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Molecular-Orbital Theory

You have to explain the following statements:
1- Helium is monatomic gas.

2- Oxygen molecule has a permanent magnetic dipole moment.
3- Oxygen is paramagnetic gas.

4- Most homonuclear diatomic gases are diamagnetic.

5- He,, Be, and Ne, are not stable molecules.

6- He; and He, are exist!

Hydrogen-ion molecules: This is formed by the combination of hydrogen atom containing one
electron and hydrogen ion having no electron. Therefore, this ion has only one electron.
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Figure 1 - Molecular orbital energy level diagram for H;- ion

1
The electronic configuration of the molecule is: H; ; (O'g 15)

Bond order = Y% (# of bonding e — # of antibonding e)
1 1
29=3

1- The positive value of bond order indicates that the molecule is stable.

The bond order in H; is :

2- The presence of unpaired electron in the molecule indicates that it is paramagnetic molecule.
The stability of the ion as well as its paramagnetic character has been confirmed experimentally.
The bond length of H; ion is larger than that of H, molecule (bond length H," = 104pm; H, = 47pm)

while its bond dissociation energy is less than that of H, molecule (bond dissociation energy H," = 269 KJ

mol?, H, = 458 KJ mol* ). This clearly supports the fact that bond in H," ion is, weaker than that in H,
molecule.

The He, molecule has four electrons, two in the bonding state o, 1s and two in the antibonding

* . 2 * . . . . -
state o, 1s; that is, (0915) (auls)z. The result is that no stable configuration is produced. This
explains why helium is a monatomic gas (Not a molecule). However, an excited He, molecule
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may be formed if one of the ajls electrons is excited to the bonding state o, 2s, resulting in
2
(0'915) ((7:15) o 2S.

Hydrogen (H,)

¥ Isoe 'x_
Y Y
B 1=
Ay .
lsa
Bond order =% (# of bonding " — # of antibonding e’) = % =1.
Helium lon (He; )
F Y
& F Y
i .
| 5ew
I . 2-1 1 . . :
The bond order for the helium ion molecule is — =5 i.e., He, does exist.
Helium(He, )
F 3

The bond order for the helium molecule is %2 =0, i.e., He, does not exist. This

explains why helium is a monatomic gas.
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Electronic Configuration of Homonuclear Diatomic Molecules
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Hj 2.65 I
H, 148 0.7¢ 1z, \
Hel 3.1 1.08 iz, ;],
Hes | Not stable iz, 2
Lix 163 2e7 | oz, )
Bes Not stable ig,

B 38 1.59 sz,
N, vs | e | om0
Py 28 | a4 | o3
Ne. Not stable iz,

The above Table shows the electronic configuration of the homonuclear diatomic molecules up
to Ne,. The table also indicates the binding energy and the bond length of the ground state of
these molecules. Some interesting features can be seen in his table. In general, molecular binding
results when two electrons with opposite spins concentrate in the region between the two
combining atoms; that is, they occupy bonding molecular orbitals. This, however, is not a strict
rule, since Li, has only three electrons, and in B, and O,, the last pair of electrons are in
7t — orbitals and their spins are parallel instead of opposed. This characteristic of B, and O is
due to the fact that 7 — orbitals can accommodate up to four electrons, two with spin up and two
with spin down, while these molecules have only two electrons in that energy level. From the
atomic case we recall that the repulsion among the electrons favors the most antisymmetric space
wave function. This requires the most symmetric spin wave function according to the exclusion
principle, which means in this case that the two electrons have their spins parallel. Since the
resultant spin of O, is one, the oxygen molecule has a permanent magnetic dipole moment,



Prof. Dr. I. Nasser atomic and molecular physics -551 (T-112) April 18, 2012
MO_Theory.doc

thereby explaining why Oxygen is a paramagnetic gas, while most homonuclear diatomic gases
are diamagnetic. We may also expect that the stability of the molecule will depend on the
relative number on the relative bonding and antibonding pairs of electrons. For example, we have
indicated that He, has the same number of bonding and antibonding pairs of electrons and is not
stable. The same happens to Be; therefore both molecules are unstable. On the other hand, the
stability of .N», O,,.. F, and N, (as measured by the dissociation energy) decreases because the
difference between bonding and antibonding pairs for these molecules is a 2, 1, and 0,
respectively.



Prof. Dr. I. Nasser atomic and molecular physics -551 (T-112) April 18, 2012
MO_Theory.doc

= j& W I
1
(a} 4

m 1z
¥2 3 )
H* [7RN]
) i
mn 12
Yoven=1+¥2 ™
1 1 [} s - L -
;1 ! N Aaven® LWJ:WD‘ BADLAAE f
ic} i 1 &
DL o o~

H Yodd=¥1—¥: ~
4 ’N l zm ¥ ad T G b o % s
) N *

i O‘w

Fig. 54 Even and odd molecular osbitals in HE.
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Fig. 55. Probability density for even and odd molecular orbitais in Hi. {a} Dis-
tribution along she lines joining the protons; (b) and (¢) distribution in a plane containing
the two protons.
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Fig. 5-7. Electron poteniisl energies in HF for the ground state and some excited
states,
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The Hez molecule has four clectrons, two in the bonding state o,1s s.and two in
the sntibonding state olls; that is, (o,15)2(c¥1s)2. The result is that ne stabie
configuration is produced. This explaing why hellum is a monatomic gas. How-
ever, an excited He, molecule may be formed if one of the s%1s electrons is excited

to the bonding state #,2s, resulting in (0,18)? o¥1s o,2s.
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TABLE 5-2 Disscciation Energies I, Bond Lengths ro, and Electric Dipele Mo-
ments p of Some Diatomic Molecules*
Covalent Tonic
Molecule | D, eV o, A p, D Molecule { D, eV ro, A D
He 4,48 0.74 0 NaCl 3.58 2.51 8.5
Liz 1.03 2.67 0 HCl 443 - 1.27 1.07
Ga 5.08 1.21 G LiHl 2.5 1.60 5.88
N2 7.37 1.09 U] KBr 3.96 2.94 1.29
Ciq 2.47 1.99 0 KF 59 2.55 3.60
HI 3.08 1.61 0.38 CsCl 3.76 3.06 9.97
CoO 11.11 53 0.12 KCl 4.92 2.79 8.0
NO 5.3 1.15 0.15 KI 3.0 3.23 9.24

* The molecules are grouped according to the dominant character of the bond—Electric

dipole moments are expressed in debyes (D). One D is 3.3 X 10-%0m C.
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Introduction

Orbitals in molecules are not necessarily localized on atoms or between atoms as suggested in
the valence bond theory.

Molecular orbitals can also be formed the LCAO where more than two atomic orbitals are used.
(Technically, we can use all of the atomic orbitals in the LCAO.)

Linear combinations of orbitals result in the interference of waves. Both constructive and
destructive interference may result.

Within a diatomic molecule, N atomic orbitals on atom 1 and N atomic orbitals on atom 2 result
in 2N molecular orbitals.

**In a practical sense, only those atomic orbitals that have similar energies and the appropriate
symmetry can combine to form molecular orbitals.**

These molecular orbitals are classified as bonding orbitals, antibonding orbitals or

nonbonding orbitals.

Types of Molecular Orbitals

Bonding Orbitals
For the linear combination of only two atomic orbitals, the bonding orbital is constructed from
adding the wavefunctions together.
Ymo = Yao (A)+ Va0 (B)
Thus, the probability density of the bonding orbital can be written as
2 2 2
|‘VM0| = ‘\VAO (A)‘ +‘\VAO (B)‘ +2V 50 (A)\VAO (B)
=A’+B*+2AB

The 2AB term is the constructive interference of the overlap of the atomic orbitals.

- The interference results in an increase of electron density between the nuclei.

- Thus, the nuclei have greater attraction to each other, via their mutual attraction to the
increased electron density.

1s 1s

2p, 2p,

Aside: S= IABdr is called overlap integral.



Prof. Dr. I. Nasser atomic and molecular physics -551 (T-112) April 18, 2012
MO_Theory.doc

Antibonding Orbitals

For the linear combination of only two atomic orbitals, the antibonding orbital is constructed
from subtracting the wavefunctions together.

WYmo = Vao (A) “Vao (B)

Thus, the probability density of the bonding orbital can be written as

|‘I/Mo|2 = ‘\VAO (A)‘z +‘\|IAO (B)‘z =20 (A)‘I’Ao (B)
=A’+B*-2AB

The -2AB term is the destructive interference of the overlap of the atomic orbitals.
- The interference results in a decrease of electron density between the nuclei and increase of
electron density away from the nuclei.
- Thus, the nuclei are drawn away from each other.

2p, 2p,
2pm*
The energy increase of the antibonding orbital is slightly higher than the energy decrease of the
bonding orbital. E, « % (S is the overlap integral)
1
Example: Let S= 2
E+OCL=L1=%=£ E_QLZ%Z%ZE
1+S 4,1 2 5 1-s .1 3 3
4 4 4 4
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Energy Level Diagrams of Diatomic Molecular Orbitals
Homonuclear Diatomic Molecules
Hydrogen lon H;
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The bond order for the helium ion molecule is % =1, i.e., He, does exist.

Helium(He,)
s 2 Ay
. |
.
| 5w
2

The bond order for the helium molecule is %2 =0, i.e., He, does not exist. This

explains why helium is a monatomic gas.
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Dilithium exists! (Though not as crystal!)
The bond order for the lithium molecule is one, i.e., 2 bonds — 1 antibond = 1 bond.

Beryllium
A

[ 4
¥ 2s0¢ %,

25 A 2s

Is

Diberyllium does not exist.
The bond order for the beryllium molecule is zero,
- i.e., 2 bonds — 2 antibonds = 0 bond.

10
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Molecular Orbital Diagrams for Second Row Diatomic Molecules (Not needed)
B, through N,

Notes:
For B through N, 2s and 2p are close enough in energy for hybridization to change the order
of the molecular orbital energies.
B, bond is = bond?!? Also, B, is paramagnetic. The resultant spin of B, is 1.

- Molecular electronic structure also follows Hund’s rules.
C, bonding is 2 & bonds. C; is diamagnetic.
Note carbide ion, C,* has triple bond.
N has triple bond. N is diamagnetic.
Q: Which is more stable, N," or N,
A: Antibond stronger than bond; therefore N, is predicted to be more stable.

O, through Ne;

11
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Notes:
O, bond is 1 o and 1 = bond and the resultant spin is 1. Also, O, is paramagnetic.

F, bonding is o bond. F; is diamagnetic.

Bond order of Ne; is zero. Ne atoms are not bound.
- Dimer does exist as van der Waals state.
- Ne," can exist.

Q: According to MO theory, Ne,** should be stable ion. Why haven’t we heard of it until
now?

A: 1 don’t know.

Hypothesis: Neon is even more electronegative than fluorine.

12
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Heteronuclear Diatomic Molecules

Energy of atomic orbitals is affected by effective nuclear charge.
More electronegative atom will draw electron density to itself in a bonding orbital.
Consider carbon monoxide as an example.

'-... l______._...--'T

Note: Most electropositive atom has most anti-bonding density.

13
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Term Symbols of Molecular States

Molecular Angular Momentum of Diatomic Molecules

Orbital Angular Momentum

The electron in a non-sigma bond experiences a cylindrically symmetric potential energy in
contrast to an electron in an atomic non-s orbital that has a spherically symmetric potential
energy.

The electron in a non-sigma bond has an angular momentum, L. However, because the electric
field from the nuclei and the other electrons is not spherically symmetric, the angular is not
well characterized.

However, for an electron in a non-sigma bond, the projection of the angular momentum upon the
internuclear axis, My, is well characterized.

- To distinguish from the atomic M, the molecular M is given a new symbol, A.

Thus, the electronic state of a diatomic molecule is partially characterized by A.

M, >A | 0 | £1 | +2 | 43
symbol | = | TT | A | @

Each electron contributes to the total orbital angular momentum thus
A=A +A,+...
Each A state is doubly degenerate except the X state that has one state.
In other words, E_, =E,
A non-sigma bond electron has two directions to precess about the internuclear axis.

Spin Angular Momentum

The spin precesses about the internuclear axis since the magnetic moment of the electron tries to
align itself with the magnetic field created by the “nuclei orbiting about the electron”.
- This phenomenon could be referred to as molecular spin-orbit coupling.

The projection of the spin, S, on the internuclear axis is Ms.
- To distinguish from the atomic Ms, the molecular Ms is given a new symbol, X.

- Note source of confusion: X can refer to a specific orbital angular momentum state
or it can refer to the general total spin angular
momentum.

Each electron contributes to the total spin angular momentum thus
=2 +Z,+...

Multiplicity = 2X + 1
The rules for multiplicity are the same as for atomic structure.
- filled orbital =0 multiplicity =1  singlet

- half-filled orbital ¥ =1/2 multiplicity =2 doublet
- two half-filled orbitals X =1 multiplicity =3  triplet

14
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Introduction to Symmetry

Parity
g-—gerade  symmetric for inversion through center
u—ungerade antisymmetric for inversion through center

Reflection
+ - reflection through plane containing internuclear axis is symmetric
— - reflection through plane containing internuclear axis is antisymmetric

Consider the symmetries of the sigma and pi bonding and antibonding orbitals.

S e <

o O

Parity g u u g

Reflection + — + —

When two or more electrons are in a molecular state, the total symmetry of the state is
determined by multiplying the symmetries of the electrons together.

Multiplication rules for of parity and reflection symmetries

Parity
gxg=0g gxu=uxg=uU Uxu=g

Reflection

(F)x(+)=(+)  (FxE)=E)x(H)=(=)  x()=()

Writing Term Symbols

Information available in a molecular term symbol

Multiplicity 217+ Reflection symmetry

_ .y )
Orbital angular momentum T Parity

15
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Writing an electron configuration as a term symbol.

1- For H; = o, (1), 25+1:2><%+1:2, m=0 =A=0 = o,0Is)> =
2- For H, = o, (ls), 25+1=2x0+1=1, m,=0 =A=0 = o,(l5)> T
Note : For closed shell 2S+1=2x0+1=1, m,=0

9

9

3- B, (each atom has five electrons 1s?, 2s%,2p*)

The electron configuration for B can be written as (156%)(1s6*%)(256°)(2s6*%)(2p?)
As in the atomic case, closed subshells do not contribute to the total angular momentum.

Two cases for electrons in the 2px orbitals.
each electron is in different orbitals

A=A +A,=1+(-1)=0 = I state
electron spins can be parallel or antiparallel

=% +%,=1/2+12=10r 2=%,+%,=1/2-1/2=0
thus, possible terms are 3Zg or 12g

both electrons in the same orbital
A=A +A,=1+1=2 = Astate

electron spins can be antiparallel only (can’t violate Pauli exclusion principle)
¥=%+4%,=1/2-1/2=0

thus, possible terms are 1Ag

Using Hund’s rules as with the atomic term symbols, the term with the highest multiplicity is
the lowest energy. Thus the ground state term of By is 32;

4- C, (each atom has six electrons 1s?, 2s*,2p®) .

The ground state electron configuration for C, can be written as
(1s6%)(1s0*°)(2s6%)(256**)(2pn”). Thus the term for the ground state is '%; .

However, consider excited state °>’. What is the electronic configuration for lowest possible
excited state? How can we assign the molecular orbitals for the various electrons?

The X state implies that A = 0. At this point, let us consider that a single electron has been

excited to a > orbital.
A=0 = A+A,=0 = A =1 A,=-1

16
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Note that the above could be true if the electron is excited to a higher = orbital as
well.

multiplicity = 3 impliesthat £=1 = X, =%,=1/2

The one electron remaining in the = orbital has an ungerade parity and negative reflection

symmetry.
Thus, the electron in the unknown orbital must be gerade parity and negative reflection
symmetry.
Ux?=u = ?=g¢ ()x(M)=(+) = (?)=(-)

Since the t* orbital has gerade parity and negative reflection symmetry, it is possible that the
3%* implies the electron configuration (1s6%)(1s6*?)(256°)(256*%)(2pn°) (2pm*Y).

However, ambiguity exists in the term symbol.

The electron configuration, (1s6%)(1s6*?)(256%)(2s6*?)(2pn°)(3pn**), would also result in a term
of *X*. To unambiguously assign electronic structure, more information is needed.

The term symbols of molecular states are very convenient when studying electronic
spectroscopy. The selection rules of electronic spectroscopy are dependent on the symmetry
changes of the states. Thus having the term symbols will allow us to quickly identify between
which states transitions can occur.

17
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{a) Molecular arbitals resuiting from e atomic orbitals

(e} Molecular orbitals resulting from Pz Or By atomic orbitals

Fig. 5~10. Molecular orbitals in homonuclear diatomic molecules,

18



