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preface

Those who aspire not to guess and divine, but to
discover and know, who propose not to devise .
mimic and fabulous worlds of their own, but to
examine and dissect the nature of this very
world itself, must go to facts themselves for
everything.”

F. Bacon, 1620

There are already several textbooks of inorganic chemistry that treat the subject
iu considerably less space than our comprehensive text, Advanced Inorganic
Chemistry. Moreover, most of them include a great deal of introductory theory,
which we omitted from our larger book because of space considerations. The
net result is that these books contain very little of the real content of inorganic
chemistry—namely, the actual facts about the properties and behavior of inor-
ganic compounds.

Our purpose in Basic Inorganic Chemistry, is to meet the needs of teachers
who present this subject to students who do not have the time or perhaps the
inclination to pursue it in depth, but who may also require explicit coverage of
basic topics such as the electronic structure of atoms and elementary valence
theory. We therefore introduce material of this type, in an elementary fashion,
and present only the main facts.

The point, however, is that this book does present the facts, in a systematnc
way. We have a decidedly Baconian philosophy about all chemistry, but par-
ticularly inorganic chemistry. We are convinced that inorganic chemistry sans
facts (or nearly so), as presented in other books, is like a page of music with no
instrument to play it on. One can appreciate the sound of music without knowing
anything of musical theory, although of course one’s appreciation is enhanced
by knowing some theory. However, a book of musical theory, even if it is illus-
trated by audible snatches of themes and a few chord progressions, is quite unlike
the hearing of a real composition in its entirety. ‘

We believe that a student who has read a book on “inorganic chemistry”
that consists almost entirely of theory and so-called principles, with But sporadic
mention of the hard facts (only when they “nicely” illustrate the “principles™)
has not, in actual fact, had a course in inorganic chemistry. We deplore the current
trend toward this way of teaching students who are not expected to specialize
in the subject, and believe that even the nonspecialist ought to get a straight dose

’
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PREFACE

of the subject as it really is—‘ warts and all.” This book was written to encourage
the teaching of inorganic chemistry in a Baconian manner.

At the end of each chapter, there is a study guide. Occasionally this includes
a few remarks on the scope and purpose of the chapter to help the student place
it in the context of the entire book. A supplementary reading list is included in
all chapters. This consists of relatively recent articles in the secondary (monograph
and revieW) literature, which will be of interest to those who wish to pursue the
subject matter in more detail. In some instances there is little literature of this
kind available. However, the student—and the instructor—will find more detailed
treatments of all the elements and classes of compounds, as well as further refer-
ences, in our Advanced Inorganic Chemistry, third edition, Wiley, 1972, and in
Comprehensive Inorganic Chemistry, J. C. Bailar, Jr., H. J. Emeléus, R. S. Nyholm,
and A. F. Trotman-Dickinson, eds., Pergamon, 1973.

F. ALBERT COTTON
GBOFFREY WILKINSON
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some physical chemical preliminaries

1-1
Units

1-1a There is now an intérnationally accepted set of Units for the physical
sciences. It is called the SI (for Systéme International) units. Based on the metric
system, it is designed to achieve maximum internal consistency. However, since
it requires the abandonment of many familiar units and numerical constants in
favor of riew ones, its adoption in practice will take time. In this book, we shall
take a middle course, adopting some SI units (e.g., joules for caloriesybut retaining
some non-SI units (e.g., angstroms).

1-1b The SI Units. The SI system is based on the following set of defined
units: - '

Physical Quantity Name of Unit  Symbol for Unit
Length meter m

Mass kilogram kg

Time second ]

Electric current ampere A
Temperature kelvin K
Luminous intensity candela cd

Multiples and fractions of these are specified using the following prefixes:

Multiplier - Prefix Symbol
107! deci d
1072 centi c
1073 milli m
107° micro u
10~° nano on
1012 pico P
10 deka da
102 hecto ‘h
103 kilo k
108 mega M
10° .giga G
10t2 tera T
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In addition to the defined units, the system includes a number of derived
units, of which the following are the main ones.

' Physical quantity SI unit Unit symbol

Force newton N =kgms?2
_Work, energy, quantity of heat  joule J = Nm
Power watt W=1Js?
" Electric charge ' coulomb . C = As
" Electric potential volt =~ V=WA"! :
Electric capacitance ... farad .- F=AsV™"! -
Electricresistance = °  obm - Q=VA™l '
Frequency : hertz Hz = !
Magnetic flux weber Wb = Vs
Magnetic flux density  tesla T=Wbm™?

Inductanoe . : henry H=VsA™'

1-1c UnitsToBeUsulhTNsBook

Energy. Joules m&hlo_;oulcs will be used excluswel) Most of ths chemwal ~
literature to date employs calories, kxloealonq, electron, volis anp. toa lnmted .
extent, wave numbers (cm™?). See Section. lnld for.the conwguwn of ﬂiﬁf udits -
to Joules . ¥, k
Bond lengths. Thcangstrom,.&,mﬂbeuaad.flﬁs Atj
meter. The nanometer (10 A) and picometer (10~ A) are to be’ fonnd‘ in rwent
literature. The C—C bond lengﬂl in dmmond hss the value: ‘

1543nptrom
0.154nanometers S
154pwom¢ters L

Pressure.  Atmospheres, atm, and torr (1/760 atm) wﬂl be wﬂ
1-14 Some Useful Conversion Facms unl Nmerlul Coufqts

Converswn Factors

1 calorie = 4.184 joules(j) - :
1 electron volt per molecule =- 96 S kilo;oules pcr ﬁsole (kJ mol” l)
1 kilojoule per mole = 83.54 wave numbers (cm‘ ‘)

R S Pr

Important Constants

Avogadro’s number (C'2 = 12.0000.. ), N, = 602252 x.10%* mol— !
Electron charge, e = (4.8030 + 0.0001) x 10"‘° abs esu = 1.602 x
107*°C
«  Electron mass,m = 9.1091 x 10~3! kg = 0.00054860 mu = 0.5110 Mev
Gas constant, R = 1.9872 defined cal deg™! mol~* = 8 3143 JK !
mol~! = 0082057 liter atm deg™*! mol~!
Ice point: 273.150 + 0.01 K ’
Molar volume (1deal gas, 0°C, 1 atm) = 22.414 x 10° cm3 mol V=
2241436 x 1072 m* mol ™! R

cus:
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Planck’s constant, h = 6.6256 x 10727 erg sec = 6.6256 x 10734 Js
Boltzmann’s constant, k = 1.3805 x 10723 JK 1
Velocity of light in vacuum = 299795 x 10® msec™!

n = 3.14159
e = 27183
In 10 = 2.3026

1-1e Coulombic Force and Energy Calculations in SI Units. Although SI
units do, for the most part, lead to simplification, one computation that is important
to inorganic chemistry becomes slightly more complex. We explain that point in
detail here. It traces back to the concept of the dielectric constant, ¢, which relates
the intensity of an electric field induced within a substance, D, to the intensity
of the field applied, E, by the equation

D = ¢E

The same parameter appears in the Coulomb equation for the force, F, between
two charges, ¢, and g,, separated by a distance, d, and immersed in a medium
with a dielectric constant ¢:

4 xq
F = 18d22

In the old (cgs) system of units, which the SI system replaces, units and
magnitudes were so defined that ¢ was a dimensionless quantity and for a vacuum
we had ¢, = 1.

For reasons that we shall not pursue here, coulomb’s law of electrostatic
force, in SI units, must be written

-1 X g3
4med?

The charges are expressed in Coulombs, C, the distance in meters, m, and the
force is obtained in newtons, N. It now develops that ¢ has units (i.e., is no longer
a dimensionless quantity), namely, C>m~'J~'. Moreover, the dielectric constant
of a vacuum (the permittivity, as it should formally be called) is no longer unity.
It is, instead,

£, = 8.854 x 10-12C?m~1J~!

Thus, to calculate a Coulomb energy, E, in joules, J, we must employ the expres-
sion '
™.
N1 *X4

E= e

with all quantities being as defined above for the Coulomb force.

48255
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1-2
Thermochemistry

1-2a Standard States. To have universally recognized and understood
values for energy changes in chemical processes, it is first necessary to. define
standard states for all substances.

The standard state for any substance is that phase in which it exists at 25°C
(298.15 K) and one atmosphere (101.325 newtons per square meter) pressure.
Substances in solution are at a concentration of 1 mole per liter.

1-2b Heat Content or Enthalpy. Virtually all physical and chemical
changes either produce or consume energy, and generally this energy takes the
form of heat. The gain or loss of heat may be attributed to a change in the “heat
content,” of the substances taking part in the process. “Heat content " is called
enthalpy, symbolized H. The change in heat content is called the enthalpy change,
AH. '

AH = (H of products) — (H of reactants) (1-2-1)

For the case where all products and reactants are in their standard states, the
enthalpy change is represented by AH®, the standard enthalpy change of the process.
For example, although the formation of water from H, and O, cannot actually
be carried out at an appreciable rate under standard conditions, it is nevertheless
useful to know, indirectly, that

H,(g, 1 atm, 25°C) + 40,(g, 1 atm, 25°C) = H,0 (1, I atm, 25°C)
AH° ='—285.7 kJ mol ! (1-2-2)

The heat contents of all elements in their standard states are arbitrarily set
equal to zero for thermochemical purposes. ‘

1-2c The Signs of AH’s. In the above equation, AH® has a negative value.
The heat content of the products is lower than that of the reactants, which means,
heat is released. In gemeral, we have

Heét released: AH < 0
Heat absorbed: AH > 0

The same conveniion will apply to chariges in free energy, AG, to be discussed
shortly.

Processes in which heat—or another form of- energy—is released (AH < 0)
are called exothermic or exoergic. Those that consume energy (AH > 0) are called
endothermic or endoergic. :

1-2d Standard Heats (Entha!pies) of Formation. The ‘standard enthalpy
change for any reaction can be calculated if the standard heat of formation, AHY,
of each reactant and product is known. It is therefore useful to have tables of AH}
values. The AH value for a substance is the AH value for the process in which it is
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s

formed in its standard state from the elements, each in its standard state. Equation
1-2-2 describes such a process, and the AH® given is AH of water.

_ The reason AH® for any reaction can be calculated from AH values is because
the set of equations for the AH}’s will always add up to the equation of the desired
process with the elements, other than those which may necessarily appear in the
final equation, themselves canceling out. This is.illustrated by Eqgs. 1-2-3 10 1-2-7.

LiAlH (s) = Li(s) + Als) + 2H,(g) —AHS = 1172 (1-2:3)

4H,0(l) = 4H,(g) + 20,(g) ~4AH, = 11430 (1-2-4)
Li(s) + $O,(g) + $H,(g) = LiOH(s)  AHy= —4870 (1-2-5)
Als) + 30,(g) + 3H,(g) = Al(OH);(s) AH; = —12728  (1-2-6)

LiAlH,(s) + 4H,0(l) = LiOH(s) + AKOH),(s) + 4H,fg)
AH = —7340 (1-2-7)

Inspection shows that all elements cancel as the Egs. 1-2-3 to 1-2-6 are added to
give 1-2-7, and it is clear that the net AH° is simply the sum of the AH; values of the
products minus the sum of the AH} values of the reactants, each AHY being
multiplied by the coefficient required by the balanced chemical equation.

1-2¢ Other Special Enthalpy Changes. Aside from formation of a com-
pound from the elements, there are several other physical and chemical processes
of special importance for which the AH, or AH®, values are frequently required.
Among these are the processes of melting (fusion), and vaporization (of either
the solid or the liquid).

Ionization Enthalpies. Of particular interest is the process of ionization.
For example,

Na(g) = Na*(g) + e*(g)  AH® = 502kJmol™!

Thus, we speak of ionization enthalpies. Unfortunately, the more common tabula-
tions of these quantities list them in units of the electron volt (see Section 1.1)
and call them ionization potentials, but that terminology will not be followed here.

For many atoms, the enthalpies of removal of a second, third, etc., electron
are also of chemical interest, and for most elements these enthalpies are known.
- For example, the first three ionization enthalpies of aluminum, and the overall

energy to produce the Al**(g) ion are -
Alg) = Al"(g) + ¢~ AH° = 577.5kImol ™!
Al*(g) = A" (g) + e~ AH° = 1817 kJ mol ™!
Al*(g) = AP*(g) + e . AH° =2745kJmol™"

Alg) = APP*(g) + 3¢~ AH° = 5140k] mol ™!
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Ionization enthalpies are also defined for molecules, for example
NO(@g) = NO*(g) + ¢©  AH° =890.7kJmol™*

It is to be noted that for molecules and atoms the ionization enthalpies are
always positive. Energy must be supplied to detach electrons. Also, the increasing
magnitudes of successive ionization steps, as shown above for aluminum, is
completely general. The more positive the atom or molecule becomes, the more -
difficult it is to ionize it further. '

Electron Attachment Enthalpies. Consider the following processes:

Clg) + e~ = Cl(g) AH®° = ~354kJ mol~?
O +e" =07(g) AH®° = —142kImol ™~}
O (g +e =02 (g AH° = 844kJ mol ™},

The Cl~(g) ion forms exothermically. The same is true of the other halide ions.
Observe that the formation of the oxide ion, O*(g) requires first an exothermic
step and then an endothermic one. This is understandable because the O~ ion,
which is.aiready negative will tend to repel another electron.

In most of the chemical literature the negative of the enthalpy change, ~AH®,
for such a process is called the electron affinity, A, of the atom. In this book,
however, we shall use-only the systematic notation illustrdted above. _

* Direct measurement of AH,’s is difficult, and indirect methods tend to be
inaccurate. To give an idea of their magnitudes, some of those known, with those
which are mere estimates in parentheses, are listed below:

H

~173 : S ,
L Be B C . N ¢) F
—58 (+60) (30 —120 +10) —~142 -333
Na . : : Si | S S -Cl
(-50) (-135% (-79 —200 —348
Se Br
(—160) -324

1
—295

1-2f Bond Enepgies. Consider the following processes and their AH®’s:

HF(g) = H(g) + F(g) AHgq = 566k mol™* .
H,0(g) = H(g) + OH(g) . AH:9s = 497kJ mol™!
OH(g) = H(g) + O(g)  AH,g5 = 421 kJmol™*
: H,0(g) = 2H(g) + O®)  AH,o3 = 918 kJ mol™*

The energy required in the first process has a simple, unambiguous significance.
It is the energy required to break the H—F bond. It can be unambiguously called
“the H—F bond energy.” We can, if we prefer, think of 566 kJ mol~ ! as the energy
released when the H—F bond is formed ; that is a perfectly equivalent, and equally
unambiguous statement, ’ , :

3

b
«
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Consider the next three equations however. The actual processes of breaking
the O—H bonds, one after the other, in H,O have different energies. How then
can we define “the O—H bond energy”? This requires us to refine the defini-
tion. If we take the mean of the two, which is one half of the sum, 2}& = 459
kJ mol~ !, we can call this the mean O—H bond energy. This is also unambiguous,
but we must remember that, knowing only this mean value, we cannot predict the
actual enthalpy of either of the separate bond-breaking (or bond-forming)
processes. Thus, there is a certain artificiality to the concept of the “mean” bond
energy. :

When we consider molecules containing more than one kind of bond the
pfblem of defining bond energies becomes even more subtle. For example, we
can think of the total enthalpy of the process

H,N—NH,(g) = 2N(g) + 4H(g)  AH,gs = 1724 kJ mol~!

as consisting of the sum of the N—N bond energy, Ey._x, and four times the N—H
bond energy, Ey_y. But is there any unique or rigorous way to divide the total
energy into these component parts? Fe answer is no. The practical approach
. used is as follows. '
We know from eéxperiment that

NH;(g) = N(g) + 3H(g)  AH,95 = 1172k mol ™!
and thus we can say that -

En_y = 3% =391 kJ mol™*

If we make the assumption that this value can be transferred to H;NNH,, then we
can evaluate the N—N bond energy: = ’

En_n + 4En_y = 1724 kJ mol~}
En_n = 1724 — 4Ep_y

= 1724 — 4(391)

= 160 kJ mol !

By proceeding in this way it is possible to build up a table of bond energies ’
from which the enthalpies of forming molecules from their constituent gaseous
atoms can be calculated fairly accurately in many cases. That this is possible shows
the important fact that the energy of the bond between a given pair of atoms is
fairly independent of the molecular environment in which that bond occurs. This
is only approximately true, but it is a good enough approximation to be useful in
understanding and interpreting many chemical processes. )

Thus far only single bonds have been discussed. Certain pairs of atoms, for
example, C with C, N with N, C with N, C with O, can form single bonds, double
bonds, and even triple bonds. The bond energy increases as the bond order in-
creases, in all cases. However, the increase is not, in general, linear. Figure 1-1 gives'
some representative data. -

A list of some useful bond energies is presented in Table 1-1.
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1-3 Free Energy ahd Entiopy / 1
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Figure 1-1 The variation of bond energy with bond order for CC, NN, CN and CO bonds.

1-3
Free Energy and Entropy

The direction in which a chemical reaction will go, or the point at which equilibrium
will be reached depend on two factors: (1) The tendency to give off enérgy; exother-
mic processes are favored. (2) The tendency to attain a state that is statistically more
probable, crudely describable as a “more disordered” state.

We already have a measure of the energy change of a system, namely, the
magnitude and sign of AH.

The statistical probability of a given state of a system is measured by its
entropy, denoted S. The greater the value of S, the more probable (and, generally,
more disordered) is the state. Thus we can rephrase the two statements made in the
first paragraph as follows. The likelihood of a process occurring increases as (1)
AH becomes more negative, or (2) AS becomes more positive.

Only in rare cases, an example being racemization,

2d-[Coen;]** = d-[Coen,]** + I-[Coen;]**
does a reaction have AH = 0. In such a case, the direction and extent of reaction
depends solely on AS. In the case where AS = 0, AH would alone determine the



