Nuclei and Properties Related Thereto Ch. 2

Such a condition is apparently one of instability or its incidence would
be more common (p. 55). In addition to the unstable nuclei charac-
terizing all nuclear charges above 83, similar species are known for all
other charges. In total, nuclei with charges from 0 through 98 and
mass numbers from 1 through at least 246 have been characterized.
Other generalizations may be summarized in terms of the so-called
rules of Harkins. These ‘“rules” appeared originally as a series of
periodic properties listed by Harkins? in a treatment of the proton-
electron nucleus, but in a slightly different form they are equally
applicable to the proton-neutron nucleus. Modified, these rules are:

1. No common nucleus except hydrogen contains fewer neulrons than
protons. No stable nucleus except those of !H and $He has a mass less
than twice its charge. Among the more common and more stable
species, the mass number is commonly twice the charge, indicating a
tendency toward equality in the numbers of neutrons and protons.
Neutron to proton ratios never exceed 1.6, and those nuclei with
neutron to proton ratios exceeding 1.2 are very uncommon in nature.
The general variation of this ratio with nuclear charge for the more
abundant natural isotopes is shown in Figure 2-5.

2. Elements with even nuclear charges are more abundant, more stable,
and richer in isotopes than those with odd charges. Data in Appendix I
indicate that elements with odd nuclear charges never have more
than two stable isotopes and that elements with even nuclear charges
are uniformly richer in isotopes than their odd-numbered neighbors.
All stable elements having odd charges consist primarily of one nuclide.
Among the lighter elements, those with even charges are often more
abundant than their odd-charged neighbors. All those elements the
existence of which in nature has been questioned have odd charges,
e.g., 43, 61. The half-lives of radioactive isotopes indicate the even-

any symbol X, this notation becomes
a ¢
X
b d

where a is mass number (A), b is nuclear charge (Z), ¢ is ionic charge if any, and
d i8 the number of atoms of X present. American practice commonly records
aand b as
a
X
b

W, D. Harkins: Chem. Revs., 5, 871 (1928).
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numbered materials to be the more generally stable (App. II). This
generalization is admirably illustrated among the lanthanide (rare
earth) elements, the abundances and natural isotopic compositions of
which are given in Table 2-1. Alternation between odd- and even-
charged nuclei is very apparent.
TABLE 2:1
ABUNDANCES AND IsoToric COMPOSITIONS OF THE LANTHANIDE ELEMENTS
Number of Naturally
Symbol Nuclear Charge, Z Relative Abundance,* %  Occurring Isotopes

La 57 7 2
Ce 58 31 4
Pr 59 5 1
Nd 60 18 7t
61 ca.0 ..
Sm 62 7 7t
Eu 63 0.2 2
Gd 64 7 7
Tb 65 1 1
Dy 66 7 7
Ho 67 1 1
Er 68 6 6
Tm 69 1 1
Yb 70 7 7
Lu ’ 71 1.5 2t

* In rare earth minerals.

t One radioactive isotope.

3. Nuclei with even numbers of neutrons are more abundant and more
stable than those with odd numbers. Inasmuch as the majority of nuclei
with odd charges have odd mass numbers whereas those with even
charges have even mass numbers, it is apparent that the number of
neutrons in a nucleus tends to be even. The most abundant nuclei in
general contain even numbers of neutrons, the only exceptions being
'Be and YN. Only tin has more than two stable isotopes with odd
mass numbers.

4. Nuclei with even mass numbers are more abundant than those with
odd mass numbers. For a given element, isotopes of even mass num-'
bers are commonly more abundant than those of odd mass numbers.
All the stable pure elements listed (Appendix I) have odd mass num-
bers as well as odd nuclear charges. That the mass numbers of many
of the most abundant and stable isotopes are multiples of four sug-
gested originally that the alpha particle was a nuclear component.
It is more probably the result of neutron-proton pairing. Some 879,
of the nuclei in the crust of the earth have even mass numbers.

Nuclei are commonly classified in terms of whether they contain
even or odd numbers of protons (Z) and neutrons (N). Four such
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combinations are possible. As shown in Table 2-2, the most common
arrangement is even-even and the least common odd-odd. It appears

TABLE 2-2
TyrEs oF AToMic NUCLED
Number of Stable

Type Designation Examples
Z even, N even even-even 163
Z even, N odd even-odd 56
Z odd, N even odd-even 50
Z odd, N odd odd-odd 5

to make but little difference whether the arrangement is even-odd or
odd-even. For further information on such systematics, summaries on
nuclear physics should be consulted.? 4 ¢

References to the relative abundances of the elements in the fore-
going discussions suggest the advisability of a more comprehensive
treatment of the general topic of abundances at this point. The
eminent geochemist V. M. Goldschmidt considered the earth to have
resulted from the condensation of a gaseous material into an iron
core, an intermediate sulfide-oxide zone, a siliceous envelope, and an
atmosphere.?® During condensation, the elements were believed to
concentrate in these zones. Based upon the zone in which they concen-
trated, the elements were then classified as siderophilic (core), chalco-
philic (intermediate), lithophilic (crust), and atmophilic (atmosphere).
Siderophilic elements embrace the Periodic Group VIIa and VIII
elements and gold. Chalcopbilic elements include those in Periodic
Groups Ib (except gold), IIb, IIIb, IVb (except carbon and silicon),
Vb (except nitrogen), and VIb (except oxygen). Lithophilic elements
include hydrogen and those in Periodic Groups Ia, Ila, IIla, IVa,
Va, and VIa. Carbon, silicon, nitrogen, oxygen, the halogens, and
the inert gases are included in the lithophilic-atmophilic class.

It is of course exceedingly difficult to arrive at the absolute abun-
dances of all the elements in the earth as a whole. However, exacting
analyses of large numbers of minerals and rocks so chosen as to be
representative do give reasonably accurate indications of the abun-
dances of the elements in the igneous rocks of the crust of the earth.
The excellent studies of Clarke, Washington, Goldschmidt, and many
others on this problem have been summarized ably by Rankama and
Sahama.?® It is from this source that the data given in Table 2-3 have
been summarized.

14 J. Mattauch and 8. Fluegge: Nuclear Physics Tables and an Introduction to
Nuclear Physics, pp. 97-104. Interscience Publishers, New York (1946).

3% D, T. Gibson: Quart. Revs., 8, 263 (1949). Excellent and timely review.

¢ K. Rankama and Th. G. Sahama: Geochemistry, Ch. 2. University of Chicago
Press, Chicago (1950).
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TABLE 23
ABUNDANCES OF THE ELEMENTS IN THE IGNEoUs Rocks
oF THE CRUST OF THE EARTH

. Abundance
I?”“;‘: Symbol
umber Grams/Metric Ton| Atoms/100 Atoms Si Per Cent
1 H present
2 He 0.003 0.0000076 3 X107
3 Li 65 0.091 6.5 X 10-2
4 Be 6 0.0067 6 X 10°¢
5 B 3~ 0.0028 3 X 10~
6 C 320- 0.27 0.032
7 N 46.3 0.033 4.6 X 103
8 0o 466,000 296 46.6
9 F 600-900 0.32-0.48 0.06-0.09
10 Ne 0.00007 0.000000035 7 X 10—
11 Na 28,300 12.4 2.83
12 Mg 20,900 8.76 2.09
13 Al 81,300 30.5 8.13
14 Si 277,200 100 27.72
15 P 1,180 0.38 0.118
16 8 520 0.16 0.052
17 Cl1 314 0.09 0.0314
18 A 0.04 0.00001 4 X 10—¢
19 K 25,900 4.42 2.50
20 Ca 36,300 9.17 3.63
21 Sc 5 0.0011 5 X 10—¢
22 Ti 4,400 0.92 0.44
23 \' 150 0.030 0.015
24 Cr 200 0.039 0.02
25 Mn 1,000 0.18 0.1
26 Fe 50,000 9.13 5.0
27 Co 23 0.004 2.3 X 107?
28 Ni 80 0.014 8.0 X 103
29 Cu 70 0.011 7.0 X 1072
30 Zn 132 0.020 0.0132
31 Ga 15 0.0022 1.5 X 107
32 Ge 7 0.00095 7 X110
33 As 5 0.00067 5 X10™¢
34 Se 0.09 0.000012 9 X10-*
35 Br 1.62 0.00020 1.6 X104
36 Kr | ... e e ianaen.
37 Rb 310 0.036 0.031
38 8r 800 0.035 0.030
39 Y 28.1 0.00307 2.81 X 107
40 2r 220 0.026 0.022
41 Nb 24 0.0026 2.4 X 10
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TABLE 2-3 (Continued)
. Abundance

Atomic Symbol

Number Grams/Metric Ton| Atoms/100 Atoms Si Per Cent
42 Mo 2.5-15 0.0003-0.0016 2.5-15 X 10—¢
43 Te
44 Ru present | ........ ... ool
45 Rh 0.001 0.0000001 1 X107
46 Pd 0.010 0.0000009 1 X 10-¢
47 Ag 0.10 0.000009 1 X107
48 Cd 0.15 0.000013 1.5 X 10—
49 In 0.1 0.000007 1 X 10°¢
50 Sn 40 0.00343 4 X107
51 Sb 1 0.000083 1 X 10
52 Te 0.0018(2) | vevvrrrnniiiiinn. 1.8 X 107
53 I 0.3 0.000024 3 X 10-¢
54 D€ S N I
55 Cs 7 0.00053 7 X107
56 Ba 250 0.018 0.025
57 La 18.3 0.00128 1.83 X 103
58 Ce 46.1 0.00321 4.61 X 1073
59 Pr 5.53 0.000389 5.53 X 104
60 Nd 23.9 0.00162 2.39 X 1073
61 P O PP
62 Sm 6.47 0.000419 6.47 X 10~¢
63 Eu 1.06 0.000008 1.06 X 104
64 Gd 6.36 0.000394 6.36 X 10—+
65 Tb 0.91 0.000056 9.1 X 10*
66 Dy 4.47 0.000269 4.47 X 104
67 Ho 1.15 0.000068 1.15 X 10—¢
68 Er 2.47 0.000144 2.47 X 1074
69 Tm 0.20 0.0000115 2.0 X 10-%
70 Yb 2.66 0.000149 2.66 X 104
71 Lu 0.75 0.000037 7.5 X 10~
72 Hf 4.5 0.00030 4.5 X107
73 Ta 2.1 0.00012 2.1 X104
74 w 1.5-69 0.000082-0.0038 1.5-69 X 10—+
75 Re 0.001 0.000000054 1 X 1077
76 Os present | ... .. .o aeeeiaa,
77 Ir 0.001 0.00000005 1 X 107
78 Pt 0.005 0.00000027 5 X 107
79 Au 0.005 0.00000026 5 X 10-7
80 Hg 0.077-0.5 0.0000039-0.000025| 7.7-50 X 10-¢
81 Tl 0.3-3 0.000015 —0.00015 3-30 X 10~
82 Pb 16 0.00080 1.6 X 10-3
83 Bi 0.2 0.000009 2 X 10°¢
84 Po 0.0000000003 14 X 10— 3 X101
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TABLE 2:3 (Continued)

. Abundance
Jdomic | gymbol

umber Grams/Metric Ton| Atoms/100 Atoms Si Per Cent

85 At present | .........iiiiiiie ] eiiiiieiaas
86 Rn present | ...........ooiiia ] i
87 Fr present | .............oeee ]| aeiiiiiiian
88 Ra 0.0000013 58 X 1012 1.3 X 1071
89 Ac 0.0000000003 13 X 10— 3 X 10-1¢
20 Th 11.5 0.00050 1.16 X 10—?
91 Pa 0.0000008 35 X 10— 8 X 10—t
92 U 4 0.00016 4 X 10—4
93 Np probably present | ................. | ...,
94 Pu present | ................0 | ceeiiiiaaa..
95 Am probably present { ................. | ..ol
96 Cm probably present | ..... S
97 Bk S O
98 Ct S U L

The masses of atoms and atomic nuclei

The mass of an electron relative to that of either a proton or a
neutron is so small that even in atoms containing the largest numbers
of electrons the total mass contribution by the electrons is effectively
negligible in comparison with the combined contributions by the
nucleons. However, even though the nucleus is the governing factor
relative to the mass of an atom, all methods of measuring the masses of
atoms yield values which include the electron masses as well. The
term isotopic weight may be used to characterize such a mass when it is
compared with that of some arbitrarily chosen standard, normally
oxygen. The weighted average of the isotopic weights for a particular
element is the atomic weight of that element. Although in a general
way this makes the existence of fractional atomic weights fairly
obvious, certain refinements in explanation are essential to a complete
understanding of the subject.

Aston’s early mass spectrographic data on hydrogen yielded an
atomic weight of 1.007775, based upon the assumption that ordinary
oxygen is not an isotopic mixture and has a weight of 16.0000. This
value was in good agreement with the chemical observation that
1.00778 grams of hydrogen combine with 8 grams of oxygen. Subse-
quent proof (p. 33) that oxygen is a mixture of isotopes of mass
numbers 16, 17, and 18 necessitated a revision in Aston’s mass deter-
minations and the establishment of a new basis for mass spectrographic



Ch. 2 The Masses of Atoms and Atomic Nuclei 33

values. As a result, two atomic weight scales, the physical and the
chemical, are in use. The rather fortuitous agreement between the
values for hydrogen is due to the existence in just the correct propor-
tions of a hydrogen isotope of mass number 2 (p. 387), a fact which was
unknown to Aston.

Physical atomic weights are referred to the mass of the 16-isotope of
oxygen taken as 16.00000. Chemical atomic weights are referred to
the average mass of the natural mixture of oxygen isotopes taken as
16.00000. The two scales can be related to each other by considering
the relative abundances of the -oxygen isotopes. Inasmuch as the
composition of natural oxygen is '00(99.757%), 170(0.039%), and
180(0.204 %), it is apparent that the true mass of the isotopic mixture is

(16 X 0.99757) + (17 X 0.00039) + (18 X 0.00204) = 16.00447

Since this is the value which is taken chemically as 16.00000, physical
atomic weights will always be larger than the chemical values by the
ratio 16.00447:16.00000, or 1.00028 (the Mecke-Childs factor).

Chemical atomic weights are employed universally for the evaluation
of chemical processes. The physical values, however, are employed
to describe any process or property which relates to atomie nuclei.
Thus, they are the values which are involved in evaluating the energy
changes associated with nuclear processes (p. 59). Isotopic masses or
weights are expressed on the physical scale.

It seems appropriate to discuss briefly the experimental evaluation
of atomic and isotopic weights. Physical values for the individual
isotopes can be determined by means of mass spectrographic measure-
ments (p. 24). If a physical atomic weight of the element in question
is desired, it can then be calculated from the masses and abundances of
the various isotopes. The probable errors in refined measurements of
this sort amount to only a few parts in 100,000. Isotopic masses can
be evaluated independently from packing fraction (p. 38) and nuclear
reaction (p. 69) data. Values so obtained agree almost exactly with
those obtained by mass spectrographic means.

Although chemical atomic weights are based upon oxygen, it is not
always convenient or desirable to determine the value for an element
by direct comparison with oxygen. The indirect procedures which are
necessary, therefore, must be chosen carefully and must be carried out
with great precision to insure accurate results. Chemically deter-
mined values may always be checked if physical values are available.
Indeed it has become common practice to evaluate the physical values
first and use them to calculate chemical values.
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Classically, an important method of determining chemical atomic
weights involved the law of Dulong and Petit, a rough generalization
indicating that the product of the atomic specific heat of a solid ele-
ment by its atomic weight is constant at 6.2 to 6.4. Evaluation of
atomic heat capacity thus leads to a rough value for the atomic weight.
This was rendered more nearly exact by comparing the rough value
obtained with the equivalent weight of the same element to determine
its oxidation state (p. 179) and then calculating the atomic weight
from the product of equivalent weight by oxidation number (p. 179).
The limitations of such a procedure are obvious.

More accurate results are obtained by the actual analysis of com-
pounds of known compositions., Among the most useful of procedures
of this type are those involving determination of the ratios metal
halide:silver and metal halide:silver halide. This general method was
used by Stas in his pioneer work on atomic weights, but it is to Richards
and his students that we are indebted for the refinements which made
the method one of precision. Accounts of these researches may be
consulted with profit by anyone interested in improved experimental
techniques.?” In more recent times, extensive accurate chemical work
has been done largely by Baxter and Hénigschmid.

Use of the ratios mentioned above necessitates accurate knowledge
of the chemical atomic weight of silver and of the ratios Ag:Cl and
Ag:Br. The ratios have been determined repeatedly with great
accuracy. Exact evaluation of the atomic weight of silver requires
establishment, directly or indirectly, of the Ag:O ratio. This ratio
may be determined directly by measuring such ratios as KCl0;: KCl:
Ag:30 or Ba(ClO,)s:BaCl;:2Ag:80, the general procedure involving
conversion of a weighed quantity of the oxy compound to chloride,
followed by precipitation with silver nitrate and determination of the
silver chloride by a nephelometric method. Use of quartz apparatus,
bottling and weighing in vacuo, dehydration in dry hydrogen chloride,
and use of closed systems for all operations are essential to accurate
results.

Indirectly, the silver to oxygen ratio has been established by syn-
thesis of silver nitrate from a weighed quantity of pure silver. The
ratio Ag: AgNO; is then dependent upon the chemical atomic weight of
nitrogen, which is obtained by independent means. Other indirect
determinations have employed such ratios as NaNO;:NaCl:Ag,
Ag:AgCl; Ags80,:2AgCl:2Ag, N:S;NHCl:Ag, AgNO,:Ag, AgCl: Ag.
Agreement between direct and indirect methods is indicated by the

87T, W. Richards and G. 8. Forbes: Carnegie Inst. Wash. Publ., 69, 47 (1907);
Z. anorg, Chem., 86, 84 (1907).
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fact that both the barium perchlorate procedure?® and the silver-silver
nitrate method?’ yielded a value of 107.880 for the chemical atomic
weight of silver.

The atomic weight of a metal is then determined by analyzing a
weighed quantity of its anhydrous chloride or bromide for halide by
the silver nitrate procedure and calculating back. Because of uncer-
tainties in the nephelometric method ordinarily employed, dry reac-
tions such as the reduction of silver nitrate to silver with hydrogen?®
seem particularly promising.

For the lighter non-metals such as carbon and fluorine, determina-
tion of atomic weights by gas density measurements is of particular
value. The method depends upon the fact that at constant pressure
the buoyancy effects of the several gases are directly proportional to
their densities (and thus to their molecular weights). For a number
of gases, therefore, the same buoyancy effect may be achieved by
suitable alterations of gas pressures. Accordingly, a suitable gas-
density microbalance is balanced about a suitable reference point,
using some reference gas (for instance, oxygen) at a measured pressure.
A gas containing the element in question is then admitted, and the
pressure required to obtain the same balance is measured. From
compressibility data for the two gases, the molecular weight of the
second can then be evaluated and the desired atomic weight calculated.
Thus a determination of the chemical atomic weight of carbon, using
carbon monoxide, carbon dioxide, and ethylene, yielded a value of
12.0108,%° which is in accord with band spectroscopic evidence that
carbon normally contains about 1%, of the 13 isotope.

The atomic weights of the elements show a remarkable constancy in
magnitudes, indicating general lack of variability in the isotopic com-
positions of the various elements. This is not unexpected in view of
the fact that natural mixing processes spread over the geological ages
would tend on the average to destroy any original differences. This
constancy is not limited to our own planet but appears to be more or
less universal. Thus chlorine, nickel, and iron from meteorites show
the same atomic weights as those from earthly sources. However,
natural isotopic fractionation processes (pp. 38-52) do effect slight
alterations in isotopic abundances and produce minor variations in
atomic weights. The classic recorded example is with boron,*!
minerals from Tuscany, Asia Minor, and California containing boron

# 0. Honigschmid and R. Sachtleben: Z. anorg. allgem. Chem., 178, 1 (1929).
# O. Honigschmid and R. Schlee: Angew. Chem., 49, 464 (1036).

% M. Woodhead and R. Whytlaw-Gray: J. Chem. Soc., 1988, 846.

1 H. V. A. Briscoe et al.: J. Chem. Soc., 127, 696 (1925); 1926, 70; 1927, 282.
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with atomic weights 10.823, 10.818, and 10.841, respectively. Other
instances reported among the lighter elements show the heavier iso~
topes of oxygen to be slightly more abundant in atmospheric oxygen
than in oxygen obtained from water, the lighter potassium isotope
(¥K) to be preferentially concentrated by land plants, the lighter
carbon isotope (12C) to be preferentially concentrated by plants, and
the heavier (1*C) by limestone, etc. Variations in atomic weights
among the heavy elements are due to their radioactive origins (p. 63) .

Mass defects in atomic nuclei

Although the difficulties imposed by fractional atomxc weights
(p. 19) were largely resolved by the discovery of isotopes, isotopic
masses were found to deviate slightly but significantly from whole
numbers. The attractive hypothesis that such masses are multiples
of the mass of some fundamental particle (the whole number rule) can
no longer be entertained, although the closeness with which isotopic
masses do approach whole numbers makes such mass numbers par-
ticularly useful in characterizing isotopes. Neither are isotopic masses
given by a summation of the masses of their constituent particles.

Such isotopic masses as are known are tabulated in Appendix I.
Among the lightest (4 < 20) and heaviest elements (4 > 180) these
isotopic masses are greater than the corresponding mass numbers,
whereas among the intermediate elements the reverse is true. The
difference between the isotopic mass (M) and the mass number (4)
i8 known as the mass defect or the mass excess (A), as shown by the
relation

A=M-4 (2-8)

Positive mass defects thus characterize the lightest and heaviest
elements, whereas those for the other elements are negative. Harkins
and Aston attributed mass defects to the packing of nuclear particles
into tiny elements of volume—the ‘‘packing effect.” In preference to
the actual mass defect for a given isotope, Aston employed the frac-
tional mass deviation or packing fraction (f), which is defined as

rm¥All @9)

The packing fraction may be regarded, therefore, as indicating the
average mass gain or loss per nucleon for the isotope in question as
compared with the condition existing in the *O nucleus. Because of
the interrelation of mass and energy, nuclei with positive packing
fractions may be regarded as possessing excess energy and tending
toward instability, whereas nuclei with negative packing fractions
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may be regarded as tending toward stability. Packing fractions are
numerically of the order of magnitude of 10— and are customarily
expressed by multiplying by 10*. This has been done in Appendix I.

Packing fractions for the more abundant isotopes are recorded
graphically in Figure 2-6. This plot is essentially similar to that given
by Aston.’? This curve has been given two branches in the region of
low mass numbers. In Aston’s original treatment, the lower branch
was reserved for isotopes of even nuclear charges and the upper branch
for those of odd nuclear charges, the inference being that the latter
are less stable. It is apparent from Appendix I that nuclei with even
charges have lower packing fractions than those neighboring nuclei
with odd charges, regardless of the mass region, although the effect is
somewhat enhanced with the lightest elements. This is in accord with
the abundance rules already cited (pp. 26-29). Later studies?:
showed that nuclei with mass numbers which are multiples of four
have packing fractions significantly smaller than those for other
neighboring mass numbers, an effect which is especially pronounced
in the region of low mass numbers. It seems fitting to characterize
such nuclei with the lower branch of the curve. This has been done
in Figure 2-6. The well-known resistance of such nuclei (*He, 2C,
160, *Ne) to alteration by bombardment is in complete accord with
inferences drawn from the packing fraction curve. It should be
mentioned that the flat minimum in the region of mass numbér 50-60
suggests this to be a region of maximum nuclear stability. The
extreme abundance of iron and nickel in the earth taken as a whole
has been cited in support of this view. It is obvious that a plot of the
difference between calculated and actual mass against mass number
would represent more accurately the characteristics of each nuclear
species. As will be shown later, such a curve also reflects nuclear
binding energies (p. 60).

Packing fraction data may be used to evaluate atomic weights.
Thus, if the isotopic masses are evaluated roughly, exact isotopic
masses can be obtained by applying a correction determined by the
packing fractions as read from the packing fraction curve. Com-
bined with the abundances of the isotopes, these masses then yield
the physical atomic weight of the element in question.

The concentration and separation of isotopes

Early attempts to separate isotopes met with little success and
effected no more than small concentrations of individual materials.

# F, W. Aston: Proc. Roy. Soc. (London), A118, 487 (1927).
8 H. E. Duckworth: Phys. Rev., 63, 19 (1942).
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The improved methods of later years, particularly since 1939, however,
have permitted the separation in high states of purity of many isotopes
and the concentration of many others. The literature on the subject
has expanded so considerably, that it is manifestly impossible in a
book of this type to cover it completely. Some of the many excellent
summaries which have appeared?—+¢ should be consulted for compre-
hensive accounts.

The marked similarities in both chemical and physical properties
among the isotopes of a given element render separations, or even
concentrations, exceedingly difficult. The obvious procedures are
physical in character, for mass differences impart greater differences in
physical properties than in chemical. Chemical procedures are
dependent upon differences in the rates of particular reactions rather
than upon inherently different chemical behaviors. In spite of the
experimental difficulties, however, the demands for isotopes as tracers
and the desirable properties which some of them possess have led to
practical separational procedures.

Of fundamental importance in any separation process is the so-called
separation, or fractionation, factor s. If, before the mixture is sub-
jected to the separation procedure, it contains n, atoms of the lighter
isotope and n; atoms of the heavier (for instance, per gram of mixture)
and if, after application of the procedure, the numbers of atoms of
lighter and heavier species are, respectively, n,’ and ny/, the separation
factor is then given by the expression

_ n/nd .
s = i/ma (2-10)

The separation factor may characterize a single stage in a multiple
procedure, or it may be applied to the entire process as an overall

M F, W. Aston: Mass Spectra and Isolopes, 2nd Ed., Ch. XVI. Longman’s,
Green and Co., London (1942).

3], D. Stranathan: The “Particles” of Modern Physics, Ch. 5. The Blakiston
Co., Philadelphia (1942).

8¢ H. 8. Taylor and 8. Glasstone: A Treatise on Physical Chemistry, 3rd Ed.,
Vol. I, pp. 54-76. D. Van Nostrand Co., New York (1942).

37 H. C. Urey: in Recent Advances in Surface Chemistry and Chemical Physics,
pPp. 73-87. The Science Press, Lancaster, Pa. (1939).

3 0, J. Walker: Ann. Reports, 85, 134 (1938).

» H, D. Smyth: Atomic Energy for Military Purposes. Princeton University
Press, Princeton, N. J. (1945).

w A, J. E. Welch: Ann. Reports, 41, 87 (1944).

4@ A, M. Squires: J. Chem. Education, 28, 538 (1946).

D, W. Stewart: Nucleonics, 1 (No. 2), 18 (1947).

43 W, Groth: Z. Elekirochem., 84, 5 (1950).
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factor. If z single stages are involved, an overall enrichment factor S
is given as ‘
S =g (2-11)

The efficiency of the process is determined by the magnitude of its
enrichment factor. Because in many procedures separation factors
are only slightly greater than unity, it is commen to run them in
cascade'* to amplify the enrichment achieved in a single stage. Such
procedures are more properly called fractionation procedures rather
than separation procedures, for they effect stepwise enrichments in
particular components. The only procedure of those to be described
which is not a fractionation procedure is the one employing electro-
magnetic methods. _

Methods Involving Physical Characteristics. Such procedures must,
of necessity, be dependent upon mass differences among the several iso-
topes involved. Some of the more important ones are now described.

ELECTROMAGNETIC METHODS. The collecting of an ion beam con-
taining only particles of a given mass using an appropriately designed
mass spectrograph or spectrometer should provide a theoretically ideal
procedure for the clean-cut separation of the isotopes of a given
element. The principle of this procedure, which is essentially that of
the Dempster mass spectrograph (p. 22), is shown in Figure 2-7.
Such a method should be limited only by the precision with which the
ion beam can be focused and should yield absolutely pure isotopic
materials. Practically, the small ion beams (10—% amp. or less) which
characterize most mass spectrographs and spectrometers limit sharply
the quantities of materials which can be collected. However, by use
of high-intensity instruments, microgram quantities of several iso-
topes, particularly those of lithium, potassium, and rubidium, were
obtained. In fact proof that the radioactivities of the latter two
elements are due, respectively, to K and 8’Rb was obtained by use of
these separated isotopes.

Considerable interest has been focused upon the electromagnetic
separation of the uranium isotopes. Nier was able to separate suffi-
cient 23U in this fashion to prove it to be the fissionable isotope (p.
73), but his apparatus could separate only somewhat less than a
microgram a day. Under auspices of the Manhattan District Project,
electromagnetic separators employing very large magnetic fields were
developed and found useful for the separation of *3:U. The first
such apparatus used the magnet from the 37-in. University of Cali-
fornia cyclotron; it was called, therefore, the calutron. In later

4 K, Cohen: Nucleonics, 2 (No. 6), 3 (1948).
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installations, much larger magnets were employed, and other magnetic
separators using extended ion sources and beams rather than one-
dimensional systems produced by the slit arrangement of the calutron
were studied. ‘The general details of this subject are covered by

Vacuum

1

o o o
- -

Accelerating | —
voltage I l—

Source

Heavier Lighter
isotope isotope

Fia. 2.7. Principles of electromagnetic separation of isotopcs.

Smyth.?® Since December 1945, the electromagnetic separators at
Oak Ridge have been used also for concentrating a wide variety of
stable isotopes.*5- 46 Many such isotopes are now available for research
purposes.

GASEOUS DIFFUSION METHODS. In terms of Graham’s law, the rate
at which a gas diffuses through an aperture which is small in compari-
son with the mean free path of its molecules is inversely proportional
to the square root of its density or molecular weight. The diffusion of
a gas mixture the components of which differ in molecular weight
must, therefore, alter the composition of that mixture. Obviously,
if the molecules owe their mass differences to differences in isotopic
contents, an alteration in isotopic ratio must also result. 1f m, and m,
represent the masses of the heavier and lighter isotopes (or compounds

6 C. P. Keim: Chem. Eng. News, 38, 2624 (1947).
¢ L. P. Smith, W. E. Parkins, and A. T. Forrester: Phys. Rev., 73, 989 (1947).
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containing them), respectively, one might expect a separation propor-
tional to V'm;/m;. Rayleigh’s treatment of the problem, however,
shows that, even under conditions where mixing is perfect and there
is no accumulation of the less diffusible gas at the -surface of the
diffuser, the enrichment of the undiffused residue in the heavier com-
ponent is given with reasonable accuracy by

mi4-mi

. ™™ initial volume
enrichment = .J m (2 12)

Since the mass difference, my — m;, will always be comparatively
small (except for the hydrogen isotopes), it is obvious that a single-
stage diffuser cannot concentrate isotopes. It is also apparent that
the greatest success would be expected with the lighter elements.

Even before the isotopic complexity of neon had been established
definitely, Aston separated ordinary neon of mass 20.2 into fractions
of masses 20.28 and 20.15 by fractional diffusion. The classical
researches, however, on gas diffusion are those on hydrogen chloride
carried out by Harkins.4’:48 QOver a period of years (1915 on), Har-
kins and his coworkers diffused hydrogen chloride through porous
porcelain at atmospheric pressure, absorbed the undiffused gas in
sodium hydrogen carbonate, regenerated hydrogen chloride (now
slightly enriched in ¥Cl), and recycled the material. After reduction
of some 19,000 liters of initial gas to a few milliliters, a material con-
taining chlorine of mass 35.512 was obtained. That this represents
only a very slight enrichment over the initial material of mass 35.457
is unimportant in comparison with the proof obtained that the pro-
cedure would function.

Many of the difficulties inherent in the Harkins procedure have
been overcome in the low-pressure, multiple-diffusion method of
Hertz.4? In this procedure a series of connected diffusion units, each
consisting of some material through which the gas must pass by
diffusion, is employed. The general details of such an arrangement
are shown in Figure 2-8. Gas from container V, is passed through the
diffuser D,, where a portion diffuses through a clay pipe. The diffused
gas, slightly enriched in the lighter isotope, is returned to V. by a
pump P,, whereas the undiffused gas, slightly enriched in the heavier
isotope, is passed on to a second diffuser Dy. The diffused gas from D,
is then returned to D, by way of P, and V.. This procedure is

4" W. D. Harkins and A. Hayes: J. Am. Chem. Soc., 48, 1803 (1921).

4 W, D. Harkins and F. A, Jenkins: J. Am. Chem. Soc., 48, 58 (1926).
# G. Herts: Z. Physik, 79, 108, 700 (1932).
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repeated in the various units of the apparatus in such fashion that
from the nth unit the lighter isotope is always returned to the n — 1
unit, whereas the heavier is passed on to the n + 1. It is apparent
that once a steady state is established the heavier isotope will con-
centrate in Vy and the lighter in V,. Jets of mercury vapor used
instead of porous tubes as diffusion barriers increase the efficiency of
the process.

AAVUVUALRRRRANN s

%
%
4
s
7
%
%
%
4
%
n

~ =8 ANANRAR RN ﬂ

F1a. 2-8. Principles of the Hertz multiple diffusion apparatus.

Some truly remarkable concentrations and separations have been
achieved by the Hertz procedure. Thus, H has been obtained
spectroscopically pure from the natural mixture, the neon isotopes
have been obtained in high states of purity, and sizable concentrations
of the heavy isotopes of carbon and nitrogen have been realized.
However, the low pressures essential to efficient separation seriously
limit the quantities of materials which can be prepared. A practical
limitation on this otherwise effective process is thereby imposed.

Fractional diffusion through a porous barrier from a region of higher
pressure to a region of lower pressure is used for the large-scale con-
centration of the 235-isotope of uranium at the Oak Ridge K-25 instal-
lation. In this plant, several thousand diffusion stages are operated
in cascade. Uranium(VI) fluoride gas, prepared from natural uran-
ium, is fed by a blower into an intermediate diffuser unit containing
several square feet of porous barrier. Part of the gas is diffused
into a lower pressure region maintained by another blower. The
diffused gas, enriched in 2*U, is passed on to another diffuser, and
the undiffused gas is cycled to another stage in the opposite direction.
‘Although the ideal separation factor for **UF, and **UF, is 1.0043,
it is said that each **UF, molecule is diffused some 2,000,000 times
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before emerging in the product.** The design and construction of
such a plant were complicated by the corrosive character of the
gaseous fluoride and by the necessity for operating at reduced pres-
sures. The barriers employed must of necessity be corrosion resistant,
mechanically strong, and uniform in pore size, the pores being only a
few millionths of a millimeter in diameter. Engineering problems
surmounted in the construction and operation of this plant were
tremendous.’ 51 There is, of course, no reason why similar methods
could not be applied to the separation
N of isotopes of other elements.
THE THERMAL DIFFUSION METHOD.

Light Y’

ap

]
I
! Prior to 1920, both Enskog and Chap-
: man showed independently from purely
: theoretical considerations that, if a mix-
1 ture of gases of different molecular
' weights is subjected to a temperature
: gradient, the heavier molecules in gen-
| R eral will move toward the colder region
i and the lighter toward the warmer
T region. Such aprocess, which is wholly
independent of the kinetic properties of
the gases, will continue until balanced
by the ordinary kinetic diffusion of the
. gas molecules. Chapman and Dootson
confirmed these predictions by studies
E of mixtures of carbon dioxide and hy-
drogen, but the first application to

N isotope separations was made many
v He;\l/\y years later.’? The method suggested

o by Clusius and Dickel amounts to en-
Fra. 2:9. Principle of isotope hapcing the thermal diffusion effect by
separation by thermal diffusion. the use of convection currents; it is

illustrated simply by the diagram in Figure 2-9. If a gaseous mix-
ture is placed between two plates arranged vertically, a concentra-
tion gradient along the axis XX’ is produced by thermal diffu-
sion, molecules containing the heavier isotope moving toward the

%0 J, F. Hogerton: Chem. & Met. Eng., 52 (No. 12), 98 (1945).

81 M, Benedict and C. Williams: Engineering Developments in the Gaseous
Diffusion Process, Div. II, Vol. 8, National Nuclear Energy Series. McGraw-Hill
Book Co., New York (1949).

52 K, Clusius and G. Dickel: Naturwissenschaften, 26, 546 (1938); 87, 148, 487
(1939).



Ch.2 The Concentration and Separation of Isotopes 45

cooler surface. At the same time, convection currents establish a
concentration gradient along the axis Y'Y’, and the net effect is trans-
portation of the lighter material toward the top and the heavier toward
the bottom. If the vertical axis is made long in comparison with the
horizontal, even slight concentration changes produced by thermal
effects can be magnified tremendously by convection. In practice,
this has been accomplished by using long vertical tubes (e.g., 10 mm.
diameter glass) cooled externally and containing electrically heated
wires (e.g., nichrome) as. hot elements or by employing concentric
tubes with inner heating and external cooling. Comprehensive dis-
cussions of the process have appeared.s? 8¢

The preliminary studies of Clusius and Dickel were followed by
their separation of the isotopes of chlorine®t in an apparatus consisting
of several individual columns 6 to 9 meters in length, connected in
series and employing hydrogen chloride gas. Heating was effected
by axial wires of platinum maintained at 690°C. After some 37 days
of operation, this apparatus produced about 8 ml. of hydrogen chloride
gas containing chlorine of physical atomic weight 36.98 (i.e., 99.4%
H¥Cl). With partially enriched hydrogen chloride (Cl = 35.17), the
same apparatus yielded daily 16 ml. of gas containing chlorine of
isotopic mass 34.979 (99.6% H3sCl) after 14 days of operation. Effi-
ciency, based on energy imput, amounted to only 9 X 10~%. Num-
erous other equally effective separations have been achieved by this
method, among them the oxygen isotopes (99.5% '20)%¢ and helium.*’

Since thermal diffusion is a continuous process, it is well suited to
large-scale operations. The process is being used technically for the
concentration of 13C. Methane is the carrier gas in tall columns of
iron pipe which contain an insulated axial heating wire and are cooled
externally with water.®® The yield of 13C has been increased markedly,
and the cost has been reduced correspondingly by new developments.
Thermal diffusion effects also exist in liquids. Some preliminary
concentration of ?3U was effected by this means at Oak Ridge.3® 41

CENTRIFUGAL METHODS. Centrifugal methods are closely allied
to the diffusion methods already discussed because in a sense they are
dependent upon diffusion of heterogeneous particles in an enhanced

13 A. J. E. Welch: Ann. Reports, 87, 153 (1940).

84 R. C. Jones and W. H. Furry: Revs. Modern Phys., 18, 151 (1948).

8 K. Clusius and G. Dickel: Z. physik. Chem., 44B, 397, 451 (1939).

8¢ K. Clusius and G. Dickel: Z. physik. Chem., 198, 274 (1944).

87 B. B. McInteer, L. T. Aldrich, and A. O. Nier: Phys. Rev., 73, 510 (1947);
T4, 946 (1948).

58 Anon.: Chem. Eng. News, 24, 394, 488 (1946).
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gravitational field. Thisisin effect a type of pressure diffusion. The
possibility of separating isotopes by such gravitation effects was sug-
gested in 1919 by Lindemann and Aston and developed theoretically
in 1922 by Mulliken. In an applied centrifugal field, the theoretical
separation factor'S (i.e., the ratio of the isotopes at the center over the
corresponding ratio at the periphery) is given by

S = V' (MrM)/RT (2.13)

where V is the peripheral velocity, M; and M; the molecular weights
of the materials containing the isotopes in question, R the gas con-
stant, and 7 the absolute temperature. It is apparent that at constant
temperature and velocity, the extent of the separation is dependent
upon the mass difference between the isotopes in question. Such a
procedure, therefore, should be as effective with the heavier elements
as with the lighter, a characteristic which is particularly desirable since
other physical approaches depend rather upon the relative masses
of the isotopes and become decreasingly effective with the heavier
elements. /

Early attempts at separation by centrifugal means failed because
attainable peripheral velocities were insufficient. With the develop-
ment of high-velocity gas-driven centrifuges by Beams and his cowork-
ers, isotopic concentrations by this means became practical. With
equipment of this type, appreciable concentrations of the chlorine
isotopes (as carbon tetrachloride®® and as hydrogen chloride®®) and of
the bromine isotopes®! have been effected.

Separation in the liquid phase is less effective. As a consequence,
the so-called evaporative centrifuge technique is employed. This
technique, in brief, consists of condensing a gas in the periphery of the
centrifuge and allowing the liquid to evaporate slowly while the
centrifuge is spinning at high velocity, the resulting light fractions
being drawn off gradually from the center by reduction in pressure.
Results obtained are in accord with the predictions of Mulliken’s
theory. In the light of equation 2-13, enhanced separations might be
expected as temperature is decreased.

Appreciable concentrations of the uranium isotopes have been
effected by using tall cylindrical centrifuges in which gaseous ura-
nium(VI) fluoride is passed downward at the periphery and upward at
the center or axis. By this means, a constant diffusion of molecules
from one current to another is established by the centrifugal field, and

® J. W. Beams and C. Skarstrom: Phys. Rev., 88, 266 (1939).

% H. C. Pollack: Phys. Rev., 87, 935 (1940).
81 R. F. Humphreys: Phys. Rev., 58, 684 (1939).
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a net concentration. of the lighter isotope results at the axis and of the
heavier at the periphery.3: 4

DISTILLATION METHODS. Theoretical considerations offered by
Lindemann in 1919 indicated that, since the rates of escape of atoms.
or molecules from a liquid surface are in general inversely proportional
to the square roots of their masses, isotopic concentrations could be
effected by distillation. Although Aston’s early attempts to con-
centrate the neon isotopes by this means were unsuccessful, use of an
elaborate fractionating column operating at low pressures and at near
the triple point enabled Keesom and van Dijk®? to alter the mass of
neon from the ordinary value of 20.183 to 20.091 and 21.157 for light
and heavy fractions, respectively. Similarly, evaporation of liquid
hydrogen at its triple point was used to concentrate the isotope {H to
the point where it could be detected spectroscopically (p. 387).

Fractional distillation of water concentrates both the hydrogen and
oxygen isotopes, but the changes effected are small. With columns
employing either alternate stationary and rotating plates or gauze
packing to improve contact between down-flowing liquid and up-
flowing vapor, the H}30 concentration has been increased some five-
fold. Preliminary concentrations of }H have been effected in this
manner. Applications and limitations of the procedure have been
treated by Urey.%

A somewhat different approach involves unidirectional evaporation
from a liquid surface. This amounts to complete condensation of all
material which enters the vapor state and the avoidance of a distillation
equilibrium. Under such conditions, the quantities of materials
removed from the liquid under given conditions are entirely dependent
upon relative molecular velocities (and therefore upon relative masses).
Best results have been obtained with mercury. In initial studies,
Brgnsted and von Hevesy®® evaporated mercury in a vacuum at
40 to 60°C. and condensed essentially all the escaping vapors on a
surface cooled with liquid air and placed 1 to 2 cm. above the mercury
surface. This distance roughly equals the mean free path of mercury
atoms and ensures the absence of collisions between mercury atoms in
the free state. After numerous fractional repetitions of the processes
in which the initial volume of 2700 ml. was reduced by a factor of
about 100,000 in each direction, light and heavy fractions with specific
gravities of 0.99974 and 1.00023, respectively, as compared with
ordinary mercury, were obtained. By the same procedure, Honig-

#- W, H. Keesom and H. van Dijk: Proc. Koninkl. Nederland. Akad. Wetenschap.,

84, 42 (1931); 87, 615 (1934); 38, 809 (1935).
8 J. N. Brgnsted and G. von Hevesy: Phil. Mag., 48, 31 (1922).
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schmid and Birkenbach?® obtained fractions with chemical atomic
weights of 200.564 1 0.006 and 200.632 + 0.007, as compared with an
original value of 200.61 + 0.006, and Harkins and his associatesss
obtained 100-gram samples of mercury differing in atomic mass by
0.189. An interesting improvement on this molecular distillation
procedure®® 7 involves combination of a number of individual units
into a single arrangement by a series of containers arranged in a
stair-step fashion. Above each cell is a sloping roof so arranged that
material condensing above the cell flows down and drips into the next
higher cell in the stair. Constant liquid level is maintained in each
cell by an overflow device permitting liquid to flow to the next lower
cell in the stair. The arrangement is thus completely automatic,
with the lighter isotope concentrating in the top cell and the heavier
in the bottom one. Striking concentrations of the mercury isotopes
have apparently been obtained, but the procedure does not appear to
be an especially practical one.

ION MIGRATION METHODS. In 1921, Lindemann suggested that ions
of different masses should migrate with different velocities. Thus,
ion migration should effect isotopic concentrations, although early
negative results indicate such rate differences to be small. Studies at
the Bureau of Standards have shown, however, that, if ion migration in
an electric field is balanced against counterflowing electrolyte, using a
packing (e.g., of 100-mesh sand), definite alterations in the natural
abundance ratios of the potassium,%®~70 chlorine,”* and copper’? iso-
topes can be effected. For example, with potassium the ratio of
#K :41K was increased from 14.2 to 24 in about 500 hours, with a
separation factor of 0.385 X 102, In no case, however, were major
concentrations obtained.

Electrolytic ion migration in fused melts has been shown to effect
enrichment of the heavy isotopes of silver’® and of lithium and potas-
sium.” Again the concentrations are not striking.

# O. Honigschmid and L. Birkenbach: Ber., 88, 1219 (1923).

% W. D. Harkins and B. Mortimer: Phil. Mag. [7], 8, 601 (1928).

8 Anon.: Chem. Eng. News, 25, 1510 (1947).

¢ Anon.: J. Chem. Education, 36, 170 (1948).

# A, K. Brewer, 8. L. Madorsky, and J. W. Westhaver: Science, 104, 156 (1946).

# A. K. Brewer, 8. L. Madorsky, J. K. Taylor, V. H. Dibeler, P. Bradt, O. L.
Parham, R. J. Britten, and J. G. Reid, Jr.: J. Research Natl. Bur. Standards, 88,
137 (1047).

0 fl W.) Westhaver: J. Research Natl. Bur. Standards, 88, 169 (1947).

11 8, L. Madorsky and 8. Straus: J. Research Natl. Bur. Standards, 38, 185 (1947).

7 8. L. Madorsky and 8. Straus: J. Research Natl. Bur. Standards, 41, 41 (1948).

B A. Klemm: Z. Naturforsch., 3a, 9 (1947).

1 A. Klemm, H. Hintenberger, and P. Hoernes: Z, Naturforsch., 3a, 245 (1947).
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MISCELLANEOUS METHODS. A number of miscellaneous but quite
generally unsuccessful procedures have been described. Among the
most interesting of those of a very specific nature is the reported
alteration in the natural ratio of the helium isotopes by super-fluid
flow below the A-point (p. 376).7%:7¢ Enrichment of *He in material
not passing’ as a surfdce film, although slight, was measurable, sug-
gesting that this isotope lacks super-fluid properties.

Methods I'nvolving Chemical Characteristics. The isotopes of a given
element are chemically identical in that they react in the same fashion
with a given reagent. However, they do not, in general, react at
the same rate, and it is upon this fact that chemical methods for
isotopic concentration and separation are based. Differences in
reaction rates are dependent upon differences in zero point energy,
i.e., energy at absolute zero. These differences are small; so rate
differences are correspondingly small, and any separations based upon
them are of necessity fractional in character.

THE ELECTROLYTIC METHOD. Electrolysis was first suggested as a
means of isotope separation by Kendall and Crittenden in 1923 but
received no confirmation until Washburn and Urey’ observed the
quantity of }H to be greater in the residual water in electrolytic hydro-
gen cells than in ordinary water. Exploitation of this observation and
details of the electrolytic separation of deuterium (}H) are considered
in Chapter 12 (pp. 387-389). The procedure has not proved particu-
larly successful with elements other than hydrogen.

EXCHANGE REACTION METHODS. Studies with deuterium (pp.
390-391) showed that it often exchanged with the light hydrogen
isotope in chemical reactions and suggested that isotopes of other
elements might exhibit similar behaviors. The subject was treated
theoretically by Urey and Greiff,’”® who evaluated equilibrium con-
stants for a number of systems of potential value by statistical means.
Representative systems from their paper are summarized in Table
2:4.

Reactions listed in Table 2-4 involve equilibria between liquid
and gas phases. This is the type of reaction studied most extensively
by Urey and his students.’” For any such system, the following
features are desirable: rapid establishment of the equilibrium, intimate
contact between the phases, and ready conversion of the gaseous

% J. G. Daunt, R. E. Probst, H. L. Johnston, I.. T. Aldrich, and A. O. Nier:
Phys. Rev., T2, 502 (1947).

7 J. G. Daunt, R. E. Probst, and H. L. Johnston: J. Chem. Phys., 18, 759 (1947).

7 E. W. Washburn and H. C. Urey: Proc. Natl. Acad. Sci., 18, 496 (1932).

" H, C. Urey and L. J. Greiff: J. Am. Chem. Soc., 57, 321 (1935).
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TABLE 24
EqQuiLiBRIUM CONSTANTS FOR EXCHANGE REACTIONS

Equilibrium Constant

Equilibrium System

273.1°K.| 298.1°K.|600°K.
p
8160,(g) + 2H\0(1) = 81%0,(g) + 2H,*0(1) 1.040 | 1.028 {......
C10,(g) + 2H1*0(1) = C*04(g) + 2H,*0(1) 1.097 | 1.080 |......
C1*0,(g) + 2H,#0(g) = C*0s(g) + 2H,'*0(g) 1.128 | 1.110 [1.028
2120,(g) + 8§10, *(soln.) = 21%0,(g) + S0, *(soln.) | 1.051 | 1.036 [0.993
1BCO04(g) + #CO:~*(soln.) = 12CO4(g) + ¥CO;~%(soln.)| 1.015 | 1.012 [0.997
#Cly(g) + 2H¥Cl(soln.) = #Cla(g) + 2H#*Cl(soln.) | 1.007 | 1.006 [1.0003

component containing the desired element into the liquid component,
and vice versa, to render the process continuous. These points are
illustrated admirably in the concentration of the ;N isotope by use of
the equilibrium?®

15NH,y(g) + “NH,t(soln.) = ¥NH+(soln.) 4+ “NH,(g) K = 1.023

Equilibrium is established by flowing an ammonium salt solution down
a suitable column countercurrent to a stream of ammonia gas. At
the bottom of the column, ammonia is regenerated from the ammonium
salt by the action of sodium hydroxide and continuously returned to
the system. As indicated by the equilibrium constant for the system
as written, the ammonium salt solution is continually enriched in
18N, and the gas stream is depleted in it. Use of columns containing
large numbers of theoretical plates renders this process quite efficient,
and it is employed for the large-scale commercial concentration of the
heavy nitrogen isotope. 81

Notable successes have been achieved in other gas-liquid exchange
reactions. Among them are’’

13C0,(g) + H2CO;~(soln.) = HBCO,~(soln.) + 2CO;(g)
H1CN(g) + *CN—(soln.) = *CN—(soln.) + H*CN(g) K = 1.026
3430,(g) + H*80,~(soln.) = H*S0;~(soln.) + 32S0,(g)

Of particular importance also is the fact that if hydrogen gas and
liquid water are equilibrated in the presence of a suitable catalyst the
deuterium concentration in the liquid phase amounts to about three

™ H. C. Urey, J. R. Huffman, H. G. Thode, and M. Fox: J. Chem. Phys., B, 856
(1937).

9 K, W. Becker and H. Baumgirtel: Angew. Chem., ABS, 88 (1947).

81 Anon.: Chem. Eng. News, 27, 87 (1949).
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times that in the gas phase. Concentration of the heavy hydrogen
isotope by this means has been effected (p. 391).

Solid-liquid systems involving natural and synthetic zeolites as
cation exchangers have been investigated also. When a sodium
zeolite (say NaZ, where Z is the zeolite anion) is treated with a metal
salt solution, the sodium and metal (M+*) ions exchange according to
the equation

M+ (soln.) + nNaZ(s) = M (Z).(s) + nNat+(soln.)

Reversal of the reaction by addition of a sodium salt then regenerates
the original materials. It is conceivable that not all the isotopes of
the metal M would exchange at the same rate. Although no practical
results have been obtained, slight alterations in the isotopic composi-
tions of lithium3? and of potassiums? have been effected in this fashion.
For example, the ¢Li isotope is taken up more readily by the zeolite
and released less readily than the 7Li isotope.

A procedure often described as an exchange in a liquid-liquid system
but which is more probably dependent upon slight differences in
electrode potentials between the lithium isotopes is that in which small
droplets of lithium amalgam were allowed to drop through a methanol
solution of lithium chloride in a tall column.® Under these conditions,
the equilibrium

"Li(amalg.) + °Lit(alc.) = ®Li(amalg.) + "Li*(alec.)

was established, the lighter isotope concentrating in the amalgam.
By rendering the process continuous the ®Li:7Li ratio was altered
from 1:11.6 to 1:5.1. The procedure lacks practicality.

More recently, exchange reactions in gas-gas systems have been
shown to be useful. For example, the equilibrium

*NO(g) + “NOs(g) = “NO(g) + *NOs(g)

established in a thermal diffusion column effects sizable alterations in
the isotopic composition of nitrogen.®®* Correspondingly, a counter-
current gaseous process based upon the equilibrium

4COs(g) + “CO(g) = 1*COs(g) + “CO(g)
has been used to concentrate the *C isotope.®¢

B T, I. Taylor and H. C. Urey: J. Chem. Phys., 5, 597 (1937).

8 T, 1. Taylor and H. C. Urey: J. Chem. Phys., 8, 429 (1938).

84 G. N. Lewis and R. T. MacDonald: J. Am. Chem. Soc., 88, 2519 (1938).
8 T, I. Taylor and W. Spindel: J. Chem. Phys., 16, 635 (1948).

% R. B. Bernstein and T. I. Taylor: J. Chem. Phys., 16, 903 (1948).
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Exchange reactions are particularly advantageous in that they can
be cascaded without difficulty to increase separation factors remark-
ably. Slight separations achieved in single-phase operations can
thus be magnified, and large-scale installations become practical.
Reviews?® 87 should be consulted for further details.

MISCELLANEOUS CHEMICAL METHODS. Certain chemical reactions
appear to produce slight alterations in isotopic ratios although sig-
nificant differences have not been demonstrated. Among such reac-
tions are: preferential liberation of (H as the free element or gaseous
hydride when water, acidic solutions, or alkaline solutions are treated
with certain metals, metal carbides, or metal sulfides; differences in
ease of liberation of the oxygen isotopes when hydrogen peroxide is
decomposed on colloidal platinum; preferential reaction of 3;Cl when
carbon tetrachloride is heated with sodium amalgam; and differences
in the rate of liberation of the chlorine isotopes when carbonyl chloride
is decomposed photochemically.

THE STABILITIES OF ATOMIC NUCLEI

Nuclear instability

Inasmuch as many nuclei are stable, attractive forces must exist
between neutrons and protons. Although the natures of these forces
are not completely understood (p. 18), they appear to amount to
energy exchanges via mesons. At the same time, coulombic repulsive
forces among the protons must also exist.

If only the attractive forces between neutrons and protons are
considered, it is apparent that any energy exchange between these
particles would be at a maximum when equal numbers of neutrons
and protons were present. Nuclear neutron to proton ratios (N:P),
on this basis, should then approach unity. However, since the pro-
tons mutually repel each other, there will also be a tendency toward
reduction of these forces through reduction in the number of protons.
Such an effect should increase as the number of protons increases.
The actual neutron to proton ratio characterizing a nucleus will then
be such that a balance exists between the tendency toward neutron-
proton equalization and the tendency toward proton reduction. With
nuclei containing but few protons (low Z), the first tendency will
predominate (N:P = 1); but with nuclei containing many protons,
the second will become increasingly important, and the neutron to
proton ratio will increase slowly. In Figure 2-5, such ratios increased
from 1 to 1.6 for the naturally occurring nuclei.

87 A. L. G. Rees: Ann. Reports, 38, 83 (1941).
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F1a.2-10. Relations between numbers of neutrons and protons in stable naturally

occurring nuclei.

In Figure 2-10, the numbers of neutrons in stable naturally occurring

nuclei are plotted against the numbers of protons.

An average curve

drawn through these points represents the neutron-proton conditions

for greatest potential nuclear stability.

Its coincidence with the

dotted curve for the condition N = P is apparent at low values of Z,
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a8 is its deviation at higher values of Z. It appears, therefore, that
for every value of nuclear charge (Z) only a limited number of isotopic
species should possess marked stabilities. An excess or deficiency in
number of neutrons should then impart instability, and the greater
the departure of the nuclear composition from the general curve, the
greater the probable instability of that nucleus.

Nuclear instabilities can be correlated, therefore, with the tendencies
of the nuclei to readjust unfavorable neutron to proton ratios to more
favorable values. Nuclei with excessively high neutron to proton
ratios (i.e., those containing excessive numbers of neutrons) make such
adjustments by increasing their nuclear charges. This can be accom-~
plished by:

1. Beta emission. Beta (8~) emission amounts to the emission of
negative electrons which may be regarded as being created by the
transformation of neutrons into protons (p. 18). The emission of a
beta particle increases the nuclear charge by one unit (Z — Z + 1)
but is without effect upon the mass number. Beta emission is common
among both natural and synthetic radioisotopes. In terms of Figure
2-10, it would characterize nuclei lying above the general stability
curve as shown.

2. Neutron emission. Neutron emission is difficult to detect and is
apparently extremely uncommon and relatively unimportant. It
has been observed in only a few instances, e.g., among some of the
fission products. Neutron emission would decrease the mass number
by one unit (4 — A — 1) without affecting the nuclear charge.

Nuclei with low neutron to proton ratios (i.e., those containing
excessive numbers of protons) make adjustments by decreasing their
nuclear charges. This can be accomplished by:

1. Positron emission. Positrons (8*) may be regarded as resulting
from transformation of protons into neutrons (p. 18). Emission of a
positron decreases the nuclear charge by one unit (Z — Z — 1) but
is without effect on the mass number. This type of transformation is
known only among the synthetic radioisotopes.

2. Orbital electron capture. As an alternative to positron emission,
a nucleus may capture an orbital electron, thereby converting a proton
to & neutron and giving the same mass and charge effects. Since the
electron captured is normally one of those closest to the nucleus, i.e.,
a K electron (p. 87), the process is usually termed K-electron capture,
or more simply K-capture. To fill the vacancy so created, an electron
from a higher energy level drops into the K-shell, and characteristic
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x-radiation is emitted. K-electron capture is rather uncommon and
is usually found only among the synthetic radioisotopes.

3. Proton emission. Proton emission may be regarded as a possible
means of increasing neutron to proton ratios, but it is highly unlikely
and of no importance.

In terms of Figure 2:10, these processes would characterize nuclei
lying below the general stability curve as shown.

In general, whether a nucleus will attain stability through beta
emission or through positron emission or K-electron capture can be
predicted by application of the stable isobar rule of Mattauch.®®
This empirical generalization states that stable isobar pairs do not
exist where nuclear charges differ by only one unit. Although a few
apparent exceptions are known (p. 25), the lack of more exceptions
indicates its validity. It is not improbable that each of the known
exceptions is characterized by one unstable isotope of long half-life
and feeble activity. A nucleus, therefore, ordinarily decays to a
stable isobaric nucleus. Thus unstable {Na decays to stable }$Mg
by beta emission; unstable 2N decays to stable ;C by positron emis-
sion; unstable $3V decays to stable 2Ti by K-electron capture, etc.
The absence of stable naturally occurring isotopes of charges 43 and
61 is associated with the existence of stable isotopes of all mass num-
bers in these charge regions. It is presumed, therefore, that only
radioactive isotopes of these elements can exist.

It may be inferred from the foregoing discussion that there can be
but one arrangement of neutrons and protons in a particular nuclear
species and that if such a species is unstable it can decay, therefore, in
but one fashion. Although this is generally true, there is abundant
evidence that the nucleons may be present in more than one energy
condition, or in other words that nuclear energy levels may exist in
much the same fashion as do extranuclear electronic levels (pp. 81—
86). Such levels are metastable with respect to the one of lowest
energy content, but sometimes their stabilities are such that a given
nucleus (fixed Z and A) may exist in more than one level and thus
possess different properties. This gives rise to the phenomenon of
nuclear isomerism.

Decay processes are complicated by nuclear isomerism. This is
shown in a general way in Figure 2-11. The unstable nucleus X may
exist in any one of several energy levels 4, A’, or A””. A and A’ are

8 J, Mattauch and 8. Fluegge: Nuclear Physics Tables and an Introduction i
Nuclear Physics, p. 97. Interscience Publishers, New York (1946). Z. Phuj
91, 361 (1934).
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metastable with respect to A””. Such a nucleus could gain stability
by losing energy through transition from A or A’ to A”, a process
known as isomeric transition (I.T.). No mass or charge alteration
occurs, but energy is lost either as short wavelength or gamma (vy)
radiation or by transfer to orbital electrons. The latter may cause
one or more orbital electrons to be emitted from the atom in question.
Such electrons are called internal conversion electrons (e~), and their
emission is accompanied by x-radiation as with K-electron capture.

Stable Unstable Stable
nucleus nucleus nucleus
Z X Y
A—p————————- p—— <
/’l AN
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A ] I A | N
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Fig. 2-11. Diagrammatic representation of nuclear isomerism.

The unstable nucleus X (Figure 2-11) may decay to the stable
nucleus Y of energy C’ by alternative paths. If the isomeric transition
from A to A" requires an appreciable time interval, decay may procced
by the path A-A”-C’ as well as by the direct path A-C’. The
same type of decay bhut with two half-life periods (p. 58) would
result. In some instances, however, nuclear isomerism may lead to
two different decay types and products. Thus nucleus X (Figure 2-11)
might decay to nucleus Y by the path A-C’ and to another nucleus
Z of energy C by the path A-C. Obviously, such a situation
could exist only if C’ and C were nearly identical and nuclei Y and Z
were stable isobars of X. Examples of both nuclear isomerism effects
are known. Thus $3Co decays to $INi by beta emission, but two decay
paths are noted, one involving direct 8~ decay followed by an isomeric
transition and the other successively an isomeric transition, a 8~ emis-
sion, and two isomeric transitions. On the other hand, JfAg decays
by 8~ activity to '3¢Cd and by g+ activity to ';¢Pd. Both 8~ and «
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activity are shown by certain naturally occurring isotopes, among
them RaC, AcC, and ThC.

Gamma radiation associated with the above processes is penetrating
electromagnetic radiation of somewhat shorter wavelength than
x-radiation. Its emission is associated with energy changes within the
nucleus and is not associated with mass or charge changes. Gamma
radiation results from a secondary energy release mechanism.

One other instability factor requires consideration. This is the
sheer mass of the nucleus. Nuclei possessing excessive masses are
spontaneously unstable. Thus no nuclei of mass numbers above 209

TABLE 2-5
NucLEArR DEcAY PROCESSES

Change | Change

Process Designation in Z in A Examples

5100 y.

Beta emission B8~ +1 0 W —— UN
24.1d.

WUX, —— UUX,
20.3 s.

Positron emission Bt -1 0 1tNe ——— IF
11.8 s.

1#Mg -0 jiNa

y.

K-electron capture K -1 0 j3Fe ——— iMn
90 d.

wAs ————— (iGe
21 m.

Isomeric transition LT. 0 0 $iMp —————— Mn
10.7 m.

#Co ——— jCo

4.5 X 100 y.

Alpha emission a -2 —4 | WUI —— UX,
1590 y.

HRa —— Ra

(at %03Bi) are stable. Such nuclei readjust themselves to the stable
range by following down the curve in Figure 2-10 through emission of
alpha (a) particles. Emission of an alpha particle (p. 10) decreases
the mass number by four units (4 — A — 4) and the nuclear charge
by two (Z— Z — 2). The emission of a particle of such large mass
and charge requires a comparatively energetic parent nucleus. With
but few exceptions only the heaviest nuclei possess these energies.
Emission of alpha particles by light nuclei is most uncommon.

The general attempt of nuclei to attain stability through emission of
energy due to the readjustments described above gives rise to the
phenomenon of radioactivity. The various processes involved in
radioactive decay are summarized in Table 2'5. The energies associ-
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ated with such processes are commonly expressed in millions of elec-
tron volts (Mev).

Radioactive decay

Radioactive decay is essentially random in character and is kinetic-
ally a first-order process, i.e., one in which the rate depends only upon
the number of decaying atoms present. Each decay process is thus
governed by the expression

dn
-5 = An (2-14)

where n is the number of atoms of the species present and \ is a con-
stant characteristic of that species. Integration of this expression
and evaluation of the time necessary for one-half of the atoms present
initially to decompose (i.e., the half-life period) give

by = 0.6;)32 @15)
Each radioactive species is characterized by its half-life period. Such
periods range from 107 sec. to 10 years.

Although decay of a particular species commonly gives a stable
product in a single step, examples of chain decay are known. In
the production of synthetic radioisotopes by bombardment (p. 71)
or fission (p. 72), products with large excesses of neutrons result. A
number of successive beta emissions is thereby essential before the
stability curve (Figure 2-10) can be approached. Among the heavy
nuclei, on the other hand, successive alpha emissions lead to a general
following down of the stability curve, but the curve drops more steeply
than simple alpha emissions would predict. Hence nuclei with exces-
sive numbers of neutrons result, and periodic beta emissions are
noted. This is characteristic of the various heavy element decay
series (pp. 64-65).

If a given radioisotope decays to a second active material, the
activity of the first material will decrease with time while that of the
second will increase in the reverse order. . Eventually, a state of
apparent equilibrium between the two will be reached, a state in
which the decrease in activity of the first will be balanced by the
increase in activity of the second. In chain decay, all the members
will be involved, and the general equilibrium will be governed by the
long half-life of the parent element. It follows from Equation 2-14
that such an equilibrium is characterized by the expression
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NAL = Naks = Ndg = * * * = N, (2-16)

where the subscripts refer to the various species involved.

Binding energies and nuclear stabilities

Nuclear stabilities have been related to packing fractions and mass
defects (pp. 36-38). This is possible because in the synthesis of
any nucleus from its component particles a certain quantity of mass
disappears by transformation into energy in terms of the Einstein
relation

E = me? (2-17)

The energy-equivalent of this mass loss is known as the binding energy
of the nucleus, and its magnitude is a measure of the stability of that
nucleus. Indeed, it is much more exacting to characterize a species in
terms of its binding energy than in terms of either packing fraction or
mass defect, for the binding energy is determined by the true mass loss
and does not involve the more indeterminate mass number.

Binding energies may be calculated readily from nuclear composi-
tions. Thus for the deuteron, which is composed of one neutron and
one proton, the calculated mass is (p. 10)

1.00893 + 1.00757 = 2.01650 AMU

The mass of the deuteron is that of the deuterium atom (2.01471)
less one electron mass (0.00055), or 2.01416 AMU. The mass loss in
the synthesie of the deuteron, 0.00234 AMU, corresponds, in terms of
Equation 2-17, to an energy of 2.18 Mev.* Similarly, the binding
energy of the 30 isotope can be calculated. Since this atom contains
eight neutrons, eight protons, and eight electrons, its mass should be
that of eight neutrons (8 X 1.00893) and eight hydrogen atoms (8 X
1.00812), or 16.13640 AMU. The actual mass is 16.00000 AMU; so
the mass loss of 0.1364 AMU corresponds to a binding energy of 127
Mev.

In a similar way, binding energies can be calculated for other species.
In comparing these, it is most common to evaluate the binding energy
per nucleon (e.g., 7.9 Mev for !;0). Values of this type are sum-
mariged in Appendix I and plotted in Figure 2-12. It is apparent
that this curve is essentially the reciprocal of the packing fraction

* Substitution in Equation 2:17 of m = 1.661 X 10~ gram for 1 AMU and
c = 2,998 X 10'° cm./sec. gives an energy E = 1493 X 10~* erg. However,
gince 1 electron volt (ev) = 1.602 X 1071 erg or 1 Mev = 1.602 X 10~* erg,
substitution shows 1 AMU to be equivalent to 931 Mev. Correspondingly,
1 electron mass is equivalent to 0.5107 Mev.
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curve (Figure 2-6).. Except for the lightest nuclei, binding energies
per nucleon average about 6 to 8 Mev. A maximum of some 8.7
Mev is reached in the vicinity of mass number 55 (i.e., at iron), with
decreases at low mass numbers being more abrupt and irregular than
at high ones. It follows that maximum nuclear stability toward
natural decay or toward alteration by bombardment would character-
ize those species with highest binding energies. Thus the synthesis of
iHe from hydrogen atoms, a highly energetic and potentially useful
process (p. 68), is accompanied by increased stability due to increased
binding energy. The abundance of iron (p. 885) is associated with the
same factor. The decomposition of the heavy elements, either natur-
ally or by fission (p. 69), occurs because lighter nuclei have greater
binding energies.

Natural radioactivity

The discovery of radioactivity among the naturally occurring ele-
ments was a more or less accidental result of attempts by Henri
Becquerel to relate x-radiation to fluorescence. Among the materials
studied was a uranium salt which fluoresced brilliantly when exposed
to ultraviolet radiation. However, when this substance was wrapped
in black paper and placed adjacent to a photographic plate, the plate
was fogged. Subsequent studies showed the property of affecting a
photographic plate to be common to all uranium compounds and to be
independent of fluorescence, phosphorescence, or physical state.s?
Further work was assigned to Marie Curie, who in collaboration with
Pierre Curie soon found the phenomenon to be more pronounced with
the natural uranium ore pitchblende than with pure uranium com-
pounds of the same uranium content. From such source, the
new and highly radioactive elements polonium?® and radium?®! were
extracted. Subsequent sfudies by the Curies and others revealed
radioactive properties among all the heaviest elements.

Early investigations on radioactive materials were concerned pri-
marily with their spontaneous release of energy and were carried out
without knowledge of their relation to atomic structures. In fact,
information accumulated in this way provided the foundations for
much of present atomic theory as has been indicated. In the light of
present knowledge, the results obtained by early investigators must
be regarded as little short of remarkable.

Most of the naturally occurring radioactive isotopes are those of

% H. Becquerel: Compt. rend., 133, 420, 501, 559, 689, 762, 1086 (1896).

% P, Curie and M. Curie: Compt. rend., 137, 175 (1898).
1P, Curie, M. Curie, and G. Bémont: Compt. rend., 137, 1215 (1898).
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high nuclear charges and mass numbers. All nuclei with charges
greater than 83 are radioactive, and in addition certain nuclei of
charges 81 (thallium isotopes), 82 (lead isotopes), and 83 (bismuth
isotopes) are also unstable. Only a few naturally occurring isotopes of
lower nuclear charges have been shown to be radioactive. These are
summarized in Table 2:6. These isotopes are all characterized by

TABLE 2.6
NaturaLLY Rapioactive Isorores or LiGHTER ELEMENTS

Nucleus Decay Product Half-life, years Energy (;[gadiaﬁo"'
H : iHe 12.4 0.0179
e s~ N 5 X 102 0.145
OK g #Ca 1.8 X 10° 1.9(87)

- 1.5(7)
$Rb 8y, e nsr 6.3 X 1010 0.13(87)
0.13(y)
¥In I Sn 8 X 101 0.63
15Nd | b1 ca. 5 X 10 0.011
4Sm a 143Nd 1.0 X 10 2.0
Lu B, v (33%) 17SHE 2.4 X 101 0.4(8")
K (67%) eYb 0.26(~)
EH I %08 4 X 10 0.043

long half-lives (except {H) and comparatively feeble activities. It is
conceivable that, as the sensitivities of detecting instruments increase,
other examples will be found. Certainly one wonders whether the
apparent exceptions to Mattauch’s rule (pp. 25, 55) will not each
be characterized by unstable but long-lived species.

The heavy radioactive isotopes may be grouped into so-called dis-
integration or decay series, of which there are three for the naturally
occurring elements and one for a number of materials arising from
gynthetically obtained heavy isotopes.??-93.9¢ These series are referred
to as 4n (or thorium), 4n + 1 (or neptunium), 4n + 2 (or uranium),
and 4n + 3 (or actinium) series, the numerical designation indicating
whether the mass numbers of the members are exactly divisible by 4 or

" F. Hagemann, L. I. Katsin, M. H. Studier, A. Ghiorso, and G. T. Seaborg:
Phys. Rev., 13, 252 (1947).

% A, C. English, T. E. Cranshaw, P. Demers, J. A. Harvey, E. P. Hincks,

J. V. Jelley, and A. N. May: Phys. Rev., T3, 253 (1947).
# G. T, Seaborg: Chem. Eng. News, 26, 1902 (1948).
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divisible by 4 with remainders of 1, 2, or 3. Each series is character-
ized by a parent of long half-life and a series of decay processes which
lead ultimately to a stable end product. With the three natural
series, the end products are isotopes of lead; with the 4n + 1 series a
bismuth isotope results.

The general characteristics of the disintegration series are indicated

in Table 2-7. Included in this table are data indicating that lead
TABLE 2.7
CHARACTERISTICS OF THE DISINTEGRATION SERIES
Particles M p
. Half-life of | Stable End Lost 888 0
Series Parent Parent, years Product Lead from
_ Minerals
@ B
4n Th | ¥!Th 1.39 X 10 WThD 6 | 4 207.9
4n+1 Np| *Np 2.25 X 108 109R; 705 | ...
am+2 U | WUl 4.51 X 10° MRaG 8 | 6 206.03
4n +3 Ac | MAcU | 7.07 X 108 7 AcD 7| 4 207

samples isolated from thorium, uranium, and actinium minerals agree
in mass with values calculated from the disintegration series and sug-
gesting that such lead was produced by these disintegrations. The
lead-uranium and lead-thorium ratios in minerals, coupled with
knowledge of the various half-life periods in the appropriate series,
indicate the age of the earth to be some 2000 to 3000 million years.

Specific details concerning the disintegration series are summarized
in Appendix II (pp. 917-918). In this tabulation each radioisotope
in general decays to the one placed immediately underit. Exceptional
are the cases of nuclear isomerism where two decay paths lead to
chain branchings. Wherever chain branching occurs, merger again
results in a subsequent step. The last material given for each series
is the stable end product. The names characterizing the various
isotopes were given, in general, as the series were worked out. It will
be noted that the system used has some regularity.

Successive transformations in the natural disintegration series
were first systematized by comparisons of the chemical properties of
the various isotopes. Using such information, Rutherford, Soddy,
and Fajans formulated the so-called displacement laws. These may
be stated as:

1. When an element emits an alpha particle, the product has the ‘
properties of an element two places to the left of the parent in the
periodic table.



Ch. 2

Atomic Nuclei and Properties Related Thereto

| | ﬁﬁ
B 0 ~—= 9~ 1L —{ 602
— A*mo%%\\\ ] otz
B v = JATA
B M — 7 1z
B L= - sez
— Yl |
n \m\ (1 + ugp) sauas wniunydap 62z
N s
o - wz
z
o
@
H
g
(%¢€) 802 w
B QU= UL~
- o (%£99) bﬁ@\ ez
- n\ ﬁzogﬁn oz
| : \ ug Jozz
~ bl ~ vz
B .Es.:..ﬁAl R o
- w \ 1z
(up) souas wnuoyy
G6 | ¥6 | €6 | 26 | 16 | 06 | 68 | 88 | (8 | 98 [ s8 | v8 | €8 | 28 | 18 z
PAI | ZII | oI | of | O [QUA| 9IA | 9A | 9AI { I u”A__Ee




ctivity

Natural Radi

Ch.2

*891198 WOI38132}UISTP 9y} JO SIOQqUIAW JUOWE BUOIB[AX AIpoudd £1-Z 'O

(%96)

|

(% ,-01%5) W5 VWOV —

\ uy X —t

XV WV [(%zD -]

(%g'86) oVPH “ﬂ\\\. _
T (€ + up) sauds wnnoy

_ d AN —

v — -

. (% 4-01xS)

DY~ TY —

o e (%100

Aﬁom.m@v.o\umvnv? aed -

(%E€0 Q% e —

\‘ ™ 7]

\ ] —

of ’ —
o «\ﬁ (2 + uy) ssuas wnjuein

haad mg Xn —

n -

(%2)

L02
e
¢4
61¢
X244
Lee
1€c
134

90¢
(Ut
vie
81¢
(444
922
0€C
1414
8€C

602

3424

s1aquinu ssejy




66 Atomic Nuclei and Properties Related Thereto Ch. 2

2. When an element emits a beta particle, the product has the
properties of an element one place to the right of the parent in the
periodic table.

These generalizations were invaluable in correlating information on
radioactivity. If they appear obvious at the moment, it must be
remembered that their formulators were without benefit of modern
atomic structure concepts. These relations are shown among the
radio elements in Figure 2-13.

Nuclear transmutations and artificial radioactivity

The first experimental conversion of one nucleus into another was
effected in 1919 by Rutherford.”* When energetic alpha particles
from radium-C were passed through nitrogen gas, long-range protons
were detected. These protons were shown clearly to result from
collisions between alpha particles and nitrogen nuclei according to a
reaction which may be formulated as

YN + jHe— 'jO0 + [H
Subsequent work by Rutherford and Chadwick (1921-1922) showed
that all elements between boron and potassium, except carbon and
oxygen, underwent similar transmutations, and the field of nuclear
reactions grew as more and more investigators studied these and other
reactions.

In 1934, I. Curie and F. Joliot*® noted that when either boron,
magnesium, or aluminum was bombarded with alpha particles an
expected transmutation with neutron emission occurred but that
positron emission, decreasing with elapse of time, continued after
bombardment ceased. By careful analyses of materials employed and
produced, they were able to show that in each case alpha bombard-
ment produced an unstable nucleus which then underwent radioactive
positron decay. With boron and aluminum, for example, the processes
amounted to

4B + {He— 4N + in
#C + B+ (s = 9.9 min.)
AL + {He — 4P + n .
%Si + B+ (ty = 2.55 min.)

Such was the discovery of artificial radioactivity.

% E. Rutherford: Phil. Mag. (6], 87, 581 (1019).
% 1. Curie and F. Joliot: Compt, rend., 198, 254 (1934).
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There is no real distinction between a nuclear reaction leading to
stable products and one leading to unstable products. In terms of
Bohr’s approach?” bombardment of a nucleus amounts first to absorp-
tion of the bombarding particle to produce an unstable compound
nucleus. In a second step this compound nucleus decomposes within
a short fime interval (10~'? to 10~ sec.) to a set of products. These
products may be stable or they may be unstable and undergo decom-
position with periods which are long in comparison with the life of the
compound nucleus.

Because atomic nuclei differ but little in size from the bombarding
particles, they present tiny targets. The probability of a collision is
described in terms of the cross-section (¢) of the nucleus. Nuclear
cross-section is defined by the equation

o = N/Inz (218)

where N is the number of processes occurring in the target, I the num-
ber of incident particles, n the number of target nuclei per cubic centi-
meter of target, and z the target thickness in centimeters. Nuclear
cross-sections have magnitudes of the order of 10~%¢ ¢cm.? (= 1 barn).
The situation is further complicated by the facts that positive bom-
barding particles are strongly repelled by nuclei and that binding
energies are such that only the most energetic of particles are effective
in producing rupture. Only recently have the experimental means
become available for effecting nuclear reactions on any but minute
scales.

Nuclear reactions may be carried out by bombardment with alpha
particles, deuterons, protons, neutrons, x-radiation, gamma radiation
(photons), or electrons. The magnitudes of the energy barriers which
must be surmounted render positive particles comparatively inefficient,
particularly against nuclei with large charges. In a measure, this is
compensated for by rendering the positive particles more energetic.
Neutrons, on the other hand, have no energy barriers to overcome
and are very effective. Even neutrons of low energies (slow or
thermal neutrons) enter nuclei and produce many important reactions.
Gamma- and x-ray-induced reactions are comparatively rare. Those
involving electrons have become important only since the develop-
ment of electron accelerators such as the betatron.

In discussing nuclear reactions, it is customary to employ the
notation

M(a,b)M’
7 N. Bohr: Naturwissenschaften, 34, 241 (1936); Nature, 137, 344 (1936).
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where M and M’ are, respectively, the target and product species,
a is the bombarding agent, and b is the emitted particle or photon (if
any). Thus, the reactions mentioned above (p. 66) may be written
'sB(a,n)"}N and {3A1(a,n) }3P.

It must be emphasized that equations describing nuclear reactions,
like those describing chemical reactions, must balance as to mass
numbers and charges. Nuclear reactions, like their chemical counter-
parts, are characterized by the absorption or release of energy. This
may be indicated by including an energy term @ in the equation as,
for example,

N + {He—> "0+ 1H+Q

Obviously Q may be positive (exoergic reaction) or negative (endoergic
reaction). Values of Q are commonly expressed per nucleus reacting
and are much larger than corresponding chemical values. For the
UN(e,p)':0 reaction 1.13 Mev of energy is absorbed (@ = —1.13
Mev), corresponding to 4.33 X 10—17 kecal. per atom. For a gram
atom, then, 6.02 X 10? times as much energy, or 2.61 X 10+ keal.,
would be required. Ordinary chemical reactions seldom produce or
require more than 1 to 2 X 102 kcal. of energy.

The energetics of nuclear reactions are of course associated with the
mass changes which characterize them (p. 59). Mass changes may
be used to evaluate the energies of nuclear reactions in terms of
Equation 2-17, or conversely observed energy changes may be used to
evaluate masses and therefore physical atomic weights (p. 33).
As typical of the evaluation of a nuclear reaction, the conversion of
hydrogen into helium may be considered. This reaction may take
any one of a number of courses, but for simplicity let us assume the
reaction to be represented by

21H + 2jn — jHe + Q

The total mass of the reactants (2 X 1.00812) 4 (2 X 1.00893),
or 4.03410 AMU, when compared with the mass of {He, 4.00390 AMU,
shows the reaction to be characterized by a mass loss of 0.0302 AMU.
This is equivalent to a release of 28.12 Mev of energy per helium atom
produced or 6.45 X 108 kcal. per gram atom of helium. -Comparable
thermonuclear (or fusion) reactions involving tritium appear to be
even more highly exothermic. It is little wonder that the conversion
of hydrogen to helium should produce such tremendous solar tem-
peratures or that it should be of interest as & source of energy.

The energy associated with a nuclear reaction may be used to evalu-
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ate the isotopic mass of one of the reactants or products, provided the
isotopic masses of the other materialsinvolved are known. Thisis pos-
sible because of the mass equivalence of energy. It is apparent that
physical atomic weights may be evaluated from such data, provided
isotopic abundances are known.

Types of nuclear reactions

Nuclear reactions may be classified either in terms of the overall
transformation which occurs or in terms of the nature of the bombard-
ing’/particle. Using the first method, one can distinguish the following
types of reactions:

1. Capture reactions. The bombarding particle is absorbed with or
without the emission of gamma radiation, but no massive particle
other than the product nucleus is produced. Neutron capture is
common.

2. Particle-particle reactions. In addition to the product nucleus,
a massive particle (proton, neutron, etc.) is produced. Such reactions
are commonly encountered.

3. Fission reactions. A heavy nucleus, created by bombardment,
breaks into two or more fragments, with masses roughly half that of
the original. The process produces large amounts of energy and
usually several neutrons. Although neutron-induced fission involving
2°U and %*}jPu has been most widely investigated, fission of other
thorium, protactinium, and uranium isotopes with neutrons, protons,
deuterons, alpha particles, and gamma rays has been effected as well
as fission of isotopes of lighter elements such as tantalum, platinum,
thallium, lead, and bismuth with high energy deuterons and alpha
particles. Neutron-induced fission is discussed in detail on pp.
72-717.

4. Spallation reactions. In addition to products of the normal type,
large numbers of light fragments corresponding to decreases in mass
number up to 30 units and in charge up to 14 units result. Such
reactions occur only when the bombarding particles are very highly
energetic and are of rather recent discovery. They are of considerable
potential importance.

5. Fusion reactions. Certain light nuclei may fuse together to
produce heavier nuclei, e.g., in the formation of helium from hydrogen
(p. 68). Such reactions are exothermic and of considerable interest
as potential sources of energy. It appears that triggering such reac-
tions by high initial temperatures may be essential to their continua-
tion on large scales.
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TABLE 28
Types or NUCLEAR REACTIONS
Type of Activity

Produced in
Reaction Type Product Examples
1. Alpha-induced reactions
(a,n) stable or g+ ‘Be(a,n)'iC
, HAl(e,n)}{P
(a,p) stable 14N (a,p)'i0
HAl(a,p)}i81
2. Proton-induced reactions
(@) st 1IN (p,7)':0
~ 3C(pyy)iN
(p,n) Bt 1iB(p,n)'sC
' 130(pn)iF
, @d 'Be(p,d)Be
(p,a) stable or g8+ YN (p,«)'sC
1Al(p,0)iiMg
3. Deuteron-induced reactions
(@,p) 8~ 1iNa(d,p)}{Na
17C1(d,p)}3C1
(d,n) stable or g+ 12C@d,n)IN
1Cld,n)1}A
@2n) .. 1C1(d,2n) A
d,a) stable or 8~ 1*0(d,e)sN
4. Gamma-induced reactions
(v,n) s* {Be(v,n){Be
5. Neutron-induced rcactions
(n,7) B~ WBr(n,)3Br
0, U
(n,p) 8- YN (n,p)";C
#Rb(n,p)3iKr
(n,) 8- BF(n,a)"tN
$#1Rb (n,a)§{Br
(n,2n) B* YN (n,2n) N
. $Rb(n,2n)34Rb
(n,fission) B 338U (n, fission) fission products

12Th(n,fission) fission products
3¢Pu(n,fission) fission products
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Classification of nuclear reactions in terms of the bombarding agent
gives the types summarized, together with appropriate examples, in
Table 2:8.9%9 Each of these may now be considered in some detail.

1. Alpha-induced reactions. Because of large coulombic repulsions,
reactions of this type are comparatively inefficient for any but the
lightest nuclei. The reaction ${Be(a,n);C provides a convenient
source of neutrons and is commonly effected by use of powdered beryl-
lium and radon in a sealed cylinder. Information on (a,p) and (a,n)
reactions has already been given (pp. 66—69).

2. Proton-induced reactions. Although coulombic repulsions are
less with protons than with alpha particles, the smaller mass of the
proton renders it difficult for the proton to surmount or penetrate the
nuclear energy barrier unless it is highly energized. Proton reactions
commonly yield positron emitters because of unfavorable increases
in nuclear charge.

3. Deuteron-induced reactions. . Deuterons are perhaps the most
effective of the positively charged particles. Because of a compara~
tively large mass defect, the deuteron is inherently energetic. Fur-
ther increases in energy may be supplied by cyclotron acceleration.
Although barrier effects permit perhaps only one deuteron in 10°® to
enter a nucleus, the availability of the deuteron in a measure overcomes
this difficulty. A (d,p) reaction amounts essentially to capture of a
neutron from the deuteron and is thus similar to a simple (n,vy) reac-
tion. It is believed that in this reaction the deuteron is broken up
outside the target nucleus, with only the neutron then entering.
This explanation was first given by Oppenheimer and Phillips.1°°
Hence such a process is referred to as an' Oppenheimer-Phillips (O-P)
process. Certain (d,n) reactions, notably {H(d,n)iHe, iBe(d,n)$B,
12C(d,n)'}N, are excellent neutron sources.

4. Gamma-induced reactions. Gamma and x-radiation are ex-
tremely inefficient in effecting nuclear transformations. The reaction
{Be(y,n){Be is an excellent neutron source. Nuclei are sometimes
energized by gamma radiation, energy loss by isomeric transition then
occurring. An example is '}In(y,v)'isIn, the product showing a
4.1-hour gamma activity. )

5. Neutron-induced reactions. In the absence of coulombic repul-
sions, neutron reactions are dependent only upon the energy of the
bombarding particle and the cross section of the nucleus in question.

B E. C. Pollard and W. L. Davidson: Applied Nuclear Physics, 2nd Ed. John
Wiley and Sons, New York (1951).

* R. R. Williams, Jr.: J. Chem. Education, 38, 423 (1946).

10 J. R. Oppenheimer and M. Phillips, Phys. Rev., 48, 500 (1935).
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Probability of collision is enhanced by use of thermal neutrons, i.e.,
neutrons which have been slowed by passage through a moderator
such as graphite or heavy water. All elements except helium (specifi-
cally, jHe) have been transmuted by neutron bombardment.

Until recently, netitron reactions have been limited by the lack of
larger neutron sources. Since neutrons have no independent existence,
they must always result from other nuclear reactions. With the
development of the chain-reacting pile, an unlimited neutron source
has become available, and large-scale neutron-induced reactions are
now carried out in routine fashion.

Simple neutron capture, (n,7), is an effective means of increasing
the mass number of an atomic species and, through consequent
increase in neutron to proton ratio, of producing S~ active radio-
isotopes. Many isotopes now available from the Oak Ridge National
Laboratory result in this fashion. Neutron capture can occur only if
neutrons of comparatively low energy content are employed.

Perhaps the most interesting of the neutron reactions are those
resulting in fission. Shortly after the discovery of the neutron, Fermi
found neutron bombardments to be followed by 8- activity in many
cases. Since ~ decay increases nuclear charge, Fermi reasoned that
neutron bombardment of uranium might lead to transuranium ele-
ments. When uranium was so bombarded, four 8- activities, which
could be assigned to no element in the region Z = 86-92, were found. %!
Since part of the activity concentrated with manganese, added as a
carrier and recovered, it was concluded that a congener of manganese
with charge 93 had been produced. Further studies suggested the
presence of elements of even higher atomic numbers.!®? Extended
studies by Hahn, Meitner, and Strassmann!*? indicated at least nine
different beta activities in the products, and elements with charges
through 97 were necessary to account for them. However, that all
such products should have arisen by stepwise beta decay of uranium
after neutron capture seemed unlikely because of the improbability of
such instability as a result of the absorption of a single neutron.

The true explanation was narrowly missed by Curie and Savitch, 03
who found among the reaction products a material of 3.5-hour activity
which was precipitated with a lanthanum carrier, but they concluded
it to be an actinium isotope. Subsequent events have shown that the
material was in reality a lanthanum isotope.

1 E. Fermi, E. Amaldi, O. D’Agostino, F. Rasetti, and E. Begré: Proc. Roy.
Soc. (London), A148, 483 (1934).

12 O, Hahn, L. Meitner, and F. SBtrassmann: Ber., 70B, 1374 (1937).

192 ], Curie and P. 8avitch: Compt. rend., 208, 906, 1643 (1938).
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Ultimate gimplification of the perplexing array of information on
the neutron bombardment of uranium was provided by Hahn and
Strassmann.!® Materials precipitating with barium and lanthanum
ions as carriers were found and assumed at first to be radium and
actinium isotopes, even though no alpha emissions which might yield
such isotopes were noted. Subsequent tests narrowed one set of
activities to either barium or radium isotopes. Accordingly, barium
and mesothorium-I (a radium isotope) were added and the mixture
fractionated. The activity in question concentrated with barium and
was thus due to a barium isotope. Subsequently, lanthanum was
also clearly identified as well as isotopes of strontium, yttrium, an
inert gas (Xe or Kr), and an alkali metal (Cs or Rb). Meitner con-
cluded that neutron capture was followed by the complete rupture of
the uranium nucleus.

Nuclear fission was announced in the United States by Niels Bohr
in an impromptu statement before the American Philosophical Society.
Its nature was verified almost immediately in a number of laboratories,
and a number of reports concerning it appeared in 1939. The veil of
secrecy which was soon placed over further investigations was lifted
only in 1945 with the announcement of the bombings of Hiroshima and
Nagasaki and the publication of the Smyth Report.3® Prior to this
account, only a few scattered reviews had appeared.10s—107

The fission process can be pictured conveniently in terms of the
“liquid-drop’’ approach of Bohr and Wheeler.1%® Attractive forces
within a nucleus may be regarded as causing that nucleus to assume a
spherical shape, in much the same fashion as do the cohesive forces
within a drop of liquid, whereas repulsive forces may promote elonga-
tion of the “droplet.” Nuclear stability may then be expected when
the attractive forces counterbalance the repulsive. As nuclear charge
increases, the repulsive forces increase, and it has been calculated
that nuclei with charges in excess of perhaps 100 would elongate and
spontaneously subdivide into smaller nuclei. Each nucleus possesses
a critical energy which must be exceeded before such elongation and
subdivision can occur. If this energy is not too large, excitation
resulting from neutron capture may be sufficient for elongation and
fission. Thermal neutrons impart sufficient energy to fission nuclei

such as %tU and %){Pu, but high-energy neutrons are required for

104 0. Hahn and F. Strassmann: Naturwissenschaften, 27, 11, 89 (1939).
108 Q, R. Frisch: Ann. Reports, 86, 7 (1939); 87, 7 (1940).

106 1,. A. Turner: Revs. Modern Phys., 12, 1 (1940).

107 K, K. Darrow: Bell System Tech. J., 19, 267 (1940).

198 N. Bohr and J. A. Wheeler: Phys. Rev., 58, 426 (1939).
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3381, 3Pa, and *33Th. Fission in natural uranium is due to the
235-1sotope

Subsequent studies under auspices of the Manhattan District have
demonstrated the presence of a variety of lighter elements in the
products of the neutron-induced fission of *33U.1 As shown by the
fission yield curve given in Figure 2-14, isotopés with mass numbers
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Fia. 2-14. Yields in slow neutron fission of %}U.

ca. 72 to 162 result, maximum yields being at mass numbers 95 and
139 and a minimum yield at 117. Maximum fission yields are, there-
fore, in the charge regions of roughly 40 to 42 and 56 to 58. Because
of neutron excesses, many fission products are 8~ active.

Primary interest in nuclear fission has centered in the tremendous
release of energy which accompanies it. The summed-up masses of

19 Plutonium Project, J. M. Biegel (Ed.): J. Am. Chem. Soc., 88, 2411 (1946). .
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the fission products and the 1 to 3 neutrons* accompanying each
fission are always somewhat less than those of the original uranium
and the bombarding neutron. The resulting energy equivalent of
the mass loss is some 200 Mev per gram atom of 253U, most of this
energy appearing as kinetic energy of the products. Even in the
early stages of investigation, the possibility of a self-perpetuating
chain reaction maintained by product neutrons was considered as a

Fission
fragment

Fission
fragment

Fission
fragment

Fission
fragment

Fre. 2:15. Schematic representation of chain process in nuclear fission.

source of unbelievably large amounts of energy. Its attainment and
control must be regarded as one of the outstanding technical advance-
ments of all time.

Probability considerations show that a self-sustaining chain reaction
can occur only if the total mass of the fissionable material is such that
product neutrons may be absorbed and thus serve as ignitor neutrons
for subsequent fissions. The exact magnitude of this ““critical mass”
is still a closely guarded secret. When it is exceeded, chain propaga-
tion occurs in an expanding fashion and with extreme rapidity in
much the fashion shown in Figure 2-15 and, in the absence of any

* Declassified information indicates that on the average 2.5 + 0.1 neutrous
result for every atom of uranium-235 undergoing thermal neutron fission.
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other neutron absorbers, results in an explosion. In the presence of an
efficient neutron absorber such as cadmium, chain propagation can
be so controlled that the number of neutrons builds up to some con-
stant level without increasing indefinitely. A controlled chain reaction
is thus achieved, as in the chain-reacting piles. The applications and
implications of explosive fission are sufficiently well known to require
no further discussion.

Use of the 235-isotope of uranium is complicated by need for
separating it from its admixture with the more prevalent 238-isotope
(pp. 38-52). Fortunately, *;3U absorbs slow neutrons to begin the
decay chain

23 __;_“_) 2I9N _-: ZS’Pu
Y asm 2P 2.3d.

.

the product *3Pu being fissionable. The separation of plutonium
from uranium should present fewer difficulties than the separation
of the uranium isotopes, although a major difficulty would lie in pro-
ducing plutonium in sizable quantity.

The neutron-induced fission of the 235-isotope in natural uranium
was employed successfully to provide neutrons for the production of
plutonium in the chain-reacting pile.?* Rods of pure uranium metal
encased in aluminum cans are arranged in a predetermined lattice
fashion in a neutron moderator such as graphite (or deuterium oxide).
By a suitable arrangement and the inclusion of cadmium absorbers, a
sufficient neutron level is maintained to permit absorption of extra
neutrons by *33U. Periodic removal of the uranium slugs, followed by
chemical separation, leads to recovery of plutonium. The Hanford
plant at Richland, Washington, is typical of such an installation.

Only a few of the aspects of fission have been presented. The
tremendous radioactivities resulting from fission make the large-scale
process hazardous even when controlled. Every precaution must be
taken by workers who deal with these materials. Chain-reacting
piles generate much thermal energy and must be cooled. Use of
energy transferred through a coolant for power is being explored.!1?
Piles are also tremendous neutron sources and are used as such for the -
production of radioisotopes in quantity. .

Essentially as a result of investigations involving ﬁssxon and related
subjects, a new phase of chemical physxcs dealing with nuclear
processes has been developed. This is called aptly nucleonics. It
must be pointed out also that the chemistry of the transuranium ele-

19 F, Daniels: Chem. Eng. News, 24, 1514 (1946).
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ments is associated irrevocably with nuclear fission. More informa-
tion on these materials is presented later (pp. 104, 891-901).

Applications of induced radioactivity

Many uses of synthetic radioisotopes in addition to those indicated
above are possible. Certain of these have been summarized by Sea-
borg.''! Many depend upon the indicator or tracer properties of
radioisotopes. Studies on reaction mechanisms, behaviors of materials
in small concentrations, efficiencies of analytical separations, diffusion
processes, and metabolism among both plants and animals (especially
those involving ';{C) are of this type. The medicinal use of radioiso-
topes in the treatment of malignancies and technical application of
gamma radiation in radiography represent other uses, depending upon
specific characteristics.

Of extreme interest are investigations of the chemistries of new
elements in terms of their synthetic radioisotopes. The extreme sensi-
tivities of methods of detecting radioactivity make such studies pos-
sible even though the materials are present in subweighable (e.g.,
10-¢ gram) quantities. Thus the chemistry of element 43 (tech-
netium) has been elucidated!'* '3 through use of several isotopes
produced by the reaction gMo(d,n)*¥{;Tc. Similarly, the chemistry
of element 85 (astatine) has been studied!!* by use of a 7.5-hour isotope
produced by the reaction 2J3Bi(a,2n)?i1At. The chemistries of the
transuranium elements (pp. 891-901) were determined in like
fashion before the elements were isolated in weighable quantities.
These are exemplified by studies on ?3Np.11% Information on element
61 has been obtained from the fission-produced 147-isotope. !¢
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CHAPTER 3

The Extranuclear Structures
of the Atoms

All modern theory of atomic structure is based upon the nuclear
atom of Rutherford (p. 11). Although the fundamental concept
of extranuclear electrons has been retained, many modifications of
Rutherford’s original views as to their positions and behaviors have
been made necessary by various experimental observations. To
account for the fact that these electrons do not in time fall into the
positively charged nucleus as a result of purely electrostatic attraction,
Rutherford was forced to postulate their extremely rapid motion
about the nucleus with the resultant centrifugal force exactly balanc-
ing the inward attractive force. Such a situation would be formally
analogous to that involving revolution of the planets about a central
sun, but it differs in the important respect that within the atom the
particles involved bear opposite electrical charges. As a consequence,
regardless of the rapidity with which the electron moved, it would
always be accelerated toward the nucleus and should, therefore,
describe a spiral path of steadily decreasing curvature until eventually
it entered the nucleus. In this process, the electron would lose energy
continuously, and this energy should appear as continuous radiation
without any sharp breaks. That such a process does not occur and
that radiation emitted by atoms is discontinuous, as is evidenced by
the appearance of definite spectral lines, are, of course, well known.

It was to overcome such difficulties that Bohr proposed his theory of
the structure of the hydrogen atom in 1913. Since Bohr’s theory and
subsequent modifications of it are based upon Planck’s quantum theory
and the interpretation of atomic spectra, a brief consideration of these
two items should serve as a suitable preface to further discussions.

Prior to 1900, it had been assumed quite generally that although
radiation emitted from a perfect radiator (i.e., a so-called black body)
is not uniform, it must be radiated continuously. In 1900, however,
Planck reached the important conclusion that radiation can neither

79
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be emitted nor absorbed continuously but rather only in definite
quantities which are multiples of some fundamental factor, namely,
the frequency* characteristic of the material in question. Thus
radiant energy could be thought of as being highly discontinuous and
made up of definite numbers of units which Planck termed gquanta.
This fundamental postulate forms the basis of the so-called quantum
theory, which has been so helpful in giving new interpretation and
understanding to physics and chemistry and which has permitted more
complete characterizations of particles of atomic dimensions which do
not obey the classical laws which are applicable to macroscopic
particles. According to Planck, the energy (E) of the quantum
amounts to

E=hy (31)

where » is the frequency of the radiator (or absorber) and & is a uni-
versal action constant, known as Planck’s constant, with the dimen-
sions of energy multiplied by time (numerically 6.624 X 10-?7 erg-sec.).
Radiant energy is commonly encountered as it is manifested in
spectra of various types. Whereas x-ray spectra have been discussed
already (pp. 12-14) as related to the innermost electrons within
atoms, the longer wavelength optical spectra of the ultraviolet, visible,
and infrared regions are most commonly employed in describing the
extranuclear electrons since they are related to the outermost elec-
trons. Such spectra arise when gases or vapors of chemical substances
are heated to elevated temperatures, commonly by means of electric
sparks or arcs, although occasionally even by the Bunsen flame.
When resolved by means of a suitable grating or prism in a spectro-
scope, such spectra amount to series of lines of well-defined wave-
lengths or frequencies. The positions which these lines occupy in the
recorded spectrum correspond, in terms of Planck’s theory, to definite
energy changes, and these energy changes in turn correspond to certain
transitions of electrons among various positions in the extranuclear
arrangements. Atomic spectra are normally exceedingly complex
because, under the conditions employed to excite spectra, lines due not
only to neutral atoms but to the various positive ions produced by
loss of electrons from the neutral atoms are all present together.

* Radiation is often characterized in terms of its wavelength (A). The ratio of
the velocity of light (c) to the wavelength gives the frequency (») of the radiation,
which, if the units are correctly chosen, might be regarded as the number of vibra-
tions per unit of time (usually the second). The simple reciprocal of the wave-
length gives another characteristic called the wave number (3), i.e., the number
of wavelengths per unit length (usually the centimeter).
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However, careful analyses of these patterns are of invaluable assistance
in elucidating electronic configurations.
THE BOHR THEORY OF THE HYDROGEN ATOM

The optical spectrum of hydrogen, the simplest of elements, con-
sists of several series of lines which are described as to spectral region as

Lyman series ultraviolet
Balmer series visible
Paschen series near infrared
Brackett series far infrared
Pfund series far infrared

The wavelengths (A) of the lines characterizing the Lyman, Balmer,
and Paschen series had been shown some years before Bohr’s proposals
were advanced to be determined by the more or less empirical relation

1 11
5 =7 =Ra (nl - ﬁ?) 3-2)

where X is the wavelength; 7 is the wave number; n, and »n; are integers,
with n, being larger than n,; and Ry is a constant known as the_l}x(i
berg constant and having the value 109,737.303 cm.~! Lines in the
“more tecently discovered Brackett and Pfund series are related to the
same expression, and each series is characterized by a particular value
for n.. The optical spectra of other elements are similar as regards
series of lines, but they are vastly more complex because of the larger
anumbers of electrons present and the resultant increases in numbers
of possible electronic transitions.

In 1913, Bohr! proposed an interpretation of the spectrum of hydro-
gen based upon the concept that the electron in the hydrogen atom
always described a circular orbit about the nucleus but that the
electron might be found in any one of a limited number of these orbits.
Such orbits, named stalionary states by Bohr, may be thought of in
the pictorial sense as differing from each other in radius. They have
the same significance as the energy levels of modern parlance. Accord-
ing to Bohr, the number of such orbits or states is limited by the condi-
tion that the angular momentum® of the electron in its path about the
nucleus must always be an integral multiple of A/2x. This amounts to
quantization of the angular momentum, and in Bohr’s time it repre-
sented a new concept offered without essential support. More

1 N. Bohr: Phil. Mag. (6], 26, 1, 476, 857 (1913).

* The momentum of an electron moving in some orbit can be resolved into two

vectorial factors, one along the radius and the other at right angles. The latter
is referred to as the angular momentum of the electron.
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recent work, however, has shown that the momentum of a particle
of mass m moving in a circular path of radius r and at a constant
velocity v is given by mur. It follows, therefore, that the possible
Bohr orbits are determined by
h

mr = n - 3-3)
where 7 is an integer, termed a quantum number, characterizing the
orbit. Since r increases with n in this expression, values of n should
then indicate the order of the orbits of increasing size from the nucleus
out.

Equally fundamental was Bohr’s further postulate that as long as
the electron remains in a given orbit it nexther radiates nor absorbs
ge,l;gy TAs already indicated, this view was in direct opposition to
the concepts of classical theory. Movement of the electron from one
Jorbit_to another, however, was considered to involve the absorption
or_the emission of a deﬁmte _quantity of energy, dependmg upon
whether the electron moved from a lower “state to a higher or vice
versa. This energy is manifested as radiation. The frequency of
such radiation, and therefore the position of any spectral line which it
might Produ(‘e if it were emitted, was then related to the energies of
'fﬁ'_electron in the two orbits, E, and E,, as

E, —E, =hv (3-4)

According to Bohr, therefore, lines in the spectrum of hydrogen
result from the dropping of electrons excited to higher stationary states
or orbits back to Tower, less energetic states. Each line was ascribed
to a transfer of the electron from an orbit of some n value to an orbit
of some lower n value. Using this concept, Bohr was able to account
for the observed wavelengths of the lines in the Lyman, Balmer, and
Paschen series by assigning n; values (Equation 3-2) of 1, 2, and 3,
respectively, to these series. Later extensions to include n, values of
4 and 5 permit equally good interpretations of the Brackett and Pfund
series.

Thus lines in the five spectral series for hydrogen arise from the
transitions

4

Lyman fromn =234 ton =1
Balmer fromn =3,4,5---ton =2
Paschen fromn =4,5,6 ---ton =3

Brackett fromn =5,6,7 - -ton =4
Pfund fromn=6,7 =---ton=25
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These relationships are shown diagrammatically in Figure 3:1, where
the circles represent the permitted orbits in their approximate positions
relative to the nucleus and the arrows the characteristic electronic
transitions.

The success achieved by the fundamental Bohr theory in explaining
the origin and significance of the hydrogen spectrum prompted its

g
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II//\ " Balmer series

=‘ Paschen series

~. Brackett senies

Pfund senes
-2 !
=3
-4

-5
-6
-7

etc.

Fra. 3-1. Diagrammatic representation of the origin of the hydrogen spectrum.

extension to other systems. Although it achieved some success in
accounting for the spectra of such hydrogen-like species as single
ionized helium (Het), doubly ionized lithium (Li+?), and triply ionized
beryllium (Bet?), it failed completely when applied on a quantitative
basis to materials containing more than a single electron.

This lack of applicability is traceable to the attempt of the Bohr
theory to depict extranuclear structures pictorially rather than to any
fundamental error in conceiving of electrons as occupying certain
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energy states (orbits) relative to the nucleus. The properties of the
electron were inadequately described through Mcn
only in terms of the quantum number n,, or the size of the orbit. The

uncertainty of knowing exactly both the position of the orbit and the

~velocity of the electron within it (Heisenberg’s prmcnple of uncertamty)
renders the Bohr descnptlon of these orbits inexact. However, despite
its weaknesses, ses, the Bohr theory offered the necessary basis for later
and more comprehensive treatments concerning extranuclear elec-
tronic distributions and as such must be regarded as a major contribu-
tion to both physics and chemistry. It provided for the first time a
successful correlation of four of the basic constants of natural science,
namely, the velocity of light (c), the electronic mass (m), the electronic
charge (e), and the action constant (k). It is altogether fitting that
Bohr’s work was recognized through the Nobel Award.

THE SOMMERFELD EXTENSION OF THE BOHR THEORY

Although the Bohr theory accounted for the positions of the lines in
the optical spectrum of hydrogen, it did not account for the splitting of
these lines into ~groups of finer lines. (Le., fine structure) when spectro-
Scopes of higher resolving powers were employed It was to account
for such fine structure that Sommerfeld modified the Bohr theory to
include elliptical electron orbits as well as circular.? T

The idea of ellxptxcal 1 orbits may be developed as follows: An electron
revolving about a central, positively charged nucleus will be so dis-
turbed in its path by that nuclear charge as to move in an elliptical
path with the nucleus at one focus. In such an elliptical orbit, the
major and minor axes will of course be different in length, but, as the
orbit broadens, they will approach each other and become equal when
the orbit becomes circular. Thus the ¢ircular orbit is only a special
case of the elliptical. The angular momentum of the-electron-in an
elliptical orbit will be quantized and will thus have a limited number

of valies which are multiplies of h/2r. These values, according to
Sommerfeld, may amount to kk/2r, where k is an integer known as the
azimuthal quantum number.

The orbit designation n, as used by Bohr and now referred to as the

principal qguantum number, and k are related as

n _ length of major axis ' ' 3.5)
k = iength of minor axis )

from which it is apparent that for any given value of n except 1, k
may have more than a single value. When k and n are equal, a circular

1 A, Sommerfeld: Phys. Z., 17, 491 (1916); Ann. Physik [4), 51, 1 (1916).
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orbit results, but as & becomes smaller and smaller with respect to n,
elliptical orbits of greater and greater eccentricites develop. To
illustrate, the fourth Bohr orbit (n = 4) would be subdivided into
four orbits of increasing eccentricities as characterized by k values of
4, 3, 2, and 1. These orbits are shown diagrammatically in Figure
3-2, the notation n:, expressed numerically, being used to describe
them or, perhaps more exactly, the electrons occupying them.

<)

F1a. 3-2. Sommerfeld orbits where n = 4.

The velocity of an electron moving in an_elliptical orbit will be
greatest when the electron approaches closest to the nucleus and least
wﬁen 1E fart;hest removed from the nucleus. Thls vanablhty m

in velocxty will result m a net dlsplacement of the Ol‘blt each tim tlme the

elsctron moves through it. orbit. will move, or
precess, around the nucleus. . This precessional movement will result

In small energy differences, depending on the position of the. orbit, and
will be ref’_lected_as fine structure in the gpectrum. The explanation o of
this phenomenon in_ the hydrogen spectrum is a notable. agh_le,m;gent of
Sommerfeld’s modlﬁcanon.

Perhaps the greatest single contribution of the Sommerfeld concept
however, lies in its subdivision of the original Bohr stationary states
mto several substates or levels of slightly differing energies as charac-

in_orbit shapes. This is the basis of modern
concepts of electronic configurations. Inherent also in the idea of
elliptical orbits is the concept of penetrating orbits. That certain
electrons may penetrate closer to the nucleus than others is of impor-
tance in accounting for differences in their properties and in the prop-
erties of atoms or ions dependent upon their presence. Like the Bohr
theory, the Sommerfeld extension does not apply with mathematical
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exactness to atoms containing more than a single electron. It is useful,
however, in giving qualitative pictures of the structures of the more
complicated atoms. Perhaps its major fault is the inaccurate values
for angular momentum which it gives. This is referred to later.

ELECTRONIC DISTRIBUTIONS IN ATOMS IN TERMS OF THE
BOHR-SOMMERFELD THEORY

Acceptance of the nuclear atom was tantamount to ascribing the
chemical characteristics of the atom to its electronic structure. In
1916, both G. N. Lewis?® and W. Kossel* independently suggested that
the chemical inactivities of the inert gas elements might be ascribed to
the presence of completed electronic shells or groups in their atoms.
Since the inert gas atoms, except helium, contain cight electrons in
their outermost arrangements, explanations of the chemical character-
istics of other elements in terms of the tendencies of their atoms to
approach this “rule of eight” developed. As a consequence and
because of the cubic models used by Lewis to illustrate the combining
capacities of atoms, many references have been made to the Lewis
theory of the atom. Actually, neither Lewis nor Kossel offered any
new concept of atomic structure beyond the fundamental ideas of
Bohr and Sommerfeld. They were interested in the chemical charac-
teristics of atoms, and any models which they may have used were only
valence models which emphasized the importances of certain electronic
groups (pp. 173-174).

The concept of completed electronic groupings among ators of the
inert gas elements was extended by Langmuir® to the first compre-
hensive picture of electronic arrangements. Since the atomic numbers
of the inert gases are, respectively, 2, 10, 18, 36, 54, and 86, these
numbers of electrons were taken as representing completions of the
various electronic levels. The net capacities of individual levels for
electrons were then obtained by subtracting from each total the num-
ber of electrons in the preceding inert gas. These capacities amount
to 2, 8, 8, 18, 18, 32, and represent, of course, the numbers of elements
in the various horizontal series of the periodic classification (p. 122).
Langmuir conceived of the building up of the structures of elements
with increasing atomic number as amounting to the successive filling
of these groups to completion. By this means, he was able to ascribe
similar electronic configurations to elements of similar properties, but
his assumption that a new electron must always enter an incompleted

3 G. N. Lewis: J. Am. Chem. Soc., 88, 762 (1916).

¢ W. Kossel: Ann. Physik [4], 49, 229 (1916).
¢ I. Langmuir: J. Am. Chem. Soc., 41, 868, 1543 (1919).
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group and could not enter a new group until other groups were com-
pleted was not in accordance with observed fact. As a consequence,
the Langmuir theory did not reflect electronic arrangements with
complete accuracy. Furthermore, to account for stabilities in struc-
tures in the vicinities of nickel, palladium, and platinum, some rather
unlikely arrangements had to be proposed.

In a measure, some of the difficulties inherent in the Langmuir
approach were resolved by Bury’s postulation® that the maximum
numbers of electrons in the various shells are 2, 8, 18, 32. According
to Bury, the outermost shell in an atom can contain no more than eight
electrons, and no shell can contain more than eight electrons unless
another shell farther removed from the nucleus is being formed. This
concept permitted logical explanations for the configurations of the
transition and inner transition elements in terms of the phenomenon
of inner building, i.e., the filling up of inner electronic levels, while the
outermost ones remain constant (pp. 103-106). This is admirably
illustrated in the lanthanide or rare earth series. Langmuir would
have depicted the configuration of the lanthanum (Z = 57) atom as 2,
8, 8, 18, 18, 3, whereas Bury gave it the arrangement 2, 8, 18, 18, 9, 2.
The Bury concept thus predicted that the lanthanide series should
end with element 71; the unmodified Langmuir approach extended this
series through element 72. Discovery of element 72 in association
»with zirconium and its characterization as a congener of zirconium?’
may be cited in support of Bury’s ideas. The filling of electron shells
in terms of the Bury approach may be illustrated by the inert gas atom
configurations given in Table 3-1. Electron shells in this table are

TABLE 3-1
ELEcTRONIC CONFIGURATIONS OF INERT GAs ATOMS

Number of Electrons
Symbol Atomic Number,Z K L M N O P
2

He 2

Ne 10 2 8

A 18 2 8 8

Kr . 36 2 8 18 8

Xe 54 2 8 18 18 8

Rn 86 2 8 18 32 18 8

designated in order K, L, M, N, etc., as they become farther and
farther removed from the nucleus (p. 12).
Further spectroscopic studies led Bohr to almost the same conclu-
sion relative to the building up of electronic groups® and suggested
$C. R. Bury: J. Am. Chem. Soc., 48, 1602 (1921).

! D. Coster and G. von Hevesy: Nature, 111, 79, 182, 252 (1923).
8 N. Bohr: Z. Physik, 9, 1 (1922).
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that electrons in the second, third, and fourth levels be subdivided,
respectively, as 4, 4;6,6,6; and 8, 8, 8,8. This concept of subdivision
of main electronic groups inherent in the Sommerfeld ideas was placed
upon a sound basis in 1924, when both Stoner’ and Main Smith!?
arrived at the correct distributions of electrons within the various
groups as being 2 (forn =1);2, 2,4 (n = 2); 2, 2,4,4,6 (n = 3);
and 2, 2, 4, 4, 6, 6, 8 (n = 4). However, their results were based
upon nothing more than logical extensions of the Bohr-Sommerfeld
theory, although by that time everyone was agreed that this theory
applied rigidly only to atoms containing but a single electron. The
configurations of the inert gas elements as written by Main Smith are
instructive in indicating how the electronic arrangements he proposed
were described in terms of the quantum numbers n and k. These con-
figurations!® are given in Table 3-2.
TABLE 3-2

MaiN SmiTH NotaTioN FOR INERT Gas AtoM CONFIGURATIONS
Electronic Distribution

n 1 2 3 4 5 6
Symbol Atomic Number, Z &k 1 112 11223 1122334 11223 1122
He 2 2
Ne 10 2 224
A 18 2 224 224
Kr 36 2 224 22446 224
Xe 54 2 224 22446 22446 224
Rn 86 2 224 22446 2244668 22446 224

QUANTUM DESIGNATIONS FOR ELECTRONS

The concept of electrons revolving about atomic nuclei in orbits of
limited and well-defined shapes, which characterizes the Bohr-Som-
merfeld treatment of extranuclear structure, can be regarded as no
more than a rough pictorial view. Modern concepts based upon wave
mechanics are concerned primarily with the comparative densities of
electronic charges at given points within the atom and have probability
as their basis. Since even in terms of this view, electrons will tend
to group themselves in certain series of positions relative to the nucleus,
it is convenient to think of the electrons as occupying energy levels
with respect to the nucleus. The Bohr orbits may, therefore, be con- -
sidered equivalent to energy regions in which the probability of elec-
tron occupancy is high. Such energy levels may be regarded as dis-
crete in character, and electronic transitions are permitted only

*E. C. Stoner: Phil. Mayg. (6], 48, 719 (1924).

10 D. Main Smith: Chem. & Ind., 48, 323 (1924). See also Chemistry and
Atomic Structure, Ch. XII, XIII, XIV. Ernest Benn, Iitd., London (1924).
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between these levels. . These transitions account for spectral lines, and,
as with the Bohr theory, the relative positions of these spectral lines
permit descriptions of the properties of the electrons.

Electrons are best described in terms of four so-called quantum
numbers. Two of these numbers may be thought of in much the same
sense as those described in the preceding section. Two others are
added to permit more detailed and precise interpretations of atomic
spectra. By use of these four quantum numbers, the electrons which
make up a given atom may be characterized completely, and a more
exact understanding of the characteristics of the atom as determined
by its electronic arrangement or configuration may be obtained.

If the electrons are considered as occupying a number of energy
levels, these levels may be distinguished from each other in terms of
values of the principal qguantum number n. The exact significance of
n may be determined from the relation

oz gy

h? n?

where W represents the energy of the electron in a particular level of
a hydrogen-like atom, Z the total number of electrons (i.e., atomic
number), e the electronic charge, u the mass, and A Planck’s constant.
Although in terms of the older concepts, n might be regarded as the
ordinal number of the particular orbit in which the electron is found,
it must now be thought of as indicating only the position of the energy
level with respect to the nucleus. Crudely, this amounts to a designa-
tion of the mean distance of the electron from the nucleus since, for
example, electrons of principal quantum number 2 will be more ener-
getic and thus, on the average, farther from the nucleus than those of
principal quantum number 1. The principal quantum number may
have any integer value from unity to infinity, an infinite value cor-
responding, of course, to the complete removal of the electron from
the atom and the production of a positive ion. For convenience, the
energy levels may still be regarded as electron shells and the older shell
notation employed. We have then n = 1 for the K shell, n = 2 for
the L shell, n = 3 for the M shell, and so on.

Although the general energy positions of the electrons are described
by the principal quantum numbers, these alone do not account for all
the spectral lines. To account for all, it is necessary to describe more
clearly the energies of individual electrons through the use of other
quantum numbers. That part of the energy due to orbital motion
about the nucleus is described by the substdiary or azimuthal quantum
number !, the magnitude of which is a measure of the orbital angular
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momentum of the electron. Orbital angular momentum again has no
true meaning in terms of non-existent orbits but may be thought of as
& vector quantity

RVIT+T)

— 37)

If the Bohr-Sommerfeld orbits were real representations of electron
paths, their shapes or eccentricities would be expressed in terms of
values of I. The values which ! may have embrace n values from zero
to n — 1. Thus the electrons in each principal energy or quantum
level may be regarded as being distributed through n subsidiary levels.
Although electrons may be described in terms of numerical values for
l, custom dictates the use of equivalent letter designations, the first
four of which come from the old spectral terms, sharp, principal,
diffuse, and fundamental. Thus electrons for which I = 0 are named
8 electrons; for I = 1, p electrons; for [ = 2, d electrons; and for ! = 3,
f electrons. For larger [ values, the letters g, h, etc., are employed,
although in actual considerations of known neutral atoms only s, p,
d, and f electrons are involved. A wave function associated with the
orbital motion of an electron is referred to as an orbital. It is cus-
tomary to refer to 8, p, d, and f orbitals in describing the configurations
and properties of atoms.

The observed splitting of certain spectral lines when the source
which emits them is placed in a magnetic field (Zeeman effect) neces-
sitates a further refinement in electronic designations. Under the
influence of the magnetic field, the vector quantity describing the
orbital angular momentum undergoes a precessional movement and
describes a cone about an axis in the direction of the magnetic field.
The possible positions which this vector may assume in space are
limited, and the magnitude of its component in the direction of the

* magnetic field is given in terms of the magnetic quantum number m; by
the expression

m (% 38)

The magnetic quantum number may have any integral value and zero
from —! to +I, there being 2! 4 1 possible orientations in space of
the angular momentum vector. Thus, for an & electron, I = 0 and
my = 0; for a p electron, I = 1 and m; = —1, 0, +1; for a d electron,
l=2and m = —2, —1,0, +1, +2; and for an f electron, ! = 3 and
m = —3, —2, —1,0, +1, 42, 4+3. Positive values of m; describe
orbital angular momentum components in the direction of the applied
field; negative values refer to components in the opposite direction.
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One other characteristic of electrons requires description, namely
their spin or rotation about their own axes. Because of its spin, each
electron has an added angular momentum amounting to

hvss+1) 3-9)
27

where the spin s is given by 4. In an applied magnetic field, there-
fore, the vector representing this spin momentum can also orient
itself so that its component m, (the spin quantum number) is either in
the direction of the field or opposed to it, that is, has a value of either
+14 or —14. In a more utilitarian fashion, this amounts to saying
that for each possible combination of the other three quantum numbers
(n, 1, my), two electrons differing from each other only in spin are
possible. Or, putting it another way, two electrons differing in spin
may exist for each value of m;. Each orbital may accommodate such a
pair of electrons.

The electrons within any atom may be discussed in terms of the
magnitudes to the four quantum numbers. It is an observed fact,
however, that no two electrons within the same atom can have the
same values for the four quantum numbers. This generalization is
known as the Pauli exclusion principle and is tantamount to a state-
ment that each electron differs from every other electron in a given
atom in its total energy. The gmallest such difference will, of course,
be between two electrons which differ from each other in spin alone.

e e e ——————

Electrons within a given quantum level

The total number of electrons within a given quantum level and the
distribution of these electrons as governed by the permitted values of
the subsidiary quantum number [ may be determined by evaluation of
the various quantum numbers and application of the Pauli exclusion
principle. Thus for the K shell, the principal quantum number n
equals one, and [ can, of necessity, have only a zero value. The mag-
netic quantum number m; must also be zero, indicating the possibility
of but a single orbital, and application of the idea of electron spin as
embodied in the spin quantum number m, shows the presence of a
maximum of two electrons. These electrons are of the s type. Ina
gimilar fashion, it can be shown that the maximum numbers of elec-
trons possible in the L, M, N, O, etc., shells are, respectively, 8, 18,
32, 50, ete. Determination of these values and the corresponding
electron distributions are summarized in Table 3-3.
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TABLE 3-3
Di1sTRIBUTION OF ELECTRONS AMONG THE QUANTUM LEVELS
Number of Electrons
Distributed Total

Shell n l ny
K 1 0() 0 2 2
L 2 0(s) 0 2 8
1(p) +1,0, -1 6
M 3 0() 0 2 18
1(p) +1,0, —1 6
2(d) +2, +1,0, —~1, ~2 10
N 4 0(s) 0 2 32
1(p) +10, —1 6
2(d) +2, +1,0, —1, -2 10
3() +3, +2, +1,0, —1, -2, -3 14
0 5 0(s) 0 2 50
1(p) +1,0, —1 6
2(d) +2, +1,0, —1, —2 10
3() +3, +2, +1,0, -1, -2, -3 14
4(g) +4, +3, +2, +1,0, —1, —2, -3, —4 18

Electronic configurations of atoms of the elements

The electronic configurations of atoms of the various elements are
conveniently expressed in terms of the quantum numbers. It is
customary to refer to the various electrons in terms of the notation

nl*

where n is expressed numerically as 1, 2, 3, 4, etc., [ is expressed as its
equivalent letter value g, p, d, f, etc., and z is expressed numerically as
the number of electrons present in the orbital or orbitals characterized
by I. If all the electronic levels of the atom are designated in this
fashion, a summation of the z values represents the atomic number Z.
In arriving at the electronic configurations of atoms of the various
elements, it is convenient to consider the positions which electrons
would take if these atoms were built up in order, beginning with hydro-
gen, by the successive addition of individual electrons with correspond-
ing increases in balancing nuclear charges. In terms of such an
approach, each new electron, as it enters, will tend to occupy the
avallable orbital of lowest energy, and addition to higher energy
orbitals will be expected only after lower orbltﬂmo
cWThe electronic configuration of each atom may then be
expressed in terms of those orbitals (designated by the foregomg
notation) which are occupied either partially or completely. Thess
are arranged in order of increasing values of the principal quantum

number.” The result the configuration of the atom in its
lowest energy or ground state.
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One other point is-of importance. When electrons enter a leve] of
fixed n and ! values, available ,_orbitals"are occupied singly until each
‘orbital is so occupied before any electron_pairing occurs.'!_ This is
’known as ﬁ\e pnncxple ‘of maximum multxphcxty It is of no conse-
giienice among ¢ orbitals because the second electron must always and
of necessity pair with the first. Among the p, d, and f orbitals, how-
ever, the concept is of importance, particularly as it is useful in
accounting for the presence of unpaired electrons and of properties
dependent upon them (pp. 166-167). Thus, to use an example, the
electronic configuration of the phosphorus atom, although usually
written 18?23?2p®3s23p?, is actually 18225?2p®3s?3p'3p'3p!, with three
unpaired electrons in the 3p level. The chemical characteristics of
phosphorus and its compounds are in accord with this arrangement
(pp. 558-559). For convenience, Pauling!! has suggested separate
designations of the various orbitals in a given level, np., np,, np,, etc.

Knowledge of the exact order in which atomic orbitals are occupied
is based upon interpretations of atomic spectra in terms of how lines of
particular wavelengths result from permitted electronic transitions.
Such interpretations are complicated by the complexities of the
spectral patterns among the elemerits and by the overlaps occurring
among systems of the same general type. These situations are
particularly acute among the complicated atoms of the heavier ele-
ments. Although the exact order of occupancy is well established
among the lighter elements, it is not known with complete certainty
for all the heaviest elements. Furthermore, among the higher quan-
tum levels, energies associated with orbitals of different ! values are
very nearly the same. As a consequence, it is difficult to say that one
orbital will always be occupied before another of nearly the same
energy. Exact agreement among published summaries is not found
for materials in this region.

Although it is impossible to depict the energy levels exactly, an
approximate representation is given by an energy level diagram of the
type used by Pauling!! and others.!>!* Such a diagram, modified
somewhat in the region of higher principal quantum numbers in the
light of later observations, is given in Figure 3-3. Each subsidiary
quantum level is designated by a horizontal line indicating a relative
energy content on the vertical energy scale, and each available orbital
(i.e., space for two electrons) is indicated by a small circle. Levels of

111, Pauling: The Nature of the Chemical Bond, 2nd Ed., pp. 25-26. Cornell
University Press, Ithaca, N. Y. (1940).

13 T. H. Haselhurst: J. Chem. Education, 18, 580 (1941).

13W. F. Luder: J. Chem. Education, 30, 24 (1943).
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approximately the same energy content are connected by vertical
lines at the right of the diagram. Such arrangements are called
valence shells. Their relation to the chemical behaviors of the ele-

Orbitals| s | P d f Valence : Valence shell
Capacity| 2 6 10 14 shell Capacity complete at
6d
5f 7 SO CrTErE | 7 -
6p o000 .
3‘; —S0000 6 32 Rn(Z~86)
I
5p 000 ]
4d -600060- ] 5 18 Xe(Z=54)
5s —©
4p 00
u P } 4 18 Kr(Z~36)
45 —&
3p 00
& j 3 8 A(Z=18)
e 33—
(Y]
2p 00
2 8 Ne(Z=10)
23—
) 1 2 He(Z=2)

F1g. 3-3. Energy level diagram for atomic orbitals. (Adapted with some modi-
fications from T. H. Hazlehurst: J. Chem. Education, 18, 680 [1941].)

ments i8 considered later (Ch. 6). In general, electrons may be
expected to occupy the orbitals in order as they appear, beginning at
the bottom of the diagram, each set of orbitals (of given n and ) being
filled before electrons enter the next set.

Strictly speaking, such is not the case. The arrangement given in
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Figure 3-3 characterizes elements of low atomic numbers only. As
atomic number increases, the relative energies of many of the levels
change somewhat, but not all change to the same degree. The result
is a slightly altered arrangement for elements of high atomic numbers.

6d
—_—

S 7s 7s

——

S5d

6d

Y 6s 6s 6p

Sp 5

i o

5s 5s 5P

4p af
M_—\___M4
4s 48 P
3""'—_\—_&1 \
3p

3s 3s

2p
—\—_ 2p R

2s 28

ls ls
Z~20 Z~90
Atomic number, Z

Fi16. 3-4. Variations in energy levels with atomic number.

These changes are shown very completely and comprehensively in

the graphs presented by DeVault!4 and, more schematically, although

none the less effectively, in the diagram given by Herzberg.!* The

general details of the Herzberg diagram are given in Figure 3-4.
U D, DeVault: J. Chem. Education, 21, 526, 575 (1944).

18 G. Herzberg: Atomic Spectra and Atomic Structure, p. 148. Dover Publi-
cations, New York (1944).
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Although the p levels are influenced somewhat, their relative position-
ing remains unchanged. On the other hand, the d and f levels change
rather profoundly. Thus, at low atomic numbers (Z < 20), the 3d
orbitals lie above the 4s. However, increase in atomic number effects
a reversal of this order and permits occupancy of the 3d orbitals.
Actually, this occurs at Z = 21 and is responsible for the appearance
of the first transition series (p. 103). A similiar situation character-
izes the 4d level and permits a second transition series at Z = 39.
When the 5d level is reached, the same thing occurs at Z = 57, but
immediately (at Z = 58) the rapidly dropping 4f level appears and
falls below the 5d. The first inner transition series (p. 103) appears
here. Presumably, the same thing occursin the vicinity of Z = 89-91.

In the absence of detailed energy level data, the orders in which
orbitals are occupied can be closely approximated. Wiswesser!®
pointed out that the order is determined by increasing values of n + !
(more specifically of n 4+ 1 — I/(l + 1). Dependence on n + [ was
also emphasized by Ta,!” and Carroll and Lehrman?® pointed out that
an added electron will always enter the level with lowest n + [ value
or, if two levels of the same n 4 [ value are available, that with the
lower n value. This may be illustrated by two simple examples. For
atoms of elements up through argon (Z = 18), no real choice of orbitals
is involved. With potassium (Z = 19), the next electron might enter
the 3d or the 4slevel. Forthe3d,n = 3andl = 2, givingn + 1 = 5;
for the 4s, n = 4 and ! = 0, giving n + | = 4. The extra electron in
potassium, therefore, enters the 4s level, as does the next electron
characterizing calcium. With scandium (Z = 21), the choice is 3d
or 4p. Calculation shows n 4 [ to be 5 for both; so the electron goes
to the level of lower n value, namely, the 3d. The order is thus:
182s2p333p433d4p534d5p684f5d6p735f6d7p8s.

Various mnemonic devices which reflect this dependence on n 4 1
and which serve as good approximations in arriving at electronic con-
figurations have appeared.»?® That given in Figure 3-5, which is
similar to these, is as useful as any. Orbitals are occupied in the order
in which they are struck by the series of parallel diagonal lines. An
exception is found where a single 5d electron is added before any 4f
orbitals are occupied, the remainder of the 5d electrons then appearing

W W. J. Wiswesser: J. Chem. Education, 33, 314 (1945).

Y. Ta: Ann. phys. [12), 1, 88 (1946).

18 B, Carroll and A. Lehrman: J. Chem. Education, 26, 662 (1948).
1% Pao-Fang Yi: J. Chem. Education, 24, 567 (1947).

L. M, Simmons: J. Chem. Education, 26, 698 (1948).
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after completion of the 4f level. In a parallel fashion, one or more 64

electrons should appear before any of the 5f type.
The electronic configurations of the neutral atoms in their ground

states are summarized in Table 3-4. Discrepancies between recorded

Fi6. 3:6. Order of occupancy of atomic orbitals.

configurations and those deduced in the light of the above considera-
tions are not numerous and occur only when the energy levels involved
approach each other very closely. Such situations are without sig-
nificant effects upon overall chemical behavior. Hence, in the
absence of specific information as to the exact configuration of a given
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atom, a configuration deduced as outlined above is generally acceptable
and useful. It will be noted that for elements in the region Z = 91-98
configurations involving f electrons have been given. Evidence in
support of this usage appears later in this chapter (pp. 104-105).

Types of elements based upon electronic configurations of their
atoms

In terms of similarities and differences in electronic configurations,
four essentially different types of atoms may be distinguished in
Table 3-4. For purposes of classification and discussion, elements
characterized by atoms of these types may be grouped as inert gas
elements, representative elements, transition elements, and inner transi-
tion elements. Although the detailed characteristics of each of these
groups of elements will be discussed in Part Il of this book, some
general distinctions may be outlined briefly.

Inert Gas Elements. Elements of this type are characterized by
atoms in which all subsxdlary quantum levels that are present* are
filled to ca.pa.mty Except for helium, where the configuration is
182, each atom of this type has in its level of maximum principal
quantum number (n) the arrangement ns’np. The inert gas ele-
ments have, in effect, completed electronic groups and may be regarded
as the end members of series of elements in which the individual
quantum groups are being filled. Their inertness toward chemical
reactions may be ascribed to this fact. The inert gas elements
embrace helium, neon, argon, krypton, xenon, and radon (including
actinon and thoron).

Representative Elements. Elements of this type are characterized
by atoms in which the level§ of maximum principal quantum number
dfe mcoijeEeTy filled, all underlying levels present being filled to
capamty This type of conﬁguratlon is somewhat broader in scope
than that characterizing the inert gas elements and embraces, in a
given quantum level, anything from ns! through ns?nps. Elements of
this type include those with atomic numbers from seven less through
two more than that of a given inert gas element. All the non-metallic
elements and the metallic elements from Periodic Groups Ia and Ila
and the b-families are classed as representative elements. Since many
of these elements are abundant in nature (Table 2:3), compounds
containing representative elements are commonly encountered. The
proximities of these elements to the inert gas elements and the stabili-
ties of the configurations of t}}e atoms of the latter contribute to the

* Presence is used in the sense of actual occupancy in these discussions.
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tendencies of the representative elements to react by electron loss or
gain to achieve inert gas arrangements (pp. 175-178).

Transition Elements. Elements of this type are characterized by
atoms in which an inner d level is present but is not filled to capacity.
Atoms of elements of this type have configurations which in general
amount to (n — 1)d'*ns? although rigid adherence to two electrons
in the ns level is not required since examples are known (Table 3-4)
where the arrangement is ns' or even ns’, Four transition series
appear among the elements, corresponding respectively to occupancy
of 3d, 4d, 5d, and 6d orbitals. All such series begin with Periodic
Group IIla elements, namely, scandium (Z = 21), yttrium (Z = 39),
lanthanum (Z = 57), and actinium (Z = 89). By definition, the
first three transition series end at nickel (Z = 28), palladium (Z = 46),
and platinum (Z = 78), respectively, the fourth series being limited in
membership only by the number of known elements. In terms of the
rigid definitions here employed, elements from Periodic Groups Ib
(copper family) and IIb (zinc family) are classified as representative
rather than transition elements. Because of the carry-over in prop-
erties, elements in these families have many characteristics which
render them quite analogous to the transition elements, and for this
reason some authors prefer to classify them with the latter elements.
The exact position which they are given is largely a matter of choice.

All the transition elements are metals. Although many are rare
a number are abundant (Table 2-3), and many are common either alone
(e.g., iron) or in alloys (e.g.,, manganese, vanadium, tungsten) in
technical products of strength and durability. Elements of this type
resemble each other strikingly, particularly in physical characteristics.
Detailed discussions of their physical and chemical properties in rela-
tion to electronic configurations will be found in later sections of this
book (pp. 169-170, 868-876).

Inner Transition Elements. Elements of this type are, strictly
speaking, transition elements, although they may be so distinguished
electronically from the regular transition elements as to be literally
members of transition series within transition series. Hence the term
tnner transition. Atoms of elements of the inner transition type con-
tain not only incompletely filled d levels but incompletely filled f
levels as well. Best-characterized elements of this type are the rare
earth elements (or lanthanide series elements) in which the distinguish-
ing electrons occupy the 4f orbitals. This series begins with cerium
(Z = 58). The electronic configurations given in Table 3-4 are the
most probable as listed by Meggars (loc. ¢it.) and indicate not only
the absence of 5d electrons in the majority of cases but also completion
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of the 4f level at ytterbium (Z = 70). In discussing these elements, it
has been customary to adopt the more approximate general con-
figuration 4f1-135525p%5d6s? for the series and to consider that a
regular filling of the 4f orbitals occurs from cerium (4f!) through
lutetium (4f1%). There appears to be no real reason for departing
from this procedure here. By rigid definition, both lanthanum
(Z = 57, 4f°) lutetium (Z = 71, 4f1%) would be excluded from this
series. However, the similarities in chemical and physical character-
istics existing between these and the other elements commonly justify
their inclusion.

The appearance of a second inner transition series among the heavier
elements has been speculated upon many times in the past.?! Only
recently, however, has any concrete evidence in support of such con-
tentions been produced. The marked similarities in properties exist-
ing among the transuranium elements (p. 891), the increasing stability
of the +3 oxidation state with atomic number among these elements,
apparent similarities to some of the rare earth elements, and complete
lack of similarities to rhenium, osmium, etc., led Seaborg?? to postulate
that they are members of such a series (called the actinide series),
beginning in the neighborhood of thorium. This implies, of course,
that thorium, protactinium, and uranium are not electronic congeners
of hafnium, tantalum, and tungsten, as had been proposed. Detailed
considerations of the properties of the heavy elements and their com-
pounds in comparison with those of corresponding lanthanide materials
strongly support the inclusion of these elements in a second inner
transition series.?* 4

Unfortunately, the emission spectra of the heavy elements (Th,
Pa, U, Np, Pu, Am, and presumably Cm, Bk, and Cf) are so complex
that they have not been completely analyzed. They do bear striking
resemblances, however, to the emission spectra of the lighter lanthanide
elements, ?® suggesting similarities in electronic arrangements. Fairly
complete analysis of the emission spectrum of uranium?¢ indicates
definitely the presence of at least three 5f electrons in the neutral atoms
and mono-positive ions. The spectrum of mono-positive americium
suggests?® strongly the presence of seven 5f electrons. It may be

1, L. Quill: Chem. Revs., 28, 87 (1638). General review.

12 G, T. Seaborg: Chem. Eng. News, 28, 2190 (1945).

2 (3, T. Seaborg: Nucleonics, 8 (No. 5), 16 (1949).

4 Z. 8zab6: Phys. Rev., 76, 147 (1949).

1 F. 8. Tomkins and M. Fred: J. Opt. Soc. Am., 89, 357 (1949).

16 C, C. Kiess, C. J. Humphreys, and D. D. Laun: J. Opt. Soc. Am., 868, 357
(1946); J. Research Natl. Bur. Standards, 87, 57 (1946).
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concluded then that the 5f level begins to fill somewhere below uran-
ium in the atomic number sequence. The configurations given in
Table 3-4 are not necessarily exact but appear to be the most probable
ones.

The first 5f electron is shown in this table for protactinium (Z = 91).
By analogy with the lanthanide series, it might be expected at thorium
(Z = 90). In Seaborg’s opinion,?” however, whether or not this
electron appears with thorium is of much less consequence in arriving
at the series than is the probable presence of seven 5f electrons in the
curium (Z = 96) atom, the formal analog of gadolinium (Z = 64).
Since the 5f and 6d levels are so nearly identical energetically, shifts
between these two levels might well lie within the bonds of chemical
binding energies, and the appcarance of the 5f orbitals might be
delayed further than the appearance of the 4f level in the first inner
transition series. In any event, one would depart but little from
the actual state of affairs in considering that the electronic configura-
tions of atoms of elements of atomic numbers 90-98 amount to
5f1968*6p%6d 7 s2.

The four types of elements distinguished above are presented in
summary fashion in Figure 3-6. This diagrammatic representation is
adapted from the similar one presented originally by Gardner®® and
doubtless used by Luder? and Babor?® as a model for their periodic
tables (pp. 123, 125). The types of elements are classified in terms of
the distinguishing outer electronic arrangements in their atoms, with
the immediately underlying completed shells being given at the
extreme left. The arrangement is idealistic in that it does not bring
out the minor variations in orbital occupancy previously discussed,
but it is useful in bringing together materials of the same general
types and in defining the limits of existence of the various types of
elements. In the sense that it lists together elements of similar elec-
tronic configurations, it may be regarded as a type of periodic table.

The directional characteristics of atomic orbitals

It is apparent from the preceding discussions that the various
orbitals characterizing an atom differ from each other in terms of the
distance r of the electron from the nucleus. This, it will be recalled,
was a primary consideration of the Bohr theory. The orbitals are
also described by their angular distribution in space gelative to the

27 G. T. Seaborg: Science, 104, 379 (1946)

28 R. Gardner: Nature, 126, 146 (1930).

3 W. F. Luder: J. Chem. Education, 20, 21 (1943).
30 J, A. Babor: J. Chem. Education, 31, 25 (1944).
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nucleus (p. 90), and this distribution is characteristic of a particular
orbital type regardless of the magnitude of the principal quantum
number. For the hydrogen atom, with its single 1s electron, it can be
shown that the probability of finding the electron in any spherical
shell of radius r is 2 maximum when r is identical with the radius of
the orbit of this electron as given by the Bohr theory. This electron,

8 orbitals

N

2z 4

p orbitals
Py b, P,

F1a. 3-7. Spatial distribution of 8 and p orbitals. (Adapted from L. Pauling:
The Nature of the Chemical Bond, 2nd Ed., p. 77. Cornell University Press,
Ithaca [1940].)

and any other s electron, has its most probable location in a spherical
surface with the nucleus as a center, as shown in Figure 3-7. Orbitals
of the s type are said, therefore, to be spherically symmetrical and
without directional characteristics.

With p, d, and f orbitals, the situation becomes increasingly com-
plex. These orbitals are found in sets of three, five, and seven.
Although it is impossible to determine the direction of any one orbital
in a given set, the axes (with the nucleus at their crossing) along
which the orbitals in a given set lie are at definite angles to each other
in space. Thus, with p orbitals, the three in each set are mutually at
right angles to each other and lie along three Cartesian coordinates
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with the nucleus at the center,’! as shown in Figure 3-7. Designation
of p orbitals as p., p,, and p, (p. 93) emphasizes this directional
character. Because of the fact that orbital angular momentum com-
ponents may lie either in the direction of the applied field or in the
opposite direction, each orbital of the p type has both positive and
negative components (Figure 3-7).

With d orbitals maxima are attained in four directions with each
orbital, and the orbitals are not mutually equivalent.3! These orbitals,
may thus be characterized as d., d,, d:y, d=4s, and dy4,. This situa-
tion is impossible to depict clearly as was done with 8 and p orbitals,
but in a general way the d orbitals may be considered as directed along
the slanting edges of a pentagonal pyramid with the nucleus at the
apex.’* With f orbitals, no modular picture is available.

The directional characteristics of atomic orbitals bear little relation-
ship to the generalized configurations of the atoms but are important
in describing the chemical bonds which atoms form. This is discussed
in Chapter 6 (pp. 200-205). Further details will be found in more
comprehensive treatments. !¢ 31-34

’
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on involving the lowest atomic weight and multiples of an integer.

‘hus in the series oxygen (16), sulfur (32), selenium (80), and tel-
lurium (128), the difference between the first two is 16 and between
any other two js 48, or 3 X 16. This general concept is also implicit in
Cooke’s statement in 1854 that triads were merely parts of series,
the members of each series following

algebraic law in increase in atomic 0 I ] ]

ight. H

In 1857, Odling arranged the known A —
elements into thirteen groups on the :
basis of similarities in chemical and sl o -

physical properties, the members of
each group being listed in order
of atomic weights. Although this
scheme placed the most closely related
elements together, it showed no rela-
tionships between atomic weights and
chemical characteristics. Odling’sar-
rangement most closely resembles
present-day groupings in qualitative
analysis, since elements forming com-
pounds of similar solubilities were
placed together. Although probably
fundamental in character, such an
arrangement reflected no periodic-
ity in properties and bore no rela-
tion to later-determined electronic
configurations. o 4 8 12 16
The first real periodic classifica- T2 Segment

tion, in the sense in which the term 4. 4.1. The Telluric Screw of
is now used, was_the Telluric Screw de Chancourtois.
proposed by de Chancourtois in 1862.

Using a cylinder as a base, de Chancourtois divided its surface
into sixteen equal segments (because the atomic weight of oxygen was
taken as 16) and plotted atomic weights as ordinates on the genetrix.
Through these atomic weight values, he drew a helix on the surface at
a 45° angle to the axis. This helix crossed a given genetrix at dis-
tances from the base which were multiples of 16, and elements the
atomic weights of which differed from each other by sixteen units thus
fell along the same perpendicular lines. This is apparent in the por-
tion of the Telluric Screw reproduced as a flat surface in Figure 4-1.
The great similarities existing among elements lying on the same

Atomic weight
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genetrix was apparent to de Chancourtois. In pointing out th
periodic recurrence of properties, he stated that ‘properties of sut
stances are the properties of numbers.”

Of equal importance as a forerunner of modern classifications
arrangement proposed in 1864-1866 by Newlands. Newlands
that when the elements were placed in order of increasing atc
weights, similarities in chemical and physical properties reappin
after each interval of eight elements. Because of a fancied rewe
blance to the musical scale, Newlands termed this concept the la
octaves. It was received with ridicule. However, its fundamenta
importance was ultimately appreciated and finally recognized by the
Davy Medal Award in 1887. Specifically, the Newlands arrange
ment amounted to seven horizontal series, each containing eigh
members, as is shown in Table 4-1. Although some marked incon

TABLE 4-1
NEwLANDS'S LAw oF OcTavEs
H F Cl Co, Ni Br I bPt, Ir
Li Na K Cu Rb Cs Os
G(Be) Mg Ca Zn Sr Ba, V Hg
Bo(B) Al Cr Y Ce, La Ta Tl
C Si Ti In Zr w Pb
N P Mn As Di, Mo Nb Bi
0 S Fe Se Ro(Rh), Ru Au Th

sistencies exist in this tabulation because of the discovery of elements
unknown in Newlands’s time and because of inaccuracies in his atomic
weight data, the arrangement bears a recognizable resemblance tc
those now employed. Indeed, if the table is rearranged into vertical
families and the column beginning with hydrogen is displaced one
position upward, a striking similarity to the Mendeléeff table (p. 116)
is apparent.®

Final evolution of the periodic classification came in 1869 as a resull
of the apparently independent efforts of Dimitri Mendeléeff and Lothar
Meyer. Mendeléefi’s approach to classification of the elements was
based largely on considerations of their chemical properties whereas
that of Lothar Meyer stressed their physical characteristics. Yet
each developed a tabulation surprisingly similar to that of the other,
and both emphasized the law of periodicity of properties with atomic
weight. In clarity of presentation and in fundamental understanding
of the importance of this periodicity, of the significances of odd and
even series of elements, and of the transition elements, Mendeléefl
went considerably beyond Lothar Meyer, and as a result the greater

¢ W. H. Taylor: J. Chem. Education, 26, 491 (1949).
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proportion of the credit due for such a development is usually given to
him. The publications of Mendeléeff and Lothar Meyer were com-
municated in March? and December® of 1869, respectively.

As a consequence of periodic variations noted when such properties
as atomic volume, melting point, boiling point, malleability, etc.,
were plotted against atomic weights, Lothar Meyer arrived at the
tabulation of the elements reproduced in Figure 4-2. This arrange-
ment of fifty-five elements into groups and subgroups is remarkably
similar to the Mendeléeff arrangement shown in Figure 4-4. Lothar
Meyer is probably better remembered for his atomic volume curve
than for his periodic table because of the importance which atomic
volumes have played in the development of chemical thought. Cor-
rections in atomic weights and change of emphasis from atomic weight
to atomic number as the criterion for the position of an element have
had but little effect in altering the general shape of the curve. The
complete curve based upon the latest data as given in Chapter 5
(pp. 130-131) has the same basic appearance and illustrates the same
points as Lothar Meyer’s original.

The proposals offered by Mendeléeff merit more detailed considera-
tion because of their importance in influencing subsequent chemical
progress. The original Mendéeleff table is reproduced in Figure 4-3.
In subsequent publications, the vertical form of the original table was
altered to that shown in Figure 4-4, and it is this latter form, modified
only to the extent of adding a Group 0 to accommodate the inert gas
elements and of including elements discovered since it was published,
which has been so common and which still appears in many textbooks
and reference works. The resemblances between the vertical table
given in Figure 4-3 and the ‘“long’’ forms now in common use should
be apparent to the reader. :

The breadth of Mendeléeff’s understanding is remarkable in the
light of the inaccuracies existent in information available to him.
This is at once apparent from a consideration of the following state-
ments, which are summarized from his early publications.”® Perio-’
dicity of properties is brought out by the arrangement; the arrange-
ment corresponds with the valencies of the elements; the characteris-
tics of the elements are determined by the magnitudes of their atomic
weights; known atomic weights may be corrected from the positions
which the elements occupy in the table; elements with very similar
chemical properties have atomic weights which are nearly the same

7 D. Mendeléeff: J. Russ. Phys.-Chent. Soc., 1, 60 (1869); Z. Chem., 5, 405 (1869).

8L. Meyer: Ann., Supplementband VII, 354 (1870).
* D. Mendeléeff: Ann., Supplementband VIII, 133 (1871).
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(e.g., Os, Ir, and Pt) or which increase regularly (e.g., Li, Na, and K);
the most widely diffused elements in nature are those with small
atomic weights. Perhaps even more striking was Mendeléeff’s
boldness in predicting the existence of elements not yet discovered and
in summarizing the properties which these elements should possess,
all on the basis of unoccupied positions in his table. In every case,
these predictions were verified exactly by subsequent researches.
Thus his ekaaluminum became the gallium discovered by de Bois-
baudran in 1875, his ekaboron the scandium discovered by Nilson in
1879, and his ekasilicon the germanium discovered by Winkler in 1886.

I I m v v VI
Ti= 50 Zr =90 7=180
V=51 Nb =94 Ta=182
Cr=52 Mo =96 W=186
Mn =55 Rh=104.4| Pt=197.4
Fe=x56 Ru=x104.4| Ir=198
Niz=Co=59 Pd=106,6 | Os =199
H=1 Cu=53.4| Ag=108 Hg =200
Be=9.4 | Mg=24 Zn=65.2 Cd=112
B=11 Al=27.4 7268 Ur=116 Au=197?
C=12 Si=28 ?=70 Sn=118
N=14 P=3l As=75 Sb=122 Bi=210
O =16 S=32 Se=79.4 Te=128
F=19 Cl=35.5 Br =80 I1=127
Li=7 | Na=23 K=139 Rb=85.4 Cs =133 Tl=204
Ca =40 Sr = 87.6 Ba=x137 Pb =207
=45 Ce =92
?Er = 56 La=94
?Yt=60 Di=95
?7In=75.6 Th=118?
Fia. 4-3. Mendeléeff’s original table of the elements.

The comparison of predicted and measured properties for the last of
these as summarized in Table 4-2 is particularly revealing of Men-
deléeff’s grasp of the relationships existing among the elements.
Acceptance of the Mendeléeff classification may be regarded as the
beginning of a true renaissance in chemical thought. For the first
time variations among the properties of the elements and their com-
pounds were fitted into a logical pattern, and it was no longer neces-
sary to treat an element as an individual completely detached from
and unrelated to its neighbors. The bases for all modern develop-
ments in chemistry were laid in the period following Mendeléeff’s
proposal, and the developments in atomic structure already discussed
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in Chapters 2 and 3 resulted directly or indirectly from consideration
of the regularities existing among the elements and made apparent by
the periodic classification.

Subsequent developments in the classification of the elements
centered largely in extensions, expansions, and only slight modifica-
tions of the Mendeléeff table with atomic weights as a basis for tabula-
tion. Although such a basis imposed certain difficulties, among
them the reversed orders in the pairs argon-potassium, cobalt-nickel,

TABLE 4-2
ComPARISON OF PREDICTED WITH MEASURED PROPERTIES
Predicted for Ekasilicon (Es) Found for Germanium (Ge)
(1871) Property (1886)
72 Atomic weight 72.32
5.5 - Specific gravity 5.47 (20°C.)
13 cc. Atomic volume 13.22 cc.
Dirty gray Color Grayish white
0.073 Specific heat 0.076
White EsO, Heating in air White GeO,
Slight Action of acids None by HC1
EsQ, with Na Preparation GeO, with C
KgEGF. with Na K,GeF. with Na
Refractory, sp. gr. 4.7, mol. Dioxide Refractory, sp. gr. 4.703,
vol. 22 cc. mol. vol. 22.16 cc.
B.p. 100°C,, sp. gr. 1.9, mol. Tetrachloride B.p. 86°C., sp. gr. 1.887,
vol. 113 cc. mol. vol. 113.35 cc.

B.p. 160°C., sp. gr. 0.96 Tetraethyl derivative B.p. 160°C., sp. gr. < 1.00

and tellurium-iodine, it was not until Moseley’s development of the
atomic number concept (p. 12) and subsequent realization that the
properties of the elements are dependent upon the number and arrange-
ment of the electrons within their atoms that a true basis for syste-
matic arrangement became apparent. The modern periodic system is,
of course, based upon such a concept, but the steps leading to its
development have been both interesting and illustrative of the trends
in chemical thinking.

BASES OF A PERIODIC CLASSIFICATION

By its very nature, a periodic system reflects periodic variations in
properties as a function of some arbitrarily selected base. Originally,
this base was atomic weight since atomic weight was the one property
known at that time which reflected Dalton’s atomic theory. The
fallgey in retaining atomic weight as a base is of course apparent from
the considerations offered in Chapters 2 and 3, for atomic weight,
being a nuclear property, has but little effect upon chemical character-
istics. Atomic number, on the other hand, measures the number of
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electrons, and, since chemical and physical properties are ordinarily
governed by electrons, these properties as well. The energy demands
relative to the filling of quantum levels (p. 93) of course produce
periodic recurrences of type configurations and account for periodicity
when atomic number is used as a basis.

If periodicity in properties is a function.of electronic configurations
rather than mass, one may well ask why a periodic table based upon
atomic weights could ever have been devised. The answer to this
lies in the regularities in the building up of atoms of greater and greater
complexities as already discussed (p. 52). As protons are added
(increasing the charge), neutrons must also be added (increasing the
mass) in order to produce nuclei of maximum stabilities. Of course
the rate of increase in mass is greater than the rate of increase of charge
because of the increasingly larger numbers of neutrons required to
impart stabilities to nuclei containing larger numbers of protons, but
the two properties change in the same direction except in the isolated
cases where the excessive abundances of heavier isotopes produce
unimportant reversals in average atomic weights. It is apparent,
theréfore, that atomic weight and number bases lead to the same
result.

Since the periodic system is a reflection of variations in properties,
it is of interest to note what properties do show such variations. Itis
apparent from the preceding discussion that only those characteristics
which are related to the actual arrangement of the electrons can vary
periodically with atomic numbers. Properties which depend only on
the total number of electrons can show no such variations. The vast
majority of the chemical and physical properties are dependent upon
electronic configurations, and only comparatively few, such as x-ray
spectra (p. 12), are dependent upon numbers of electrons alone.
Among the properties which are periodic in character are atomic
volume, atomic radius, ionic radius, ionization potential, electron
affinity, electronegativity, standard oxidation potential of the free
element, oxidation state or number, ion mobility, melting point,
boiling point, compressibility, optical spectrum, magnetic behavior,
heat of formation of a given compound type, parachor, hardness, and
refractive index. Certain of these are considered in detail in subse-
quent chapters. The comprehensive discussion given by Harkins
and Hall’® may be consulted with profit in this connection.

One may well wonder whether any predictions as to the magnitudes
of periodic variations can be made. In terinis of our present state of
knowledge, it is manifestly impossible for one to make exact predic-

1 W. D. Harkins and R. E. Hall: J. Am. Chem. Soc., 38, 169 (1916)~
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tions as to such magnitudes, but it is possible to approach them rather
closely. In an extremely interesting and searching amicle,QHsueh
and Chiang'" consider any periodic property to consist of two factors,
one a periodic factor determining the perxodlcxty and the other an
'g._xp‘ghtude factor causing numerical change in the property within a

St g

given family of elements, . The periodicity factor is, in turn, a func-
tion of valency or outermost electronic configuration, and the ampli-.
t\gde factor is a function of energy state and atomic radius. The
periodicity function may be either a maximum at the center of a
period or a minimum at the center. Periodic properties of the increas-
ing class embrace atomic frequency, melting point, boiling point, etc.,
whereas those of the decreasing class are atomic volume, atomic radius,
atomic’ parachor, etc. Correspondingly, the amplitude function
may amount to either parallel or crossing combination, that is, the
amplitudes for the sixteen periodic families may simultaneously
increase or decrease or they may change in reverse order for positive
and negative elements. Properties involving parallel combination are
such ones as atomic volume, atomic radius, ionic radius, and ioniza-
tion potentials, whereas those involving crossing combination are
such ones as melting point, boiling point, and hardness. Periodic
properties may therefore be classified, according to Hsueh and Chiang,
into the four general types: parallel amplitude, increasing periodicity;
parallel amplitude, decreasing periodicity; crossing amplitude, increas-
ing periodicity; and crossing amplitude, decreasing periodicity.

By combining periodicity and amplitude functions, Hsueh and
Chiang derive a property equation

P=iZ U VdZ]1 | @1

from which the numerical magnitude of a property P is related to the
atomic number Z of the element in question in terms of valence V,
a function of the periodic factor v, the principal quantum number 7,
and two parameters « and 8, which are constants for a given family of
elements but different for different families. By means of this equa-
tion and a consideration of the types of periodic properties already
mentioned, theoretical variations in properties are evaluated and
found to be in reasonably good agreement with observed variations.
Certainly curves plotted from theoretical values so calculated against
atomic number agree closely with similar ones drawn from measured
values.

11 Chin-Fang Hsueh and Ming-Chien Chiang: J. Chinese Chem. Soc., 5, 263
(1937). (In English.)
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ESSENTIALS OF A PERIODIC CLASSIFICATION

Although the Mendeléeff arrangement served well and contributed
to many significant developments, its geometry imposed many weak-
nesses and so-called defects, and a number of changes designed to
circumvent these difficulties have been proposed. The major objec-
tion offered to the Mendeléeff tabulation centers in the inability of
that arrangement to reflect the electronic configurations of the atoms of
the elements. Inconsistences in oxidation state predictions, marked
differences in the properties of elements placed in the same group
(e.g., Mn vs. Cl, or Na vs. Cu), dissimilarities between subgroups
within a given group in general, incompleteness in the separation of
metals from non-metals, and inconsistencies in the grouping of mate-
rials giving colorless and diamagnetic ions as opposed to those giving
tolored and paramagnetic ions all depend upon the absence of exact
electronic configuration relationships. Difficulties in the inclusion of
hydrogen, the lanthanides and actinides, and the transition elements
as a group stem from the same source. Much discussion has been
devoted to those ‘“defects’’ and to suggestions for remedying them.1?- 13

The ideal periodic arrangement, therefore, should be one based
upon electronic configurations. It should be of such form that not
only are these configurations shown clearly and correctly but also the
characteristics of the elements which are dependent upon these con-
figurations are presented with equal clarity. Although it is mani-
festly easy to record electronic configurations concisely and correctly,
it is equally difficult to.devise a geometrical figure which will satisfy
both the citeria listed with equal exactness. Naturally, geometrical
arrangements which are planar are preferred because they are easily
visualized from a printed page or chart; so a further limitation as to
dimension is also imposed. Any working modification of the Men-
deléeff chart must embrace these principles.

MODERN TRENDS IN PERIODIC CLASSIFICATION

The literature is replete with suggested (and discarded) modifica-
tions of the Mendeléefl periodic table.!* In fact so many modifica-
tions have appeared that one is tempted to conclude that practically
every author has his own concept of what a workable arrangement

B E, W. Zmaczynski: J. Chem. Education, 14, 232 (1937).

1B W. F. Luder: J. Chem. Education, 20, 21 (1943).

4 @G, N. Quam and M. B, Quam: J. Chem. Education, 11, 27, 217, 288 (1934).
Also innumerable references subsequent to 1934, particularly in the Journal of
Chemical Education.
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must be. Unfortunstely, the majority of the tabulations proposed
are either unwieldy or utterly worthless, and only a few valuable sug-
gestions have been made. Geometry does not permit of an arrange-
ment which is sufficiently ideal to serve all the required purposes
equally well. Thus the many three-dimensional models, embracing
globes, helices, cones, prisms, castles, etc., are interesting but lacking
in utility. To a lesser extent, the more involved two-dimensional
arrangements do little toward solving the difficulty, and essentially
the only suggestions as to modifications which are truly constructive
are those centering in reflection of electronic configurations.

Certainly the most useful of these modifications, and at the same
time one of the earliest to be proposed, is the so-called long or Bohr
table, a modern version of which is given in Figure 4-5. Properly
speaking, the term “long”’ is preferred because, although the table as
constructed reflects the Bohr theory of electronic arrangements, it
was not devised as such by Bohr himself. In fact, so many people
have contributed to its development that no single person can or
should receive sole credit. The table was used in simple form by
Rang in 1893 and by Werner in 1905 and has since been championed
by Bury and many others.

Mechanically, the long form is derived from the original Mendeleeff
form by merely extending each of the long periods and breaking the
short periods to accommodate the transition series in the long periods.
When this is done, electronic arrangements are then reflected since,(
as one proceeds from left to right, electrons are added successively
and a regular order is preserved. Placing the inert gas elements at
the extreme right then gives a logical completion for each series of s
and p electrons. Furthermore, a logical separation of subgroups is -
also effected, and the elements found in any vertical column in this
tabulation are true analogs of each other.

The advantages of the ‘“long’’ form are legion.’® Not only does it
relate the position of an element to the electronic arrangement in its
atoms, but it also reflects similarities, differences, and trends in
chemical properties more clearly than its predecessor. It is an easy
chart to remember and to reproduce. It avoids the erroneous inter-
pretations often resulting from the Mendeléeff system. In short, it
provides a clearer means of correlating the mass of information which
has accumulated about the elements and their compounds. Frequent
quent chapters of this

book, and the discussions of properties in Chapters 5 and 6 illustrate
its applications.
1$L. 8. Foster: J. Chem. Education, 18, 409 (1939).
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In spite of its usefulness, the “long’ form of the periodic table is
not free from defect.’* It suffers from its inability to reflect exact
distribution of electrons among all the orbitals«(s, p, d, f, etc.). It
suggests no absolutely clean-cut position for hydrogen. It is mechan-
ically incapable, as drawn, of including elements of the inner transition
type. In Figure 4-5, the last two of these difficulties have been only
incompletely resolved. Hydrogen is placed with both the alkali
metals (Group Ia) and the halogens (Group VIIb), a dual positioning
which reflects both its ability to lose an electron and its electronic
structure as being one electron short of an inert gas arrangement.
The inner transition elements are placed in two series (lanthanide and
actinide) at the bottom of the table, the elements lanthanum and
actinium being given places as analogs of scandium and yttrium in
the sixth and seventh periods. Admittedly, these are unsatisfactory
compromises.

Certain proposed modifications of the long form which are designed
to overcome at least some of these difficulties may be mentioned.
For example, Luder!? has described in detail what amounts to a modern
extension of Gardner’s chart (Figure 3:6, p. 105). In such an arrange-
ment, the position given an element is determined by the quantum
position assumed by the electron which distinguishes that element
from the element of atomic number one unit less. This electron Luder
calls the ““differentiating’’ electron. In effect, such a procedure groups
like elements together by its emphasis upon electronic configurations,
but in its original form it does so at the expense of preserving a sequence
of atomic numbers. By means of a slight rearrangement, amounting
only to writing symbols for elements beyond the third period on more
than a single line, Babor!® has resolved this difficulty. The Luder-
Babor chart in its final form approximates the Gardner arrangement
mentioned above. It is debatable whether such a chart is really a
periodic table in the strict sense of the word. Its major advantages
embrace separation of the elements into types and inclusion in a
logical fashion of the inner transition elements.

In a measure, the ‘“long’’ form may be expanded by merely spread-
ing the elements out to accomplish the same end. Thig has been done
in a variety of ways, for example, in the conical chart of Zmaczynski'?
and the triangular chart of Wagner and Booth.!? It is obvious that
two-dimensional geometry seriously hampers this sort of approach
and that only a limited number of useful arrangements of this type
could ever be practical.

18J, A. Babor: J. Chem. Education, 31, 25 (1944). -
17 H. A. Wagner and H. S. Booth: J. Chem. Education, 23, 128 (1945).
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An unconventional and even more extensive effort toward solving
the problem of electronic configurations has been made by Simmons.!8
In effect, the Simmons arrangement, as reproduced in composite form
in Figure 4-6, amounts to a reversed Gardner-Luder-Babor arrange-
ment, with the metals of Group Ila occupying the end positions at
the extreme right in accordance with the completion of ns orbitals.
Such a tabulation is advantageous in that the atomic number sequence
is preserved and that elements of like structures and properties are
grouped together. Its advantages are largely those of the Luder-
Babor arrangement, and its disadvantages are largely those imposed
by the unusual reversed order. It is, however, quite useful in pre-
dicting the electronic configurations of the atoms of almost any
chosen element. ‘

The reader will recognize that in none of these cases has the exact
order of electronic arrangements (Table 3-4, p. 98) been reflected.
This is of course due to the closeness with which the various quantum’
sublevels approach each other among the heavier elements and to the
fact that the energies of such levels do not decrease in an exactly
parallel fashion as atomic numbers increase. Thus irregular con-
figurations which no arrangement can predict or accomodate arise.
In the last analysis, this seems unimportant since the small differences
in energy which cause these irregularities are insufficient to alter the
characteristics of the elements (p. 97). Surely positioning of the
element to indicate its relationship to its immediate neighbors is of
greater significance, and to this end there seems to be but little reason
for utilizing the involved modifications mentioned above in preference
to the simpler ‘“long’’ form. As Wiswesser points out, arguments
relative to ideal arrangements are inconclusive.®

CONVENTIONS RELATIVE TO PERIODIC CLASSIFICATIONS

For many years, it has been customary to divide the elements into
nine periodic groups and to subdivide all these groups except 0 (the
inert gas group) and VIII (the ferrous and platinum metal group) into
subgroups or families. The families have ordinarily been designated
as “A’” and “B.” A certain lack of consistency in the designation of
A and B families characterizes all except those in Groups I and II.
Certain authorities have preferred to extend the A families through
the transition series to Group VIII and then include all elements after
Group VIII in a given period in the B families. Others have preferred
to place the transition, copper group, and zinc group elements in B

B 1, M. Simmons: J. Chem. Education, 24, 588 (1947); 28, 658 (1948).
19 W. J. Wiswesser: J, Chem, Education, 23, 314 (1945).
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families and all others in A families. The first of these conventions is
the more widely accepted and is the one followed in this book. Actu-
ally what one does in this connection is of but little real importance,
for one should use more precise family designations than family num-
bers when discussing the elements.

By common agreement, periodic arrangements are broken up into
horizontal pertods. Each period is characterized by a principal
quantum number which describes the 8 and p levels filled when that
period is completed with an inert gas element. Thus, in the second
period, the 2s and 2p orbitals are completely occupied, in the third
period, the 3s and 3p, and so on. The older term sertes was applied to
the short Mendeléeff form, short and long series being used to dis-
tinguish between 8-element and 18- or 32-element arrangements.

IN CONCLUSION

It will be obvious that no attempt has been made in this chapter to
discuss comprehensively the wide variety of periodic tables which have
been described. The attempt has been, on the contrary, to present
something of the mechanics and bases of the periodic classification and
to indicate its general utility. Specific applications and illustrations
of what can be done with the table will be found in subsequent chapters.
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CHAPTER 5

Characteristics Dependent upon
the Extranuclear Structures

I. General

The chemical characteristics of the elements and their compounds,
and in a large measure the physical characteristics as well, are deter-
mined by the extranuclear structures of the atoms and ions from which
they are derived. More specifically, these characteristics are deter-
mined largely by the electrons in the highest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>