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Preface to the Second Edition

When this book first appeared in 1984 it rapidly established itself as one of the foremost textbooks and
references on the subject. It was enthusiastically adopted by both students and teachers and has already
been translated into several European and Asian languages. The novel featurcs which it adopted (see
Preface to the First Edition) were clearly much appreciated and we have been pressed for some time
now to bring out a second edition. Accordingly we have completely revised and updated the text and
have incorporated over 2000 new literature references to work which has appeared since the first edition
was published. In addition, innumerable modifications and extensions incorporating recent advances
have been made throughout the text and, indeed, no single page has been left unaltered. However, by
judicious editing we have ensured that all the features which made the first edition so attractive to its
readers have been retained.

The main plan of the book has been left unchanged except that the general section on organometal-
lic chemistry has been removed from Chapter 8 (Carbon) and has been incorporated, together with a
summary of other aspects of coordination chemistry, in a restyled Chapter 19. However, the chemistry
of even the simplest elements has been considerably enriched during the past few years, sometimes by
quite dramatic advances. Thus the chemistry of the alkali metals has a complexity that was undreamt
of one or two decades ago and lithium, for example, is now known in at least 20 coordination
geometries having coordination numbers from 1 to 12. Compounds of alkali metal anions and even
electrides are known. Likewise, there is expanding interest in the organometallic chemistry of the
heavier congeners of magnesium, particularly those with bulky ligands. Boron continues to amaze
and confound, and its cluster chemistry continues to expand, as does sulfur—nitrogen chemistry, het-
eropolyacid chemistry, bioinorganic aspects of the chemistry of many of the elements, lower-valent
lanthanide element chemistry, and so on through each of the chapters, up to the synthesis and char-
acterization of the heaviest trans-actinide element, Z = 112. It is salutory to reflect that there are now
49 more elements known than the 63 known to Mendeleev when he devised the periodic table of the
elements.

A further indication of the rapid advances that have occurred in the chemistry of the elements
during the past 15 years can be gauged from the several completely new sections which have been
added to review work in what were previously both nonexistent and unsuspected areas. These include
(a) coordination compounds of dihapto-dihydrogen, (b) the fullerenes and their many derivatives, (c) the
metcars, and (d) high-temperature oxide superconductors.



XX Preface to the Second Edition

We hope that this new edition of Chemistry of the Elements will continue to stimulate and inform its
readers, and that they will experience something of the excitement and fascination which we ourselves
feel for this burgeoning subject. We should also like to thank our many correspondents who have kept
us informed of their work and the School of Chemistry in the University of Leeds for providing us with
facilities.

N. N. Greenwood
A. Earnshaw
August, 1997



Preface to the First Edition

IN this book we have tried to give a balanced, coherent and comprehensive account of the chemistry of
the elements for both undergraduate and postgraduate students. This crucial central area of chemistry is
full of ingenious experiments, intriguing compounds and exciting new discoveries. We have specifically
avoided the term inorganic chemistry since this emphasizes an outmoded view of chemistry which is
no longer appropriate in the closing decades of the 20th century. Accordingly, we deal not only with
inorganic chemistry but also with those aspects which might be called analytical, theoretical, industrial,
organometallic, bio-inorganic or any other of the numerous branches of the subject currently in vogue.

We make no apology for giving pride of place to the phenomena of chemistry and to the factual basis
of the subject. Of course the chemistry of the elements is discussed within the context of an underlying
theoretical framework that gives cohesion and structure to the text, but at all times it is the chemical
chemistry that is emphasized. There are several reasons for this. First, theories change whereas facts do
so less often — a greater permanency and value therefore attaches to a treatment based on a knowledge
and understanding of the factual basis of the subject. We recognize, of course, that though the facts
may not change dramatically, their significance frequently does. It is therefore important to learn how
to assess observations and to analyse information reliably. Numerous examples are provided throughout
the text. Moreover, it is scientifically unsound to present a theory and then describe experiments which
purport to prove it. It is essential to distinguish between facts and theories and to recognize that, by
their nature, theories are ephemeral and continually changing. Science advances by removing error, not
by establishing truth, and no amount of experimentation can “prove” a theory, only that the theory is
consistent with the facts as known so far. (At a more subtle level we also recognize that all facts are
theory-laden.)

It is also important to realize that chemistry is not a static body of knowledge as defined by the
contents of a textbook. Chemistry came from somewhere and is at present heading in various specific
directions. It is a living self-stimulating discipline, and we have tried to transmit this sense of growth and
excitement by reference to the historical development of the subject when appropriate. The chemistry of
the elements is presented in a logical and academically consistent way but is interspersed with additional
material which illuminates, exemplifies, extends or otherwise enhances the chemistry being discussed.

Chemistry is a human activity and its results have a substantial impact on our daily lives. However,
we have not allowed ourselves to become obsessed by “relevance”. Today’s relevance is tomorrow’s
obsolescence. On the other hand, it would be obtuse in the modern world not to recognize that chemistry,
in addition to being academically stimulating and aesthetically satisfying, is frequently also useful. This
gives added point to much of the chemistry of the elements and indeed a great deal of that chemistry
has been specifically developed because of society’s needs. To many this is one of the most attractive
aspects of the subject — its potential usefulness. We therefore wrote to over 500 chemically based firms
throughout the world asking for information about the chemicals they manufactured or used, in what



XXii Preface to the First Edition

quantities and for what purposes. This produced an immense wealth of technical information which has
proved to be an invaluable resource in discussing the chemistry of the elements. Our own experience
as teachers had already alerted us to the difficulty of acquiring such topical information and we have
incorporated much of this material where appropriate throughout the text. We believe it is important to
know whether a given compound was made perhaps once in milligram amounts, or is produced annually
in tonne quantities, and for what purpose.

In a textbook devoted to the chemistry of the elements it seemed logical to begin with such questions
as: where do the elements come from, how were they made, why do they have their observed terrestrial
abundances, what determines their atomic weights, and so on. Such questions, through usually ignored
in textbooks and certainly difficult to answer, are ones which are currently being actively pursued,
and some tentative answers and suggestions are given in the opening chapter. This followed by a brief
description of chemical periodicity and the periodic table before the chemistry of the individual elements
and their group relationships are discussed on a systematic basis.

We have been much encouraged by the careful assessment and comments on individual chapters by
numerous colleagues not only throughout the U.K. but also in Australia, Canada, Denmark, the Federal
Republic of Germany, Japan, the U.S.A and several other countries. We believe that this new approach
will be widely welcomed as a basis for discussing the very diverse behaviour of the chemical elements
and their compounds.

It is a pleasure to record our gratitude to the staff of the Edward Boyle Library in the University
of Leeds for their unfailing help over many years during the writing of this book. We should also like
to express our deep appreciation to Mrs Jean Thomas for her perseverance and outstanding skill in
preparing the manuscript for the publishers. Without her generous help and the understanding of our
families this work could not have been completed.

N. N. GREENWOOD
A. EARNSHAW
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Origin of the Elements.
Isotopes and Atomic Weights

1.1 Introduction

This book presents a unified treatment of the
chemistry of the elements. At present 112 ele-
ments are known, though not all occur in nature:
of the 92 elements from hydrogen to uranium all
except technetium and promethium are found on
carth and technetium has been detected in some
stars. To these elements a further 20 have been
added by artificial nuclear syntheses in the labo-
ratory. Why are there only 90 elements in nature?
Why do they have their observed abundances and
why do their individual isotopes occur with the
particular relative abundances observed? Indeed,
we must also ask to what extent these isotopic
abundances commonly vary in nature, thus caus-
ing variability in atomic weights and possibly
jeopardizing the classical means of determining
chemical composition and structure by chemical
analysis.

Theories abound, and it is important at all
times to distinguish carefully between what has
been experimentally established, what is a useful
model for suggesting further experiments, and

what is a currently acceptable theory which
interprets the known facts. The tentative nature of
our knowledge is perhaps nowhere more evident
than in the first few sections of this chapter
dealing with the origin of the chemical elements
and their present isotopic composition. This is not
surprising, for it is only in the last few decades
that progress in this enormous enterprise has been
made possible by discoveries in nuclear physics,
astrophysics, relativity and quantum theory.

1.2 Origin of the Universe

At present, the most widely accepted theory
for the origin and evolution of the universe to
its present form is the “hot big bang”.() It
is supposed that all the matter in the universe

1).Sux, The Big Bang: The Creation and Evolution
of the Universe, 2nd edn., W. H. Frceman, New York,
1989, 485 pp. J. D. BaArRrOW and J. Sk, The Left Hand
of Creation: The Origin and Evolution of the Expanding
Universe, Heinemann, London, 1984, 256 pp. E. W. KoL
and M. S. TURNER, The Early Universe, Addison-Wesley,
Redwood City, CA, 1990, 547 pp.
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was once contained in a primeval nucleus of
immense density (~10%¢ gcm ~?) and temperature
(~10%2K) which, for some reason, exploded
and distributed radiation and matter uniformly
throughout space. As the universc expanded
it cooled; this allowed the four main types
of force to become progressively differentiated,
and permitted the formation of various types
of particle to occur. Nothing scientific can be
said about the conditions obtaining at times
shorter than the Planck time, tp [(Gh/c)V/? =
1.33 x 10**s] at which moment the forces of
gravity and electromagnetism, and the weak and
strong nuclear forces were all undifferentiated
and equally powerful. At 1074 s after the big
bang (T = 10*! K) gravity separated as a distinct
force, and at 1035 s (10?8 K) the strong nuclear
force separated from the still combined electro-
weak force. These are, of course, inconceivably
short times and unimaginably high temperatures:
for example, it takes as long as 1072*s for
a photon (travelling at the speed of light) to
traverse a distance equal to the diameter of an
atomic nucleus. When a time interval of 107'0s
had elapsed from the big bang the temperature
is calculated to have fallen to 10'"°K and this
enabled the electromagnetic and weak nuclear
forces to separate. By 6 x 10 %s (1.4 x 10'2K)
protons and neutrons had been formed from
quarks, and this was followed by stabilization
of electrons. One second after the big bang,
after a period of extensive particle—antiparticle
annihilation to form electromagnetic photons,
the universe was populated by particles which
sound familiar to chemists — protons, neutrons
and electrons.

Shortly thereafter, the strong nuclear force
ensured that large numbers of protons and
neutrons rapidly combined to form deuterium
nuclei (p+n), then helium (2p+ 2n). The
process of element building had begun. During
this small niche of cosmic history, from about
10-500s after the big bang, the entire universe
is thought to have behaved as a colossal
homogeneous fusion reactor converting hydrogen
into helium. Previously no helium nuclei could
exist - - the temperature was so high that the sea

of radiation would have immediately decomposed
them back to protons and neutrons. Subsequently,
the continuing expansion of the universe was
such that the particle density was too low
for these strong (but short-range) interactions
to occur. Thus, within the time slot of about
eight minutes, it has been calculated that about
one-quarter of the mass of the universe was
converted to helium nuclei and about three-
quarters remained as hydrogen. Simultaneously,
a minute 1073% was converted to deuterons and
about 107%% to lithium nuclei. These remarkable
predictions of the big bang cosmological theory
arc borne out by experimental observations.
Wherever one looks in the universe — the oldest
stars in our own galaxy, or the “more recent” stars
in remote galaxies — the universal abundance of
helium is about 25%. Even more remarkably,
the expected concentration of deuterium has been
detected in interstellar clouds. Yet, as we shall
shortly see, stars can only destroy deuterium
as soon as it is formed; they cannot create
any appreciable equilibrium concentration of
deuterium nuclei because of the high temperature
of the stellar environment. The sole source of
deuterium in the universe seems to be the big
bang. At present no other cosmological theory
can explain this observed ratio of H:He:D.

Two other features of the universe find
ready interpretation in terms of the big bang
theory. First, as observed originally by E. Hubble
in 1929, the light received on earth from
distant galaxies is shifted increasingly towards
the red end of the spectrum as the distance
of the source increases. This implies that
the universe is continually expanding and, on
certain assumptions, extrapolation backwards
in time indicates that the big bang occurred
some 15 billion years ago. Estimates from
several other independent lines of evidence
give reassuringly similar values for the age of
the universe. Secondly, the theory convincingly
explains (indeed predicted) the existence of
an all-pervading isotropic cosmic black-body
radiation. This radiation (which corresponds to a
temperature of 2.735 £ 0.06 K according to the
most recent measurements) was discovered in
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1965 by A. A. Penzias and R. W. Wilson®” and
is seen as the dying remnants of the big bang. No
other comological theory yet proposed is able to
interpret all these diverse observations.

1.3 Abundances of the
Elements in the Universe

Information on the abundances of at least some
of the elements in the sun, stars, gaseous
nebulae and the interstellar regions has been
obtained from detailed spectroscopic analysis
using various regions of the electromagnetic
spectrum. This data can be supplemented by
direct analysis of samples from the earth, from
meteorites, and increasingly from comets, the
moon, and the surfaces of other planets and
satellites in the solar system. The results indicate
extensive differentiation in the solar system and
in some stars, but the overall picture is one of
astonishing uniformity of composition. Hydrogen
is by far the most abundant element in the
universe, accounting for some 88.6% of all
atoms (or nuclei). Helium is about eightfold
less abundant (11.3%), but these two elements
together account for over 99.9% of the atoms
and nearly 99% of the mass of the universe.
Clearly nucleosynthesis of the heavier elements
from hydrogen and helium has not yet proceeded
very far.

Various estimates of the universal abundances
of the elements have been made and, although
these sometimes differ in detail for particular ele-
ments, they rarely do so by more than a factor
of 3 (10%) on a scale that spans more than 12
orders of magnitude. Representative values are
plotted in Fig. 1.1, which shows a number of
features that must be explained by any satisfac-
tory theory of the origin of the elements. For
example:

ZR. W. WiLsoN, The cosmic microwave background
radiation, pp. 113-33 in Les Prix Nobel 1978, Almqvist &
Wiksell International, Stockholm 1979. A. A. PeNziaS, The
origin of the elements, pp. 93— 106 in Les Prix Nobel 1978
(also in Science 105, 549-54 (1979)).

(i) Abundances decrease approximately
exponentially with increase in atomic
mass number A until A ~ 100 (i.e. Z ~
42); thereafter the decrease is more grad-
ual and is sometimes masked by local
fluctuations.

(ii) There is a pronounced peak between Z =
23--28 including V, Cr, Mn, Fe, Co and
Ni, and rising to a maximum at Fe which
is ~10° more abundant than expected
from the general trend.

(i1) Deuterium (D), Li, Be and B are rarc
compared with the neighbouring H, He,
C and N.

(iv) Among the lighter nuclei (up to Sc, Z =
21), those having an atomic mass number
A divisible by 4 are more abundant than
their neighbours, e.g. 'O, *Ne, *Mg,
288i, %8, 3 Ar and *°Ca (rule of G. Oddo,
1914).

(v) Atoms with A even are more abundant
than those with A odd. (This is seen in
Fig. 1.1 as an upward displacement of
the curve for Z even, the exception at
beryllium being due to the non-existence
of $Be, the isotope 3Be being the stable
species.)

Two further features become apparent when
abundances are plotted against A rather than Z:

(vi) Atoms of heavy elements tend to be neu-
tron rich; heavy proton-rich nuclides are
rare.

(vii) Double-peaked abundance maxima occur
at A =280, 90; A =130, 138; and A =
196, 208 (see Fig. 1.5 on p. 11).

It is also necessary to explain the existence of
naturally occurring radioactive elements” whose
half-lives (or those of their precursors) are sub-
stantially less than the presumed age of the uni-
verse.

As a result of extensive studies over the past
four decades it is now possible to give a detailed
and convincing explanation of the experimental
abundance data summarized above. The histori-
cal sequence of events which led to our present
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understanding is briefly summarized in the Panel.
As the genesis of the elements is closely linked
with theories of stellar evolution, a short descrip-
tion of the various types of star is given in the
next section and this is then followed by a fuller
discussion of the various processes by which the
chemical elements are synthesized.

1.4 Stellar Evolution and the
Spectral Classes of Stars®?

In broad outline stars are thought to evolve by the
following sequence of events. First, there is self-
gravitational accretion from the cooled primordial

31. S. SHKLOVSKI, Stars: Their Birth, Life and Death (trans-
lated by R. B. Rodman), W. H. Freeman, San Francisco,
1978, 442 pp. M. HARWIT, Astrophysical Concepts (2nd edn)
Springer Verlag, New York, 1988, 626 pp.

4D.JL CLark and F. R. STEPHENSON, The Historical
Supernovae, Pergamon Press, Oxford, 1977, 233 pp.

hydrogen and helium. For a star the size
and mean density of the sun (mass = 1.991 x
10 kg = 1 M) this might take ~20y. This
gravitational contraction releases heat energy,
some of which is lost by radiation; however, the
continued contraction results in a steady rise in
temperature until at ~107 K the core can sustain
nuclear reactions. These reactions release enough
additional energy to compensate for radiational
losses and a temporary equilibrium or steady state
is established.

When ~10% of the hydrogen in the core has
been consumed gravitational contraction again
occurs until at a temperature of ~2 x 108 K
helium burning (fusion) can occur. This is
followed by a similar depletion, contraction and
temperature rise until nuclear reactions involving

L. A. MARSCHALL, The Supernova Story, Plenum Press, New
York, 1989, 276 pp. P. MURDIN, End in Fire: The Supernova
in the Large Magellanic Cloud, Cambridge University Press,
1990. 253 pp.

Genesis of the Elements — Historical Landmarks

1890s First systematic studies on the terrestrial abundances of the elements

1905 Special relativity theory: E = mc?
1911 Nuclear model of the atom

1913 First observation of isotopes in a stable element (Ne)
1919 First artificial transmutation of an element '$N(,p)'70

1925-8 First abundance data on stars (spectroscopy)

1929 First proposal of stellar nucleosynthesis by proton fusion to helium

and heavier nuclides

1937 The “missing element” Z = 43 (technetium) synthesized by

SMo(d.n)PTc

1938 Catalytic CNO process independently proposed to assist nuclear syn-
thesis in stars

1938 Uranium fission discovered experimentally

1540 First transuranium element Z3JNp synthesized

1947 The last “missing element” Z = 61 (Pm) discovered among uranium

fission products

1948 Hot big-bang theory of expanding universe includes an (incorrect)

theory of nucleogenesis

1952-4 Helium burning as additional process for nucleogenesis
1954 Slow neutron absorption added to stellar reactions
1955-7 Comprehensive theory of stellar synthesis of all elements in observed

cosmic abundances
1965 2.7 K radiation detected

F. W. Clarke;
H. S. Washington and others
A. Einstein
E. Rutherford
J. J. Thompson
E. Rutherford
Cecilia H. Payne;
H. N. Russell
R. D’E. Atkinson and
F. G. Houtermans
C. Perrier and E. G. Segré

H. A. Bethe; C. F. von Weizsicker

O. Hahn and F. Strassmann

E. M. McMillan and P. Abelson

J. A. Marinsky, L. E. Glendemn
and C. D. Coryell

R. A. Alpher, H. A. Bethe and
G. Gamow

E. E. Salpeter; F. Hoyle

A. G. W. Cameron

E. M. Burbidge, G. R. Burbidge,
W. A. Fowler and F. Hoyle

A. P. Penzias and R. W. Wilson
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still heavier nuclei (Z = 8-22) can occur at
~10° K. The time scale of these processes
depends sensitively on the mass of the star,
taking perhaps 10'? y for a star of mass 0.2 Mg,
1010 y for a star of 1 solar mass, 10’ y for
mass 10 M, and only 8 x 10*y for a star
of 50 Mg; i.e. the more massive the star, the
more rapidly it consumes its nuclear fuel. Further
catastrophic changes may then occur which result
in much of the stellar material being ejected into
space, where it becomes incorporated together
with further hydrogen and helium in the next
generation of stars. It should be noted, however,
that; as iron is at the maximum of the nuclear
binding energy curve, only those elements up to
iron (Z = 26) can be produced by exothermic
processes of the type just considered, which occur
automatically if the temperature rises sufficiently.
Beyond iron, an input of energy is required to
promote further element building.

The evidence on which this theory of stellar
evolution is based comes not only from known
nuclear reactions and the relativistic equivalence
of mass and energy, but also from the spectro-
scopic analysis of the light reaching us from the
stars. This leads to the spectral classification of
stars, which is the cornerstone of modern exper-
imental astrophysics. The spectroscopic analysis
of starlight reveals much information about the

Ch. 1

chemical composition of stars — the identity of
the elements present and their relative concentra-
tions. In addition, the “red shift” or Doppler effect
can be used to gauge the relative motions of the
stars and their distance from the earth. More sub-
tly, the surface temperature of stars can be deter-
mined from the spectral characteristics of their
“blackbody’ radiation, the higher the temperature
the shorter the wavelength of maximum emission.
Thus cooler stars appear red, and successively
hotter stars appear progressively yellow, white,
and blue. Differences in colour are also associ-
ated with differences in chemical composition as
indicated in Table 1.1.

If the spectral classes (or temperatures) of stars
are plotted against their absolute magnitudes (or
luminosities) the resulting diagram shows several
preferred regions into which most of the stars fall.
Such diagrams were first made, independently,
by E. Hertzsprung and H. N. Russell about 1913
and are now called HR diagrams (Fig. 1.2). More
than 90% of all stars fall on a broad band called
the main sequence, which covers the full range
of spectral classes and magnitudes from the large,
hot, massive O stars at the top to the small, dense,
reddish M stars at the bottom. However, it should
be emphasized that the terms “large” and “small”
are purely relative since all stars within the main
sequence are classified as dwarfs.

Table 1.1 Spectral classes of stars

Class® Colour Surface (T/K) Spectral characterization Examples

0 Blue >25000 Lines of ionized He and other 10 Lacertae
elements; H lines weak

B Blue-white 11000-25 000 H and He prominent Rigel, Spica

A White 7500-11000 H lines very strong Sirius, Vega

F Yellow-white 6000-7000 H weaker; lines of ionized Canopus,
metals becoming prominent Procyon

G Yellow 5000-6000 Lines of ionized and neutral Sun, Capella
metals prominent (especially Ca)

K Orange 3500-5000 Iines of neutral metals and Arcturus,
band spectra of simple rad- Aldebaran
icals (e.g. CN, OH, CH)

M Red 2000-3500 Band spectra of many simple Betelgeuse,
compounds prominent (e.g. TiO) Antares

@ Further division of each class into 10 subclasses is possible, e.g. ... F8, F9, GO, G1, G2, ... The sun is G2 with a surface
temperature of 5780 K. This curious alphabetical sequence of classes arose historically and can perhaps best be remembered by

the mnemonic “Oh Be A Fine Girl (Guy), Kiss Me”.
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r~ Large, hot, massive— prominent H and He lines

Stellar evolution and the spectral classes of silars
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but enormous surface area)
Variables
0k e
3 " Red giants
2
=
)
b= Moderate T, d and m;
L +50 rather small diameter;
% i metallic elements prominent
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Figure 1.2 The Hertzsprung-Russell diagram for stars with known luminosities and spectra.

The next most numerous group of stars lic
above and to the right of the main sequence and
are called red giants. For example, Capella and
the sun are both G-type stars yet Capella is 100
times more luminous than the sun; since they both
have the same temperature it is concluded that
Capella must have a radiating surface 100 times
larger than the sun and thus has about 10 times its
radius. Lying above the red giants are the super-
giants such as Antares (Fig. 1.3), which has a
surface temperature only half that of the sun but
is 10000 times more luminous: it is concluded
that its radius is 100 times that of the sun. By
contrast, the lower left-hand comer of the HR
diagram is populated with relatively hot stars of
low luminosity which implies that they are very
small. These are the white dwarfs such as Sirius B
which is only about the size of the earth though
its mass is that of the sun: the implied density

o i
Antares (100) i

_5_‘ : T

0

I Sidus (1.8 Capella (10.0)

|
.'_ "
| j

+5

Absolute magnitude

————— *sirius B (0.03)
) I
| 1
I |
A F

Spectral class

The comparison of various stars on the
HR diagram. The number in parentheses
indicates the approximate diameter of the
star (sun = 1.0).
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of ~5 x 10* g cm~3 indicates the extraordinarily
compact nature of these bodies.

It is now possible to connect this description
of stellar types with the discussion of the thermo-
nuclear processes and the synthesis of the ele-
ments to be given in the next section. When a
protostar begins to form by gravitational con-
traction from interstellar hydrogen and helium,
its temperature rises until the temperature in its
core can sustain proton burning (p. 9). A star of
approximately the mass of the sun joins the main
sequence at this point and spends perhaps 90%
of its life there, losing little mass but generating
colossal amounts of energy. Subsequent exhaus-
tion of the hydrogen in the core (but not in the
outer layers of the star) leads to further contrac-
tion to form a helium-burning core which forces
much of the remaining hydrogen into a vast ten-
uous outer envelope -- the star has become a red
giant since its enormous radiating surface area
can no longer be maintained at such a high tem-
perature as previously despite the higher core
temperature. Typical red giants have surface tem-
peratures in the range 3500 -5500 K; their lumi-
nosities are about 102~10* times that of the sun
and diameters about 10100 times that of the sun.
Carbon burning (p. 10) can follow in older red
giants followed by the a-process (p. 11) during
its final demise to white dwarf status.

Many stars are in fact partners in a binary sys-
tem of two stars revolving around each other. If,
as frequently occurs, the two stars have different
masses, the more massive one will evolve faster
and reach the white-dwarf stage before its part-
ner. Then, as the second star expands to become
a red giant its extended atmosphere encompasses
the neighbouring white dwarf and induces insta-
bilities which result in an outburst of energy and
transfer of matter to the more massive partner.
During this process the luminosity of the white
dwarf increases perhaps ten-thousandfold and the
event is witnessed as a nova (since the preced-
ing binary was previously invisible to the naked
eye).

As we shall see in the description of the
e-process and the y-process (p. 12), even more
spectacular instabilities can develop in larger

main sequence stars. If the initial mass is
greater than about 3.5 solar masses, current
theories suggest that gravitational collapse may
be so catastrophic that the system implodes
beyond nuclear densities to become a black
hole. For main sequence stars in the mass range
1.4-3.5 M, implosion probably halts at nuclear
densities to give a rapidly rotating neutron
star (density ~10'* g cm™3) which may be
observable as a pulsar emitting electromagnetic
radiation over a wide range of frequencies in
pulses at intervals of a fraction of a second.
During this process of star implosion the sudden
arrest of the collapsing core at nuclear densities
yields an enormous temperature (~10'? K) and
high pressure which produces an outward-moving
shock wave. This strikes the star’s outer envelope
with resulting rapid compression, a dramatic rise
in temperature, the onset of many new nuclear
reactions, and explosive ejection of a significant
fraction of the star’s mass. The overall result is
a supernova up to 10® times as bright as the
original star. At this point a single supernova
is comparable in brightness to the whole of
the rest of the galaxy in which it is formed,
after which the brightness decays exponentially,
often with a half-life of about two months.
Supernovae, novae, and unstable variables from
dying red giants are thus all candidates for the
synthesis of heavier elements and their ejection
into interstellar regions for subsequent processing
in later generations of condensing main sequence
stars such as the sun. It should be stressed,
however, that these various theories of the origin
of the chemical elements are all very recent and
the detailed processes are by no means all fully
understood. Since this is at present a very active
area of research, some of the conclusions given
in this chapter are correspondingly tentative, and
will undoubtedly be modified and refined in
the light of future experimental and theoretical
studies. With this caveat we now turn to a more
detailed description of the individual nuclear
processes thought to be involved in the synthesis
of the elements.
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1.5 Synthesis of the
Elements®-9

The following types of nuclear reactions have
been proposed to account for the various types
of stars and the observed abundances of the ele-
ments:

(i) Exothermic processes in stellar interiors:
these include (successively) hydrogen
burning, helium burning, carbon burning,
the «-process, and the equilibrium or
e-process.

(ii) Neutron capture processes: these include
the s-process (slow neutron capture) and
the r-process (rapid neutron capture).

(iii) Miscellaneous processes: these include
the p-process (proton capture) and spal-
lation within the stars, and the x-process
which involves spallation (p. 14) by
galactic cosmic rays in interstellar regions.

1.5.1 Hydrogen burning

When the temperature of a contracting mass of
hydrogen and helium atoms reaches about 107 K,
a sequence of thermonuclear reactions is possi-
ble of which the most important are as shown in
Table 1.2.

The overall reaction thus converts 4 protons
into 1 helium nucleus plus 2 positrons and 2 neu-
trinos:

4'H — > *He +2e* +2v,; QO =126.72 MeV

3D. N. ScuRAMM and R. WAGONER, Element production in
the early universe, A. Rev. Nucl. Sci. 27, 37-74 (1977).

SE. M. BURBIDGE, G. R. BURBIDGE, W. A. FOwLER and
F. HoYLE, Synthesis of the elements in stars, Rev. Mod. Phys.
29, 547-650 (1957). This is the definitive review on which
all Iater work has been based.

71.. H. ALLER, The Abundance of the Elements, Inter-
science, New York, 1961, 283 pp.

721, H. AHRENS (ed.), Origin and Distribution of the
Elements, Pergamon Press, Oxford, 1979, 920 pp.

8 R. J. TAYLOR, The Origin of Chemical Elements, Wyke-
ham Publications, London, 1972, 169 pp.

9W. A. FOWLER, The quest for the origin of the elements
(Nobel Lecture), Angew. Chem. Int. Edn. Engl. 23, 645-71
(1984).

Hydrogen burning 9

Table 1.2 Thermonucliear consumption of protons

Reaction Energy Reaction
evolved, Q time®@
TH+'H > 2H+ et 4 v, 144 MeV  14x 1090 y
H4+'H— 3He+y 5.49 MeV 06 s
3He + 3He — *He + 2'H 12.86 MeV 10 y

@The reaction time quoted is the time required for half
the constituents involved to undergo reaction — this is sensi-
tively dependent on both temperature and density; the figures
given are appropriate for the centre of the sun, ie. 1.3 x
107 K and 200 g cm™*3,

1 MeV per atom = 96.485 x 10%kJ mol ™!,

Making allowance for the energy carried away
by the 2 neutrinos (2 x 0.25 MeV) this leaves
a total of 26.22 MeV for radiation, i.e. 4.20 pJ
per atom of helium or 2.53 x 10° kJ mol~'. This
vast release of energy arises mainly from the
difference between the rest mass of the helium-
4 nucleus and the 4 protons from which it was
formed (0.028 atomic mass units). There are
several other peripheral reactions between the
protons, deuterons and 3He nuclei, but these
need not detain us. It should be noted, however,
that only 0.7% of the mass is lost during
this transformation, so that the star remains
approximately constant in mass. For example,
in the sun during each second, some 600 x 106
tonnes (600 x 10° kg) of hydrogen are processed
into 595.5 x 10° tonnes of helium, the remaining
4.5 % 10° tonnes of matter being transformed into
energy. This energy is released deep in the sun’s
interior as high-energy y-rays which interact with
stellar material and are gradually transformed
into photons with longer wavelengths; these work
their way to the surface taking perhaps 10° y to
emerge.

In fact, the sun is not a first-generation
main-sequence star since spectroscopic evidence
shows the presence of many heavier elements
thought to be formed in other types of stars and
subsequently distributed throughout the galaxy
for eventual accretion into later generations of
main-sequence stars. In the presence of heavier
elements, particularly carbon and nitrogen, a
catalytic sequence of nuclear reactions aids
the fusion of protons to helium (H. A. Bethe
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Figure 1.4 Catalytic C-N-Q cycle for conversion
of 'H to “He. The times quoted are the
calculated half-lives for the individual
steps at 1.5 x 107 K.

and C. F. von Weizsicker, 1938) (Fig. 1.4). The
overall reaction is precisely as before with the
evolution of 26.72 MeV, but the 2 neutrinos now
carry away (.7 and 1.0 MeV respectively, leaving
25.0 MeV (4.01 pJ) per cycle for radiation. The
coulombic energy barriers in the C-N-O cycle
are some 6-7 times greater than for the direct
proton—proton reaction and hence the catalytic
cycle does not predominatc until about 1.6 x
107 K. In the sun, for example, it is estimated
that about 10% of the energy comes from this
process and most of the rest comes from the
straightforward proton—proton reaction.

When approximately 10% of the hydrogen
in a main-sequence star like the sun has been
consumed in making helium, the outward thermal
pressure of radiation is insufficient to counteract
the gravitational attraction and a further stage
of contraction ensues. During this process the
helium concentrates in a dense central core (p ~
10° g cm ™) and the temperature rises to perhaps
2 x 10® K. This is sufficient to overcome the
coulombic potential encrgy barricrs surrounding
the helium nuclei, and helium burning (fusion)

can occur. The hydrogen forms a vast tenuous
envelope around this core with the result that the
star evolves rapidly from the main sequence to
become a red giant (p. 7). It is salutory to note
that hydrogen burning in main-sequence stars has
so far contributed an amount of helium to the
universe which is only about 20% of that which
was formed in the few minutes directly following
the big bang (p. 2).

1.5.2 Hellum burning and carbon
burning

The main nuclear reactions occurring in helium
burning are:

“He + *He = %Be
and
8Be + ‘He == 2C~ — 2C + y

The nucleus 3Be is unstable to a-particle
emission ()3 ~ 2 x 1076 s) being 0.094 MeV
less stable than its constituent helium nuclei;
under the conditions obtaining in the core of
a red giant the calculated equilibrium ratio
of ®Be to “‘He is ~10~°. Though small,
this enables the otherwise improbable 3-body
collision to occur. It is noteworthy that, from
consideration of stellar nucleogenesis, F. Hoyle
predicted in 1954 that the nucleus of '2C would
have a radioactive excited state '2C* 7.70 MeV
above its ground state, some three years before
this activity was observed experimentally at
7.653 MeV. Experiments also indicate that the
energy difference Q('2C* — 3*He) is 0.373 MeV,
thus leading to the overall reaction energy

3%He —— 2C+y; 0 =17281 MeV
Further helium-burning reactions can now follow
during which even heavier nuclei are synthesized:

2C +4%He — %0O+y; QO =17.148 MeV
160 + “He — ®Ne+y; 0 =4.75 MeV
2Ne + ‘He — *Mg+y; Q=931 MeV
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These reactions result in the exhaustion of helium
previously produced in the hydrogen-burming
process and an inner core of carbon, oxygen
and neon develops which eventually undergoes
gravitational contraction and heating as before.
At a temperature of ~5 x 10® K carbon burning
becomes possible in addition to other processes
which must be considered. Thus, ageing red giant
stars are now thought to be capable of generating
a carbon-rich nuclear reactor core at densities of
the order of 10* g cm™3. Typical initial reactions
would be:

2oy 20 2“Mg + vy Q = 13.85 MeV
2C4+12C —5 PNa+'H: Q=223 MeV
Iz(: + 12(: DU ZONC + qu; Q = 4.62 MeV

The time scale of such reactions is calculated
tobe ~10°y at 6 x 10° K and ~1 v at 8.5 x
108 K. It will be noticed that hydrogen and
helium nuclei are regenerated in these processes
and numerous subsequent reactions become
possible, generating numerous nuclides in this
mass range.

1.5.3 The a-process

The evolution of a star after it leaves the red-giant
phase depends to some extent on its mass. If it
is not more than about 1.4 Mg it may contract
appreciably again and then enter an oscillatory
phase of its life before becoming a white dwarf
(p. 7). When core contraction following helium
and carbon depletion raises the temperature
above ~10° K the y-rays in the stellar assembly
become sufficiently energetic to promote the
(endothermic) reaction 2Ne(y,a)'®0. The «-
particle released can penetrate the coulomb
barrier of other neon nuclei to form 2*Mg in a
strongly exothermic reaction:

Ne + y —— 0 - *He;

Q= —4.75 MeV
Ne + ‘He — Mg+ y:

Q = +9.31 MeV
ie. 2°Ne — %0 +%Mg+ y;

0 = +4.56 MeV

The a-process 11

Some of the released a-particles can also scour
out 2C to give more %0 and the **Mg formed
can react further by **Mg(e.))?®Si. Likewise
for 328, 3Ar and *'Ca. It is this process that
is considered to bc responsible for building up
the decreasing proportion of these so-called o-
particle nuclei (Figs. 1.1 and 1.5). The relevant
numerical data (including for comparison those
for 2°Ne which is produced in helium and carbon
burning) are as follows:

Nuclide (PNe) ™“Mg ™S8 M§ BAr *Cq |MCa Ti

QMeV 931 1000 694 666 7.04 528 | 940 932
Relative
abundance
(as ohser- !
ved) (84) 078 100 039 G4 0052, 00011 0.0019

Logarithm of relative abundance (St = 10%)

e i

150 200
Atomic weight

—— - R
100

Figure 1.5 Schematic representation of the main fea-
tures of the curve of cosmic abundances
shown in Fig. 1.1, labelled according
to the various stellar reactions consid-
ered to be responsible for the synthesis
of the elements. (After E. M. Burbidge
et al.®)

In a sense the «-process resembles helium
burning but is distinguished from it by the guite
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different source of the a-particles consumed. The
straightforward a-process stops at *Ca since
“Ti* is unstable to electron-capture decay. Hence
{and including atomic numbers Z as subscripts
for clarity):

WCa+3He —> BTi" + y

BT +e — 318c" +v_;

hy~ 49 Yy
HSc —— 3Ca+ B + vy
f123.93 h

Then 3;Ca+3He — 23Ti +y

The total time spent by a star in this e-phase may
be ~10°- 10" y (Fig. 1.6).

10° 1o° "’ L}
Time (years)

Figure 1.6 The time-scales of the various processes
of element synthesis in stars. The curve
gives the central temperature as a func-
tion of time for a siar of about one solar
mass. The curve is schematic.'®

1.5.4 The e-process (equilibrium
process)

More massive stars in the upper part of the main-
sequence diagram (i.e. stars with masses in the
range 1.4-3.5 Mg) have a somewhat different
history to that considered in the preceding
sections. We have seen (p. 6) that such stars
consume their hydrogen much more rapidly
than do smaller stars and hence spend less

time in the main sequence. Helium reactions
begin in their interiors fong before the hydrogen
is exhausted, and in the middle part of their
life they may expand only slightly. Eventually
they become unstable and explode violently,
emitting enormous amounts of material into
interstellar space. Such explosions are seen
on earth as supernovae, perhaps 10000 times
more luminous than ordinary novae. In the
seconds (or minutes) preceding this catastrophic
outburst, at temperatures above ~3 x 10” K,
many types of nuclear reactions can occur in
great profusion, e.g. (y.@). (v.p), (y,n), (a.n),
(p.y), (n,y), (p,n), etc. (Fig. 1.6). This enables
numerous interconversions to occur with the
rapid establishment of a statistical equilibrium
between the various nuclei and the free protons
and neutrons. This is believed to explain the
cosmic abundances of elements from 21Ti to
20Cu. Specifically, since 3¢Fe is at the peak of
the nuclear binding-energy curve, this element
is considerably more abundant than those further
removed from the most stable state.

1.5.5 The s- and r-processes (slow
and rapid neutron absorption)

Slow neutron capture with emission of y-rays
is thought to be responsible for synthesizing
most of the isotopes in the mass range A =
63-209 and also the majority of non-e-process
nuclei in the range A = 23-46. These processes
probably occur in pulsating red giants over a
time span of ~107 y, and production loops for
individual isotopes are typically in the range
102-10° y. Several stellar neutron sources have
been proposed, but the most hikely candidates are
the exothermic reactions C(e.n)!%0 (2.20 MeV)
and 2*Ne(or,n)**Mg (2.58 MeV). In both cases the
target nuclei (A = 4n + 1) would be produced by
a (p,y) reaction on the more stable 4n nucleus
followed by positron emission.

Because of the long time scale involved in
the s-process, unstable nuclides formed by (n.y)
reactions have time to decay subsequently by ™
decay (electron emission). The crucial factor in
determining the relative abundance of elements
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formed by this process is thus the neutron capture
cross-section of the precursor nuclide. In this way
the process provides an ingenious explanation of
the local peaks in abundance that occur near A =
90, 138 and 208, since these occur near unusu-
ally stable nuclei (neutron “magic numbers” 50,
82 and 126) which have very low capture cross-
sections (Fig. 1.5). Their concentration therefore
builds up by resisting further reaction. In this
way the relatively high abundances of specific
isotopes such as §Y and 307r, '¥¥Ba and '¥Ce,
2%pb and 23Bi can be understood.

In contrast to the more leisured processes
considered in preceding paragraphs, conditions
can arise (e.g. at ~10° K in supernovae
outbursts) where many neutrons are rapidly added
successively to a nucleus before subsequent -
decay becomes possible. The time scale for the
r-process is envisaged as ~0.01 -10 s, so that,
for example, some 200 neutrons might be added
to an iron nucleus in 10- 100 s. Only when
B~ instability of the excessively neutron-rich
product nuclei becomes extreme and the cross-
section for further neutron absorption diminishes
near the “magic numbers”, does a cascade of
some 8—10 B~ emissions bring the product back
into the region of stable isotopes. This gives a
convincing interpretation of the local abundance
peaks near A =80, 130 and 194, ie. some
8-10 mass units below the nuclides associated
with the s-process maxima (Fig. 1.5). It has
also been suggested that neutron-rich isotopes
of several of the lighter elements might also
be the products of an r-process, e.g. 3¢S, “Ca,
“8Ca and perhaps “'Ti, “Ti and °Ti. These
isotopes, though not as abundant as others of
these elements, nevertheless do exist as stable
species and cannot be so readily synthesized by
other potential routes.

The problem of the existence of the
heavy elements must also be considered. The
short half-lives of all isotopes of technetium
and promethium adequately accounts for their
absence on earth. However, no element with
atomic number greater than g3Bi has any stable
isotope. Many of these (notably g4Po, gsAt,
géRl’l, g7FI‘, ggRa, ggAC and 91Pa) can be

The x-process 13

understood on the basis of secular equilibria
with radioactive precursors, and their relative
concentrations are determined by the various
half-lives of the isotopes in the radioactive
series which produce them. The problem then
devolves on explaining the cosmic presence
of thorium and uranium, the longest lived
of whose isotopes are 2*2Th (t;,21.4 x 10'0 y),
B8U (1),04.5 x 10° y) and 235U (1,,27.0 x 108 y).
The half-life of thorium is commensurate with
the age of the universe (~1.5 x 1010 y) and so
causes no difficulty. If all the present terrestrial
uranium was produced by an r-process in a single
supernova event then this occurred 6.6 x 10° y
ago (p. 1257). If, as seems more probable, many
supernovac contributed to this process, then such
events, distributed uniformly in time, must have
started ~10'0 y ago. In either case the uranium
appears to have been formed long before the
formation of the solar system (4.6 -5.0) x 10° y
ago. More recent considerations of the formation
and decay of »**Th, U and ?**U suggest that
our own galaxy is (1.2-2.0) x 10'° y old.

1.5.6 The p-process (proton capture)

Proton capture processes by heavy nuclei have
alrcady been briefly mentioned in several of the
preceding sections. The (p,y) reaction can also
be invoked to explain the presence of a number
of proton-rich isotopes of lower abundance than
those of nearby normal and neutron-rich isotopes
(Fig. 1.5). Such isotopes would also result from
expulsion of a neutron by a y-ray, i.e. (y,n). Such
processes may again be associated with super-
novae activity on a very short time scale. With
the exceptions of '"*In and ''°Sn, all of the 36
isotopes thought to be produced in this way have
even atomic mass numbers; the lightest is ;iSe
and the heaviest '35Hg.

1.5.7 The x-process

One of the most obvious features of Figs. 1.1
and 1.5 is the very low cosmic abundance of
the stable isotopes of lithium, beryllium and
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boron."!”’ Paradoxically, the problem is not to

explain why these abundances are so low but
why these elements exist at all since their
isotopes are bypassed by the normal chain
of thermonuclear reactions described on the
preceding pages. Again, deuterium and “He,
though part of the hydrogen-burning process, are
also virtually completely consumed by it, so that
their existence in the universe, even at relatively
low abundances, is very surprising. Moreover,
even if these various isotopes were produced
in stars, they would not survive the intense
internal heat since their bonding energies imply
that deuterium would be destroyed above 0.5 x
10° K, Li above 2 x 10° K. Be above 3.5 x 10°
and B above 5 x 10°. Deuterium and *He are
absent from the spectra of almost all stars and are
now generally thought to have been formed by
nucleosynthesis during the last few seconds of the
original big bang; their main agent of destruction
is stellar processing.

It now seems likely that the 5 stable
isotopes °Li, "Li, °Be, '°B and ''B are
formed predominantly by spallation reactions
(i.e. fragmentation) effected by galactic cosmic-
ray bombardment (the x-process). Cosmic rays
consist of a wide variety of atomic particles
moving through the galaxy at relativistic
velocities. Nuclei ranging from hydrogen to
uranium have been detected in cosmic rays
though 'Il and “He are by far the most
abundant components ['H: 500; “He: 40; all
particles with atomic numbers from 3 to 9: 5;
all particles with Z > 10: ~1]. However, there
is a striking deviation from stellar abundances
since Li, Be and B are vastly over abundant as
are Sc, Ti, V and Cr (immediately preceding
the abundance peak near iron). The simplest
interpretation of these facts is that the (heavier)
particles comprising cosmic rays, travelling
as they do great distances in the galaxy,
occasionally collide with atoms of the interstellar
gas (predominantly 'H and *He) and thereby
fragment. This fragmentation, or spallation as it

101, Reeves, Origin of the light elements, A. Rev. Astron.
Astrophys. 12, 437-69 (1974).

is called, produces lighter nuclei from heavier
ones. Conversely, high-speed “He particles may
occasionally collide with interstellar iron-group
elements and other heavy nuclei, thus inducing
spallation and forming L.i, Be and B (and possibly
even some “H and 3He), on the one hand, and
elements in the range Sc-Cr, on the other. As
we have seen, the lighter transition elements
are also formed in various stellar processes, but
the presence of elements in the mass range
6-12 suggest the need for a low-temperature
low-density extra-stellar process. In addition to
spallation, interstellar (p,a) reactions in the wake
of supernova shock waves may contribute to the
synthesis of boron isotopes:

ﬂ+
BCp,a)'°B and “Npa)''C — !B.

A further intriguing possibility has recently
been mooted.!"” If the universe were not
completely isotropic and uniform in density
during the first few minutes after the big bang,
then the high-density regions would have a
greater concentration of protons than expected
and the low-density regions would have more
neutrons; this is because the diffusion of protons
from high to low density regions would be
inhibited by the presence of oppositely charged
electrons whereas the electrically neutral neutrons
can diffuse more readily. In the neutron-abundant
lower-density regions certain neutron-rich species
can then be synthesized. For example, in the
homogeneous big bang, most of the 7Li formed
is rapidly destroyed by proton bombardment
('Li + p — 2*He) but in a neutron-rich region
the radioactive isotope 8Li* can be formed:

"Li+n —8Li* (2 0.84s —— B~ + 2*He)

If, before it decays, ®Li* is struck by a preva-
lent “He nucleus then ''B can be formed (®Li* +
*He -» ''B + n) and this will survive longer than
in a proton-rich environment (:'B 4 p -» 3*He).
Other neutron-rich species could also be synthe-
sized and survive in greater numbers than would

K. CROSSWELL., New Scientist, 9 Nov. 1991, 42- 8,
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be possible with higher concentrations of pro-
tons, €.g.:

i4+*H—°Be+n
°Be +*H —— "B +n

The relative abundances of the various isotopes of
the light elements Li, Be and B therefore depend
to some extent on which detailed model of the big
bang is adopted, and experimentally determined
abundances may in time permit conclusions to
be drawn as to the relative importance of these
processes as compared to x-process spallation
reactions.

In overall summary, using a variety of nuclear
syntheses it is now possible to account for the
presence of the 270 known stable isotopes of the
elements up to zggBi and to understand, at least
in broad outline, their relative concentrations
in the universe. The tremendous number of
hypothetically possible internuclear conversions
and reactions makes detailed computation
extremely difficult. Energy changes are readily
calculated from the known relative atomic masses
of the various nuclides, but the cross-sections
(probabilities) of many of the reactions are
unknown and this prevents precise calculation of
reaction rates and equilibrium concentrations in
the extreme conditions occurring even in stable
stars. Conditions and reactions occurring during
supernova outbursts are even more difficult
to define precisely. However, it is clear that
substantial progress has been made in the last few
decades in interpreting the bewildering variety of
isotopic abundances which comprise the elements
used by chemists. The approximate constancy
of the isotopic composition of the individual
elements is a fortunate result of the quasi-steady-
state conditions obtaining in the universe during
the time required to form the solar system.
It is tempting to speculate whether chemistry
could ever have emerged as a quantitativc
science if the elements had had widely varying
isotopic composition, since gravimetric analysis
would then have been impossible and the great
developments of the nineteenth century could
hardly have occurred. Equally, it should no longer
cause surprise that the atomic weights of the

elements are not necessarily always ‘“‘constants
of nature”, and variations are to be expected,
particularly among the lighter elements, which
can have appreciable effects on physicochemical
measurements and quantitative analysis.

1.6 Atomic Weights('?

The concept of “atomic weight” or *mean relative
atomic mass” is fundamental to the development
of chemistry. Dalton originally supposed that
all atoms of a given element had the same
unalterable weight but, after the discovery of
isotopes earlier this century, this property was
transferred to them. Today the possibility of
variable isotopic composition of an element
(whether natural or artificially induced) precludes
the possibility of defining the atomic weight of
most elements, and the tendency nowadays is
to define an atomic weight of an element as
“the ratio of the average mass per atom of an
element to one-twelfth of the mass of an atom of
12C. It is important to stress that atomic weights
(mean relative atomic masses) of the elements
are dimensionless numbers (ratios) and therefore
have no units.

Because of their central importance in
chemistry, atomic weights have been continually
refined and improved since the first tabulations by
Dalton (1803 -5). By 1808 Dalton had included
20 elements in his list and these results were
substantially extended and improved by Berzelius
during the following decades. An illustration
of the dramatic and continuing improvement in
accuracy and precision during the past 100 y is
given in Table 1.3. In 1874 no atomic weight
was quoted to better than one part in 200,
but by 1903 33 elements had values quoted
to one part in 10" and 2 of these (silver and

2 N. N. GREENWOOD, Atomic weights, Ch. 8 in Part I,
Vol. 1, Section C, of Kolthoff and Elving’s Treatise on
Analytical Chemistry, pp. 453-78, Interscience. New York,
1978. This gives a fuller account of the history and techniques
of atomic weight determinations and their significance, and
incorporates a full bibliographical lisi of Reports on Atomic
Weights.
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iodine) were quoted to 1 in 10*. Today the
majority of values are known to 1 in 10* and
26 elements have an accuracy exceeding 1 in
10°. This improvement was first due to improved
chemical methods, particularly between 1900 and
1935 when increasing use of fused silica ware
and electric furnaces reduced the possibility of
contamination. More recently the use of mass
spectrometry has effected a further improvement
in precision. Mass spectrometric data were first
used in a confirmatory role in the 1935 table of
atomic weights, and by 1938 mass spectrometric
values were preferred to chemical determinations
for hydrogen and osmium and to gas-density
values for helium. In 1959 the atomic weight
values of over 50 elements were still based on
classical chemical methods, but by 1973 this
number had dwindled to 9 (Ti, Ge, Se, Mo, Sn,
Sb, Te, Hg and TI) or to 10 if the coulometric
determination for Zn is counted as chemical.
The values for a further 8 elements were based
on a judicious blend of chemical and mass-
spectrometric data, but the values quoted for

all other elements were based entirely on mass-
spectrometric data.

Accurate atomic weight values do not
automatically follow from precise measurements
of relative atomic masses, however, since the
relative abundance of the various isotopes must
also be determined. That this can be a limiting
factor is readily seen from Table 1.3: the value for
praseodymium (which has only 1 stable naturally
occurring isotope) has two more significant
figures than the value for the neighbouring
element cerium which has 4 such isotopes. In
the twelve years since the first edition of this
book was published the atomic weight values of
no fewer than 55 elements have been improved,
sometimes spectacularly, e.g. Ni from 58.69(1) to
58.6934(2).

1.6.1 Uncertainty in atomic weights

Numerical values for the atomic weights of the
elements are now reviewed every 2y by the
Commission on Atomic Weights and Isotopic

Table 1.3 Evolution of atomic weight values for selected elements®; (the dates selected were chosen for the

reasons given below)

Element 1873 -5 1903 1925 1959 1961 1997
H 1 1.008 1.008 1.0080 1.00797 1.00794(7) gmr
C 12 12.00 12.000 12.01115 12.01115 12.0107(8) gr
0O 16 16.00 16.000 16 15.9994 15.9994(3) gr
P 31 31.0 31.027 30.975 30.9738 30.973761(2)
Ti 50 48.1 48.1 47.90 47.90 47.867(1)
Zn 65 65.4 65.38 65.38 65.37 65.39(2)
Se 79 79.2 79.2 78.96 78.96 78.96(3)
Ag 108 107.93 107.880 107.880 107.870 107.8682(2) g
I 127 126.85 126.932 126.91 126.9044 126.90447(3)
Ce 92 140.0 140.25 140.13 140.12 140.116(1) g
Pr -- 140.5 140.92 140.92 140.907 140.907 65(2)
Re — - 188.7® 186.22 186.22 186.207(1)
Hg 200 200.0 200.61 200.61 200.59 200.59(2)

@)The annotations g. m and r appended to some values in the final column have the same meanings as those in the definitive
table (facing inside front cover). The numbers in parentheses are the uncertainties in the last digit of the quoted value.

®The value for rhenium was first listed in 1929,
Note on dates:

1874 Foundation of the American Chemical Society (64 elements listed).
1903 First international table of atomic weights (78 elements listed).

1925 Major review of table (83 elements listed).

1959 Last table to be based on oxygen = 16 (83 clements listed).
1961 Complete reassessment of data and revision to '2C = 12 (83 elements).

1997 Latest available JTUPAC values (84 + 28 elements listed).
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Abundances of IUPAC (the International Union
of Pure and Applicd Chemistry). Their most
recent recommendations'*?) are tabulated on the
inside front fly sheet. From this it is clear that
there is still a wide variation in the reliability
of the data. The most accurately quoted value is
that for fluorine which is known to better than
1 part in 38 million; the least accurate is for
boron (1 part in 1500, i.e. 7 parts in 10%). Apart
from boron all values are reliable to better than
5 parts in 10* and the majority arc reliable to
better than 1 part in 10%. For some elements
(such as boron) the rather large uncertainty arises
not because of experimental error, since the use
of mass-spectrometric measurements has yielded
results of very high precision, but because the
natural variation in the relative abundance of
the 2 isotopes '°B and !'B results in a range
of values of at least £0.003 about the quoted
value of 10.811. By contrast, there is no known
variation in isotopic abundances for elements
such as selenium and osmium, but calibrated
mass-spectrometric data are not available, and the
existence of 6 and 7 stable isotopes respectively
for these elements makes high precision difficult
to obtain: they are thus prime candidates for
improvement.

Atomic weights are known most accurately for
elements which have only 1 stable isotope; the
relative atomic mass of this isotope can be deter-
mined to at least | ppm and there is no possibility
of variability in nature. There are 20 such ele-
ments: Be, F, Na, Al, P, Sc, Mn, Co, As, Y, Nb,
Rh, 1, Cs, Pr, Tb, Ho, Tm, Au and Bi. (Note that
all of thesc elements cxcept beryllium have odd
atomic numbers — why?)

Elements with | predominant isotope can
also, potentially, permit very precise atomic
weight determinations since variations in isotopic
composition or errors in its determination have
a correspondingly small effect on the mass-
spectrometrically determined value of the atomic
weight. Nine elements have 1 isotope that is more
than 99% abundant (H, He, N, O, Ar, V, La, Ta

13 1UPAC Inorganic Chemistry Division, Atomic Weights of
the Elements 1995, Pure Appl. Chem. 68, 2339-59 (1996).
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and U) and carbon also approaches this category
(!3C 1.11% abundant).

Known variations in the isotopic composition
of normal terrestrial material prevent a more
accurate atomic weight being given for 13
elements and these carry the footnote r in the
Table of Atomic Weights. For each of these
elements (H, He, Li, B, C, N, O, Si, S, Ar, Cu,
Sr and Pb) the accuracy attainable in an atomic
weight determination on a given sample is greater
than that implied by the recommended value
since this must be applicable to any sample and
so must embrace all known variations in isotopic
composition from commercial terrestrial sources.
For example, for hydrogen the present attainable
accuracy of calibrated mass-spectrometric atomic
weight determinations is about +1 in the sixth
significant figure, but the recommended valuc
of 1.00794(%=7) is so given because of the
natural terrestrial variation in the deuterium
content. The most likely value relevant to
laboratory chemicals (e.g. H,O) is 1.00797,
but it should be noted that hydrogen gas used
in laboratories is often inadvertently depleted
during its preparation by electrolysis, and for
such samples the atomic weight is close to
1.00790. By contrast, intentional fractionation
to yield heavy water (thousands of tonnes
annually) or deuterated chemicals implies an
atomic weight approaching 2.014, and great
carc should be taken to avoid contamination
of “normal” samples when working with or
disposing of such cnriched materials.

Fascinating stories of natural variability could
be told for each of the 13 elements having the
footnote r and, indeed, determinations of such
variations in isotopic composition are now an
essential tool in unravelling the geochemical
history of various ore bodies. For example,
the atomic weight of sulfur obtained from
virgin Texas sulfur is detectably different
from that obtained from sulfate ores, and an
overall range approaching £0.01 is found for
terrestrial samples; this limits the value quoted
to 32.066(6) though the accuracy of atomic
weight determinations on individual samples
is £0.00015. Boron is cven more adversely
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affected, as previously noted, and the actual
atomic weight can vary from 10.809 to 10.812
depending on whether the mineral source is
Turkey or the USA.

Even more disconcerting are the substantial
deviations in atomic weight that can occur
in commercially available material because of
inadvertent or undisclosed changes in isotopic
composition (footnote m in the Table of Atomic
Weights). This situation at present obtains for
8 elements (H, Li, B, Ne, Cl, Kr, Xe and U)
and may well also soon affect others (such as
C, N and O). The separated or partially enriched
isotopes of Li, B and U are now extensively used
in nuclear reactor technology and weaponry, and
the unwanted residues, depleted in the desired
isotopes, are sometimes dumped on the market
and sold as *“normal” material. Thus lithium
salts may unsuspectingly be purchased which
have been severely depleted in °Li (natural
abundance 7.5%), and a major commercial
supplier has marketed lithium containing as little
as 3.75% of this isotope, thereby inducing an
atomic weight change of 0.53%. For this reason
practically all lithium compounds now obtainable
i the USA are suspect and quantitative data
obtained on them are potentially unreliable.
Again, the practice of “milking” fission-product
rare gases from reactor fuels and marketing these
materials, produces samples with anomalous
isotopic compositions. The effect, particularly on
physicochemical computations, can be serious
and, whilst not wishing to strike an alarmist
note, the possibility of such deviations must
continually be borme in mind for elements
carrying the footnote m in the Table of Atomic
Weights.

The related problem arising from radioactive
elements is considered in the next section.

1.6.2 The problem of radioactive
elements

Elements with radioactive nuclides amongst
their naturally occurring isotopes have a built-
in time variation of the relative concentration
of their isotopes and hence a continually

varying atomic weight. Whether this variation
is chemically significant depends on the half-
life of the transition and the relative abundance
of the various isotopes. Similarly, the actual
concentration of stable isotopes of several
elements (e.g. Ar, Ca and Pb) may be influenced
by association of those elements with radioactive
precursors (i.e. “OK, 23¥U, etc.) which generate
potentially variable amounts of the stable isotopes
concerned. Again, some elements (such as
technetium, promethium and the transuranium
elements) are synthesized by nuclear reactions
which produce a single isotope of the element.
The “atomic weight” therefore depends on which
particular isotope is being synthesized, and
the concept of a ‘“normal” atomic weight is
irrelevant. For example, cyclotron production of
technetium yields “'Tc (71, 2.6 x 10% y) with
an atomic weight of 96.9064, whereas fission
product technetium is *Tc (t1,2 2.11 x 10° y),
atomic weight 98.9063, and the isotope of longest
half-life is ®¥Tc (1,2 4.2 x 10° y), atomic weight
97.9072.

At least 19 elements not usually considered
to be radioactive do in fact have naturally
occurring unstable isotopes. The minute traces
of naturally occurring *H (¢1, 12.33 y) and *C
(112 5730 y) have no influence on the atomic
weights of these elements though, of course,
they are of crucial importance in other areas
of study. The radioactivity of “°K (71> 1.28 x
10° y) influences the atomic weights of its
daughter elements argon (by electron capture)
and calcium (by B~ emission) but fortunately
does not significantly affect the atomic weight
of potassium itself because of the low absolute
abundance of this particular isotope (0.0117%).
The half-lives of the radioactive isotopes of the
16 other “stable” elements are all greater than
10"y and so normally have little influence
on the atomic weight of these elements even
when, as in the case of 'l (112 4.41 x 10 y,
95.7% abundant) and '®’Re (t;2 4.35 x 100y,
62.6% abundant), they are the most abundant
isotopes. Note, however, that on a geological time
scale it has been possible to build up significant
concentrations of '*70Os in rhenium-containing
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ores (by B~ decay of '8’Re), thereby generating
samples of osmium with an anomalous atomic
weight nearer to 187 than to the published value
of 190.23(3). Lead was the first element known
to be subject to such isotopic disturbances and,
indeed, the discovery and interpretation of the
significance of isotopes was itself hastened by
the reluctant conclusion of T. W. Richards at the
turn of the century that a group of lead samples
of differing geological origins were identical
chemically but differed in atomic weight -- the
possible variation is now known to span almost
the complete range from 204 to 208. Such
elements, for which geological specimens are
known in which the element has an anomalous
isotopic composition, are given the {ootnote g in
the Table of Atomic Weights. In addition to Ar,
Ca, Os and Pb just discussed, such variability
affects at least 38 other elements, including Sr

The probiem of radioactive elements 19

(resulting from the B~ decay of ¥Rb), Ra, Th
and U. A spectacular example, which affects
virtually every element in the central third of the
periodic table, has recently come to light with the
discovery of prehistoric natural nuclear reactors
at Oklo in Africa (see p. 1257). Fortunately this
mine is a source of uranium ore only and so will
not affect commercially available samples of the
other elements involved.

In summary, as a consequence of the factors
considered in this and the preceding section, the
atomic weights of only the 20 mononuclidic ele-
ments can be regarded as “constants of nature”.
For all other elements variability in atomic weight
is potentially possible and in several instances is
known to occur to an extent which affects the
reliability of quantitative results of even modest
precision.
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Chemical Periodicity and
the Periodic Table

2.1 Introduction

The concept of chemical periodicity is central to
the study of inorganic chemistry. No other gener-
alization rivals the periodic table of the elements
in its ability to systematize and rationalize known
chemical facts or to predict new ones and suggest
fruitful areas for further study. Chemical period-
icity and the periodic table now find their natural
interpretation in the detailed electronic structure
of the atom; indeed, they played a major role at
the turn of the century in elucidating the mysteri-
ous phenomena of radioactivity and the quantum
effects which led ultimately to Bohr’s theory of
the hydrogen atom. Because of this central posi-
tion it is perhaps not surprising that innumerable
articles and books have been written on the sub-
ject since the seminal papers by Mendeleev in
1869, and some 700 forms of the periodic table
(classified into 146 different types or subtypes)
have been proposed.!'=* A brief historical sur-
vey of these developments is summarized in the
Panel opposite.

20

There is no single best form of the periodic
table since the choice depends on the purpose for
which the table is used. Some forms emphasize
chemical relations and valence, whereas others
stress the electronic configuration of the elements
or the dependence of the periods on the
shells and subshells of the atomic structure.
The most convenient form for our purpose is
the so-called “long form™ with separate panels
for the lanthanide and actinide elements (see
inside front cover). There has been a lively
debate during the past decade as to the best
numbering system to be used for the individual

' F. P. VENABLE, The Development of the Periodic Law,
Chemical Publishing Co., Easton, Pa., 1896. This is the first
general review of periodic 1ables and has an almost complete
collection of those published to that time. ). W. VaN
SPRONSEN, The Periodic System of the Chemical Elements,
Elsevier, Amsterdam, 1969, 368 pp. An excellent modermn
account of the historical devclopments leading up to
Mendeleev’s table.

2E. G. MAzURS, Gruphic Representation of the Periodic
System during One Hundred Years, University of Alabama
Press. Alabama, 1974. An exhaustive topological classifica-
tion of over 700 forms of the periodic table.
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groups in the table; we will adopt the 1-18
numbering scheme recommended by IUPAC.*
The following sections of this chapter summarize:

(a) the interpretation of the periodic law in
terms of the electronic structure of atoms;

(b) the use of the periodic table and graphs to
systematize trends in physical and chemi-
cal properties and to detect possible errors,
anomalies, and inconsistencies;

(c) the use of the periodic table to predict new
elements and compounds, and to suggest
new areas of research.

3E.FLuck, Pure Appl. Chem. 60, 432-6 (1988);
G. J. LEIGH (ed.), Nomenclature of Inorganic Chemistry:
IWPAC Recommendations 1990, Blackwell, Oxford, 1990,
289 pp. The “Red Book”.
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2.2 The Electronic Structure
of Atoms®

The ubiquitous elecron was discovered by
J. J. Thompson in 1897 some 25y after the
original work on chemical periodicity by
D. I. Mendeleev and Lothar Meyer; however, a
further 20 y were to pass before G. N. Lewis
and then I. Langmuir connected the electron
with valency and chemical bonding. Refinements
continued via wave mechanics and molecular
orbital theory, and the symbiotc relation
between experiment and theory still continues

4N. N. GREENWOOD, Principles of Atomic Orbirals, revised
SI edition, Monograph for Teachers, No. 8, Chemical
Society, London, 1980, 48 pp.

Mendeleev’s Periodic Table
Precursors and Successors

L. B. G. de Morveau made the first table of ““chemically simple” substances. A. L. Lavoisier used this in his

J, W. Dbereiner discovered many triads of clements and compounds. the combining weight of the central

ing their relationshi

4

the clements in order of increasing atomic weight: he located similar

J. A. R. Newlands propounded his law of octaves after several partial classifications during the preceding 2 y;

L. Meyer drew up an aiomic volume curve and a periodic table, but this latter was not published until 1895,
D. 1. Mendeleev enunciated his periodic law that “the properties of the clements are a periodic function of their

D, 1. Mendelecv modified and improved his tables and predicied the discovery of 10 elements (now known as
Sc, Ga, Ge, Tc, Re, Po, Fr, Ra, Ac and Pa). He fully described with amazing prescicnce the properties of 4 of
these (Sc, Ga, Ge, Po). Note, however, that it was not possible to predict the existence of the noble gases or

Lord Rayleigh, W. Ramsay and M. W. Travers detected and then isolated the nobic gases (He), Ne, Ar, Kr. Xe.
N. Bohr explained the form of the periodic table on the basis of his theory of atomic structure and showed thar

H. G. J. Moseley observed regularities in the characteristic X-ray spectra of the clements; he thereby discovered

E. McMillan and P. Ahelson synthesized the first transuranium clement gyNp. Others were synthesized by

1772

Traité Elémentaire de Chimie published in 1789.
1817-29

component being the average of its partners (e.g. CrO, SrO, BaO, and NiO, CuO, ZnO).
1843 L. Gmelin included a V-shaped arrangement of 16 triads in the 4th edition of his Handbuch der Chemie.
1857 J. B, Duras published a rudimentary table of 32 clements in 8 col indi
1862 A. E. B. dc Chancourtois first

elements in this way and published a helical form in 1863,
1864 L. Mcyer published a table of valences for 49 clements.
1864 W. Odling drew up an almost correct table with 17 vertical columns and including 57 clements.
1865

he also correctly predicted the atomic weight of the undiscovered clement germanium.
1868-9
1869

atomic weights”. He published several forms of periodic table, one containing 63 cicments,
1871

the number of lanthanide clements.
1894-8
1913

there could he only 14 lanthanide clements.
1913

atomic numbers Z and provided justification for the ordinal sequence of the cicmems.
1940

G. T. Seaborg and his colleagues during the next 15 y.
1944

G. T. Seaborg proposed the actinide hypothesis and predicted 14 clements (up to Z = 103) in this group.
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today. It should always be remembered,
however, that it is incorrect to “deduce” known
chemical phenomena from theoretical models;
the proper relationship is that the currently
accepted theoretical models interpret the facts
and suggest new experiments — they will be
modified (or discarded and replaced) when new
results demand it. Theories can never be proved
by experiment — only refuted, the best that can
be said of a theory is that it is consistent with
a wide range of information which it interprets
logically and that it is a fruitful source of
predictions and new experiments.

Our present views on the electronic structure
of atoms are based on a variety of experimental
results and theoretical models which are fully
discussed in many elementary texts. In summary,
an atom comprises a central, massive, positively
charged nucleus surrounded by a more tenuous
envelope of negative electrons. The nucleus is
composed of neutrons ({n) and protons (}p, i.e.
'H™) of approximately equal mass tightly bound
by the force field of mesons. The number of
protons (Z) is called the atomic number and
this, together with the number of neutrons (N),
gives the atomic mass number of the nuclide
(A=N+Z). An element consists of atoms all
of which have the same number of protons (Z)
and this number determines the position of the
element in the periodic table (H. G. J. Moseley,
1913). Isotopes of an element all have the same
value of Z but differ in the number of neutrons
in their nuclei. The charge on the electron (™)
is equal in size but opposite in sign to that
of the proton and the ratio of their masses
is 1/1836.1527.

The arrangement of electrons in an atom
is described by means of four quantum
numbers which determine the spatial distribution,
energy. and other properties, see Appendix I
(p. 1285). The principal quantum number »n
defines the general energy level or “shell”
to which the electron belongs. Electrons with
n=1.2,34...., are sometimes referred to as
K,L.M, N, ..., electrons. The orbital quantum
number / defines both the shape of the
electron charge distribution and its orbital angular

momentum. The number of possible values for
! for a given electron depends on its principal
quantum number n; it can have n values
running from 0 to n — 1, and electrons with
1=0,1,2,3,..., are designated s,p,d,f,...,
electrons. Whereas n is the prime determinant
of an electron’s energy this also depends to
some extent on ! (for atoms or ions containing
more than one electron). It is found that the
sequence of increasing electron energy levels in
an atom follows the sequence of values n + /; if
2 electrons have the same value of n + / then the
one with smaller n is the more tightly bound.

The third quantum number m is called the
magnetic quantum number for it is only in
an applied magnetic field that it is possible to
define a direction within the atom with respect
to which the orbital can be directed. In general,
the magnetic quantum number can take up 2/ + 1
values (i.e. 0,+1,...,=+l); thus an s electron
(which is spherically symmetrical and has zero
orbital angular momentum) can have only one
orientation, but a p electron can have three
(frequently chosen to be the x, y, and z directions
in Cartesian coordinates). Likewise there are five
possibilities for d orbitals and seven for f orbitals.

The fourth quantum number my is called the
spin angular momentum quantum number for his-
torical reasons. In relativistic (four-dimensional)
quantum mechanics this quantum number is asso-
ciated with the property of symmetry of the wave
function and it can take on one of two values des-
ignated as +% and —%, or simply o and 8. All
electrons in atoms can be described by means of
these four quantum numbers and, as first enu-
merated by W. Pauli in his Exclusion Principle
(1926), each electron in an atom must have a
unique set of the four quantum numbers.

It can now be seen that there is a direct and
simple correspondence between this description
of electronic structure and the form of the peri-
odic table. Hydrogen, with 1 proton and 1 elec-
tron, is the first element, and, in the ground state
(i.e. the state of lowest energy) it has the elec-
tronic configuration 1s' with zero orbital angular
momentum. Helium, Z = 2, has the configuration
152, and this completes the first period since no
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other unique combination of n =1, [ =m =0,
ms = :t% exists. The second period begins with
lithium (Z = 3), the least tightly bound electron
having the configuration 2s'. The same situa-
tion obtains for each of the other periods in the
table, the number of the period being the principal
quantum number of the least tightly bound elec-
tron of the first element in the period. It will also
be seen that there is a direct relation between the
various blocks of elements in the periodic table
and the electronic configuration of the atoms it
contains; the s block is 2 elements wide, the p
block 6 elements wide, the d block 10, and the
f block 14, i.e. 2(2] + 1), the factor 2 appearing
because of the spins.

In so far as the chemical (and physical) prop-
erties of an element derive from its electronic
configuration, and especially the configuration of
its least tightly bound electrons, it follows that
chemical periodicity and the form of the peri-
odic table can be elegantly interpreted in terms
of electronic structure.

Y/ cm3 mol™!

40
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2.3 Periodic Trends in
Properties®®©

General similarities and trends in the chemical
properties of the elements had been noticed
increasingly since the end of the eighteenth
century and predated the observation of periodic
variations in physical properties which were not
noted until about 1868. However, it is more
convenient to invert this order and to look at
trends in atomic and physical properties first.

2.3.1 Trends In atomic and physical
properties

Figure 2.1 shows a modern version of Lothar
Meyer’s atomic volume curve: the alkali metals

5R. RicH, Periodic Correll
York, 1965, 159 pp.

SR, T. SANDERSON, /norganic Chemistry, Reinhold Pub-
lishing Corp., New York, 1967, 430 pp.

s, W. A. Benjamin, New

¥

50 &

Figure 2.1 Atomic volumes (molar volumes) of the elements in the solid state.
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Figure 2.2 Densities of the elements in the solid state.

appear at the peaks and elements near the centre
of each period (B, C; Al, Si; Mn, Fe, Co; Ru;
and Os) appear in the troughs. This finds a
ready interpretation on the electronic theory since
the alkali metals have only 1 electron per atom
to contribute to the binding of the 8 nearest-
neighbour atoms, whereas elements near the
centre of each period have the maximum number
of electrons available for bonding. Elements in
other groups fall on corresponding sections of
the curve in each period, and in several groups
there is a steady trend to higher volumes with
the increasing atomic number. Closer inspection
reveals that a much more detailed interpretation
would be required to encompass all the features
of the curve which includes data on solids held
by very diverse types of bonding. Note also
that the position of helium is anomalous (why?),
and that 1here are local anomalies at europium
and yterbium in the lanthanide elements (see

Chapter 30). Similar plots are obtained for the
atomic and ionic radii of the elements and an
inverted diagram is obtained, as expected, for
the densities of the elements in the solid state
(Fig. 2.2).

Of more fundamental importance is the plot
of first-stage ionization energies of the elements,
i.e. the energy /v required to remove the least
tightly bound electron from the neutral atom in
the gas phase:

M(g) —> M*(g)+e™; AH" =1y

These are shown in Fig. 2.3 and illustrate most
convincingly the various quantum shells and
subshells described in the preceding section.
The energy required to remove the | electron
from an atom of hydrogen is 13.606 eV (i.e.
1312 kJ per mole of H atoms). This rises to
2372 kJ mol~! for He (1s?) since the positive
charge on the helium nucleus is twice that of the
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Figure 2.3 First-stage ionization energies of the elements.

proton and the additional charge is not completely
shielded by the second electron. There is a large
drop in ionization energy between helium and
lithium (1s%2s') because the principal quantum
number rn increases from 1 to 2, after which the
ionization energy rises somewhat for beryllium
(1s*2s?), though not to a value which is so
high that beryllium would be expected to be an
inert gas. The interpretation that is placed on
the other values in Fig. 2.3 is as follows. The
slight decrease at boron (1s°2s?2p') is due to
the increase in orbital quantum number / from O
to 1 and the similar decrease between nitrogen
and oxygen is due to increased interelectronic
coulomb repulsion as the fourth p electron is
added to the 3 already occupying 2p., 2py,
and 2p,. The ionization energy then continues
to increase with increasing Z until the second
quantum shell is filled at neon (2s°sp®). The
process is precisely repeated from sodium (3s')
to argon (3s°3p®) which again occurs at a peak
in the curve, although at this point the third
quantum shell is not yet completed (3d). This
is because the next added electron for the next
element potassium (Z = 19) enters the 4s shell
(n + [ = 4) rather than the 3d (n +{ = 5). After
calcium (Z = 20) the 3d shell fills and then the
4p (n+1 =35, but n higher than for 3d). The

implications of this and of the subsequent filling
of later s, p, d, and f levels will be elaborated
in considerable detail in later chapters. Suffice
it to note for the moment that the chemical
inertness of the lighter noble gases correlates
with their high ionization energies whereas the
extreme reactivity of the alkali metals (and their
prominent flame tests) finds a ready interpretation
in their much lower ionization energies.
Electronegativities also show well-developed
periodic trends though the concept of electroneg-
ativity itself, as introduced by L. Pauling,” is
rather qualitative: “Electronegativity is the power
of an atom in a molecule to attract electrons to
itself.” It is to be expected that the electronega-
tivity of an element will depend to some extent
not only on the other atoms to which it is bonded
but also on its coordination number and oxida-
tion state; for example, the electronegativity of
a given atom increases with increase in its oxi-
dation state. Fortunately, however, these effects
do not obscure the main trends. Various mea-
sures of electronegativity have been proposed by
L. Pauling, by R. S. Mulliken, by A. L. Allred

7L. PAULING, J. Am. Chem. Soc. 54, 3570 (1932); The
Nature of the Chemical Bond, 3rd edn., pp. 88-107. Cornell
University Press, Ithaca, NY, 1960.
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Figure 2.4 Values of electronegativity of the elements.

and E. Rochow, and by R. T. Sanderson, and
all give roughly parallel scales. Figure 2.4,
which incorporates Pauling’s values, illustrates
the trends observed; electronegativities tend to
increase with increasing atomic number within
a given period (e.g. Li to F, or K to Br) and to
decrease with increasing atomic number within a
given group (e.g. F to At, or O to Po). Numerous
reviews are available.®

Many other properties have been found to
show periodic variations and these can be
displayed graphically or by circles of varying
size on a periodic table, e.g. melting points of
the elements, boiling points, heats of fusion,
heats of vaporization, energies of atomization,
etc.® Similarly, the properties of simple binary

8K.D. SEN and C. K. JORGENSEN (eds.), Structure and
Bonding 66 Electronegativity, Springer-Verlag, Berlin, 1987,
198 pp. 1. Mullay, J. Am. Chem. Soc. 106, 5842-7
(1984). R. T. Sanderson, Inorg. Chem. 25, 1856-8 (1986).
R. G. Pearson, Inorg. Chem. 27, 734-40 (1988).

compounds of the elements can be plotted,
e.g. heats of formation, melting points and
boiling points of hydrides, fluorides, chlorides,
bromides, iodides, oxides, sulfides, etc.® Trends
immediately become apparent, and the selection
of compounds with specific values for particular
properties is facilitated. Such trends also permit
interpolation to give estimates of undetermined
values of properties for a given compound
though such a procedure can be misleading
and should only be used as a first rough
guide. Extrapolation has also frequently been
used, and to good effect, though it too can be
hazardous and unreliable particularly when new
or unsuspected effects are involved. Perhaps the
classic example concerns the dissociation energy
of the fluorine molecule which is difficult to
measure experimentally: for many years this was
taken to be ~265 kJ mol™! by extrapolation of
the values for iodine, bromine, and chlorine
(151, 193, and 243 kJ mol™!), whereas the
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most recent experimental values are close to
159 kJ mol~! (see Chapter 17). The detection of
such anomalous data from periodic plots thus
serves to identify either inaccurate experimental
observations or inadequate theories (or both).

2.3.2 Trends in chemical properties

These, though more difficult to describe
quantitatively than the trends in atomic and
physical properties described in the preceding
subsection, also become apparent when the
elements are compared in each group and along
each period. Such trends will be discussed in
detail in later chapters and it is only necessary
here to enumerate briefly the various types of
behaviour that frequently recur.

The most characteristic chemical property of
an element is its valence. There are numerous
measures of valency each with its own area of
usefulness and applicability. Simple definitions
refer to the number of hydrogen atoms that can
combine with an element in a binary hydride
or to twice the number of oxygen atoms com-
bining with an element in its oxide(s). It was
noticed from the beginning that there was a
close relation between the position of an ele-
ment in the periodic table and the stoichiome-
try of its simple compounds. Hydrides of main
group elements have the formula MH, where
n was related to the group number N by the
equations n =N (N <4), and n = 18 — N for
N > 14. By contrast, oxygen elicited an increas-
ing valence in the highest normal oxide of each
element and this was directly related to the
group number, i.e. M0, MO, M;03, ..., M;07.
These periodic regularities find a ready expla-
nation in terms of the electronic configuration
of the elements and simple theories of chemical
bonding. In more complicated chemical formulae
involving more than 2 elements, it is convenient
to define the “oxidation state” of an element
as the formal charge remaining on the element
when all other atoms have been removed as
their normal ions. For example, nitrogen has an
oxidation state of —3 in ammonium chloride
[NH4CI — (4H* 4+ CI™) = N3~} and manganese
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has an oxidation state of 47 in potassium per-
manganate {tetraoxomanganate(l—)} [KMnO4 —
(K* +40?7) = Mn"*1]. For a compound such as
Fe;O4 iron has an average oxidation state of
+2.67 [i.e. (4 x 2)/3] which may be thought of
as comprising 1Fe’* and 2Fe**. It should be
emphasized that these charges are formal, not
actual, and that the concept of oxidation state
is not particularly helpful when considering pre-
dominantly covalent compounds (such as organic
compounds) or highly catenated inorganic com-
pounds such as S;NH.

The periodicity in the oxidation state or
valence shown by the elements was forcefully
illustrated by Mendeleev in one of his early forms
of the periodic system and this is shown in an
extended form in Fig. 2.5 which incorporates
more recent information. The predictive and
interpolative powers of such a plot are obvious
and have been a fruitful source of chemical
experimentation for over a century.

Other periodic trends which occur in the chem-
ical properties of the elements and which are
discussed in more detail throughout later chap-
ters are:

(1) The “anomalous” properties of elements
in the first short period (from lithium to
fluorine) — see Chapters 4, 5, 6, 8, 11,
14 and 17.

(i) The “anomalies” in the post-transition
element series (from gallium to bromine)
related to the d-block contraction — see
Chapters 7, 10, 13, 16 and 17.

(iii) The effects of the lanthanide contrac-
tion — see Chapters 21-30.

(iv) Diagonal relationships between lithium
and magnesium, beryllium and alu-
minium, boron and silicon.

(v) The so-called inert pair effect (see
Chapters 7, 10 and 13) and the variation
of oxidation state in the main group
elements in steps of 2 (e.g. IF, IFs,
IFs, IF;).

(vi) Variability in the oxidation state of tran-
sition elements in steps of 1.

(vii) Trends in the basicity and electroposi-
tivity of elements — both vertical trends
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within groups and horizontal trends
along periods.

(viii) Trends in bond type with position of the
elements in the table and with oxidation
state for a given element.

(ix) Trends in stability of compounds
and regularities in the methods used
to extract the elements from their
compounds.

(x) Trends in the stability of coordination
complexes and the electron-donor power
of various series of ligands.

2.4 Prediction of New Elements
and Compounds

Newlands (1864) was the first to predict correctly
the existence of a “missing element” when he
calculated an atomic weight of 73 for an element
between silicon and tin, close to the present
value of 72.61 for germanium (discovered by
C. A. Winkler in 1886). However, his method
of detecting potential triads was unreliable and
he predicted (non-existent) elements between

rhodium and iridium, and between palladium
and platinum. Mendeleev’s predictions 1869-71
were much more extensive and reliable, as
indicated in the historical panel on p. 21. The
depth of his insight and the power of his method
remain impressive even today, but in the state of
development of the subject in 1869 they were
monumental. A comparison of the properties
of eka-silicon predicted by Mendeleev and
those determined experimentally for germanium
is shown in Table 2.1. Similarly accurate
predictions were made for eka-aluminium and
gallium and for eka-boron and scandium.

Of the remaining 26 undiscovered elements
between hydrogen and uranium, 11 were
lanthanoids which Mendeleev’s system was
unable to characterize because of their great
chemical similarity and the new numerological
feature dictated by the filling of the 4f
orbitals. Only cerium, terbium and erbium were
established with certainty in 1871, and the others
(except promethium, 1945) were separated and
identified in the period 1879-1907. The isolation
of the (unpredicted) noble gases also occurred at
this time (1894-8).

Table 2.1

Mendeleev’s predictions (1871)
for eka-silicon, M

Observed properties (1995) of
germanium (discovered 1886)

Atomic weight 72
Density/g cm™> 5.5
Molar volume/cm® mol 13.1
MP/°C high
Specific heat/J g=! K~! 0.305
Valence 4
Colour dark grey

M will be obtained from MO, or K;MF¢ by reac-
tion with Na

M will be slightly attacked by acids such as HCl
and will resist alkalis such as NaOH

M, on being heated, will form MO, with high mp,
and d 4.7 g cm™

M will give a hydrated MO, soluble in acid and
easily reprecipitated

MS, will be insoluble in water but soluble in ammo-
nium sulfide

‘MCl4 will be a volatile liquid with bp a little under
100°C and d 1.9 g em™?

M will form MEt4 bp 160°C

Colour
Ge is obtained by reaction of K,GeFg with Na

Atomic weight 72.61(2)
Density/g cm ™ 5.323
Molar volume/cm?® mol~? 13.64
MP/°C 945
Specific heat/J g~} K~! 0.309
Valence 4

greyish-white

Ge is not dissolved by HCI or dilute NaOH but reacts

with hot conc HNO»

Ge reacts with oxygen to give GeO,, mp 1086°, d

4228 g cm™

“Ge(OH),” dissolves in conc acid and is reprecipitated

on dilution or addition of base

GeS, is insoluble in water and dilute acid but readily

soluble in ammonium sulfide

GeCl, is a volatile liquid with bp 83°C and d 1.8443

gem™

GeEt, bp 185°C
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The isolation and identification of 4 radioactive
elements in minute amounts took place at the
turn of the century, and in each case the
insight provided by the periodic classification
into the predicted chemical properties of
these elements proved invaluable. Marie Curie
identified polonium in 1898 and, later in the same
year working with Pierre Curie, isolated radium.
Actinium followed in 1899 (A. Debierne) and the
heaviest noble gas, radon, in 1900 (F. E. Dorn).
Details will be found in later chapters which
also recount the discoveries made in the present
century of protactinium (O. Hahn and Lise
Meitner, 1917), hafnium (D. Coster and G. von
Hevesey, 1923), rhenium (W. Noddack, Ida
Tacke and O. Berg, 1925), technetium (C. Perrier
and E. Segré, 1937), francium (Marguerite
Perey, 1939) and promethium (J. A. Marinsky,
L. E. Glendenin and C. D. Coryell, 1945).

A further group of elements, the transuranium
elements, has been synthesized by artificial
nuclear reactions in the period from 1940
onwards; their relation to the periodic table
is discussed fully in Chapter 31 and need
not be repeated here. Perhaps even more
striking today are the predictions, as yet
unverified, for the properties of the currently
non-existent superheavy elements.”) Elements
up to lawrencium (Z = 103) are actinides (5f)
and the 6d transition series starts with element
104. So far only elements 104—112 have been
synthesized,!”) and, because there is as yet no
agreement on trivial names for some of these
elements (see pp. 1280-1), they are here referred
to by their atomic numbers. A systematic naming
scheme was approved by IUPAC in 1977 but is
not widely used by researchers in the field. It
involves the use of three-letter symbols derived
directly from the atomic number by using the

9 B. FRICKE, Superheavy elements, Structure and Bonding
21, 89 (1975). A full account of the predicted stabilities and
chemical properties of elements with atomic numbers in the
range Z = 104-184.

10R. C. BARBER, N. N. GREENWOOD, A. Z. HRYNKIEWICZ,
M. LErORT, M. SAKAI, I ULEHLA, A.H. WAPSTRA and
D. H. WILKINSON, Progr. in Particle and Nuclear Physics,
29, 453-530 (1992); also published in Pure Appl. Chem. 65,
1757-824 (1993). See also §31.4.

following numerical roots:

0 1 2 3 4 5 6 7 8 9
nil un bi tri quad pent hex sept oct enn

These names and symbols can be used for
elements 110 and beyond until agreed trivial
names have been internationally approved.
Hence, 110 is un-un-nilium (Uun), 111 is un-
un-unium (Uuu), and 112 is un-un-bium, (Uub).
These elements are increasingly unstable with
respect to a-decay or spontaneous fission with
half-lives of less than 1 s. It is therefore unlikely
that much chemistry will ever be carried out on
them though their ionization energies, mps, bps,
densities, atomic and metallic radii, etc., have
all been predicted. Element 112 is expected to
be eka-mercury at the end of the 6d transition
series, and should be, followed by the 7p and
8s configurations Z = 113-120. On the basis of
present theories of nuclear structure an “island
of stability” is expected near element 114 with
half-lives in the region of years. Much effort is
being concentrated on attempts to make these
elements, and oxidation states are expected to
follow the main group trends (e.g. 113: eka-
thallium mainly 4 1). Other physical properties
have been predicted by extrapolation of known
periodic trends. Still heavier elements have been
postulated, though it is unlikely (on present
theories) that their chemistry will ever be studied
because of their very short predicted half-
lives. Calculated energy levels for the range
Z =121-154 lead to the expectation of an
unprecedented 5g series of 18 elements followed
by fourteen 6f elements.

In addition to the prediction of new elements
and their probable properties, the periodic table
has proved invaluable in suggesting fruitful lines
of research in the preparation of new compounds.
Indeed, this mode of thinking is now so ingrained
in the minds of chemists that they rarely pause
to reflect how extraordinarily difficult their task
would be if periodic trends were unknown. It is
the ability to anticipate the effect of changing an
element or a group in a compound which enables
work to be planned effectively, though the pru-
dent chemist is always alert to the possibility of
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new effects or unsuspected factors which might (iv) the development of the chemistry of
surprisingly intervene. xenon (Chapter 18);

Typical examples taken from the developments (v) ferrocene — leading to ruthenocene and
of the past two or three decades include: dibenzene chromium, etc. (Chapters 19,
(i) the organometallic chemistry of lithium 25 and 23 respectively); )

and thallium (Chapters 4 and 7); (vi) the development of solid-state chemistry.
(i) the use of boron hydrides as ligands

(Chapter 6); Indeed, the influence of Mendeleev’s fruitful gen-
(iii) solvent systems and preparative chemistry eralization pervades the whole modern approach

based on the interhalogens (Chapter 17); to the chemistry of the elements.
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Hydrogen

3.1 Introduction

Hydrogen is the most abundant element in the
universe and is also common on earth, being the
third most abundant element (after oxygen and
silicon) on the surface of the globe. Hydrogen in
combined form accounts for about 15.4% of the
atoms in the earth’s crust and oceans and is the
ninth element in order of abundance by weight
(0.9%). In the crustal rocks alone it is tenth
in order of abundance (0.15 wt%). The gradual
recognition of hydrogen as an element during the
sixteenth and seventeenth centuries forms part
of the obscure and tangled web of experiments
that were carried out as chemistry emerged
from alchemy to become a modern science.”
Until almost the end of the eighteenth century
the element was inextricably entwined with the
concept of phlogiston and H. Cavendish, who is
generally regarded as having finally isolated and
identified the gas in 1766, and who established
conclusively that water was a compound of

'1. W. MELLOR, A Comprehensive Treatise on Inorganic
and Theoretical Chemistry, Vol. 1, Chap. 3, Longmans,
Green & Co.. London, 1922.

oxygen and hydrogen, actually communicated his
findings to the Royal Society in January 1784
in the following words: “There seems to be the
utmost reason to think that dephlogisticated air
is only water deprived of its phlogiston™ and that
“water consists of dephlogisticated air united with
phlogiston”.

The continued importance of hydrogen in
the development of experimental and theoretical
chemistry is further illustrated by some of the
dates listed in the Panel on the page opposite.

Hydrogen was recognized as the essential
element in acids by H. Davy after his work
on the hydrohalic acids, and theories of acids
and bases have played an important role ever
since. The electrolytic dissociation theory of
S. A. Arthenius and W. Ostwald in the 1880s,
the introduction of the pH scale for hydrogen-
ion concentrations by S. P. L. Sgrensen in 1909,
the theory of acid-base titrations and indicators,
and J. N. Brgnsted’s fruitful concept of acids
and conjugate bases as proton donors and
acceptors (1923) are other land marks (see
p. 48). The discovery of ortho- and para-
hydrogen in 1924, closely followed by the
discovery of heavy hydrogen (deuterium) and

32
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tritium in the 1930s, added a further range of
phenomena that could be studied by means of
this element (pp. 34—43). In more recent times,
the technique of nmr spectroscopy, which was
first demonstrated in 1946 using the hydrogen
nucleus, has revolutionized the study of structural
chemistry and permitted previously unsuspected

phenomena such as fluxionality to be studied.
Simultaneously, the discovery of complex metal
hydrides such as LiAlH; has had a major
impact on synthetic chemistry and enabled new
classes of compound to be readily prepared
in high yield (p.229). The most important
compound of hydrogen is, of course, water,

Hydrogen — Some Significant Dates

1671 R. Boyle showed that dilute sulfuric acid acting on iron gave a flammable gas; several other seventeenth-century

scientists made similar observations.

1766 H. Cavendish established the true properties of hydrogen by reacting several acids with iron, zinc and tin; he

showed that it was much lighter than air.

1781 H. Cavendish showed quantitatively that water was formed when hydrogen was exploded with oxygen, and that
water was therefore not an element as had previously been supposed.

1783 A. L. Lavoisier proposed the name “hydrogen” (Greek VBwp ysivopat, water formen).

1800 W. Nicholson and A. Carlisle decomposed water electrolytically into hydrogen and oxygen which were then

recombined by explosion to resynthesize water.

1810-15 Hydrogen recognized as the essential element in acids by H. Davy (contrary to Lavoisier who originally
considered oxygen to be essential — hence Greek otvg yeivopat, acid former).

1866 The remarkable solubility of hydrogen in palladium discovered by T. Graham following the observation of
hydrogen diffusion through red-hot platinum and iron by H. St. C. Deville and L. Troost, 1863.

1878 Hydrogen detected spectroscopically in the sun’s chromosphere (J. N. Lockyer).

1895 Hydrogen first liquefied in sufficient quantity to show a meniscus (J. Dewar) following earlier observations of

mists and droplets by others, 1877-85.

1909 The pH scale for hydrogen-ion concentration introduced by S. P. L. Sgrensen.
1912 Hs3* discovered mass-spectrometrically by J. J. Thompson.
1920 The concept of hydrogen bonding introduced by W.M. Latimer and W. H. Rodebush (and by

M. L. Huggins, 1921).

1923 J. N. Brgnsted defined an acid as a species that tended to lose a proton: A ——= B + H*.
1924 Ortho- and para-hydrogen discovered spectroscopically by R. Mecke and interpreted quantum-mechanically by

W. Heisenberg, 1927.

1929-30 Concept of quantum-mechanical tunnelling in proton-transfer reactions introduced (without experimental

evidence) by several authors.

1931 First hydrido complex of a transition metal prepared by W. Hieber and F. Leutert.

1932 Deuterium discovered spectroscopically and enriched by gaseous diffusion of hydrogen and by electrolysis of
water (H. C. Urey, F. G. Brickwedde and G. M. Murphy).

1932 Acidity function H, proposed by L. P. Hammett for assessing the strength of very strong acids.

1934 Tritium first made by deuteron bombardment of D3PO; and (ND4),SO; (ie. 2D+ 2D =3T + 'H);

M. L. E. Oliphant, P. Harteck and E. Rutherford.

1939 Tritium found to be radioactive by L. W. Alvarez and R. Cornog after a prediction by T. W. Bonner in 1938.
1946 Proton nmr first detected in bulk matter by E. M. Purcell, H. C. Torrey and R. V. Pound: and by F. Bloch,

W. W. Hansen and M. E. Packard.

1947 LiAlHy4 first prepared and subsequently shown to be a versatile reducing agent; A. E. Finholt, A. C. Bond and

H. L. Schlesinger.

1950 Tritium first detected in atmospheric hydrogen (V. Faltings and P. Harteck) and later shown to be present in

rain water (W. F. Libby et al., 1951).

1954 Detonation of the first hydrogen bomb on Bikini Atoll.
1960s  “Superacids” (107 -10'? times stronger than sulfuric acid) studied systematically by G. A. Olah’s group and by

R. J. Gillespie’s group.

1966 The term “magic acid” coined in G. A. Olah’s laboratory for the non-aqueous system HSO3F/SbFs.

1976-79 Encapsulated H atom detected and located in octahedral polynuclear carbonyls such as [HRug(CO);8]~ and
[HCos(CO)1s]~ following A. Simon’s characterization of interstitial H in HNbgl;;.

1984 Stable transition-metal complexes of dihapto-dihydrogen (2-Hz) discovered by G. Kubas.
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and a detailed discussion of this compound
is given on pp. 620-33 in the chapter on
oxygen. In fact, hydrogen forms more chemical
compounds than any other element, including
carbon, and a survey of its chemistry therefore
encompasses virtually the whole periodic table.
However, before embarking on such a review in
Sections 3.4—3.7 it is convenient to summarize
the atomic and physical properties of the various
forms of hydrogen (Section 3.2), to enumerate
the various methods used for its preparation and
industrial production, and to indicate some of its
many applications and uses (Section 3.3).

3.2 Atomic and Physical
Properties of Hydrogen@

Despite its very simple electronic configuration
(1s') hydrogen can, paradoxically, exist in over
50 different forms most of which have been well
characterized. This multiplicity of forms arises
firstly from the existence of atomic, molecular
and ionized species in the gas phase: H, Hj,
H*,H™, HyT, Hs* ..., Hy; 1, secondly, from the
existence of three isotopes, %H, 2H(D) and ?H(T),
and correspondingly of D, D,;, HD, DT, etc;
and, finally, from the existence of nuclear spin
isomers for the homonuclear diatomic species,

2 K. M. MACKAY, The element hydrogen, Comprehensive
Inorganic Chemistry, Vol. 1, Chap. 1. K. M. MACKAY and
M. F. A. DOVE, Deuterium and tritium, ibid., Vol. 1, Chap. 3,
Pergamon Press, Oxford, 1973.

i.e. ortho- and para-dihydrogen, -dideuterium
and -ditritium. T

3.2.1 Isotopes of hydrogen

Hydrogen as it occurs in nature is predominantly
composed of atoms in which the nucleus is a
single proton. In addition, terrestrial hydrogen
contains about 0.0156% of deuterium atoms
in which the nucleus also contains a neutron,
and this is the reason for its variable atomic
weight (p. 17). Addition of a second neutron
induces instability and tritium is radioactive,
emitting low-energy S~ particles with a half-
life of 12.33 y. Some characteristic properties
of these 3 atoms are given in Table 3.1, and
their implications for stable isotope studies,
radioactive tracer studies, and nmr spectroscopy
are obvious.

In the molecular form, dihydrogen is a
stable, colourless, odourless, tasteless gas with
a very low mp and bp. Data are in Table 3.2
from which it is clear that the values for
deuterium and tritium are substantially higher.

¥ The term dihydrogen (like dinitrogen, dioxygen, etc.) is
used when it is necessary to refer unambiguously to the
molecule Hy (or Np, O,, etc.) rather than to the element as a
substance or to an atom of the element. Strictly, one should
use “diprotium” when referring specifically to the species
H; and “dihydrogen” when referring to an undifferentiated
isotopic mixture such as would be obtained from materials
having the natural isotopic abundances of H and D; likewise
“proton” only when referring specifically to H', but “hydron”
when referring to an undifferentiated isotopic mixture.

Table 3.1 Atomic properties of hydrogen (protium), deuterium, and tritium

Property H D T
Relative atomic mass 1.007 825 2.014102 3016049
Nuclear spin quantum number i 1 i
Nuclear magnetic moment/(nuclear magnetons)® 2.79270 0.857 38 2.9788
NMR frequency (at 2.35 tesla)/MHz 100.56 15.360 104.68
NMR relative sensitivity (constant field) 1.000 0.009 64 1.21
Nuclear quadrupole moment/(10~2% m?) 2.766 x 1073 0
Radioactive stability Stable Stable B~ 111233 y®

®Nuclear magneton uy = eh/2m; = 5.0508 x 107271711,

®E nax 18.6keV; Emean 5.7keV; range in air ~6mm; range in water ~6 pum.
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Table 3.2 Physical properties of hydrogen, deuterium and tritium

Propeny(a) H2 D, T,
MP/K 13.957 18.73 20.62
BP/K 20.39 23.67 25.04
Heat of fusion/k] mol™! 0.117 0.197 0.250
Heat of vaporization/kJ mol~! 0.904 1.226 1.393
Critical temperature/K 33.19 38.35 40.6 (calc)
Critical pressure/atm® 12.98 16.43 18.1 (calc)
Heat of dissociation/kJ mol~! (at 298.2 K) 435.88 443.35 446.9
Zero point energy/kJ mol™’ 25.9 18.5 15.1
Internuclear distance/pm 74.14 74.14 (74.14)

@Data refer to Hy of normal isotopic composition (i.e. containing 0.0156 atom % of deuterium,
predominantly as HD). All data refer to the mixture of ortho- and para-forms that are in equilibrium

at room temperature.
®)fatm = 101.325kNm~2 = 101.325 kPa.

For example, the mp of T, is above the bp of
H,. Other forms such as HD and DT tend to
have properties intermediate between those of
their components. Thus HD has mp 16.60K,
bp 22.13K, AHgps 0.159kImol™!, AHy,
1.075kImol~!, T, 3591K, P, 14.64 atm and
AH gisso. 439.3kJ mol~!. The critical temperature
T. is the temperature above which a gas cannot
be liquefied simply by application of pressure,
and the critical pressure P. is the pressure
required for liguefaction at this point.

Table 3.2 also indicates that the heat of dis-
sociation of the hydrogen molecule is extremely
high, the H-H bond energy being larger than for
almost all other single bonds. This contributes
to the relative unreactivity of hydrogen at room
temperature. Significant thermal decomposition
into hydrogen atoms occurs only above 2000 K:
the percentage of atomic H is 0.081 at this tem-
perature, and this rises to 7.85% at 3000 K and
95.5% at S000K. Atomic hydrogen can, how-
ever, be conveniently prepared in low-pressure
glow discharges, and the study of its reactions
forms an important branch of chemical gas kinet-
ics. The high heat of recombination of hydrogen
atoms finds application in the atomic hydrogen
torch — dihydrogen is dissociated in an arc and
the atoms then recombine on the surface of a
metal, generating temperatures in the region of
4000 K which can be used to weld very high
melting metals such as tantalum and tungsten.

3.2.2 Ortho- and para-hydrogen

All homonuclear diatomic molecules having
nuclides with non-zero spin are expected to
show nuclear spin isomers. The effect was first
detected in dihydrogen where it is particularly
noticeable, and it has also been established for
Dy, Ty, MNj, PNy, Y70,, etc. When the two
nuclear spins are parallel (ortho-hydrogen) the
resultant nuclear spin quantum number is 1 (i.e.
% + 15) and the state is threefold degenerate (2S +
1). When the two proton spins are antiparallel,
however, the resultant nuclear spin is zero and
the state is non-degenerate. Conversion between
the two states involves a forbidden triplet—singlet
transition and is normally slow unless catalysed
by interaction with solids or paramagnetic species
which either break the H-H bond, weaken it,
or allow magnetic perturbations. Typical catalysts
are Pd, Pt, active Fe;O3 and NO. Para-hydrogen
(spins antiparallel) has the lower energy and this
state is favoured at low temperatures. Above 0 K
(100% para) the equilibrium concentration of
ortho-hydrogen gradually increases until, above
room temperature, the statistically weighted
proportion of 3 ortho:1 para is obtained, 1.e.
25% para. Typical equilibrium concentrations
of para-hydrogen are 99.8% at 20K, 65.4%
at 60K, 38.5% at 100K, 25.7% at 210K,
and 25.1% at 273K (Fig. 3.1). It follows that,
whereas essentially pure para-hydrogen can be
obtained, it is never possible to obtain a sample
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Figure 3.1 Ortho-para equilibria for H,, D, and T».

containing more than 75% of ortho-hydrogen.
Experimentally, the presence of both o-H; and
p-H; is seen as an alternation in the intensities
of successive rotational lines in the fine structure
of the electronic band spectrum of Hj. It also
explains the curious temperature dependence of
the heat capacity of hydrogen gas.

Similar principles apply to ortho- and para-
deuterium except that, as the nuclear spin
guantum number of the deuteron is 1 rather
than % as for the proton, the system is
described by Bose—Einstein statistics rather than
the more familiar Fermi-Dirac statistics. For
this reason, the stable low-temperature form is
ortho-deuterium and at high temperatures the
statistical weights are 6 ortho:3 para leading
to an upper equilibrium concentration of 33.3%
para-deuterium above about 190 K as shown in
Fig. 3.1. Tritium (spin %) resembles H; rather
than D,.

Most physical properties are but little affected
by nuclear-spin isomerism though the thermal
conductivity of p-H; is more than 50% greater
than that of 0-H;, and this forms a ready means of
analysing mixtures. The mp of p-H; (containing
only 0.21% o-H;) is 0.15K below that of
“normal” hydrogen (containing 75% o-H;), and
by extrapolation the mp of (unobtainable) pure

0-H, is calculated to be 0.24K above that of
p-H,. Similar differences are found for the
bps which occur at the following temperatures:
normal-H; 20.39 K, 0-H; 20.45 K. For deuterium
the converse relation holds, 0-D; melting some
0.03K below ‘“normal”-D; (66.7% ortho) and
boiling some 0.04 K below. The effects for other
elements are even smaller.

3.2.3 lonized forms of hydrogen

This section briefly considers the proton H™,
the hydride ion H™, the hydrogen molecule ion
H,t, the triatomic 2-electron species H3 " and the
recently established cluster species H,*,3.
The hydrogen atom has a high ionization
energy (1312kJmol~!) and in this it resembles
the halogens rather than the alkali metals.
Removal of the 1s electron leaves a bare proton
which, having a radius of only about 1.5 x
1073 pm, is not a stable chemical entity in the
condensed phase. However, when bonded to
other species it is well known in solution and in

3N. J. KIrcHNER and M. T. BOwers, J. Chem. Phys. 86,
1301-10 (1987).

*M. OKUMURA, L. 1. YEH and Y. T. LEE, J. Chem. Phys.
88, 79-91 (1988), and references cited therein.
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solids, e.g. H;O%, NH4 1, etc. The proton affinity
of water and the enthalpy of solution of H* in
water have been estimated by several authors and
typical values that are currently accepted are:

H*(g) + H,0(g) ——> H30" (g);
—AH ~ 710kImol ™!
H*(g) — H;0%(aqg);
—~AH ~ 1090kJ mol ™

It follows that the heat of solution of
the oxonium ion in water is ~380kJmol™!,
intermediate between the values calculated for
Nat (405kJmol™!) and K* (325kImol™!).
Reactions involving proton transfer will be
considered in more detail in Section 3.5.

The hydrogen atom, like the alkali metals (ns!)
and halogens (ns’np°), has an affinity for the
electron and heat is evolved in the following
process:

H(g) +e~ —— H7(g); —AH e = 72kImol™!

This is larger than the corresponding value for
Li (57kImol™!) but substantially smaller than
the value for F (333kImol™'). The hydride
ion H™ has the same electron configuration as
helium but is much less stable because the single
positive charge on the proton must now control
the 2 electrons. The hydride ion is thus readily
deformable and this constitutes a characteristic
feature of its structural chemistry (see p. 66).

The species Hy™ and H3" are important as
model systems for chemical bonding theory. The
hydrogen molecule ion Ho* comprises 2 protons
and 1 electron and is extremely unstable even
in a low-pressure gas discharge system; the
energy of dissociation and the internuclear
distance (with the corresponding values for Hj,
in parentheses) are:

AH gissoc 255(436)kImol ™'
r(H-H) 106(74.2) pm

The triatomic hydrogen molecule ion H3* was
first detected by J. J. Thomson in gas discharges
and later fully characterized by mass spectrome-
try; its relative atomic mass, 3.0235, clearly dis-
tinguishes it from HD (3.0219) and from tritium
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(3.0160). The “observed” equilateral triangular 3-
centre, 2-electron structure is more stable than the
hypothetical linear structure, and the comparative
stability of the species is shown by the following
gas-phase enthalpies:

—AH 855.9kJ mol™!
—AH 423.8kJmol™!
—AH 600.2kJ mol !

H+H+H" =H;%,
H2+H+ H3 s
H+H," = Hs*;

The H3" ion is the simplest possible example of a
three-centre two-electron bond (see discussion of
bonding in boranes on p. 157) and is also a model
for the dihapto bonding mode of the ligand n%-H,
(pp. 44-7):

+ H
H

H
.
}|I+H+—> >7H or }——VH

H
H

A series of ions H,* with n-odd up to 15
and n-even up to 10 have recently been observed
mass-spectrometrically and characterized for the
first time.®* The odd-numbered species are
much more stable than the even-numbered
members, as shown in the subjoined table which
gives the relative intensities, 7, as a function of n
(in H, ) obtained in a particular experiment with
a high-pressure ion source, relative to H3+:(®.

n 1 2 3 4 5 6
10%7 160 50 10000 4.2 4200 210

n 7 8 9 10 11
1041 3200 7.4 2600 18 34

The structures of Hs*, H;t and Ho" are
related to that of H3* with H, molecules added
perpendicularly at the corners, whereas those of
H;*,Hg" and Hg? feature an added H atom at the
first corner. Typical structures are shown below.
The structures of higher members of the series,
with n > 10 are unknown but may involve further
loosely bonded H, molecules above and below
the H;* plane. Enthalpies of dissociation are
AH5y (Hst == H3" + H,) 28kImol™! and
AHSy (H;" == Hs" 4+ H,) 13kJmol~1.¥
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3.3 Preparation, Production and
Uses®®

3.3.1 Hydrogen

Hydrogen can be prepared by the reaction
of water or dilute acids on electropositive
metals such as the alkali metals, alkaline earth
metals, the metals of Groups 3, 4 and the
lanthanoids. The reaction can be explosively
violent. Convenient laboratory methods employ
sodium amalgam or calcium with water, or
zinc with hydrochloric acid. The reaction of
aluminium or ferrosilicon with aqueous sodium
hydroxide has also been used. For small-scale
preparations the hydrolysis of metal hydrides is
convenient, and this generates twice the amount
of hydrogen as contained in the hydride, e.g.:

CaH; + 2H,O —— Ca(OH), + 2H;

Electrolysis of acidified water using platinum
electrodes is a convenient source of hydrogen
(and oxygen) and, on a larger scale, very
pure hydrogen (>99.95%) can be obtained from
the electrolysis of warm aqueous solutions of
barium hydroxide between nickel electrodes. The
method is cxpensive but becomes economical

>T. A. Czurpon, S. A. Knez and D. S. NEwsomE, Hydro-
gen, in Kirk—Othmer Encyclopedia of Chemical Technology,
4th edn., Vol. 13, Wiley, New York, 1995, pp. 838-94.

5P HAUSSINGER R. LoHMULLER and A. M. WaTson, Hy-
drogen, in Ullmann’s Encyclopedia of Industrial Chemistry,
5thedn.. Vol. A13, VCH. Weinheim, 1989, pp. 297-442.

on an industrial scale when integrated with the
chloralkali industry (p. 798). Other bulk pro-
cesses involve the (endothermic) reaction of
steam on hydrocarbons or coke:

1100°C
CH; + H,O — CO + 3H;

1000°C
C+H,;O —— CO+ H, (water gas)

In both processes the CO can be converted to
CO; by passing the gases and steam over an iron
oxide or cobalt oxide catalyst at 400°C, thereby
generating more hydrogen:

400°C
CO+H,0 —> CO, + H,

catalyst

This is the so-called water—gas shift reac-
tion (—AG5619.9kImol™ ") and it can also be
effected by low-temperature homogeneous cata-
lysts in aqueous acid solutions.”’ The extent of
subsequent purification of the hydrogen depends
on the use to which it will be put.

The industrial production of hydrogen is con-
sidered in more detail in the Panel. The largest
single use of hydrogen is in ammonia synthe-
sis (p. 421) but other major applications are in
the catalytic hydrogenation of unsaturated liquid
vegetable oils to solid, edible fats (margarine),
and in the manufacture of bulk organic chemicals,
particularly methanol (by the “oxo” or hydro-
formylation process):

cobalt

CO +2H, — > MeOH

catalyst

Direct reaction of hydrogen with chlorine is
a major source of hydrogen chloride (p. 811),
and a smaller, though still substantial use is in
the manufacture of metal hydrides and complex
metal hydrides (p. 64). Hydrogen is used in
metallurgy to reduce oxides to metals (e.g. Mo,
W) and to produce a reducing atmosphere. Direct
reduction of iron ores in steelmaking is also now
becoming technically and economically feasible.

7C.-H. CHENG and R. EISENBERG, J. Am. Chem. Soc. 100,
596970 (1978).
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Industrial Production of Hydrogen

Many reactions are available for the preparation of hydrogen and the one chosen depends on the amount needed, the
purity required, and the availability of raw materials. Most (~97%) of the hydrogen produced in industry is consumed in
integrated plants on site (e.g. ammonia synthesis, petrochemical works. etc.). Even so, vast amounts of the gas are produced
for the general market, e.g. ~6.5 x 10! m? or 5.4 million tonnes yearly in the USA alone. Small generators may have a
capacity of 100-4000m> h~!, medium-sized plants 4000- 10000 m> h~!, and large plants can produce 10*-10° m®h~!.
The dominant large-scale process in integrated plants is the catalytic steam-hydrocarbon reforming process using natural
gas or oil-refinery feedstock. After desulfurization (to protect catalysts) the feedstock is mixed with process steam and
passed over a nickel-based catalyst at 700-1000°C to convert it irreversibly to CO and H,, e.g.

900°C
C3Hg + 3H; 0 —— 3CO+ 7TH;
catalyst

Two reversible reactions also occur to give an equilibrium mixtwre of Hz, CO, CO» and H,O:
CO+HO ——=CO;+H;
CO + 3H; —— CH4 + H:0

The mixture is cooled to ~350°C before entering a high-temperature shift convertor where the major portion of the CO is
catalytically and exothermically converted to CO; and hydrogen by reaction with H>O. The issuing gas is further cooled
to 200° before entering the low-temperature shift convertor which reduces the CO content to 0.2 vol%. The product is
further cooled and CO; absorbed in a liquid contacter. Further removal of residual CO and CO; can be effected by
methanation at 350°C to a maximum of 10ppm. Provided that the feedstock contains no nitrogen the product purity is
about 98%. Alternatively the low-temperature shift process and methanation stage can be replaced by a single pressure-
swing absorption (PSA) system in which the hydrogen is purified by molecular sieves. The sieves are regenerated by
adiabatic depressurization at ambient temperature (hence the name) and the prodnct has a purity of >99.9%.

At present about 77% of the industrial hydrogen produced is from petrochemicals, 18% from coal, 4% by electrolysis of
aqueous solutions and at most 1% from other sources. Thus, hydrogen is produced as a byproduct of the brine electrolysis
process for the manufacture of chlorine and sodium hydroxide (p. 798). The ratio of H2:Cl2:NaOH is, of course, fixed
by stoichiometry and this is an economic determinant since bulk transport of the byproduct hydrogen is expensive. To
illustrate the scale of the problem: the total world chlorine production capacity is about 38 million tonnes per year which
corresponds to 105000 tonnes of hydrogen (1.3 x 10'® m?), Plants designed specifically for the electrolytic manufacture
of hydrogen as the main product, use steel cells and aqueous potassium hydroxide as electrolyte. The cells may be operated
at atmospheric pressure (Knowles cells) or at 30 atm (Lonza cells).

When relatively small amounts of hydrogen are required, perhaps in remote locations such as weather stations, then
small transportable generators can be used which can produce I-17m3 h~!. During production a I:1 molar mixture of
methanol and water is vaporized and passed over a “‘base—metal chromite” type catalyst at 400°C where it is cracked into
hydrogen and carbon monoxide; subsequently steam reacts with the carbon monoxide to produce the dioxide and more
hydrogen:

400°C
MeOH —— CO +2H;
catalysi

CO+H;0 —— CO; +H:

All the gases are then passed through a diffuser separator comprising a large nnmber of small-diameter thin-walled tubes
of palladium-silver alloy tightly packed in a stainless steel case. The solubility of hydrogen in palladium is well known
(p. 1150) and the alloy with silver is used to prolong the life of the diffuser by avoiding troublesome changes in dimensions
during the passage of hydrogen. The hydrogen which emerges is cool, pure, dry and ready for use via a metering device.

Another medium-scale use is in oxyhydrogen and fuel cells if the notional “hydrogen economy”
torches and atomic hydrogen torches for welding (see Panel on p. 40) is ever developed.

and cutting. Liquid hydrogen is used in bubble
chambers for studying high-energy particles and
as a rocket fuel (with oxygen) in the space
programme. Hydrogen gas is potentially a large- Deuterium is invariably prepared from heavy
scale fuel for use in internal combustion engines water, D,O, which is itself now manufactured

3.3.2 Deuterium
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The Hydrogen Economy¢-3=1

The growing recognition during the past decades that world reserves of coal and oil are finite and that nuclear power
cannot supply all our energy requirements, particularly for small mobile units such as cars, has prompted an active search
for alternatives. One solution which has many attractive features is the “hydrogen economy” whereby energy is transported
and stored in the form of liquid or gaseous hydrogen. Enthusiasts point out that such a major change in the source of
energy, though apparently dramatic, is not unprecedented and has in fact occurred twice during the past 100 y. In 1880
wood was overtaken by coal as the main world supplier of energy and now it accounts for only about 2% of the total.
Likewise in 1960 coal was itself overtaken by oil and now accounts for only 15% of the total. (Note, however, that this
does not imply a decrease in the total amount of coal used: in 1930 this was 14.5 x 10° barrels per day of oil equivalent
and was 75% of the then total energy supply whereas in 1975 coal had increased in absolute terms by 11% to 16.2 x 10°
b/d oe, but this was only 18% of the total energy supply which had itself increased 4.6-fold in the interim.) Another
change may well be in the offing since nuclear power, which was effectively non-existent as an industrial source of
energy in 1950, now accounts for 16% of the world supply of electricity; it has already overtaken coal as a source of
energy and may well overtake oil during the next century. The aim of the “hydrogen economy” is to transmit this energy,
not as electric power but in the form of hydrogen; this overcomes the great problem of electricity — that it cannot be
stored — and also reduces the costs of power transmission.

The technology already exists for producing hydrogen electrically and storing it in bulk. For example huge quantities
of liquid hydrogen are routinely stored in vacuum insulated cryogenic tanks for the US space programme, one such
tank alone holding over 3400 m? (900000 US gallons). Liquid hydrogen can be transported by road or by rail tankers
of 75.7m? capacity (20000 US gallons). Underground storage of the type currently used for hydrogen — natural gas
mixtures and transmission through large pipes is also feasible, and pipelines carrying hydrogen up to 80km in the USA
and South Africa and 200km in Europe have been in operation for many years. Smaller storage units based on metal
alloy systems have also been suggested, e.g. LaNis can absorb up to 7 moles of H atoms per mole of LaNis at room
temperature and 2.5 atm, the density of contained hydrogen being twice that in the liquid element itself. Other systems
include Mg-MgH,, MgaNi-MgaNiH4, Ti-TiH; and TiFe-TiFeH) ¢s.

The advantages claimed for hydrogen as an automobile fuel are the greater energy release per unit weight of fuel
and the absence of polluting emissions such as CO, CO, NOy, SO;, hydrocarbons, aldehydes and lead compounds.
The product of combustion is water with only traces of nitrogen oxides. Several conventional internal-combustion petrol
engines have already been simply and effectively modified to run on hydrogen. Fuel cells for the regeneration of electric
power have also been successfully operated commercially with a conversion efficiency of 70%, and test cells at higher
pressures have achieved 85% efficiency.

Non-electrolytic sources of hydrogen have also been studied. The chemical problem is how to transfer the correct amount
of free energy to a water molecule in order to decompose it. In the last few years about 10000 such thermochemical
water-splitting cycles have been identified, most of them with the help of computers, though it is significant that the most
promising ones were discovered first by the intuition of chemists.

The stage is thus set, and further work to establish safe and economically viable sources of hydrogen for general energy
usage seems destined to flourish as an active area of research for some while.

on the multitonne scale by the electrolytic
enrichment of normal water.!'%!3 The enrich-
ment is expressed as a separation factor between
the gaseous and liquid phases:

s = (H/D)g/(H/D),

8D. P. GREGORY, The hydrogen economy, Chap. 23 in
Chemistry in the Environment, Readings from Scientific
American, 1973, pp. 219-27.

9L. B. MCGowN and J. O'M. Bockris, How to Obtain
Abundant Clean Energy, Plenum, New York, 1980, 275 pp.
L. O. WiLLiaMs, Hydrogen Power, Pergamon Press, Oxford,
1980, 158 pp.

10C. J. WINTER and J. NiTscH (eds.), Hydrogen as an Energy
Carrier, Springer Verlag, Berlin, 1988, 377 pp.

T B. BOGDANOVIC, Angew. Chem. Int. Edn. Engl. 24,
262-73 (1985).

The equilibrium constant for the exchange
reaction

H,O + HD == HDO + H,

is about 3 at room temperature and this would
lead to a value of s =3 if this were the only
effect. However, the choice of the metal used for
the electrodes can also affect the various elec-
trode processes, and this increases the separation
still further. Using alkaline solutions s values in

12 G, Vasaru, D. URsu, A, MIHAILA and P. SZENT-GYORGY],
Deuterium and Heavy Water, Elsevier, Amsterdam, 1975,
404 pp.

13H, K. RaE (ed.), Separation of Hydrogen Isotopes, ACS
Symposium Series No. 68, 1978, 184 pp.
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the range 5-7.6 are obtained for many metals, ris-
ing to 13.9 for platinum cathodes and even higher
for gold. By operating a large number of cells in
cascade, and burning the evolved H,/D, mixture
to replenish the electrolyte of earlier cells in the
sequence, any desired degree of enrichment can
ultimately be attained. Thus, starting with normal
water (0.0156% of hydrogen as deuterium) and
a separation factor of 5, the deuterium content
rises to 10% after the original volume has been
reduced by a factor of 2400. Reduction by 66 000
is required for 90% deuterium and by 130 000 for
99% deuterium. If, however, the separation factor
is 10, then 99% deuterium can be obtained by a
volume reduction on electrolysis of 22 000. Prior
enrichment of the electrolyte to 15% deuterium
can be achieved by a chemical exchange between
H,S and H,O after which a fortyfold volume
reduction produces heavy water with 99% deu-
terium content. Other enrichment processes are
now rarely used but include fractional distillation
of water (which also enriches '30), thermal diffu-
sion of gaseous hydrogen, and diffusion of H,/D;
through palladium metal.

Many methods have been used to determine
the deuterium content of hydrogen gas or
water. For Hp/D, mixtures mass spectroscopy
and thermal conductivity can be used together
with gas chromatography (alumina activated with
manganese chloride at 77 K). For heavy water
the deuterium content can be determined by
density measurements, refractive index change,
or infrared spectroscopy.

The main uses of deuterium are in tracer
studies to follow reaction paths and in kinetic
studies to determine isotope effects.!¥ A
good discussion with appropriate references is
in Comprehensive Inorganic Chemistry, Vol. 1,
pp- 99-116. The use of deuterated solvents
is widespread in proton nmr studies to avoid
interference from solvent hydrogen atoms, and
deuteriated compounds are also valuable in
structural studies involving neutron diffraction
techniques.

141.. MeLANDER and W. H. SAUNDERS, Reaction Rates of
Isotopic Molecules, Wiley, New York, 1980, 331 pp.
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3.3.3 Tritium

Tritium differs from the other two isotopes
of hydrogen in being radioactive and this
immediately indicates its potential uses and its
method of detection. Tritium occurs naturally to
the extent of about 1 atom per 10'® hydrogen
atoms as a result of nuclear reactions induced by
cosmic rays in the upper atmosphere:

N+ = I+
N+ |H = 3H + fragments
H+2H=3H+H

The concentration of tritium increased by over a
hundredfold when thermonuclear weapon testing
began on Bikini Atoll in March 1954 but has now
subsided as a result of the ban on atmospheric
weapon testing and the natural radioactivity of
the isotope (f1 12.33 y).

Numerous ;eactions are available for the artifi-
cial production of tritium and it is now made on

a large scale by neutron irradiation of enriched
®Li in a nuclear reactor:

SLi+ in=3He+3H

The lithium is in the form of an alloy with mag-
nesium or aluminium which retains much of the
tritium until it is released by treatment with acid.
Alternatively the tritium can be produced by neu-
tron irradiation of enriched LiF at 450° in a vac-
uum and then recovered from the gaseous prod-
ucts by diffusion through a palladium barrier. As
a result of the massive production of tritium for
thermonuclear devices and research into energy
production by fusion reactions, tritium is avail-
able cheaply on the megacurie scale for peaceful

purposes.J-r The most convenient way of storing
the gas is to react it with finely divided uranium

158 A. Evans, Tritium and its Compounds, 2nd edn., But-
terworths, London, 1974, 840 pp. E. A. Evans, D. C. WAR-
RELL, J. A. ELVIDGE and J. R. JONES, Handbook of Tritium
NMR Spectroscopy and Applications, Wiley, Chichester,
1985, 249 pp.

See also p. 18 for the influence on the atomic weight of
commercially available lithium in some countries.
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to give UT; from which it can be released by
heating above 400°C.

Besides being one of the least expensive radio-
isotopes, tritium has certain unique advantages
as a tracer. Like '*C it is a pure low-energy B~
eniitter with no associated y-rays. The radiation
is stopped by ~6 mm of air or ~6 um of mate-
rial of density 1 gcm™? (e.g. water). As the range
is inversely proportional to the density, this is
reduced to only ~1 um in photographic emul-
sion (p ~3.5gcm™?) thus making tritium ideal
for high-resolution autoradiography. Moreover,
tritium has a high specific activity. The weight
of tritium equal to an activity of 1 Ci1s 0.103 mg
and 1 mmol T, has an activity of 58.25 Ci. [Note:
1Ci (curie) = 3.7 x 10'°Bq (becquerel); 1 Bq =
1s71.] Tritium is one of the least toxic of radio-
isotopes and shielding is unnecessary; however,
precautions must be taken against ingestion, and
no work should be carried out without appropriate
statutory authorization and adequate radiochemi-
cal facilities.

Tritium has been used extensively in hydrolog-
ical studies to follow the movement of ground
waters and to determine the age of various bod-
ies of water. It has also been used to study
the adsorption of hydrogen and the hydrogena-
tion of ethylene on a nickel catalyst and to
study the absorption of hydrogen in metals. Auto-
radiography has been used extensively to study
the distribution of tritium in multiphase alloys,
though care must be taken to correct for the pho-
tographic darkening caused by emanated tritium
gas. Increasing use is also being made of tritium
as a tracer for hydrogen in the study of reaction
mechanisms and kinetics and in work on homo-
geneous catalysis.

The production of tritium-labelled organic com-
pounds was enormously facilitated by K. E. Wilz-
bach’s discovery in 1956 that tritium could be
introduced merely by storing a compound under
tritium gas for a few days or weeks: the S~
radiation induces exchange reactions between the
hydrogen atoms in the compound and the trittum
gas. The excess of gas is recovered for further
use and the tritiated compound is purified chro-
matographically. Another widely used method of
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general applicability is catalytic exchange in solu-
tion using either a tritiated solution or tritium gas.
This is valuable for the routine production of tri-
tium compounds in high radiochemical yield and
at high specific activity (>50 mCi mmol~}). For
example, although ammonium ions exchange rel-
atively slowly with D,O, tritium exchange equi-
libria are established virtually instantaneously: tri-
tiated ammonium salts can therefore be readily
prepared by dissolving the salt in tritiated water
and then removing the water by evaporation:

(NH4)2804 + HTO === (NH3T),S0, + H;0, etc.

For exchange of non-labile organic hydrogen
atoms, acid-base catalysis (or some other cat-
alytic hydrogen-transfer agent such as palladium
or platinum) is required. The method routinely
gives tritiated products having a specific activity
almost 1000 times that obtained by the Wilzbach
method; shorter times are required (2-12h) and
subsequent purification is easier.

When specifically labelled compounds are
required, direct chemical synthesis may be
necessary. The standard techniques of preparative
chemistry are used, suitably modified for small-
scale work with radioactive materials. The
starting material is tritum gas which can be
obtained at greater than 98% isotopic abundance.
Tritiated water can be made either by catalytic
oxidation over palladium or by reduction of a
metal oxide:

Pd
2T, + O — 21,0
T, + CuO — T,0 + Cu

Note, however, that pure tritiated water is
virtually never used since 1ml would contain
2650Ci; it is self-luminescent, irradiates itself
at the rate of 6 x 107evml~ts™! (~10°
rad day~!), undergoes rapid self-radiolysis,
and also causes considerable radiation damage
to dissolved species. In chemical syntheses
or exchange reactions tritiated water of 1%
tritium abundance (580 mCimmol™!) is usually
sufficient to produce compounds having a specific
activity of at least 100 mCimmol ™. Other useful
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synthetic reagents are NaT, LiAlH;T, NaBHsT,
NaBT,4, B,T¢ and tritiated Grignard reagents.
Typical preparations are as follows:

350°C
LiH+ T, —— LiT + HT
200°C
LiBH; + T, —— LiBH3;T + HT
i ether | .
4LiT + AlBrs ——> LiAlIT4 + 3LiBr

55°C
B,Hg + T, —— BoHsT + HT
3NaBT4 + 4BF;.0Et, ——> 2B,Tg + 3NaBF4
3T,0(g) + P(CN); ——> 3TCN + T3POs

700°C
2AgCl 4+ T2, — 2TCl + 2Ag

Br, + Ty ——> 2TBr
P(red) + I, + HTO ——> TI + HI + ...
NH; + T, ——> NH,T 4+ TH

3

100°C
MgsN; 4 6T,0 —— 2NT; + 3Mg(OT),

X heat
M+ T, —> MT,

The preparation and use of LiEt;BT and LiAlT,
at maximum specific activity (57.5Cimmol™!)
has also been described.(!®)

3.4 Chemical Properties and
Trends

Hydrogen is a colourless, tasteless, odourless gas
which has only low solubility in liquid solvents.
It is comparatively unreactive at room temper-
ature though it combines with fluorine even in
the dark and readily reduces aqueous solutions
of palladium(II) chloride:

PdCl,(ag) + H, —— Pd(s) + 2HCl(aq)

16 . ANDRES, H. MoRIMOTO and P. G. WILLIAMS, J. Chem.
Soc., Chem. Commun., 6278 (1990).

This reaction can be used as a sensitive
test for the presence of hydrogen. At higher
temperatures hydrogen reacts vigorously, even
explosively, with many metals and non-metals to
give the corresponding hydrides. Activation can
also be induced photolytically, by heterogeneous
catalysts (Raney nickel, Pd, Pt, etc.), or by
means of homogeneous hydrogenation catalysts.
Industrially important processes include the
hydrogenation of many organic compounds and
the use of cobalt compounds as catalysts in
the hydroformylation of olefins to aldehydes
and alcohols at high temperatures and pressures
(p. 1140):

RCH=CH; + H; + CO —— RCH,CH,CHO
RCH,CH,CHO + H, —— RCH,CH,CH,0OH

An even more effective homogeneous hydrogena-
tion catalyst is the complex [RhCl(PPh;3)3] which
permits rapid reduction of alkenes, alkynes and
other unsaturated compounds in benzene solution
at 25°C and 1 atm pressure (p. 1134). The Haber
process, which uses iron metal catalysts for the
direct synthesis of ammonia from nitrogen and
hydrogen at high temperatures and pressures, is
a further example (p. 421).

The hydrogen atom has a unique electronic
configuration 1s!: accordingly it can gain an
electron to give H™ with the helium configuration
1s? or it can lose an electron to give the
proton H™ (p. 36). There are thus superficial
resemblances both to the halogens which can
gain an electron to give an inert-gas configuration
nsznpé, and to the alkali metals which can
lose an electron to give M™ (ns?np®). However,
because hydrogen has no other electrons in its
structure there are sufficient differences from
each of these two groups to justify placing
hydrogen outside either. For example, the proton
is so small (» ~1.5 x 107> pm compared with
normal atomic and ionic sizes of ~50-220pm)
that it cannot exist in condensed systems unless
associated with other atoms or molecules. The
transfer of protons between chemical species
constitutes the basis of acid-base phenomena
(see Section 3.5). The hydrogen atom is also
frequently found in close association with 2
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other atoms in linear array; this particularly
important type of interaction is called hydrogen
bonding (see Section 3.6). Again, the ability
to penetrate metals to form nonstoichiometric
metallic hydrides, though not unique to hydrogen,
is one of its more characteristic properties
as is its ability to form nonlinear hydrogen
bridge bonds in many of its compounds. These
properties will be further discussed during the
general classification of the hydrides of the
elements in section 3.7. The most important
compound of hydrogen is, of course, water and a
detailed discussion of this compound is given on
pp- 620-33 in the chapter on oxygen.

3.4.1 The coordination chemistry of
hydrogen

Perhaps the most exciting recent development in
the chemistry of hydrogen is the discovery that,
in transition metal polyhydrides, the molecule H;
can act as a dihapto ligand, n%-H, (see below).
Even the H atom itself can form compounds in
which its coordination number (CN) is not just 1
(as expected) but also 2, 3, 4, 5 or even 6. A rich
and unexpectedly varied coordination chemistry
is thus emerging. We shall deal with the H atom
first and then with the H, molecule.

By far the most common CN of hydrogen is 1,
as in HCI, H,S, PH3, CH,4 and most other covalent
hydrides and organic compounds. Bridging modes
in which the H atom has a higher CN are shown
schematically in the next column — in these struc-
tures M is typically a transition metal but, partic-
ularly in the p;-mode and to some extent in the
wp3-mode, one or more of the M can represent a
main-group element such as B, Al; C, Si; N etc.
Typical examples are in Table 3.3.17~!*) Fuller
discussion and references, when appropriate, will
be found in later chapters dealing with the indi-
vidual elements concerned.

7D, S. Mooke and S. D. RoBiNsoN, Chem. Soc. Revs. 12,
415-52 (1983).

18 A DrDIRU (ed.), Transition Metal Hydrides, VCH, Berlin,
1991, 416 pp.

19 T. P. FEHLNER, Polvhedron, 9, 1955-63 (1990).

Ch. 3
Table 3.3 Stereochemistry of hydrogen

CN Examples

I HCl, H-S, PHs, NHs*, BH, ™, etc.; [HMn(CO)s],
[HaFe(CO)4], [HyTa(CsHs):1, (HaCr(dmpe), |,
[CoHs '™, (HsW(PR3):], [{H;Re(PR3);},Ag]*,
[HsRe(PR3)1™, [ReHy "~

2 Bsz, [MCzNAleh, [H3BHCU(PMePh2)3],
[nido-Ir(BsHy(CO)(PPhy), ],

[(CO)s WHW(CO)s]~,
[(CsMes)Ir(u2-H)Ir(CsMes)

3 [closo-BeHe(pe3-H)I ™, [(1e3-H)Rh3(CsHs)al,
[(e3-H)4Co4s(CsHs )al

4 [(us-H)Rug(CO) HI*~

5 B-Mg;NiH;(ds) (1 “covalent” Ni-D 149 pm plus
4 “jonic” Mg-D 230pm)

6 [HNbgly ], [HRus(CONsi™, [HCos(CO)is] ™,
[(i6-H)zNi2(CO)2 I, [(1t6-HINif2(COY PP~

M M 4
M. P
™M
M M M M
193 B By
M M
M M M- ——M
! h | !
s ’ ' ]
[ J . /
] ! ¥ :
M. M M- M
M
Hy 19

The crucial experiment suggesting that the
H,; molecule might act as a dihapto ligand
to transition metals was the dramatic obser-
vation® that toluene solutions of the deep
purple coordinatively unsaturated 16-electron
complexes [Mo(CO)(PCy3),] and [W(CO);3-
(PCy3)2] (where Cy = cyclohexyl) react read-
ily and cleanly with H, (latm) at low
temperatures to precipitate yellow crystals of
[M(CO)3H(PCy3);] in 85-95% yield. The

0@, ). KuBas, J. Chem. Soc., Chem. Commun., 61-2
(1980).
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H; could be quantitatively removed at room
temperature either by partial evacuation or by
sparging the solution with argon. Definitive con-
firmation that the complexes did indeed contain
n*-H, came from X-ray and neutron diffraction
studies on the bis(tri i-propylphosphine) analogue
at —100°, which revealed the side-on coordina-
tion of Hy as shown in Fig. 3.2.2Y During the
past decade many other such compounds have
been prepared and studied in great detail, and the
field has been well reviewed.(Z~2%

Figure 3.2 The geometry of mer-trans-[W(CO);-
(n%-H)(PPri),] from X-ray and neu-
tron diffraction data: r(H-H) 84pm
(compared with 74.14pm for free H,),
r(W-H) 175 pm. Infrared vibration spec-
troscopy gives W{H~H) 2690cm~" com-
pared with 4159cm™"' (Raman) for free
Hz.

There are (wo general routes to 7n’>-H
complexes. The first involves direct addition
of molecular H, either to an unoccupied
coordination site in a 16-electron complex (as
above) or by displacement of a ligand such as
CO, Cl, H;0 in the coordination sphere of an
18-electron complex; in this latter case ultraviolet
irradiation may be required to assist in the

21G. 1. Kueas, R. R. Rvan, B. L Swanson, P.I. VERGA-
miNT and H. J. WaSSERMAN, J. Am. Chem. Soc. 106, 452-4
(1984).

2aG. 1. KuBas, Acc. Chem. Res. 21, 120-8 (1988).

23R, H. CRABTREE and D. G. HAMILTON, Adv. Organorme.
Chem. 28, 299-338 (1988). R. H. CRaBTREE, Acc. Chem.
Res. 23, 95-101 (1990).

2 A, G. GinzBURG and A. A. BAGATUR'ANTS, Organomet.
Cherm. in USSR 2, 111-26 (1989).
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substitution reaction. Examples are:
[W(CO)(PPri),] + H, —
[W(CO)3(5*-H )PP} )]
[FeCIH(R;PCH,CH,PR;),] + Ha + NaBPhy
— [FeH(n%-H2R2PCH,CH, PR, ),1*
+ BPhy ™ + NaCl
trans-[IrtH(H20)(PPhy)2(BQ)]* + H, —
trans -[ItH(n?-Hy )(PPh3 )2 (Bq)T™
hv

[CHCO)] + H, e [Cr(CO)s(r*-H2)} + CO

hv
Co(CO)(NO) + H, —2
lig. Xe
[Co(CO),(n*-H2)(NO)] + CO

The second general method involves the protona-
tion of a polyhydrido complex using a strong acid
such as HBF,.EO. Typical examples involving
d?, d*, d® or d® metal centres are:

(@) [MoHa(dppe)] + 2H —
[MoH, (5" -Hz)(dppe)2**
s BN
d*) [IrHs(PCy3),] ‘E
[irH (7% -H, )2 (PCy; )1
@) [RuHy(dppe)] + HY —
[RuH(n*-Ha )(dppe).1*
d®) [RhH{P(CH,CH;PPh2);}] + Ht* —
[Rh(n’-Hy){P(CH,CH,PPhy );}1*

There is even a rare example involving a d°

polyhydride: >

H* (—80°)
(d") [ReHy(PCy3),]
NE13

[ReHg -2 (7”-Ha)(PCy3 121"

25 X. L. R. Fontame, E. H. FowLes and B. L. SHAw, [
Chen. Soc., Chem. Commun., 482-3 (1988).
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If deuterio acids are used then n*-HD complexes
are formed; these are particularly useful in estab-
lishing the retention of substantive H-H bonding
in the coordinated ligand by observation of a
L:1:1 triplet in the proton nnr spectrum (the pro-
ton signal being split by coupling to deuterium
with nuclear spin J = ).

The stability of n>-H, complexes varies con-
siderably, from those which can be observed only
in low-temperature matrix-isolation experiments
to those which are moderately robust even at
room temperature and above. Stability depends
on the electron configuration of the metal centre,
the electronic and steric nature of the co-ligands,
the overall charge on the complex, the state of
aggregation and, of course, the temperature. Most
n*-H, complexes involve transition metals in
Groups 6-8, in oxidation states having a formal
d® electron configuration. No 1°-Ha complexes
are yet known for transition metals in Groups 3 or
4 of the periodic table, although examples involv-
ing Group S metals have recently becn reported,
e.g. the d* species [V(5°-CsHs)(CO)3(n%-Hp)]?®
and [Nb(°-CsHs)CO)3(n2-H2)1.2" Within a
given Group, the first and second members
more readily form n°-Ha complexes while the
third member tends to form polyhydrido species,
e.g. [Fe(H)a(n>-H2)(PEtPh;)3] and [Ru(H)(n*-
H;XPPh3)3] but [Os(H)4(P(o-tol)3)3].2%) Stability
is also enhanced by an overall cationic charge on
the complex (remember protonation as a route
to n2-H; complexes). In such cases, however,
stability of the resulting compound depends on
the presence of a non-coordinating anion such as
BF,; ", otherwise there is a risk of decomposi-
tion by displacement of the more weakly coordi-
nating (n2-Hy). Neutral complexes are also well
known, but no examples of anionic #2-H, com-
plexes have been reported.

26 M. T. Haward, M. W. GEORGE, S. M. HowpLE and
M. PouiaKorr, J. Chem. Soc., Chem. Commun., 913-5
(1990).

7M. T. HAWARD, M. W. GEORGE, P. HAMLEY and M. PoL1-
AKOFF, J. Chem. Soc., Chem. Commun., 1101-3 (1991).

28 R. H. CRaBTREE and D. G. HAMILTON, J. Am. Chem. Soc.
108 3124-5 (1986).
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Figure 3.3 Schematic representation of the two
components of the n’-H,-metal bond:
(a) donation from the filled (hatched)
o-H; bonding orbital into a vacant hybrid
orbital on M; (b) m-back donation from a
filled d orbital (or hybrid) on M into the
vacant ¢* antibonding orbital of H,.

Most of the observed facts can be understood
in terms of a bonding scheme which envisages
donation of electron density from the o bond
of Hy into a vacant hybrid orbital on the
metal, plus a certain amount of synergic back
donation from an occupied d orbital on the
metal into the o™ antibonding orbital of Hy (see
Fig. 3.3). This is reminiscent of the bonding in
the well known metal—alkene complexes (to be
discussed in more detail on p. 931) but with two
significant differences: (a) the electron density
being donated from the H, ligand is in the
single-bond ¢ orbital whereas for alkenes such as
H>C=CHjs it is in the 7 component of the double
bond; and (b) the H; antibonding orbital involved
in accepting back-donated electron density has
o* symmetry rather than 7" as in alkenes. It
is clear from this description that an overall
positive charge on the metal centre encourages

H
fi dd ion to f the 3-cent
orward donation to form the 3-centre H>_M

bond, but diminishes the extent of back donation.
By contrast, an overall negative charge might
be expected to enhance back donation into
the o* antibonding orbital and thus promote
rupture of the Hy single bond, with concommitant
formation of two new hydrido M—-H bonds.
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The bonding scheme is also consistent with the
observed lengthening of the H-H distance to
about 84-90pm in the n°-H, complexes (as
compared with 74pm in free molecular H,),
and with the lowering of the v(H-H) vibration
frequency from 4159cm™" in free H, to values
typically in the range 2650-3250cm™' in the
complexes.

There is evidently a very fine balance between
the two options {M(n?-H3)} and {M(H),}; indeed,
examples of an equilibrium between the two
forms have recently been discovered:?7:2%:30)

—78° to +25°

[Nb(1°-CsHs)(CO)3 (7%-H,)]
[Nb(°-CsHs)(CO)3 (H),]
—85° to —65°

[Re(CO)(n*-Ha)(H)2 (PMe Ph)s]*
[Re(CO)(H),4 (PMe;Ph);]™

hexane/r.t.

[Ru(n*-Hy) (n>-0,CCF3)(PCys )]
[Ru(H), (7°-0,CCF3)(PCy;),]

In the niobium system®” the 5?-H, form
is marginally the more stable, with AH =
2.0kImol ™!, whereas in the rhenium system,*%)
it is the tetrahydrido form which is the
more stable, with —AGs = 2.5kIJmol™" and
—AH = 4.6kImol .

In a sense the formation of n%-H, complexes
can be thought of as an intermediate stage in
the oxidative addition of H, to form two M—-H
bonds and, as such, the complexes might serve
as a model for this process and for catalytic
hydrogenation reactions by metal hydrides.!
Indeed, intermediate cases between n2-H, and
(0-H), coordination are occasionally observed, as
in [ReH7(P(p-tol)z);], where neutron-diffraction

29X .-L. Luo and R. H. CRABTREE, J. Chem. Soc., Chem.
Commun., 189-90 (1990).

30T, ANLIGUIE and B. CHAUDRET, J. Chem. Soc., Chem.
Commun., 155-7 (1989).

31 C. BIANCHINL, C. MEALLL, A. MELI, M. PERUZZINI and
F. ZANOBINI, J. Am. Chem. Soc. 110, 8725-6 (1988).
See also L. D. FIELD, A. V. GEORGE, E. Y. MALOUF and
D. J. YOuNG, Chem. Soc., Chem. Commun., 931-3 (1990).
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studies®? have revealed one H.--H contact of
137.7(7)pm whereas all other H---H distances
in the complex are greater than 174 pm. (This
distance of 137.7pm is seen to be intermediate
between values of ca. 80pm typical of n*-Hj
complexes and values greater than ca. 160pm
which are found in classical hydrido complexes.)
Likewise, some trihydrogen complexes, such as
[Ir(5°-CsHs)H3(PMe3)],®® have nmr behaviour
which suggests the presence of a bent (or possibly
triangular) 73-H; ligand which is bonded “side-
on” rather like an allylic group (pp. 933-5).

The possibility of n'-H, “end-on” coordination
has also been mooted. For example, deposition
of Pd atoms onto a krypton matrix doped with
H, at 12K apparently yields both Pd(n'-H,) and
Pd(5?-H,) species, whereas with a Xe/H, matrix
only Pd(n*-H,) was obtained.®? Again, the
complex [ReCI(H,)(PMePh;)4] appears to feature
an asymmetrically-bonded H, ligand which may
well be (n!-H,).@Y

Nearly one hundred 5?-H, complexes have so
far been prepared and the crystal and molec-
ular structure of about half a dozen have
been determined by X-ray/neutron diffraction.
Some are dinuclear, such as the homobimetallic
[(P-N)(r*-Hz)/Ru (11-C)y (14-H)Ru (H) (PPhs),] °
and the heterobimetallic [(PPhs);HRe(u-H)(u-
Cl)y(1-CO)Ru(n?-Hz)(PPhs),]+.C7

The coordination chemistry of hydrogen is still
being intensively studied and new developments
are continually being reported.

321.. BRAMMER, J. A. K. HowaRD, O. JounsoN, T. F. KoET-
ZLE, J. L. SPENCER and A. M. STRINGER, J. Chem. Soc,
Chem. Commun., 241-3 (1991).

3 D. M. HEINEKEY, N. G. PAYNE and G. K. SCHULTE, J. Am.
Chem. Soc. 110, 2303 -5 (1988).

3 G. A. OziN and J. GARCIA-PRIETO, J. Am. Chem. Soc. 108,
3099-100 (1986).

3 E. A. CotToN and R. L. LUCK, [norg. Chem. 30, 767-74
(1991).

36 C. HaMPTON, W.R. CULLEN and B. R. JAMES, J. Am.
Chem. Soc. 110, 6918~9 (1988). In this compound, P-N is
a complex substituted ferrocene ligand. See also A. M. JosHI
and B. R. JAMES, J. Chem. Soc., Chem. Commun., 1785-6
(1989).

37 M. CazANOUE, Z. HE, D. NEILBECKER and R. MATHIEU, J.
Chem. Soc., Chem. Commun., 307-9 (1991).
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3.5 Protonic acids and bases®®

Many compounds that contain hydrogen can
donate protons to a solvent such as water and
so behave as acids. Water itself undergoes ionic
dissociation to a small extent by means of
autoprotolysis; the process is usually represented
formally by the equilibrium

H,0 + H,0 —= H;0" +~ OH™

though it should be remembered that both
ions are further solvated and that the time a
proton spends in close association with any
one water molecule is probably only about
1013 5. (See also pp. 6302 for structural studies
on [H(OH;),]" n = 1-6.) Depending on what
aspect of the process is being emphasized, the
species H3O%(aq) can be called an oxonium
ion, a hydrogen ion, or simply a solvated
(hydrated) proton. The equilibrium constant for
autoprotolysis is

K1 = [H;07][OH"]/[H,0]°

and, since the concentration of water is essen-
tially constant, the ionic product of water can be
written as

K., = [H301][OH"] mol®172

The value of K., depends on the temperature,
being 0.69 x 10~ ¥ mol?172 at 0°C, 1.00 x 107
at 25°C and 47.6 x 107 at 100°C. It follows
that the hydrogen-ion concentration in pure water
at 25°C is 107" moll™!. Acids increase this
concentration by means of the reaction

HA + H,0 ——= H3;0" + A~;
 _ [HOTJ[A]
[HA][H,0]
It is to be understood that all the species are in
aqueous solution and the symbol HA implies only
that the (aquated) species can act as a proton

donor: it can be a neutral species (e.g. HS),
an anion (e.g. HoPO47) or a cation such as

3 R. P. BELL, The Proton in Chemistry, 2nd edn. Chapman
& Hall, London, 1973, 223 pp.

[Fe(H,0)6]**. The hydrogen-ion concentration is
usually expressed as pH (see Panel). In dilute
solution the concentration of water molecules
is constant at 25°C (55.345moll™!), and the
dissociation of the acid is often rewritten as

HA == H"+A";
K, =[H"[A"]/[HA] mol 1!

The acid constant K, can also be expressed by
the relation

pK, = —logK,. Hence, as K, = 55.345K
pK, =pK —1.734

Further, as the free energy of dissociation is given
by

AG® = —RTInK = —2.3026RT logK,

the standard free energy of dissociation is

AGigg 15 = 5.708pK
= 5.708(pK, + 1.734) kJ mol ™

Textbooks of analytical chemistry should be
consulted for further details concerning the
ionization of weak acids and bases and the theory
of indicators, buffer solutions, and acid—alkali
titrations. 3% 4D

Various trends have long been noted in the
acid strengths of many binary hydrides and
oxoacids.®® Values for some simple hydrides
are given in Table 3.4 from which it is clear
that acid strength increases with atomic number
both in any one horizontal period and in any

39 A. L. VOGEL, Quantitative Chemical Analysis, 5th edn.,
Sections 2.12-2.27, pp. 31-60. Longman, London, 1989.
40 A. HULANICKI, Reactions of Acids and Bases in Analytical
Chemistry, Ellis Horwood (Wiley), Chichester, 1987, 308 pp.
4D, RoseNTHAL and P. ZUMAN, Acid-base equilibria,
buffers and titrations in water, Chap. 18 in I. M. KOLTHOFF
and P. J. ELVING (eds.), Treatise on Analytical Chemistry, 2nd
edn., Vol. 2, Part 1, 1979, pp. 157-236. Succeeding chapters
(pp. 237-440) deal with acid—base equilibria and titrations
in non-aqueous solvents.
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Protonic acids and bases

The Concept of pH

The now universally used measure of the hydrogen-ion concentration was introduced in 1909 by the Danish biochemist
S. P. L. Sgrensen during his work at the Carlsberg Breweries (Biochem. Z 21. 131, 1909):

pH = —log[H*]

The symbol pH derives from the French puissance d’hydrogéne, referring to the exponent or “power of ten” used to
express the concentration. Thus a hydrogen-ion concentration of 10~7 mol 1! is designated pH 7, whilst acid solutions
with higher hydrogen-ion concentrations have a lower pH. For example, a strong acid of concentration | mmol 1~! has
pH 3, whereas a strong alkali of the same concentration has pH 11 since [H30%] = 10~'4/[OH"] = 107,

Unfortunately, it is far simpler to define pH than to measure it, despite the commercial availability of instruments that
purport to do this. Most instruments use an electrochemical cell such as

glass electrodetest solution|3.5 m KCl(aq)|Hg,Cl2|Hg
Assuming that the glass electrode shows an ideal hydrogen electrode response, the emf of the cell still depends on the
magnitude of the liquid junction potential E; and the activity coefficients y of the ionic species:
RT
E=E° — RT InyqlCI"] + E; — — Inw[H)

F F
For this reason, the pH as measured by any of the existing national standards is an operational quantity which has no
simple fundamental significance. It is defined by the equation

(E)\ _Es)F
X)=pHS)+ —————
pH(X) = pH(S) + RTIn10

where pH(S) is the assigned pH of a standard buffer solution such as those supplied with pH meters.
Only in the case of dilute agueous solutions (<0.1mol1=!') which are neither strongly acid or alkaline (2 < pH < 12)
is pH(X) such that
pH(X) = —log[H* ]y £0.02

where y., the mean ionic activity coefficient of a typical uni-univalent electrolyte, is given by
—logys =Ali(l +I)_i

In this expression / is the ionic strength of the solution and A is a temperature-dependent constant (0.51 1} mol™? at

25°C; 0.50 Ii mol'% at 15°C). It is clearly unwise to associate a pH meter reading too closely with pH unless under very
controlled conditions, and still less sensible to relate the reading to the actual hydrogen-ion concentration in solution.
For further discussion of pH measurements, see Pure Appl. Chem. 57, 531-42 (1985): Definition of pH Scales, Standard
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Reference Values, Measurement of pH and Related Terminology. Also C&E News, Oct. 20, 1997, p. 6.

Table 3.4 Approximate values of pX, for simple

periodic table could be ascribed to the increasing

hydrides electronegativity of the elements which would
CH, 46 NH; 35 OH, 16 FH 3 favour release of the proton, but this is clearly
PH; 27 SH; 7 CH =7 not the dominant effect within any one group
SeH, 4 BrH -9 since the trend there is in precisely the opposite
TeH, 3 IH -10

vertical group. Several attempts have been made
to interpret these trends, at least qualitatively,
but the situation is complex. The trend to
increasing acidity from left to right in the

direction. Within a group it is the diminution
in bond strength with increasing atomic number
that prevails, and entropi