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FIGURE 2.2-2 >

A highiy schematic iltustra-
tion of the probability den-
sity functions for electrons
in certain subshells of an
atom. Note that the s sub-
shells are radially symmet-
ric while the p subshells
{and all other subshells) are
fighly directional.

Part|  Fundamentals

determined by the value of the quantum number [ and is given by 2(21 + 1). Thus, the maxi-
imum numbers of electrons in an s, p, d, and f subshell are respectively 2, 6, 10, and 14.

The electron configuration represents the distribution of electrons within the permis-
sible energy levels. In the ground state, an atom’s electrons occupy the lowest-energy
subshells consistent with the Pauli exclusion principle. The subshells can be arranged in
order of increasing energy as follows:

Is, 2s, 2p, 3s, 3p, 4s, ad, 4p, 3s, 4d, Sp, 6s, 41, 5d, 6p, 7s, 5f, 6d . . .

In this notation, the number of electrons in each subshell is indicated using an integer
superscript on the corresponding letter. For example, a half-filled subshell with quantum
numbers n = 3 and [ = 2 would be designated as 3d°.

How can we use this notation to describe the ground-state electron configuration for
an oxygen atom that contains eight electrons? In the ground state the subshells will “filf”
in the order 1s, 2s, 2p . . . and the maximum number of electrons in s and p subshells will
be two and six, respectively. Thus, the ground-state electrgn configuration for oxygen is
1s*2s*2p*, indicating two electrons in each of the (filled) 1s and 2s subshells and four
electrons in the (partially filled) 2p subshell.

In addition to the quantization of cnergy, another key result of the wave model is that
the exact position of an electron within an atom can never be known. Instead, probability
density functions (PDFs) are used to describe the spatial location of electrons. As shown
in Figure 2.2-2, the shape of the PDF depends on the value of the quantum number /.
Note that not all the distribution functions are radially symmetric. The consequence of a
nonsymmetric PDF is that definite bond angles can be found in structures such as dia-
mond, organic molecules, and polymeric chains. We will see that these specific bond
angles influence the macroscopic engineering properties of the corresponding materials.

s orbitais‘ are spherically symmetric p orbitals have a dumbbell shape

z 4
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Chapter 2 Atomic Scale Structures

d. For CdTe, AEN = 2.1 — 19 = (2, Using the table in Appendix B, this corresponds to a
bond that is ~1% ionic, Therefore, the bonding in CdTe is either metallic or covalent.
Since the average number of valence electrons inCdTeis (2 + 6)/2 = 4, we predict the
bonding in CdTe is likely to be covalent.

.',,......--.-------1--------~|nln-------l-----------.--.-n..--.......--...-.----.g------.-..-----n----;--u-.--.-.--a----..n--------n--

2.4.4 Influence of Bond Type on Engineering Properties

At this point we can make a few preliminary observations concerning some of the me-
chanical and electrical properties of solids as a function of bond type,
» Consider the difference in the response of a metal and an ionic solid (ceramics and

of the reasons why ceramics and oxide glasses fracture easily. Such behavior is known as
brittle behavior.

{c]
FIGURE 2.4-5 A comparison of the difference in the atomic scale response of a metal and an ionic solid 40 a
hammer biow. {a} In an jonic solid before the hammer blow each jon is surrounded By oppositely charged fons.
(b} When the ions attempt to slip past one anather in Tesponse to the applied force, strong raepulsive forces develap
and lead to cracking. {e} In contrast, in a metal the electron cloud shields the positively charged atomic cares from
each other so that the repulsive forces do not develop,

3




42 Part|  Fundamentals

f TABLE 2.5-1 Latent heat of fusion, melting temperatures, and coefficients of thermal expansion for
3 some metallic elements.

. -
* Adapted from the CRC Handbook of Tables for Applied Engineering Science, copyright CRC
Press, Boca Raton, FL, 1979,

t Although silicon is not usually. considered a metal, it is included here for comparison.

sufficient accuracy to facilitate calculation of the absolute values of bond length, bond
energy, modulus of elasticity, and coefficient of thermal expansion, The values of these
properties for engineering materials are usnally directly measured in the laboratory.

N N R N AN R N A A R P F TR AT NP AN R AN NN AN N AR

DESIGN EXAMPLE 2.5~2

The bond-energy curves for two engineering materials are shown in Figure 2.5--3. Your task is to
select the better material for use in each application described below.

FIGURE 2.5-3

A comparisor of the bend- |

energy curves for two hypo- “

thetical materials, A and B. |
\
1
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TABLE 2.6-1 The critical {+/R) ratio for each coordination number. (Note that the drawings are not to
scale))

fr+R)
1155

3 mini-
nis this
' results
\© anion estimate the CN of the anion. Once the CN of the smaller ion is known, the CN of the
see Fig- larget ion can be determined based on the cation : anion ratio, or the stoichiometry of the
become compound,
: 2.6-1.
3tricauy L e T T T e T T R
energet- EXAMPLE 2.6-1
‘hus, the Table 2.6-1 gives the ionic radius ratio range for CN = 6 as 0.414 = (r/R} < 0.732. Derive these
limiting values by investigating the critical geometry for CNs of 6 and 8.

ger than Solution
r smaller . .. , .

. The geometry for the crifical (minimum) r/R ratio for CN = 6 is shown in Table 2.6-1. If ¢

basis of ) ; .
the elec- represents the length of the edge of the cube, then when all of the ions are just touching each other
e in the a a .
B . r+R=-— nd R+ R=—
r® Using 2 a /3
Dividing the first equation by the second equation yields

y bonded
r(cation) rrrR _ 1
: used to 2R V2
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b. In the C;Hg molecule each H atom is bonded to one of the C atoms. Since each C atom
must form four covalent bonds, there is a single covalent bond bridging the two C atoms
(see Figure 2.6-3h).

. In the compound C;H,Cl each H and CI atom forms a single covalent bond with one of
the C atoms. Each C atom must form four covalent bonds, so that there will be a double
bond between the two C atoms (see Figure 2.6-3c).

. In silicon, each atom must be bonded to four other Si atoms, and the resulting structure
is similar to the diamond structure described previously (see Figure 2.6--2b).

LR L T T e T I P LY YT T I L) e L R L L R L R L T LTI A LLLLIT)

Covalent bonds are directional and are characterized by specific bond angles. The
bond angles can be determined by the geometry of the structure or vice versa. Shared
electrons, or bond pairs, and lone electron pairs constitute mutually repulsive negative-
charge centers that tend to separate as much as possible. As shown in Figure 2.6—4a, the
bend angle in g tetrahedral structure such as diamond is 109.5°, which places nearest-
neighbor C atoms (and their associated shared electron pairs) as far apart as possible in
space while satisfying the valency requirements. In contrast, when carbon is bonded to
only three other atoms (one of which involves a double bond), the resulting structure is
planar with a bond angle of about 120°, as shown in Figure 2.6—4b. The existence of
specific bond angles in covalent molecules is important in understanding the properties
of polymers.

3-D structure, with 2-D {planar) structure,
all angles = 109.5° with all angles = 120°

(a) (b}

FIGURE 2.6-4 A schematic illustration of covalent hond angles in two compounds: {a) the bond angie in & tetrahe-
dral structure such as diamond is 108.5% {b) when the C is bonded to only three other atoms {one of which involves
a double bond), the resulting struciure is planar with a bond angle of ~120°.

N KA B ENO NN RGNS NNRERRACRRTA RN LLETTETYETE L) L T e T T T T T P T T Y TE P PR T PTITY

EXAMPLE 2.6-4

Sketch the three-dimensional arrangement of covalent bonds in the H,O molecule.

Solution -

The geometry of the H,0 molecule can be envisioned by ‘placing the O atom at the center of an
imaginary cube and noting that its four pairs of electrons, two bonding and two nonbonding electron
pairs, must be spatially separated as much as possible. This separation, shown in Figure 2.6-5, is
obtained by placing the electron pairs along directions pointing to an alternating set of four corners
of the imaginary cube. The H atoms are positioned at two of the cube corners associated with the
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FIGURE 2.6-5 A schematic illustration of covalent bond angles in water. Note that the bond angle is 104.5'“, which
is slightly less than the tetrahedral angle of 109.5°. !

bonding electron pairs. The structure of H,O deviates slightly from this model, since nonbonding
electron pairs repel each other slightly more than bonding eleciron pairs. The result is that the
H—O0-—H bond angle is 104.5°--slightly less than the predicted 109,5°,

EANNAREMAERE Vi meRmERaNLR [LLTYTETTETY P LLLTF I T FREEERANRPEEAN (LI ET T T weEERumsRannar LI TP TP [T T TP T LT T UPE P TP Y

The shared electrons in a metallic bond are delocalized. Thus, the CN of an atom in
a metallic solid is determiried primarily by geometrical considerations. Indeed, many pure
metals (e.g., Al, Cu, and Ni), for which r/R = 1, have structures with a CN of 12;
however, several common pure metals such as Fe, Cr, and W have CNs of only 8, even
in their purest forms. :

Coordination numbers are useful because they describe the short-range order, defined
as the number and type of nearest neighbors, associated with a particular solid struc-
ture. All solids exhibit short-range order. As we expand the consideration to include
second- and higher-order neighbors, we find that there are two distinct types of solids.
Those that exhibit both short-range order (SRO) and long-range order are called crys-
talline materials while those with SRO only are termed amorpheus, or noncrystalline,
materials,

2.7 SECONDARY BONDS

Secondary bonds are fundamentally different from primary bonds in that they involve
neither electron transfer nor electron sharing. Instead, attractive forces are produced
when the center of positive charge is different from the location of the center of negative
charge. The resulting electric dipole can be either temporary, induced, or pérmanent and
can oceur in atoms or molecules. As shown in Figure 2.7-1 for Ar, a temporary dipole
is formed when the electrons, which are constantly in motion, are momentarily arranged
$0 as to produce an asymmetric charge distribution. The temporary dipole can then induce
another dipole in an adjacent Ar atom. The two dipoles then experience a coulombic force
of attraction. This type of bonding is responsible for the condensation of noble gases at
low temperatures and is known as van der Waals (or van der Waals—Landon) bonding,
Van der Waals bonds can also occur between symmetric molecules such as CH, and CCl,.

- The total attractive force between molecules due to the van der Waals bond generaily

increases as the number of atoms in the compound increases. Hence, large molecules can
have a large net attractive force. This phenomenon explains why the melting temperatures
of the hydrocarbons with chemical formulas C.H,,., increase as n increases.

49
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Tsolated Ar atom
(center of positive charge
same as center of negative charge)

Due to statistical nature of electron motion, occasionally
the center of negative charge is spatially different than
the center of positive charge (i.., a temporary dipole)

Secondary
bond

.

Temporary dipole at left can induce a dipele in
a neighboring Ar atom, result is a van der
Waals bond between the two Ar atoms

FIGURE 2.7-1 Formation of a temporary dipele in an Ar atom can induce a dipole in an adjacent Ar atom, This
type of secondary bond is known as a van der Waals bond.

Figure 2.7-2 shows the charge distribution in H,O, H,S, and NH;. These molecules
are permanent dipoles, because their center of positive charge (indicated by the symbol
&) is always different from their center of negative charge (§7). Permanent dipole bonds
are generally stronger than van der Waals bonds. One especially important type of
permanent dipole bond is the hydrogen bond, which occurs whenever a hydrogen atom
can be shared between two strongly electronegative atoms such as' N, O, F, or Cl. The
hydrogen bond is the strongest type of secondary bond, but it is still significantly weaker
than a primary bond. Hydrogen bonds hold the wood fibers in a sheet of paper together.

{al th) - (e)

FIGURE 2.7-2 A schematic iliustration of thres parmanent dipole molecules: (a} HyO, (b} HzS, and {c) NH,. The Xs -

represent the valence electrons from the B atoms and the #'s represent those from either 0, S, or N. The &% and 6~
symbols represent the spatial centers of positive and negative charge for the molecule. Note that nonbonding electron
pairs are local regions of negative charge and the isolated nucleus of an H atom is a local region of positive charge.
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FIGURE 2.9-1 The structure of polyethylene, PE: {a} the basic building block for PE is the C;H, monomer; {h) the
double bond in the monomer is “opened” so that (¢} many monomers can be linked together to farm the PE polymer
chain; {d} since the polymer chains are saturated, the only type of bond that can form between PE chains is the
secondary bonds.

energy of the system. Thus, the formation of a PE polymer chain from a collection of
identical monomers is a thermodynamically favored reaction. Note that in contrast to the
monomer, the PE polymer chain is saturated, so there are no additional sites for primary
bond formation. Thus, the only mechanism that remains for bond formation between PE
chains is secondary bond formation. Linear polymers that form melts upon heating, such
as PE, are called thermoplastic polymers.

The structure of rubber is fundamentally different from that of the thermoplastic
polymers. Careful examination of the generic hydrocarbon rubber structure in Fig-
ure 2.9-2a shows that the polymer chains contain an unsaturated double bond. The exis-
tence of this double bond within the macromolecule permits the formation of additional
primary bonds between chains (Figure 2.9-2b). The primary bonds between rubber
chains formed by the opening of the unsaturated double bonds are known as crosslinks.
When the crosslink density is low, only a small fraction of the double bonds have been
opened, and the individual polymer chains retain their identity. There are only a “few”
primary bonds between chains. As the crosslink density increases, the individual chains
lose their identity and the structure begins to resemble a three-dimensional network of
primary bonds. This 3-D primary bond structure is characteristic of many polymers that
do not form a melt, or thermoset polymers.

R
et
H

H poyble H| H " Crosslinks Remaining double
(primary bonds bonds are potential

g bonds g g H il

(] i between chains) crosslink sites
—C—C=C—(C—C—C=C—C— o
[ e e e R |
H H HHH
{al {b}

FIGURE 2.9-2 The strugiure of crossiinked nubber, The existence of double bonds along the length of the polymer
chains shown in part {a) permits the formation of crosslinks between chains, as shown in part {b). Note that in this
case the crosslinks are composed of short chains of sulfur atoms.
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11 moto & causa d’ogni vita
(Movement is the cause of all life)

Leonardo da Vinci

Design .... Is the fount and body of painting and sculpture
and architecture ... and the root of all sciences.

Michelangelo Buonarroti



