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Chapter 11

Quantum Mechanics and Atomic Structure

We have thus split the Schrédinger equation (Eq. 11.164) into three equations,
one involving & and ¢ (Eq. 11.165), one involving R and r (Eq. 11.167), and one
involving & and 6 (Eq. 11.168). These eqguations must now be solved so as to eliminate
the differentials. We will first solve the ® equation so as to obtain the allowed values
of m;. These will then be used 10 solve the ® equation so as to obtain the allowed /
values. Finally, the ! values will be used to solve the R equation.

Solution of the & Equation

Equation 11.163 is of a familiar form (compare Eq. 11.125) and its solution is

P = Ae™® (11.169)

where A is a normalization constant. The function ¢ must have the same value at
¢ =0, ¢ =27, ¢ =4n, ..., because these angles correspond to the same position;
this requires that

my =40, F1,£2, +3; . (11.170)

The positive and negative values relate to distinct solutions. The quantity s, has thus
become a quantum number because of the mathematical constraints on the system
and not in any arbitrary way.

The value of A is obtained by applying the normalization condition, the range of
¢ being O to 2i:

a2 in
f D, &% db = Ef et ime Jg — A%y = | (11.171)
4] 4]
Therefore A = 1/+/2% and the solution becomes
1k
b= ——e™® (11.172)

Vin

involve imaginary exponents. This is awkward, and it is more usual to employ a
linear combination of the functions, ®,,, £ ®_,,,; as we have seen (Eq. 11.116),
linear combinations of wave functions having the same eigenvalue are also solutions
of wave equations. For example,

| . o
form; = 1, ¢ = —;)-—.e“p (11.173)
fi 1 d L -is (11.174)

Qrmy; = —1, =] = e »

! I N2
We can take the sum of these and divide by +/2 to preserve the normalization,
l ] . . cos @

G, = —(O)+P_y) = —=(® +e) = — 11.175
p=mr+ P_1) 2ﬁ(€ g %) = ( )

We designate this orbital ¢, since cos ¢ has its maximum value when ¢ = 0, which

4 T T SR o
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|
)
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an effect on the hydrogen-bonded structure of water.
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The Nature of the Covalent Bond

It took considerable time to understand the nature of the covalent bond. As early
as 1902 the American chemist G. N. Lewis, who had already made pioneering
contributions to thermodynamics (Section 3.8), had developed an important theory
of the bond, but he did not publish his ideas until [916. The essence of his concept
was that chemical bonding can take place as a result of the sharing of electrons
between two atoms. It had previously been realized that groups of eight electrons
(octets) play some role in chemical bonding, and Lewis took this idea further. In his

TABLE 12.1 The Main Types of Chemical Forces

Type of Force Equilibrium Dissociation,
or Chemical Bond Example * Separation/nm Energy*/kJ mol™’
lonic bond Na*-..F~ 0.23 670.0
(ion-ion force)
Covalent bond H—H 0.074 435.0

y H
lon-dipole force Na* .. .O/ 0.24 84.0

H
Hydrogen bond H N .\ H
(dipole-dipole 0..-H—-O 0.28 20.0
/
bond) H
hobi

EArbphobic NeHy el 2030 ~ 4.0
bond P b
Van der Waals Ne..-Ne 2 (0,33 2 (.25

(dispersion forces)

*This is the energy that would be required per mole to dissociate the species into its units (e.g.,
H—H into H + H or Na*- .- OHa into Na* + H,0).
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2 The Chemical Bond
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This corresponds to a low electron density between the nuclei, as shown in Fig-
ure 12.3c. It corresponds to A = 0, and it is also a o orbital; the fact that it is anti-
bonding is shown by the asterisk. The two wave functions ¢ and o* are orthogonal
to each other (see Problem 12.8).

Figure 12.4 is an energy diagram showing the separated atoms and the bonding
and antibonding levels. The ground state of H, is shown, with two electrons in the
bonding orbital. If one of these is promoted into the antibonding o* orbital, the
antibonding effect approximately overcomes the bonding.

The molecular orbital for the electron-pair bond in the hydrogen molecule is
obtained by taking the product of the molecular orbitals for each of the two electrons,
as given by Eq. 12.24. This description allows the electrons to move freely throughout
the molecule. The wave function for electron 1 is written as

o (1) = Np[Isa(1) + 1sg(1)] (12.26)

and that for electron 2 as
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Their extension in space is as large as possible, so that when bonds are formed, the
overlap is a maximum. This condition embodies Pauling’s principle of maximum
overlap. These four new orbitals are directed to the apices of a tetrahedron, and
the individual bonds are formed by combining one of these hybrid orbitals and a
1s orbital from the hydrogen atom. This can be visualized as the overlapping of
the electron clouds, as shown in Figure 12.9a. Obviously the maximum overlap is
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ethvlene formaldehyde actylene

The existence of such molecules is explained in valence-bond theory in terms of two
different kinds of hybridization, sp? and sp, which are illustrated in Figure 12.10b
and c. In sp2 hybridization, the bonding orbitals involve a linear combination of an s
orbital and two p orbitals (e.g., p, and p,) as follows:

1 V2

Y= E%S + '\7—5w2pr (12.59)
1 1 i

Wy = *-ﬁl!/zs = 7—61;!/29‘. + ‘"ﬁlﬁzpy (12.60)
1 1 |

Y3 = ﬂ%s = 78W2p_r = ._\/_5.‘;02]3_\. (12.61)

As shown in Figure 12.11b, these orbitals lie symmetrically in the XY plane; the
angle between orbitals is 120°. In sp hybridization, we combine the s orbital with one

B
yrmed
_i_
One s orbital
Three p orbitals (at right Four sp® hybrid orbitals
angles to each other) (tetrahedral)
a. sp3 hybridization

One s orbital

Two p orbitals (at right Three sp2 hybrid orbitals
angles to each other) (planar}

b. sp? hybridization

One p orbital Two sp hybrid orbitals

One s}orbital {linear)

¢. sp hybridization
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570  Chapter 12 The Chemical Bond

FIGURE 12.20

Combination of p atomic orbitals
to give molecular orbitals. (a) «
orbitals formed from two p; orbitals,
which lie along the axis of the
molecule (the Z axis). (b) r orbitals
fermed from p, orbitals. (¢} =
orbitals formed from p, orbitals.
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FIGURE 12.21

Molecular-orbital energy dia-
grams for homonuclear diatomic
molecules. {a) The order of en-
ergy levels for Ny, showing the
assignment of the 14 electrons;
the order is the same for F,. (b}
The order of levels for O, showing
the electrons.

12.5 Molecuiar Orbitals

571

Note that we cannot combine, for example, p, and p. orbitals, since the resulting MO
would be ilxﬁohsistenl with the symmetry of the molecule.

The electronic configurations in molecules like Ny, Oz, and F; depend on the
order of the energy levels. Calculations by the self-consistent field method have
shown that the 2pe, and 2pn, levels have much the same energy, but photoelectron
spectroscopy has shown that for N; and F; the order is as indicated in Figure 12.21a,
which gives the assignment of electrons in Nj. The first four electrons go into the
Iso, and lso, orbitals. The high nuclear charge draws these electrons close to the
nuclei, and there is virtually no overlap for the 1s AO’s. The next four electrons fill
the 2so, and 2s0;; MOs. The next level, 2pmr,, shown as two lines, is degenerate
and can accommodate four electrons. The remaining two electrons go into the 2pa,
orbital. There are therefore six bonding electrons, and the bond order is three. The

configuration of N; can be written as

2 g7 Ly Yo 1 2 4n 2
Isa, I1so; 250, 250, 2pm, 2po;

For O3, however, the order of filling is different, as shown in Figure 12.21b.
A valuable feature of MO theory is that it provides a very simple interpretation
of molecular magnetism. In Section 11.9 we saw that an electron in any orbital has
a magnetic moment. If all such electrons in an atom or molecule are paired, there I
is no resultant magnetic moment, and there is no interaction with a magnetic field;
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FIGURE 12.22

A schematic diagram of potential
energy divided by the Boltzmann
constant (E/kg) for the He, dimer.
It is not possible to draw this
diagram to scale, since the zero-
point level is in fact extremely
close to the line corresponding to
dissociation. Note that the zero-
point line meets the curve at very
high separations, so that the dimer
has a large internuclear separation.
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FIGURE 12.23 4y¢
Molecular-orbital diagram for a
heteronuclear diatomic molecule.
As an example, the 14 electrons
of carbon monoxide are shown
as arrows.

Figure 12.23 shows a schematic MO diagran
As an example, carbon monoxide has 14 el
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FIGURE 12.24

Orbitals for the water melecule.
(a) The atomic orbitals and their
symmetry species. The o, plane is
the plans of the molecule. (b) The
G, character table showing the
symmetries of the atomic orbitals

and the symmetry-adapted orbitals.

{c} and {d) The bonding molecular
orbitals a, and bs.

18(A 1) 25(A) 2p,(B1) 2p,(By) 2p.(Ay)

Atomic Orbitals

| J

FA, [+#1 #4141 41 [ 18(0), 25(0), 2p,(O), 15a + 155 |

P A | #1111 s |

VB |48 e w1 2p,(O) !

P B |41 -1 -1 2p,{0), 154~ 155 7

| gy DAy | EYRRIIISECIY — 0 e e S e el =1
b.

We can also construct the orbital
- by = lsy — Isg + A2p, (12.72)

in wt;ich orbitals of B, symmetry are combined. This orbital is r=presented in
Figure 12.24d.

Both of these orbitals are bonding, since the atomic orbitals have been added
together, and there is a piling up of charge between the nuclei. For each bonding
maolecular orbital there is an antibonding one, of the same symmetry, formed by
subtracting the atomic orbitals. These are indicated by an asterisk. The antibonding
molecular orbital corresponding to a; is

aj = Isa + 1sg — )25 — A52p; (12.73)
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