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9.E: Chemical Bond in Diatomic Molecules (Exercises)
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9.3

The overlap integral and other integrals that arise in two-center systems like that of Hy which is called a two-center integral. The two center
integrals are much easier being evaluated by simply using the coordinate system, elliptic coordinates. In the coordinate system, where there are
simply two fixed points which are separated by distance R.

Ji=constant

LN ]

A=constant

A point P is given by three coordinates which are
« A= T4+ T‘B/R
e p=r4+rp/R

the angle ¢ is the angle that (r4, rp, R) triangle makes the interfocal axis. The differential volume element (elliptic coordinates) <
dr = R3/8(\* — u2)d\ dp do

Given definitions A, u, ¢ — prove that

e 1< A<
« —-1<p<1
e 0 <2m

Use elliptic coordinates to evaluate the overlap integral.

Use Equation:

Z3
S:/drlsAlsB = 7/dre_Z“e_Z”3

Solution
From simple inspection of the figure:

« Have r4 +rp is never less than that of R. Therefore, 1 < XA < 0.
o 74 —7rp cannever have a of magnitude greater that that of R, therefore have -1 < p <1.
o The variable ¢ can undergo 1 complete revolution therefore have/get 0 < ¢ < 2.

Knowing all of this information, we can now solve for this equation:

3
S = Z_ /dre‘ZTAe‘ZT)B
™

Z3 2m %) 1
= de / dx / duR? /8(AN? —%)e Zlratrn)
™ Jo 1 ~1

373 [=S] 1
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1 -1

4
373 00 1
:R4Z / dAefZR’\/ dp(\? — )
1 -1
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9.4

Repeat the calculation in 9.3 for¢)_ = 1s4 —1sp

Solution

_ Jdryt Hy.

FE =
Tdrp o

The denominator is
/dmpw, —2(1-9)
The numerator can be evaluated using equations 9.18, 9.19, 9.20, 9.21 with a simple exchange of a minus sign in equations 9.18 and 9.21,
/dm/)sz/), =2E15 (14 5) +2J —2K

So

2B (1+8)+2J 2K
- 2(1-5)

9.9

Show that the 2p,, and the 2p, orbitals do not overlap. Use 2p, = C cos # and 2p, = C'sin 6 cos 6 and f(r) as the radial component.

Solution
If [ U1 Wadr 0 then the orbitals overlap.

Substituting in:

/C’cos2 Osin 0 f(r)

C/ coszﬁsinﬁ/ f(r) #0
0 0
This orbitals do not overlap.

9.10

what does the overlap integral represent?

Solution

The overlap integral represents the amount of overlap there is between the orbitals of 2 or more different nuclei. It is only significant for
orbitals that have a large overlap. It is a component of the energy integral of the nuclei.
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9.14

Which of the three species is the is the least stable due to bond order: O,, O3, O%~. Hint it may be helpful to draw molecular orbitals for each
species although it is not required.
Solution

We have to use the bond order formula for each of the situations.

(number of bonding electrons) — (number of anti-bonding electrons)

Bond order =
2
For Oy: We have 12 valence electrons. Therefore
8
Bond order = =1
From the bond orders, we can see that 0,2 is the least stable.
]_ —
Bond order = 0-5 = E
2 2
For O,2": We have 14 valence electrons. Therefore
1
Bond order = 0-6 =2

For O,": We have 11 valence electrons. Therefore

9.17

Write the electron configuration and bond order of carbon monoxide.

Solution

The electron configuration for carbon monoxide
CO: KK(02)*(03,)* (m3)* (02,.)°
The bond order of CO is three.

9.17

Determine the bond order diphosphorus P,.

Solution

Each phosphorus atom will contribute 5 valence electrons, so there will be a total of 10 valence electrons. We use these ten valence electrons
to fill up atomic orbitals and we learn that the ground state electron configuration has 8 electron in bonding orbitals and 2 electrons in
antibonding orbitals. To find bond order we take bonding electrons(8 electrons) minus antibonding (2 electrons) and divide by 2 to find the
bond order of 3.

9.18

Determine the bond order for the bond in nitrogen oxide cation, NO™ .

Solution

The equation for bond order is
1
Bond Order = 3 [(# of electrons in bonding orbitals) — (# of electron in antibonding orbitals)]

There are 10 electrons total in the 2p level that have to fill the 01,07, 7,02, 7" 0} in order of increasing energy, respectively. If one fills out
the MO diagram, they will find that the number of bonding electrons is 8 and the number of antibonding electrons is 2.
Thus, the bond order is

1

FB-2=3

This indicates that there is triple bond for NO™
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9.18
What is the electron configuration and bond order of nitric oxide ion?
Solution

The electron configuration of NO™ is

NO" : KK(025)(0*25)%(72p)* (02p,)? (7" 2p)*

1
The bond order of NO™ is 25

9.21
Determine the bond order for the N O molecule.
Solution
Bond Order = [(# of binding electrons) - (# of anitbonding electrons)] /2
From drawing the Molecular Orbital Diagram, we find that there are 6 binding electrons and 1 antibonding electron, therefore,

Bond Order = (6-1)/2 =5/2

9.22

How is the energy-level diagram for diatomic OH radical differ from that of NH? What is the highest occupied molecular orbital of OH?

9.23

If a light source generates a light at 73.4 nm while a photoelectron spectrometer is measuring the kinetic energy of the electrons ionized when the
molecule absorbs this light, what is the largest electron binding energy that can be measured? Also, is it possible to determine the energy of the
occupied molecular orbitals of a molecule using the kinetic energy of the ionized electrons measured? If yes, explain. Hint : Recall the
photoelectron effect discussed in lecture 2.

Solution
The energy of the source light is

€ _9271x10° 8 g

~|T

E=

So 2.71 x 10718 J is the largest electron binding energy that can be measured using this radiation source.
Using Einstein's explanation of the photoelectric effect, we know that
¢+ KE =hv

Hence, if we know the kinetic energy of the ionized electrons, as well as the energy absorbed by the electron v, we can find ¢, which is the
energy of the molecular orbital occupied by the electron being ionized.

9.24
Why would the ionization energy of a 3p electron from HCI molecule be lower than a 3p electron from a chlorine atom?

Solution

The electrons that are shared between the two atoms in HCI are pulled closer to the Chlorine atom because it has a greater electronegativity
than hydrogen. This creates a dipole moment and the bonding electrons become localized in such a way that they shield the nonbonding 3p
electrons on the chlorine atom more than the inner shells of just a chlorine atom. Since shielding is greater for HCI the electrons require less
energy to be pulled away from the molecule. Less shielded valence electrons will experience a greater attractive force decreasing the radius
and increasing ionization energy.
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9.27

Photoelectron spectroscopy involves the measurement of kinetic energy of photoelectrons to determine the binding energy, intensity and angular
distributions of these electrons and use the information obtained to examine the electronic structure of molecules. It differs from the conventional
methods of spectroscopy in that it detects electrons rather than photons to study electronic structures of a material. The Oy photoelectron
spectrum emits two bands of 52.3898 MJ* molA{-1} and 52.311 MJ*mol~{-1}. This emission corresponds to the 1\(\s) ionization of the oxygen
electron. In your own words explain the observation.

Solution

1 1
The two bands that oxygen is emitted corresponds to the spin (+§ R 75) ionization in the 1s electron. The marginal difference in energy is
due to the spin-orbit coupling, which is also known as spin-pairing. Spin-orbit coupling describes the weak magnetic interaction between the
orbital motion and the particle spin in a particle

9.28

Would the ionization energies of non-bonding 1s electrons be different for HCI and Cl,?

Solution

The shielding effects for the 1s electrons are different for these two systems. In HCI, the bonding electron is localized on the more
electronegative Cl, while in Cl, the bonding electrons are right in between the two atoms. This means that the 1s electrons are more shielded in
HCl than in Cl,  and so the electron is easier to rip off in HCI. So the ionization energy for 1s electrons in HCI is smaller than in Cl,,

9.28

First write out the ground-state electron configuration for the homonuclear diatomic molecule F,. Then given the experimental ionization
energies for a 1s fluorine electron for HF and F; as 66.981 and 67.217 M J .mol~!, explain why even though the 1s electrons of fluorine are not
involved in the chemical bonds their ionization energies are different.

Solution

The ground state configuration is
(109)* (1ow)*(209)° (20u)* (30)* (1) (1mu)? (170)* (17m)?

The ionization energies are different because the 1s electrons affect the attraction of those electrons to the nucleus, even though they are not
involved in the actual bond. The F5 bonding electrons are equally distributed between two atoms, whereas the HF bonding electrons are
localized on the fluorine atom. Therefore there is increased shielding of the 1s orbital on HF which causes a smaller ionization energy.

9.30

Try to solve for the ground-state term symbols for the diatomic molecules H," and H,, given that the ground-state electron configuration for H,"
is (o41s)! and for Hy is (og1s)2.
Solution

(log)1 corresponds to My =0 and Mg=1/2, meaning that there is an unpaired electron in the symmetric molecular orbitals of g and there is
change in the 104 wavefunction. The ground-state term symbol for H," will then be

2%y (9.E.1)

(log)2 corresponds to M =0 and M=0, meaning that there is an unpaired electron in the molecular orbitals of g and there is change in the 10y
wavefunction. The ground-state term symbol for H, will then be

Iyg (9.E.2)
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9.30

Find the ground-state term symbols for B;.

Solution

The ground state electron configuration is
(10,)*(10,)?(20,)% (1) (1m,)!
We do not care about the filled orbitals because their
Mp=Ms=0
The two unfilled orbitals are
(1) (1)
all possible combinations of

N1, Ms1, T2, T2

for By are:
Mg, My, :
(0,2) : 17,17
(0,0):17,—-1"
(0,-2): =17, -1~

With these possible combinations we find the following to be possible ground state term symbols:
1A73 E,l b

Following Hund's Rule we detect 3% to be our ground-state term symbol because the largest spin multiplicity will be the ground state of Bs.
Now we take the two unoccupied orbitals and take the product to get the symmetry of the molecular orbital.

U-u=g
So the ground-state term symbol for
B,
is: 3%
9.31

Solve for the ground-state molecular term symbols for O, Ny, N,", and O,".

Solution
The ground state molecular term symbols are given below:
0
The molecular term symbol of O, without the + designation is 3% o The electron configuration is (filled orbital) (17rg2px)1(17rg2py)1, so the
symmetry with respect to a reflection through the x-z plane is (+) (-) = (-); therefore, the complete molecular term symbol of O, is 32g’.
Ny

(1crg)2 (1ou)? (20'g)2(2¢'ru)2(171'u)2(17ru)2(3’;ag)2 Corresponds to | Mz, |=0and | Mg | =0 of a 'Y term symbol. The symmetry of the molecule
is g. The complete ground state term symbol of N, is '3 " because the molecular wave function does not change when reflected through a
plane containing the two nuclei.

+

Ny

(lag)2 (lou)? (20g)2(20u)2(171'u)2(17ru)2(3ag)1 Corresponds to | My |=0and | Mg|=0.50f a 2% term symbol. The symmetry of the
molecule is g. The complete ground state term symbol of N,* is ) g* because the molecular wave function does not change when reflected
through a plane containing the two nuclei.

0"
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(1og)? (1ou)? 20 g*(20u)* (30 x) (1mu)’(1mu)*(1mg)! Corresponds to | My, | = 1 and | Mg | = 0.5 of a °II term symbol. The symmetry of the
molecule is g, since the only unfilled molecular orbital has symmetry g, so the complete ground state term symbol of O," is 2l'Ig.
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