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Preface

The most convenient method of ascertaining the relative heights
of two mountains is generally by reference to a table of measured
altitudes. In order to use the table, it is not necessary to under-
stand the principles of triangulation by which the altitudes have
been determined. So, also, a table of the energies of the elements
in their various oxidation states may be used by one with a very
elementary knowledge of thermodynamics to answer many of the
qualitative questions involved in the interpretation of inorganic
chemistry.

In making this summary of existing data, the author has
adopted the point of view of one interested in the chemistry of
the various elements, rather than the point of view of one whose
interest is largely in thermodynamics as a science. The author
hopes that readers of the latter class, who are disappointed at the
frequent inclusion of approximate data, will find in these obvious
shortecomings an incentive for eareful investigations in the near
future. Much of the older work should have been recalculated
by modern methods, but the labor involved is beyond the capacity
of a single author.

The free energies of the oxidation-reduction couples, taken
with reference to the hydrogen couple, have been expressed as
volts per equivalent, since this affords the simplest comparison
of the relative driving power of the various couples. However,
for completed oxidation-reduction reactions, the free energies
have been given in calories, as the number of equivalents of
electricity is sometimes ambiguous. Solubility products and the
dissociation constants of weak acids, bases, and complex ions
have been included whenever the data were available.

The author, in calculating many new free energies from reaction
heats, has drawn largely upon his own experimental work on the
entropies of solids and aqueous ions. Our present knowledge of
the entropy values permits the estimation of many entropies
from the values of similar substances, and these estimates have
frequently been employed in third-law calculations to obtain
approximate reaction potentials.
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vi PREFACE

Potentials have been given for many couples which are not
thermodynamically reversible. These values, of course, cannot
be used in equilibrium reasoning. However, these potentials are
of value in indicating the minimum energy which must be em-
ployed to accomplish the oxidation or reduction, and they often
give considerable information regarding the possible reaction
mechanisms and the cause of the slowness of the reactions.

In some cases it would be valuable to list potentials for couples
at 1 M concentration, rather than list the E° values." However,
these molal potentials are not so useful as one might at first think.
They can be used accurately only at 1 M concentration; and, if
an approximate value is desired, the E° without corrections for the
activity might as well be used.

References have been given for all values employed. These
references may usually be consulted for additional references to
older works. The author has endeavored to include in his refer-
ences all works published up to 1938.

Some mention should be made of the author’s attempt to avoid
the confusion existing with regard to the use of the term valence.
This term has been restricted to mean, in the organic chemistry
sense, the number of bonds (electron pairs) which an atom shares
with other atoms. Such a usage renders the terms covalence and
coordinaiton number unnecessary but requires additional nomen-
clature to designate the charge upon an atom. In many cases
this charge is a readily determinable number as, for example, the
charge of —1 on chlorideion. This charge will be called the polar
number. In a large number of compounds the polar number of
each atom ecannot be readily determined expérimentally, but a

fair approximation is obtained by assuming that the two electrons

of a bond are shared equally between the two atoms. On this
basis the charge upon the sulfur atom in sulfate is +2 and that
upon each oxygen is —1. The term formal polar number has been
suggested for the charge estimated in this manner.

However, for the purpose of classification, a still more arbitrary
method of assigning values to the charges upon the atoms of a
compound has proved extremely useful. As an example, we may
again use the sulfate ion. 'This method assumes that each oxygen
has a charge of —2, which then gives a charge of 46 to the sulfur.
These assumptions not only simplify the classification of com-
pounds but are also valuable in the interpretation of oxidation-

'l-‘;



PREFACE vii

reduction reactions. Thus, the 46 charge on the sulfur may be
correlated with the six electrons involved in the half-reaction
for the oxidation of sulfur to sulfate,

S 4+ 4H,0 = 8H* 4 804+ — 4 6e.

Similar half-reactions may be written for the oxidation (or
reduction) of any free element to any of its compounds, and the
number of electrons involved in the reaction may be used to
define the oxidation number or oxidation state of the element.

To summarize the illustration of nomenclature for the sulfate
example, we may state: the valence of the sulfur is four; the
polar number is unknown, but the formal polar number is +2;
and the oxidation state is +6.

The author owes much to the spirit of codperation which has
been so carefully fostered in this department by Professor Gilbert
N. Lewis. In the author’s opinion there is no man who has such a
complete understanding of the mechanism of inorganic reactions
as does Professor William C. Bray, and he is especially indebted to
Professor Bray for the advice so willingly given on many problems.
The author wishes to thank both the many graduate students
who have read and criticized the manuseript and Dr. George G.
Manov for his recalculation of many of the free energies.

WeNDELL M. LATIMER
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CHAPTER I

Units, Conventions, and General Methods
Employed in the Determination of
Oxidation-Reduction Potentials

As stated in the Preface, the primary object of this work is to
gather together the large mass of free-energy data which is scattered
throughout the literature and to present it in a simple form as an
aid in the interpretation of inorganic chemistry. Although the
author does not wish to stress in detail the methods by which these
data have been obtained, it seems desirable, for the sake of clarity,
to discuss in a preliminary chapter general methods and to give
references to more detailed treatments.

The potentials have been derived from four sources: (1) the
direct measurement, of cells, (2) equilibrium data, (3) thermal
data, and (4) approximate limiting values based upon the chemical
behavior of a couple with respect to known oxidizing and reducing
agents. Before outlining these methods, a statement of the
energy units employed and the general conventions in nomencla-
ture will be given.

Energy units. The unit of potential employed is the inter-
national volt. Thisis related to the absolute volt by the equation,

1 volt (international) = 1.0004 volts (absolute).

The international joule, defined by the international units for the
volt, ampere, and ohm, is the unit of energy. When it is desired to
express energies in calories, the defined calorie used by Bichowsky
and Rossini! has been employed.

1 calorie (defined) = 4.1833 joules.
Other units which enter into various calculations are:
0° Centigrade = 273.15° Absolute or Kelvin,
1 Faraday = 1 equivalent = 96,494 coulombs (international),
1 volt equivalent = 23,066 calories (defined),
R (gas constant) = 8.3118 joules (international) per degree per
mole.
1 Bichowsky, F. R., and Rossini, F. D., Thermochemistry of the Chemical
Substances (Reinhold, New York, 1936), p. 9.
I
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Temperature. Unless otherwise stated, all potentials are given
for the temperature of 25° C. or 298.15° K. The choice of the best
value for 0° C. on the absolute scale is difficult. The value 273.1is
certainly too low. It is to be hoped that some definite agreement
on the value to be used will be reached in the near future.

E° values. A potential is referred to as an E° value if all gases
involved in the reaction are at a fugacity (thermodynamic pres-
sure) of 1 atmosphere and all dissolved substances at an activity
(thermodynamic concentration) of 1 molal, 7.e., 1 mole per 1000
grams of water.

The potential, E, at other concentration and pressures at 25° C. is
given by the expression:

0.05914
n

b= B = logio @, @)

where @ is the product of the activities (or fugacities) of the result-
ing substances divided by the product of the activities of the
reacting substances, each activity raised to that power whose
exponent is the coefficient of the substance in the chemical equa-
tion; and » is the number of Faradays of electricity involved in the
reaction as written. Thus @ has the same general form as the
equilibrium constant, but it differs in that the activities refer not
to the equilibrium state but to the actual activities of the reacting
substances and their products. Activities of pure solids and liquids
are taken as unity. For the equilibrium state, Q@ becomes the
equilibrium constant, K, and since E for a reaction at equilibrium
is zero, :

o _ 0.05914

log K. (2)

Hydrogen reference couple. Any oxidation-reduction reaction
may be broken up into two ‘“half-reactions” or “couples” that
indicate the mechanism by which the electrons are transferred
from the reducing agent to the oxidizing agent. For example,
in the reaction,

2Ag+ 4 H, = 2Ag + 2HT,
the two half-reactions, or couples, are:
Ag = Agt 4+ ¢, and
H, = 2H+ + 2¢~.
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The experimental determination of the absolute potential of any
couple is a different problem (cf. p. 21), but since any chemical
reaction involves only the difference in potential between two
couples, the absolute values are unnecessary. For this reason the
procedure has come into general use of choosing the potential of
some one couple as an arbitrary zero and using this as a reference
couple for potentials of all other couples. The reference couple so
chosen is the hydrogen gas-hydrogen ion couple:

H, = 2H* + 2¢, E° =0

Reactions which involve hydroxide ion will also be referred to
the hydrogen couple, but in such solutions this couple has the
form (cf. p. 28),

H, + 20H- = 2H:0 + 2¢, E° = 0.828

The E° values of half-reactions in alkaline solution will be desig-
nated as E% to indicate that this basic potential of the hydrogen
couple must, be used to obtain the completed reaction potential
against hydrogen.

ExaAMPLE
Cl- 4+ 20H- = ClO~ + H.0 + 2¢, s = —0.94
ClO~ + H; = CI- + H.0, " E° =083+ 094

= 1.77

Conventions regarding sign. All couples will be written with
the electrons on the right hand side of the equation. A positive
value for E° will mean that the reduced form of the couple isa
better reducing agent than H,. For example,

Zn = Zn*t 4 2, E° = 0.762
will mean that the reaction,
Zn + 2H*+ = Zntt+ 4+ H,,

goes as written with a potential of 0.762 volts. And similarly a
negative E° will mean that the oxidized form of the couple is a
better oxidizing agent than H*. For example,

Cu = Cutt 4 2¢7, E° = —0.345
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will mean that the reaction,
Cutt 4+ H; = Cu + 2HH,

goes as written with a potential of 0.345 volts.

The convention, illustrated in these examples, of giving a positive
sign to the potential of any complete reaction, which goes spon-
taneously in the direction as written, will be followed.

Addition or subtraction of half-reaction potentials. When one
half-reaction is subtracted from another to give a complete reac-
tion, the potential of the complete reaction is the algebraic
difference in the potentials of the two half-reactions.

ExaMpPLE
Zn = Zntt + 2¢~ E° = 0.762
2Ag = 2Agt + 2¢ E° = —0.799
Zn + 2Agt = Zntt 4 2Ag E° = 1.561

However, in the addition or subtraction of two half-reactions to
give a third half-reaction, the free energies, 7.c., volt equivalents
of the two half-reactions must be added or subtracted to give the
free energies of the third half-reaction.

ExampLE
Volt
E° equivalents
Cl- + 3H;0 = ClO5~ 4 6H* + 6e~ —1.45 —8.70
Cl- = 3Cl + ¢ —1.36 —1.36
1Cl, 4+ 3H,0 = ClOy~ 4 6H* + 5e~ —1.47 —7.34

Potentials from Galvanic Cells

Cells without liquid junctions. The potential of a fairly large
number of reactions may be measured directly in cells having a
single electrolyte. Thus, for the reaction

2AgCl + H; = 2Ag + 2H* + 2CI-
having as half-reactions,
)
H, = 2H* + 2¢— and

AgCl + ¢ = Ag + CI,
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a cell may be constructed, using as one electrode metallic silver in
contact with silver chloride, and as the other electrode hydrogen
gas in contact with hydrogen ion on a platinum surface. The
electrolyte throughout the cell may then be hydrochloricacidandis
uniform except for the slight solubility of silver chloride. The
two electrode reactions must be reversible and reasonably rapid.
On many surfaces the hydrogen couple does not meet this require-
ment, but the reaction is sufficiently catalyzed by a platinized
platinum surface. In the construction of any cell, the reducing
and oxidizing agents must not come into direct contact with each
other. Moreover the reducing agent must be the strongest reduc-
ing agent present at the anode and the oxidizing agent must be the
strongest oxidizing agent present at the cathode. These require-
ments are met by the above cell with the exception that, if air is
not excluded, the oxygen is a stronger oxidizing agent than silver
chloride. However, its action is slow under these conditions and
its exclusion from the cathode is therefore not necessary in this
case.

From the electromotive force of this cell at any given concentra-
tion of hydrochloric acid and pressure of hydrogen, the E° value
may be calculated from equation (1), if the activities of the
hydrogen and chloride ions are known. Strictly speaking, it is
not possible to measure the activity of an jon of one sign inde-
pendently of the ion of opposite sign, so the information required
is the mean activity, a-, of the two ions. By definition, the
activity coefficient, v, is the ratio of the mean activity to the mean
molality, m=-=. That is,

at

A’ = ml @)
At infinite dilution, the activity equals the molality and v equals 1;
and for each type of salt, the mean molality is defined in such a
way that the ratio approaches unity at infinite dilution (cf. Ap-
pendix IV). If the potential measurements are carried out in
dilute solutions, one may assume the concentration equal to the
activity and calculate approximate E° values. However for the
highest accuracy it is necessary to determine the v values, and
Appendix IV should be consulted for general references dealing
with these experimental procedures. Fairly complete values of vy
for various types of salts are also given in this appendix, and the
following example illustrates their use in calculating E° values.



