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PART | PHYSICAL CHEMISTRY OF
INORGANIC MATERIALS

Unit 1, Types of Bonds in Crystals

Ionic Bonds

In some crystals, the atoms are present in a state where their electron system is similar
to that of a rare gas, so that their outer shell has either lost excess electrons or has been filled
with a total of eight electrons, i.e., completed. Since the electric neutrality must be con-
served, the crystal always simultaneously contains atoms that donate electrons and atoms
that accept electrons. The former form positively charged cations, while the latter form neg-
atively charged anions, and the electric charges of ions are integral multiples of the electron
charges.

The cohesive forces in these crystals are electrostatic forces acting between the ions.
This type of bond is called an ionic bond and the crystals are called ionic crystals. As the elec-
tric field of ions is spherically symmetrical, the ionic bonding is isotropic, i.e., the bonds
do not have directional character and every ion attempts to be surrounded by the maximum
possible number of ions of the opposite charge, so that the bonds are not saturated. Halide
salts of alkali metals represent typical ionic crystals; this is so because alkali metals have only
one electron in the outer shell, while halides lack exactly one electron for completion of their
outer shell to eight electrons.

This idea is identical with the concept of valency except that the crystal is not considered
as a compound of molecules, but rather as a unified structure for which the chemical formula
has the meaning of the ratio of the elements and the geometric arrangement is an indispens-
able part of the description of the substance®. The chemical formula, e.g., NaCl, does not
denote a molecular structural unit here, because every ion in the crystal interacts with several
closest neighbours with the opposite sign, so that, for example, each Na* ion in NaCl is

surrounded by six equivalent nearest Cl ions, and vice versa.
Covalent Bonds

An exact quantum mechanical calculation for the hydrogen molecule model, carried out
by Heitler and London (1927), revealed that there exjst two possible lowest energy states of
the hydrogen molecule, composed of the original single-atomic states, and that the lower en-
ergy corresponds to a singlet state in which orientations of the spins of electrons are antiparal-

lel®. The energy difference between the two states and the consequent forces, called ex-
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change forces, depend on the overlap of the wave functions of the electrons, which become
common for both atoms. Such a bonding is called homeopolar or atomic.

The pairing of electrons in states in which the electrons, according to Pauli principle,
differ only in spin orientation is also characteristic for covalent bonds between atoms wirh
more complex electron structures. The bond is again created by the overlap of the single-elec-
tron wave functions of atomic orbitals, which combine into the wave function of the common
state. The main characteristics of covalent bonds are their saturation and mutual orientation
of the bonds when there are several on the given atom; this is always the case except for
atomic pairs. Saturation is a consequence of the Pauli principle; every bond contains exactly
two electrons. Formally, the bond is similar 1o an ionic bond with the difference that the
electrons are not transferred between atoms but become common property. For electrons in
the p- and d- states, the degree of overlap, and thus also the covalent bond, depends not on-
ly on the interatomic distances but also on the mutual orientation of the directions of lines
connecting the various atoms.

Bond hybridization. A future important property of covalent bonds is hybridization of
the atomic orbitals, leading to variation of the valency of a given element in various com-
pounds. The best example of this phenomenon is carbon, the ground state of which has the
electron configuration 15?2s22p® with only two p-electrons unpaired, which results in valency
of two as, for example, in CO. However, it is known that carbon is usually present in com-
pounds as a tetravalent element. Pauling (1931) explained this phenomenon through orbital
hybridization, where carbon is present in the compound in the excited state 1s°2s'2p*, o
that it has one unpaired s-electron and three unpaired p-electrons, i.e., a total of four elec-
trons that can enter into covalent bonds®. From a quantum mechanical point of view, these
electrons cannot be considered separately but must be considered as equivalent particles in a
single common state. From this also follows that the four bonds, available on carbon in thus
state, are completely equivalent. As a consequence, the atoms bonded to tetravalent carbon
form a configuration of a regular tetrahedron . According to Kimball, the spatial orientations

of the covalent bonds have the following shapes for various combinations of atomic orbitals:

. . shape of the hybrid coordination ) shape of the hybrid coordination
atomic orbitals . . atomic orbitals
orbitals number K orbitals number K

a)sp,dp linear 2 D dsp®, d3sp trigonal bipyraniidal N
b)sp?.dp?,d?s planar trigonal 3 g)d's tetragonal pyramidal 5
c)d?p trigonal pyramidal 3 h)dspt octahedral 6
d)sp*.ds tetrahedral 4 Ddsp trigonal prismatic 6
e)dsp® planar tetragonal 4

Metallic bonds

In metallic crystals, many of the valence electrons are present in states where they are
not localized close to the atoms but can move freely over the crystal, which is reflected in =
high conductivity®. The structure of metals can thus be conceived of as being composed of

positively charged ions immersed in an electron gas. The term “gas” is not used accidentally



here, as the free electrons actually behave statistically like a gas. The bonding between the
positive ions occurs through these free electrons. Thus, an ionic bond can be described as
containing an electron localized close to an acceptor atom, while the electron in a covalent
bond is located between two atoms, and in a metallic bond the free electrons are completely
delocalized. Metallic bonding, similarly to ionic, is characterized by isotropy and the conse-
quent large coordination numbers. The ions in a metal tend to be surrounded by the maxi-
mum possible number of neighbours. In contrast to ionic bonds, metallic bonds do not re-
quire a balance of the electric charge between the elements; the electrostatic equilibrium is
between metal ions and electron gas. This is why different metal elements can mix in crystals

in practically arbitrary ratios to form alloys.
Van der Waals bonds

Van der Waals bonds are familiar from the kinetic theory of gases as the forces responsi-
ble for the deviation of the behaviour of a gas from that of an ideal gas. These are attractive
forces between molecules with saturated bonds. Of all the forces in crystals, they are the
weakest and mostly responsible for the formation of layered structures with weak cohesion be-
tween the layers. Van der Waals forces are present in molecular crystals, in which the
molecules constitute the basic structural units. The forces which make the molecules stable
are either of ionic or of covalent character while the molecules themselves are bound into crys-

tal by van der Waals forces.

Selected from “Structure and Properties of Ceramics”, A.Koller, Elsevier Publ. , 1994
Words and Expressions

. cation ['keetaion] n. PHEF

. anion ['enaien] n. HHEF

. cohesive ['kauhisiv] o. NE (51) B; BEAE—EY
spherically ['sfarikali] ad. BR#9; BRIEW

. isotropic [aisa'tropik] a. ¥IEEM; & 1 [ HE Y

. halide ['heelaid] a.n. LY (8); KKM

. indispensable [iindis'pensabl] . & A A] /)

. vice versa ['vaisi'vaisa] R ZAFR

. singlet ['sigglit] n. B HEESR

10. antiparallel [ieenti'perslet] ao. WEFTH; K (1) FhY
I1. overlap [iouvo'lep] wt. &-- - HE; 5 a2
12. wave function & K%k

13. homeopolar [haumispola] «. ML

14. mutual orientation #§ & B |f]

15. hybridization [ haibridai'zeifon] ». 441k

16. configuration [kenifigju:'reifsn] =». WIE; (BF) H

o N R W N =



17. tetravalent [itetra'veilont; «. PHHH

18. orbital hybridation #Ui# 21k

19. tetrahedron [itetra'hidran »n. VY[HifA

20. spatial orientation % [B] B [4)

21. trigonal ['traigenal!l «. < HH

22. pyramidal [pi'reemidal] o . WA HERY

23. tetragonal [te'tracgonal] o . 1K/ @)

24. bipyramidal [bai'piromidal. «. PAFXLHEH
25. octahedral {'okto'hedrol] «. /N\E#H

26. prismatic [priz'metik] a. B HEHER

27. Van der Waals fores J#81E J7

28. coordination number [kou'odineifan] B{7 ¥
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Exercises

. Translate the following expressions into Chinese or English.

cohesive force, isotropic, vice versa, quantum mechanics, hybridization of the atomic

orbitals, layed structure

MET, BT, T8, 0@, MeRELY, B, & TFHs (R, Bxte



+, B, A
2. Translate the following sentences into Chinese.

(D The simple valence theory is based on the idea that atoms with a small number of elec-
tron in their last shell readily lose these electrons to atoms whose last shell is almost
complete .

@ The classification of bonds into types is not absolute and, in readily, bonds with mixed
character occur, such as ionic-covalent, ionic-metallic and covalent-metallic bonds (in
semicoductors) .

3. Fill in the blanks with suitable words.

@ Atoms that give electrons form _, while atoms that accept electrons form o
@ Carbon atom has ___s-electron and three | owing to orbital hybridization
these electrons are considered as in a single common state. As a consequence,

the atom bonded to tetravalent carbon form
4. Answer following questions.
(L Why is the ionic bond isotropic and unsaturated?

(@ What are the main characteristics of covalent bonds? Why have they such characteristics?

Reading Material 1

Grouping of Ions and Pauling’s Rules

In crystals having a large méasure of ionic bond character (halides, oxides, and silicates
generally) the structure is in large part determined on the basis of how positive and negative
ions can be packed to maximize electrostatic attractive forces and minimize electrostatic repul-
sion. The stable array of ions in a crystal structure is the one if lowest energy, but the differ-
ence in energy among alternative arrays is often very slight. Certain generalizations have been
made, however, which successfully interpret the majority of ionic crystal structures, which
are known. These generalizations have been compactly expressed in a set of five statements
known as Pauling’s rules.

Pauling’s first rule states that a coordination polyhedron of anions is formed about each
cation in the structure. The cation-anion distance is determined by the sum of their radii.
The coordination number (i.e., the number of anions surrounding the cation), is deter-
mined by the ratio of the radii of the two ions. the notion that a “radius” may be ascribed to
an ion, regardless of the nature if the other ion to which it is bonded, is strictly empirical.
Its justification is the fact that self-consistent sets of radi; may be devised which successfully
predict the interionic separations in crystals to within a few percent. The reason why the ra-
dius ratio of two species of ions influences the coordination number is apparent from Figl.1.
A central cation of given size cannot remain in contact with all surrounding anions if the ra-

dius of the anion is larger than a certain critical value. A given coordination number is thus



Stable Unstable

Fig.1.1 Stable and unstable coordination configurations

stable only when the ratio of cation to anion radius is greater than some critical value. In a
crystal structure the anion is also surrounded by a coordination polyhedron of cations. Critical
radius ratios also govern the coordination of cations about anions. Since anions are generally
larger than cations, the critical radius ratio for a structure is almost always determined by the
coordination of anions about the cations. This is why Pauling’ s first rule emphasizes the
cation coordination polyhedron. For a given pair of ions, the radius ratio places an upper lim-
it on the coordination number of the cation. In general, geometry would permit the structure
to form with any one of a number of smaller coordination numbers. The stablest structure,
however, always has the maximum permissible coordination number, since the electrostatic
energy of an array is obviously decreased as progressively larger numbers of oppositely
charged ions are brought into contact. The critical ratios are useful but are not always fol-
lowed. The reason for this is that the packing considerations have considered the ions to be
rigid spheres. A coordination number larger than that permitted by the radius ratio would be
assumed if the electrostatic energy gained by increasing the coordination number exceeded
any energy expended in deforming the surrounding ions. This consideration becomes especial-
ly important when the central cation has high charge or when the surrounding anions have a
high atomic number and are large and easily deformed. Similarly, contributions of directional
covalent bonding have an effect. Some experimentally observed coordination numbers are

compared with predicted values in Table 1.1.

Table 1.1 Coordination Number and Bond Strength of Various Captions with Oxygen

lon Radius(CN = 6) Predicted Coordination Observed Coordination Strength of
Number Number Electrostatic Bond

B! 0.16 3 3,4 lor3/4
Be?* 0.25 4 4 172

Li' 0.53 6 4 1/4
Sitt 0.29 4 4,6 1

A} 0.38 4 4.,5,6 3/40r1/2
Get* 0.39 4 4,6 lor2/3
Mg?* 0.51 6 6 173
Na* 0.73 6 4.6,8 1/6
Ti** 0.44 6 6 273
Sc?* 0.52 6 6 172
Ar*? 0.51 6 6,8 2/30r1/2
Ca?* 0.71 6,8 6.7,8,9 1/4
Ce** 0.57 6 8 172

K" 0.99 8,12 6,7.8,9,10,12 1/9
Cs* 1.21 12 12 1/12




The first rule focuses attention on the cation coordination polyhedron as the basic build-
ing block of an ionic structure. In a stable structure such units are arranged in a three-dimen-
sional array to optimize second-nearest-neighbour interactions.

A stable structure must be electrically neutral not only on a microscopic scale but also at
the atomic level. Pauling’s second rule describes a basis for evaluating local electrical neutrali-
ty. We define the strength of an anion as the formal charge on the cation divided by its coor-
dination number. For example, silicon, with valence 4 and tetrahedral coordination, has
bond strength 4/4=1; AI** with octahedral coordination has bond strength 3/6 =1/2. (The
same considerations are applied regardless of whether all coordinating anions are the same
chemical species; the bond strength of AI** is 1/2 in both the structure of Al,O;, where the
six anion neighbors are O, and that of kaolinite, where the anions surrounding Al** are
40H" and 20" . The second rule states that in a stable structure the total strength of the
bonds reaching an anion from all surrounding cations should be equal to the charge of the an-
ion. For example, in the Si,O; unit, two bonds of strength 1 reach the shared oxygen ion
from the surrounding silicon ions; the sum of the bonds is thus 2, the valence of the oxygen
ion. (Note that this implies that, in a silicate based on Si,O; units, no additional cation may
be bonded to this shared oxygen.) Similarly in the structure of spinal MgAlLO,, each O? is
surrounded by one Mg?* which donates a bond of strength 2/4 and three AI** which donate
three bonds of strength 3/6.

Pauling’s third rule further concerns the linkage of the cation coordination polyhedra. In
a stable structure the corners, rather than the edges and especially the faces, of the coordi-
nation polyhedra tend to be shared. If an edge is shared, it tends to be shortened. The basis
of this rule is again geometrical. The separation of the cations within the polyhedron decreas-
es as the polyhedra successively share corners, edges, and faces and the repulsive interaction
between cations accordingly increases. Pauling’ s fourth rule states that polyhedra formed
about cations of low coordination number and high charge tend especially to be linked by cor-
ner sharing. That this is true may be appreciated by recognizing that the repulsive interaction
between a pair of cations increases as the square of their charge and that the separation of
cations within a coordination polyhedron decreases as the coordination number becomes small-
er. A fifth rule state that the number of different constituents in a structure tends to be
small. This follows from the difficulty encountered in efficiently packing into a single struc-

ture ions and coordination polyhedra of different sizes.

Selected from “Introduction to Ceramics” 2n¢ Edition, W.D.Kingery, John Wiley & Sons, 1976

Words and Expressions

1. coordination polyhedron B2 £ i

2. empirical [em'pirikal] o. 2K

3. critical value If5 B8

4. permissible [pa'misabl] . &HFH; VAl
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5. deform [di'foom] ot. (H&E; BH
6. basic building block H:4<4H BFB 4
7. bond strength %

8. second-nearest-neighbour KT 4B

9. spinel [spi'nel] n.RE A

10. linkage ['lipkidz] n». 888G B4



