7 Symmetry & Hybridisation

As the size of a molecule increases (and the number of valence atomic orbitals contributing to the
bonding increases) then the solution of the secular equations can become rather difficult ..... but
consideration of molecular symmetry can be used to greatly simplify the problem.

To illustrate this consider a simple example - a diatomic molecule HX

(where X = Li, Be, B, C, N, O, F)
y

The valence orbitals of the atoms concerned are: H 1s
X 2s,2px, 2py, 2P,

The interactions of the five valence orbitals can be described using a (5x5) secular determinant.

Is 2s 2p, 2py 2px
Is os—E Bis B 0 0
2s Bss s — E 0 0 0 A
S E SRR g
2Py 0 0 0 Oop—E 0 "can't interact with each
2py 0 0 0 0 oy~ E | | other"

H 1s will only give a non-zero resonance
integral when it overlaps with the 25 and
2p. orbitals of the X atom - see below.

The off-diagonal elements in the determinant may be obtained by noting that:

(1) Integrals involving two different orbitals of the X atom are exactly zero, since the atomic
orbitals are orthogonal to one another.

(i1) The resonance integrals due to the interactions of the H 1s orbital with the orbitals of the X atom
are only non-zero if the orbitals have the "same symmetry" (that is, the same symmetry within
the point group of the molecule).

Conversely, if the two overlapping orbitals are of different symmetries then any constructive
overlap of the orbitals is always exactly counterbalanced by an equal amount of destructive
overlap and the net interaction is always exactly zero.
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.. these two contrasting situations are illustrated below.
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The H 1s orbitals and the X
2s and 2p, orbitals all have
the same symmetry (') in
the molecular point group

(Ceov)

Bp #0)

The H 1s orbitals and X 2px,
2py orbitals have different
symmetries (6" and Tt
respectively in Ceoy )

Consequently, in this case, rows 4 and 5 have no (non-zero) off-diagonal elements, because the 2p,
and 2p, orbitals are of different symmetry to the H ls orbital. The (5X5) secular determinant can
therefore be simplified to two trivial (1x1) determinants and a (3x3) determinant.

(

(5x5) |=0

N

‘oczp—E‘:O = E=a,,
‘azp—E‘:O = E=a,,
als - E ﬁss ﬁsp
ﬁss aZs_E 0 :0
B,, 0 a,,—E

We can conclude that in this molecule, the 2p, and 2p, orbitals of the X atom are non-bonding, and

more generally that it is only necessary to consider interactions between orbitals possessing the same

symmetry in the molecular environment.

Solution of the (3x3) Determinant

Strictly any solution necessarily involves both the 2s and 2p. orbitals of the X atom - however, the
extent to which each is involved depends upon the energies of the orbitals relative to that of the 1s
orbital of the H atom, and this varies significantly across the periodic table.
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Increasing atomic
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— 7
—~

X atom orbitals

Case 2 Case 3 Case 1

The above diagram illustrates how the relative orbital energies might vary for different X atoms;
we now need to remember (see 4.15) that ....

There is only a significant bonding interaction between two orbitals if the energy separation, |0 — 0y
is not large compared to the interaction energy, as represented by the resonance integral , ;5 .

We can therefore identify three "limiting" cases:

Case 1 : the main interaction is H 1s — X 2p, ... and if we completely neglect any interaction with
X 2s then the problem simplifies to a (2x2) determinant.

e.g. HF

Electron

Energy

Hls+

Small H 1s

coefficient Large 2p.
coefficient

() )
H——-F Highly polar
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Case 2 : the main interaction is H 1s — X 2s ... and if we completely neglect any interaction with
X 2p. then the problem again simplifies to a (2x2) determinant - this limiting case is most
closely approached for LiH .

Case 3 : .. 1s the intermediate case.

To illustrate what sort of solutions might be obtained in this case we can consider a "model" system
(obtained by making some drastic simplifying assumptions) - let us suppose that:

Ohs = Qs + I/Zﬁ

and B =B (and, for simplicity, just call this )

Then,

ﬁsp 0 aZp_E
simplifies to
o—E B B
B (@+iB)-E 0 |=0
B 0 (@-1B)-E

where o is the value for oy .

X 1 1
= 1 (x+9) 0 |=0
L0 (=Y

To which the solutions are ...

A
Electron v, — a—1.58
Energy
—oa-%p X2p
Hls o—— /)

o+ X2s

] o+1.58

H H-X X
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Now consider the MO coefficients
Hls X 2s X 2p,

VA 067 033 -0.67
‘ ~~~~____ Equivalent to an "sp"-hybrid orbital
Y, 0.33 \.-0.67 0.67 pointing away from the H atom

v, 0.67 0.67 0.33

More p than
s character.

%CI:%/
v, OOO

NG S
More s than p character.

Note that similar, but not identical, MO energies and orbital coefficients would be predicted using a
valence bond approach (as illustrated below) in which we first "hybridise" the 2s and 2p, orbitals of
the X atom to give two sp hybrid orbitals and then let the one pointing towards the H atom interact
with the H 1s orbital whilst the other is considered to undergo no interaction with the H 1s orbital
and may thus be labelled a non-bonding orbital,

A .
o* antibonding Two sp hybrids
Electron
Energy
. —X2p
non-bonding .
H s —_— «
g — X2
hybridization
o bonding
sp hybrid directed

away from H atom
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