
Moleuclar Orbital 
Theory

Lecture 5
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Outline

the splitting energy 
◆ energy 
◆ coefficients 
◆ overlap 
◆ Hab 

symmetry adapted fragement orbitals 
◆ generate fragment orbitals for H3 
◆  generate a reducible representation  
◆  introduce and use the Reduction Formula 
◆  introduce and use the Projection Operator 
◆  consider degenerate orbitals

MO Diagram Construction Details
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Splitting Energy

Splitting energy 

◆ Φa and Φb are FOs 
◆ εb and εa FO energy levels 
◆ Δε= εb-εa energy difference 

◆ E+ and E- MO energy levels 
◆ ΔEs=stabilisation energy 
◆ ΔEd=destabilisation energy

E=ΔEs+ΔEd+Δε

εa

εb

energy

φa

φb

E+

E-

splitting energy ΔE=ΔEs+ΔEd+Δε

energy difference 
between FOs

ΔEs

ΔEd

ψ+

ψ-

ΔεΔE
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energy difference between FO: 

extent of orbital overlap: 

orbital coupling:

Splitting Energy

Δε = εi − ε j

Depends on 3 quantities

(direct orbital overlap)

(molecule mediated orbital overlap)

Important!

Dirac notation: 
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hab = h�a|H|�biH
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Sab recovers direct overalp of orbitals 

Break this down: 
◆ two wavefunctions on different atoms 
◆ in 2d -> two gaussian curves 
◆ MULTIPLY them together 
◆ then we want the AREA under the curve 

S is a number 
◆ large S is good overlap 
◆ low S is poor overlap

Overlap

<latexit sha1_base64="tzw1/XhcW3incflPFtt2mWHgvy0="></latexit>

Sab = h�a|�bi =
Z

�a�b dr φa φb

ψ=φa•φb
     =φa•0

ψ=φa•φb
    =0•φb

ψ=φa•φb

=area under graph

ψ=φa•φb

φa φb

A B
atoms A and B

sAOs on A and B

wavefunction for sAOs on A and B
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Hab "Overlap"

Hab H mediated "overlap" of the orbitals 

Go back to the Schrödinger equation 
◆ solving the wave equation gives the MOs 

H contains interaction of e with 
◆ nuclei (Ven)  
◆ other electrons (Vee)

interaction of  
orbital(a) with orbital(b) 

modified by the local 
environment (H)

<latexit sha1_base64="ADNszLhmnP/jMP6OqOmdi1szBW4="></latexit>

Hab = h�a|H|�bi =
Z

�aH�b dr

Eψ = Hψ H = Tn +Te +Vee +Ven +Vnn

Sab

Hab

direct 
orbital 
overlap

"overlap" mediated 
by the molecule

nuclei 
Vne

e

e

other electrons 
Vee
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degenerate

ionic system:
electron transfer

large
splitting smaller

splitting

different
electronegativity

energy levels are too
far appart to interact

FO Energy Difference Δε

degenerate orbitals have 
largest splitting 

sliding scale 

as FO shift apart splitting 
energy is reduced 

point is reached at which 
there is no interaction

covalent polar 
covalent ionicImportant!
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FO Energy Difference Δε
C’s are represented in the 
size of the AO 
contributions

A

B

ψσ∗

ψσ

s

s

A B

Bonding MO: 
lower E FO 

makes larger 
contribution

Antibonding MO: 
higher E FO makes 
larger contribution

 ψΓ = N(c1ψ 1 + c2ψ 2 +!cnψ n ) = N ciψ i∑
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FO Energy Difference Δε

C’s are represented in the 
size of the FOs 
◆ the larger the energy gap the 

greater the disparity in FO 
contributions 

◆ the larger the energy gap the more 
polar the bond (more ionic), until 
eventually there is no covalent 
interaction, the bond is ionic

degenerate

ionic system:
electron transfer

large
splitting smaller

splitting

different
electronegativity

energy levels are too
far appart to interact

non-bonding

covalent polar 
covalent ionic
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Orbital Overlap

Depends on  
◆ distance 
◆ orientation and directionality 
◆ diffusivity 

we don't always draw orbitals explicitly 
overlapping

Important!
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Orbital Overlap: Distance

close atoms have 
more overlap 

larger overlap means 
greater splitting 

good overlap 
larger splitting

poor overlap 
smaller splitting

φa φbφa φb

r =larger =small

larger overlap smaller overlap

A B A Br r'r < r'

splitting E decreases

shorter bond longer bond
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Orbital Overlap: Orientation

sAO overlap, orientation 
has no effect 

pAO overlap orientation is 
important 
◆ in-line overlap is strong 
◆ as bending increases overlap 

rapidly decays 

directed interactions

negative and positive 
overlap cancel out

S=0

reduced 
overlap

S<1

Sab

angle θ

90º45º

1

strong overlap weak overlap

sigma orbitals overlap better 
than pi orbitals 

overlap: pσ > sσ ≈ spσ > pπ

orbitals orientated toward 
each other overlap better
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Orbital Overlap: Diffusivity

diffuse orbitals 
◆ large (good overlap) 
◆ slow overlap decay with distance 
◆ but electron density is low! 

condensed orbitals 
◆ overlap is strong at short distance 
◆ but overlap decays very quickly 
◆ s-s overlap can be greater than 

directed p-p

general: more diffuse =weaker Sab

highly system dependent

1s

2s

3s 4s
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Symmetry Adapted Orbitals

symmetry adapted orbitals are the 
fragment orbitals of symmetry 
fragments 
◆ as opposed to molecular fragments 

we will use the H3 fragment orbitals 
as an example 

process 
◆ generate a reducible representation 
◆ use reduction formula 
◆ use the projection operator 
◆ draw out and label the symmetry FOs!

H H

H

H H

H

y

x

z

B

H H

H

H H

H

H1sAO
reference level

a1'

e'
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Isolobal Orbitals

apply to any set of three 
sigma-type FOs 

Isolobal orbitals 
◆ orbitals with similar symmetry 

characteristics 

Examples 
◆ 3 gold atoms and their 6sAOs! 
◆ 3 substituent spx orbitals 
◆ 3 ligand spx orbitals

M P

PH3ML3

C
CH3

CH3
CH3

L=

is isolobal with

H
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Revision: D3h Point Group

Find the D3h Character table

E 2C3 3C2 σh 2S3 3σvD3h

E

1       1       1        1        1       1A1'

A2'

E'

A1"

A2"

E"

1       1      -1        1        1      -1

2      -1       0        2       -1       0

1       1       1       -1       -1      -1

1       1      -1       -1       -1       1

2      -1       0       -2        1       0

(Tx, Ty)

Tz

2C3 3C2 σh 2S3 3σv h=12D3h

S3 σv

C2

σh σv'

σv''

C3

σvC2

C2'

C2"

symmetry elements

symmetry 
operations
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Reducible Representation

Identify your "basis set" of orbitals 
◆ symmetry related, and all in-phase 
◆ this is NOT a MO, but three separate AOs 

Form a representation table 
◆ under each operation of the point group  
◆ for EACH BASIS ORBITAL that DOES NOT MOVE  
◆ add +1 if the phase is unchanged and -1 if the phase changes 

Reducible 
Representation 

ΓR

Representation 
Table

s3

s1

s2

3       0       1        3        0       1Γ(Η3)

E 2C3 3C2 σh 2S3 3σvD3h
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Reducible Representation

Form a representation table 
◆ for EACH BASIS ORBITAL that DOES NOT MOVE  
◆ add +1 if the phase is unchanged and -1 if the phase 

changes  
◆ E -> no orbitals move 
◆ C3 -> all orbitals move 
◆ C2 -> one orbital does not move 
◆ σh -> no orbitals move 
◆ σv -> one orbital does not move

s3

s1

s2

3       0       1        3        0       1Γ(Η3)

E 2C3 3C2 σh 2S3 3σvD3h

σv

C2

σh

σv

C2

σh

C2 or σv

orbital has 
not moved

orbitals have 
moved
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 Every reducible representation can be written as a sum of 
irreducible representations 

 to determine nIR we use the Reduction Formula

Reduce!

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

ΓR=reducible representation 
ΓIR=irreducible representation 

nIR=number
sum over all the irreducible representations

<latexit sha1_base64="pKY9pu43iWEvFDei8xVTNEqVIcA="></latexit>

�R =
X

R

nIR�IR
think of ΓR as a vector in the 

space of the D3h point group 

with "axes" defined by the IR
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<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

what do all these terms refer to?

use simpler C3v 
character table to 
explain each term 
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<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

number of symmetry  
    operations in a group

E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6
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E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

number of symmetry  
    operations in a group

symmetry operations
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E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

number of symmetry  
    operations in a group

symmetry operation

number of operations  
    of type Q
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E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

number of symmetry  
    operations in a group

symmetry operation

number of operations  
    of type Q

character of an 
 irreducible representation
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<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

Reduction Formula

number of symmetry  
    operations in a group

symmetry operation

number of operations  
    of type Q

character of an 
 irreducible representation

<latexit sha1_base64="k1c9x21ZpYOKFZA1i+h9uu2mxOE="></latexit>

�R(Q)

3       0       1        3        0       1Γ(Η3)

E 2C3 3C2 σh 2S3 3σvD3h

character of an 
 reducible representation
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E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
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nA0
1
=

1

12

<latexit sha1_base64="m0GQoqXSLIRPi1i75BPdpHv+7HE="></latexit>

=
12

12
= 1

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:
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E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
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nA0
1
=

1

12

<latexit sha1_base64="m0GQoqXSLIRPi1i75BPdpHv+7HE="></latexit>

=
12

12
= 1

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:
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E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
<latexit sha1_base64="Ka1lywnKjuiP57PPRv5NDvZO5Ms="></latexit>

nA0
1
=

1

12

<latexit sha1_base64="m0GQoqXSLIRPi1i75BPdpHv+7HE="></latexit>

=
12

12
= 1

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:

number of elements 
=1E+2C3+3C2+1σh 

+2S3+3 σv 
=12
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E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
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nA0
1
=

1

12
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=
12

12
= 1

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:

29

E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
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nA0
1
=

1

12
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=
12

12
= 1

<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:
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<latexit sha1_base64="cbhRO97jtBrMIPR5sTTjptDbP2Y="></latexit>

nIR =
1

h

X

Q

k · �IR(Q) · �R(Q)

How to Use it!

Form a representation table:

Reduction Formula:

this is what I 
expect to see 

 “Show your 
working”

E

3           0            1             3             0            1

1           1            1             1             1            1A1'

Γ(Η3)

2C3 3C2 σh 2S3 3σvD3h

<latexit sha1_base64="m9/GzPEjTXrDDTXBw3BDGdHYkiY="></latexit>

nA0
1
=

1

12

h
1 • 1 • 3| {z }

E

+2 • 1 • 0| {z }
C3

+3 • 1 • 1| {z }
C2

+1 • 1 • 3| {z }
�h

+2 • 1 • 0| {z }
S3

+3 • 1 • 1| {z }
�3

i

3 + 0 + 3 + 3 + 0 + 3
<latexit sha1_base64="Ka1lywnKjuiP57PPRv5NDvZO5Ms="></latexit>

nA0
1
=

1

12

<latexit sha1_base64="m0GQoqXSLIRPi1i75BPdpHv+7HE="></latexit>

=
12

12
= 1
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In-Class Activity P1

determine the number of 
times the A1" and E' and 
contribute to the 
reducible representation

E'

(        )+(       )+(         )+(         )+(        )+(         )

Γ(Η3)

E 2C3 3C2 σh 2S3 3σv
D3h

=

<latexit sha1_base64="DrY534lF5OhXpQEhzl8YnyxP44A="></latexit>

nE0 =
1

12
<latexit sha1_base64="DrY534lF5OhXpQEhzl8YnyxP44A="></latexit>

nE0 =
1

12

A1"

(        )+(       )+(         )+(         )+(        )+(         )

Γ(Η3)

E 2C3 3C2 σh 2S3 3σv
D3h

=

<latexit sha1_base64="gomteUapZQbgibZrR169rbW0RZg="></latexit>

nA00
1
=

1

12
<latexit sha1_base64="gomteUapZQbgibZrR169rbW0RZg="></latexit>

nA00
1
=

1

12
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In-Class Activity P1

determine the number of 
times the A1" and E' and 
contribute to the 
reducible representation

Homework is to 
practice finding 

the other IR

3          0            1           3            0            1

1          1           1          -1           -1           -1

(1•1•3)+(2•1•0)+(3•1•1)+(1•-1•3)+(2•-1•0)+(3•-1•1)

A1"

Γ(Η3)

E 2C3 3C2 σh 2S3 3σv

=

D3h

3 + 0 + 3 - 3 + 0 - 3 0

<latexit sha1_base64="gomteUapZQbgibZrR169rbW0RZg="></latexit>

nA00
1
=

1

12
<latexit sha1_base64="gomteUapZQbgibZrR169rbW0RZg="></latexit>

nA00
1
=

1

12

3          0           1            3            0            1

(1•2•3)+(2•-1•0)+(3•0•1)+(1•2•3)+(2•-1•0)+(3•0•1)

2         -1           0             2          -1            0

Γ(Η3)

E 2C3 3C2 σh 2S3 3σv

=

D3h

6 + 0 + 0 + 6 + 0 + 0 1

E'

<latexit sha1_base64="DrY534lF5OhXpQEhzl8YnyxP44A="></latexit>

nE0 =
1

12
<latexit sha1_base64="DrY534lF5OhXpQEhzl8YnyxP44A="></latexit>

nE0 =
1

12
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Reduced

work through for each IR 

only a1’ and e’ contribute 

 consistent with what we know: 

◆ the values are always integers 
◆ not an integer = a mistake! 
◆ ALSO check your answer

Γ(Η3)=a1' + e'

H H

H

H H

H

y

x

z

B

H H

H

H H

H

H1sAO
reference level

a1'

e'

easy to make 
mistakes!
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Always Check Your Answer

Do the irreducible representations add 
to give the reducible representation?

Yes!
1       1       1        1        1       1A1'

E' 2      -1       0        2       -1       0

+

3       0       1        3        0       1Γ(Η3)

E 2C3 3C2 σh 2S3 3σvD3h

35

Always use Short-Cuts!

in the test you will not have time to go through ALL of 
the possible irreducible representations

so be SMART!

Always do totally 
symmetric first 

Then find out 
what is left 1       1       1        1        1       1A1'

2      -1       0        2       -1       0

3       0       1        3        0       1

Γ(Η3)-A1' = E'

Γ(Η3)

E 2C3 3C2 σh 2S3 3σvD3h

36



Projection Operator

now we know the symmetry of the 
fragment orbitals 

we need to determine their shape 
◆ this is the same as determining the orbital coefficients

degenerate 
orbitals have 

two components 
called e’(1) and 

e’(2) here

coefficients are 
the C’s

<latexit sha1_base64="ETdYupDvEbCVWKIn9WqenXTfXQA="></latexit>

 a0
1
= C

a0
1

1 �s1
+ C

a0
1

2 �s2
+ C

a0
1

3 �s3

<latexit sha1_base64="mG9vKJ6po3kzNunSFa7jP6gkoJk="></latexit>

 e0(1) = Ce0(1)
1 �s1

+ Ce0(1)
2 �s2

+ Ce0(1)
1 �s1

<latexit sha1_base64="vaos2Ikr9E6b0cUMCAQJ1DQvzN8="></latexit>

 e0(2) = Ce0(2)
1 �s1

+ Ce0(2)
2 �s2

+ Ce0(2)
1 �s1

Γ(Η3)=a1' + e'

37

<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6

Projection Operator

number of symmetry  
    operations in a group

character of an 
 irreducible representation symmetry operation
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<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

E

1       1       1

1       1      -1

2      -1       0 (Tx, Ty)

Tz

h

2C3 3σv

k Q

χIR(Q)

ΓIR A1

A2

E

6

Projection Operator

IMPORTANT: no k (come back to this in a minute)

• reduction formula produced a 
number (nIR) 

• projection operator produces a 
function (the equation for a MO)

39

“Setting Up”

Label orbitals 

Draw ALL of the symmetry elements s3

s1

s2

z

y
x

σv'

σv''

C3S3

σh

σvC2
C2'

C2"

Important!

40



“Setting Up”

Set up the projection table 
◆ No k in the projection operator 
◆ must include EVERY symmetry operation

empty projection table

Important!

E 2C3 3C2 σh 2S3 3σvD3h

σh σv      σv'     σv"D3h E S3
1     S3

-1C2     C2
'    C2"C3

1     C3
2

41

Using the Projection Operator

Work out how ONE orbital (s1) 
transforms under EACH of the symmetry 
operations 

◆ for example: under E s1 does not move and Es1=s1 

◆ for example: under the 2C3 operations 
◆ after the first rotation s1 maps onto s2 
◆ after the second rotation s1 maps onto s3

s3

s1

s2

Es1 s1

s1
s2

s1
s3

<latexit sha1_base64="PQ2/NnHdlc+IUpnpxn0NxeR0h6U=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBahq5KIqBuhIILLCvYBbQiT6aQdOnkwMxFKyMKNv+LGhSJu/Qh3/o2TNovaeuDCmXPuZe49XsyZVJb1Y5TW1jc2t8rblZ3dvf0D8/CoI6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Cb3u49USBaFD2oaUyfAo5D5jGClJdes3g7iMXNT6aZ2ll0vPiquWbMa1gxoldgFqUGBlmt+D4YRSQIaKsKxlH3bipWTYqEY4TSrDBJJY0wmeET7moY4oNJJZ0dk6FQrQ+RHQleo0ExdnEhxIOU08HRngNVYLnu5+J/XT5R/5aQsjBNFQzL/yE84UhHKE0FDJihRfKoJJoLpXREZY4GJ0rnlIdjLJ6+SzlnDvmhY9+e1Zr2IowxVOIE62HAJTbiDFrSBwBO8wBu8G8/Gq/FhfM5bS0Yxcwx/YHz9AriMmA4=</latexit>

E�s1 = �s1

<latexit sha1_base64="WC5XXNgDie0fXsVqkPjXG3Gp6eI=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgQspMFXUjFLpxWcE+oB2HTJppQzMPkoxQhvkAN/6KGxeKuPUD3Pk3ZtpBtPVA4OScc0nucSPOpDLNL6OwtLyyulZcL21sbm3vlHf32jKMBaEtEvJQdF0sKWcBbSmmOO1GgmLf5bTjjhuZ37mnQrIwuFWTiNo+HgbMYwQrLTnlSsNJTtO7xEr70Yg5iXQ0Ta9+LrU0LemUWTWnQIvEykkFcjSd8md/EJLYp4EiHEvZs8xI2QkWihFO01I/ljTCZIyHtKdpgH0q7WS6TIqOtDJAXij0CRSaqr8nEuxLOfFdnfSxGsl5LxP/83qx8i7thAVRrGhAZg95MUcqRFkzaMAEJYpPNMFEMP1XREZYYKJ0f1kJ1vzKi6Rdq1rnVfPmrFI/yesowgEcwjFYcAF1uIYmtIDAAzzBC7waj8az8Wa8z6IFI5/Zhz8wPr4B5Jqbcg==</latexit>

C1
3�s1 = �s2

<latexit sha1_base64="0yzfH5Vvj4knIJYhyXbJzmOmdEE=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBE8SNltRb0IhV48VrA/0K5LNs22odnskmSFsuQBvPgqXjwo4tUH8ObbmG0X0daBwGRmPpJv/JhRqWz7y1paXlldWy9sFDe3tnd2S3v7bRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen440bmd+6JkDTit2oSEzdEQ04DipEyklcqN7y0pu/Squ7HI+ql0ksdra9+LjWtiyZlV+wp4CJxclIGOZpe6bM/iHASEq4wQ1L2HDtWboqEopgRXewnksQIj9GQ9AzlKCTSTafLaHhslAEMImEOV3Cq/p5IUSjlJPRNMkRqJOe9TPzP6yUquHRTyuNEEY5nDwUJgyqCWTNwQAXBik0MQVhQ81eIR0ggrEx/WQnO/MqLpF2tOOcV++asXD/N6yiAQ3AEToADLkAdXIMmaAEMHsATeAGv1qP1bL1Z77PokpXPHIA/sD6+AefAm3Q=</latexit>

C2
3�s1 = �s3

C31

C32

42



<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

Projection Table

work out how the orbital transforms under 
EVERY symmetry operation 

Put the information in a projection table:

formed this part 
of the operator

s1     s2       s3        s1       s3      s2       s1       s2      s3       s1      s3      s2

σh σv      σv'     σv"D3h E S3
1     S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

2C3 3C2 2S3 3σ

43

<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

Projection Table

now add the irreducible representation

add this part of 
the equation

1       1       1         1         1       1        1       1        1        1       1        1A1'

s1     s2       s3        s1       s3      s2       s1       s2      s3       s1      s3      s2

σh σv      σv'     σv"D3h E S3
1     S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

2C3 3C2 2S3 3σ

44



<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

Projection Table

then multiply terms in the columns

carry out the 
multiplication

s1      s2      s3         s1       s3       s2       s1      s2       s3      s1      s3       s2

<latexit sha1_base64="lAUdWg/Z8oTw+wMf0VIYFjdUSEQ=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARq0hJRNRlxY3LFuwFkhgm00k7dDIJMxOhhLyDG1/FjQtF3Lpx59uYtBG09cDAx/+fw5nzexGjUhnGl1ZaWFxaXimvVtbWNza39O2djgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS90XXud++JkDTkt2ocESdAA059ipHKJFc/tvGQ3iVXbmKmh2mtdWR7MWNEwRb8IUvmplNx9apRNyYF58EsoAqKarr6p90PcRwQrjBDUlqmESknQUJRzEhasWNJIoRHaECsDDkKiHSSyU0pPMiUPvRDkT2u4ET9PZGgQMpx4GWdAVJDOevl4n+eFSv/0kkoj2JFOJ4u8mMGVQjzgGCfCoIVG2eAsKDZXyEeIoGwymLMQzBnT56HzmndPK8brbNq46SIowz2wD6oARNcgAa4AU3QBhg8gCfwAl61R+1Ze9Pep60lrZjZBX9K+/gGCPOc7A==</latexit>

�A0
1(Q) •Q • [s1]

1       1       1         1         1       1        1       1        1        1       1        1A1'

s1     s2       s3        s1       s3      s2       s1       s2      s3       s1      s3      s2

σh σv      σv'     σv"D3h E S3
1     S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

2C3 3C2 2S3 3σ
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<latexit sha1_base64="fsdViTy5kgi/BCV6eokBVU02yHE="></latexit>

P�[ ] =
1

h

X

Q

�IR(Q) ·Q[ ]

Projection Table

this is a sum so now add all the terms on the bottom line

show your working!

s1      s2      s3         s1       s3       s2       s1      s2       s3      s1      s3       s2

<latexit sha1_base64="lAUdWg/Z8oTw+wMf0VIYFjdUSEQ=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARq0hJRNRlxY3LFuwFkhgm00k7dDIJMxOhhLyDG1/FjQtF3Lpx59uYtBG09cDAx/+fw5nzexGjUhnGl1ZaWFxaXimvVtbWNza39O2djgxjgUkbhywUPQ9JwignbUUVI71IEBR4jHS90XXud++JkDTkt2ocESdAA059ipHKJFc/tvGQ3iVXbmKmh2mtdWR7MWNEwRb8IUvmplNx9apRNyYF58EsoAqKarr6p90PcRwQrjBDUlqmESknQUJRzEhasWNJIoRHaECsDDkKiHSSyU0pPMiUPvRDkT2u4ET9PZGgQMpx4GWdAVJDOevl4n+eFSv/0kkoj2JFOJ4u8mMGVQjzgGCfCoIVG2eAsKDZXyEeIoGwymLMQzBnT56HzmndPK8brbNq46SIowz2wD6oARNcgAa4AU3QBhg8gCfwAl61R+1Ze9Pep60lrZjZBX9K+/gGCPOc7A==</latexit>

�A0
1(Q) •Q • [s1]

1       1       1         1         1       1        1       1        1        1       1        1A1'

s1     s2       s3        s1       s3      s2       s1       s2      s3       s1      s3      s2

σh σv      σv'     σv"D3h E S3
1     S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

2C3 3C2 2S3 3σ

<latexit sha1_base64="zIAjHNYFhRLND7LGaQK3tXA3XI4="></latexit>

PA0
1
[s1] =

1

12 s1 + s2 + s3 + s1 + s3 + s2 + s1 + s2 + s3 + s1 + s2 + s3

<latexit sha1_base64="zIAjHNYFhRLND7LGaQK3tXA3XI4="></latexit>

PA0
1
[s1] =

1

12
4s1 + 4s2 + 4s3 s1 + s2 + s3

<latexit sha1_base64="cC+bHr5qXtrNPrcZpW/gOLZI79E="></latexit>

=
1

3
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<latexit sha1_base64="zIAjHNYFhRLND7LGaQK3tXA3XI4="></latexit>

PA0
1
[s1] =

1

12 s1 + s2 + s3 + s1 + s3 + s2 + s1 + s2 + s3 + s1 + s2 + s3

<latexit sha1_base64="zIAjHNYFhRLND7LGaQK3tXA3XI4="></latexit>

PA0
1
[s1] =

1

12
4s1 + 4s2 + 4s3 s1 + s2 + s3

<latexit sha1_base64="cC+bHr5qXtrNPrcZpW/gOLZI79E="></latexit>

=
1

3

The wave-function!

the projection operator gives us the wave-function 

this one is 1/3 s1 plus 1/3 s2 plus 1/3 s3 

which is the totally bonding fragment orbital

<latexit sha1_base64="JHbO21K73FopGwWwhmBuM3Zqbf4="></latexit>

 a0
1
=

1

3

h
�s1 + �s2 + �s3

i

47

In-Class Activity P2

the first line is exactly the same 

second line contains the new irreducible representation

what is the wave-function?

<latexit sha1_base64="afKD2C/BHZqIl1YPupY1VjF6QCg="></latexit>

PE0 [s1] =
1

12
<latexit sha1_base64="afKD2C/BHZqIl1YPupY1VjF6QCg="></latexit>

PE0 [s1] =
1

12

s1     s2      s3       s1       s3      s2      s1       s2       s3      s1      s3      s2

σh σv      σv'     σv"D3h E S3
1   S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

E'
<latexit sha1_base64="38IsPn4sCO6zSusdoEJoi38g828=">AAACEHicbZDLSsNAFIYn9VbjLerSzWCRVpCSiKjLggguW7AXSGKYTCft0MmFmYlQQh/Bja/ixoUibl26822ctBG09YeBj/+cw5nz+wmjQprml1ZaWl5ZXSuv6xubW9s7xu5eR8Qpx6SNYxbzno8EYTQibUklI72EExT6jHT90VVe794TLmgc3cpxQtwQDSIaUIyksjyj6uAhvcuuq5Na69jxU8aIhC34Q7bwMmvi6rpnVMy6ORVcBKuACijU9IxPpx/jNCSRxAwJYVtmIt0McUkxIxPdSQVJEB6hAbEVRigkws2mB03gkXL6MIi5epGEU/f3RIZCIcahrzpDJIdivpab/9XsVAaXbkajJJUkwrNFQcqgjGGeDuxTTrBkYwUIc6r+CvEQcYSlyjAPwZo/eRE6p3XrvG62ziqNkyKOMjgAh6AGLHABGuAGNEEbYPAAnsALeNUetWftTXuftZa0YmYf/JH28Q0tLZtU</latexit>

�E0
(Q) •Q • [s1]

2C3 3C2 2S3 3σ

48



In-Class Activity P2

the first line is exactly the same 

second line contains the new irreducible representation

what is the wave-function?

2s1 - s2 - s3 + 2s1 - s2 - s3

4s1 - 2s2 - 2s3 2s1 - s2 - s3

<latexit sha1_base64="afKD2C/BHZqIl1YPupY1VjF6QCg="></latexit>

PE0 [s1] =
1

12
<latexit sha1_base64="afKD2C/BHZqIl1YPupY1VjF6QCg="></latexit>

PE0 [s1] =
1

12

<latexit sha1_base64="G3K+Y8mev2J/0wAtruS/2ubHl/U="></latexit>

=
1

6

2      -1     -1        0        0      0       2      -1       -1        0      0       0

s1     s2      s3       s1       s3      s2      s1       s2       s3      s1      s3      s2

2s1    -s2      -s3      -       -      -       2s1      -s2      -s3      -       -       -

σh σv      σv'     σv"D3h E S3
1   S3

-1C2     C2
'    C2"C3

1     C3
2

Q[s1]

E'
<latexit sha1_base64="38IsPn4sCO6zSusdoEJoi38g828=">AAACEHicbZDLSsNAFIYn9VbjLerSzWCRVpCSiKjLggguW7AXSGKYTCft0MmFmYlQQh/Bja/ixoUibl26822ctBG09YeBj/+cw5nz+wmjQprml1ZaWl5ZXSuv6xubW9s7xu5eR8Qpx6SNYxbzno8EYTQibUklI72EExT6jHT90VVe794TLmgc3cpxQtwQDSIaUIyksjyj6uAhvcuuq5Na69jxU8aIhC34Q7bwMmvi6rpnVMy6ORVcBKuACijU9IxPpx/jNCSRxAwJYVtmIt0McUkxIxPdSQVJEB6hAbEVRigkws2mB03gkXL6MIi5epGEU/f3RIZCIcahrzpDJIdivpab/9XsVAaXbkajJJUkwrNFQcqgjGGeDuxTTrBkYwUIc6r+CvEQcYSlyjAPwZo/eRE6p3XrvG62ziqNkyKOMjgAh6AGLHABGuAGNEEbYPAAnsALeNUetWftTXuftZa0YmYf/JH28Q0tLZtU</latexit>

�E0
(Q) •Q • [s1]

2C3 3C2 2S3 3σ
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The First e’ Orbital

draw the orbital 

be careful to represent the 
correct size and phase of 
the orbitals 

be consistent with your 
original labeling!

s2 and s3 
have 

negative 
phase

contribution by s1 is twice 
as large as s2 or s3

s3

s1

s2

<latexit sha1_base64="47XMMnghsgWH6vKPRe99S4NYxNg="></latexit>

 e0 =
1

6

h
2�s1 � �s2 � �s3

i

50



The Second e’ Orbital

use orthogonalisation procedure 

OR make a guess “from inspection”

guess from the 
molecular 
fragments!

already found

already found

candidate!

51

The Second e’ Orbital

the two e’ orbitals MUST be 
orthogonal to each other 

two functions are orthogonal 
when their integral over all 
space is zero

what is 
orthogonality?

f1 and f2 are functions

<latexit sha1_base64="gO45LtykS59yigk3wv9GUCNQvlw="></latexit>Z
f1 · f2d⌧ = 0

<latexit sha1_base64="xzUIDar8I5Gsu0eM2WfphrGTTLA="></latexit>Z
 1

1e0 ·  2
1e0d⌧ = 0

52



The Second e’ Orbital

the two e’ orbitals MUST be orthogonal to each other 

evaluate:

<latexit sha1_base64="5esphB+qbPgxDBVTaUzhOJJ8CSY="></latexit>

 1
1e0 = 2�s1 � �s2 � �s3

 2
1e0 = �s2 � �s3

<latexit sha1_base64="In8IRhW48a6H0eDAi7yhL6QGRRk="></latexit>Z
 1

1e0 ·  2
1e0d⌧ =

Z
(2�s1 � �s2 � �s3) · (�s2 � �s3)d⌧

<latexit sha1_base64="xzUIDar8I5Gsu0eM2WfphrGTTLA="></latexit>Z
 1

1e0 ·  2
1e0d⌧ = 0A

B

C

53

The Second e’ Orbital

the two e’ orbitals MUST be orthogonal to each other 

need to know: 
◆ atomic orbitals are normalized 
◆ atomic orbitals can overlap

<latexit sha1_base64="xLRUKeGppbeAn3mzNwk/gVp8Iwo="></latexit>Z
�a · �ad⌧ = 1

<latexit sha1_base64="XYSEfbHvTNMluMItqhS4TIwnonA="></latexit>Z
 1

1e0 ·  2
1e0d⌧ =

Z
(2�s1 � �s2 � �s3) · (�s2 � �s3)d⌧

=

Z
2�s1�s2d⌧

| {z }
=2s

�
Z

2�s1�s3d⌧
| {z }

=2s

�
Z
�s2�s2d⌧

| {z }
=1

+

Z
�s2�s3d⌧

| {z }
=s

�
Z
�s3�s2d⌧

| {z }
=s

+

Z
�s3�s3d⌧

| {z }
=1

<latexit sha1_base64="OVeAKAZwNtWucqRhKUVvOFE9/NM="></latexit>Z
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The Second e’ Orbital

the two e’ orbitals ARE orthogonal to each other 

our guess was a good one
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The Symmetry Adapted Orbitals of H3

check 
◆ right energy ordering? 
◆ orbital pictures? 
◆ correct equation associated with 

each orbital? 

these are the orbitals that 
come out of the 
Schrödinger equation!
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Summary of the Steps:

determine the basis orbitals of the fragment 

identify point group and locate all symmetry 
operations 

take all in-phase combination and determine 
the reducible representation 

find the contributing irreducible 
representations using a reduction table and 
the reduction formula 

determine orbital coefficients using the 
projection operator and table 

if there are degenerate orbitals make a 
guess and check for orthogonality 

produce your fragment orbital diagram!
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be able to define and illustrate the splitting energy 

be able to discuss, employing equations, diagrams and examples Δε, Sab 
and Hab, be able to employ this knowledge in forming MO diagrams 

be able to find the reducible representation for a set of basis orbitals 

be able to write down the reduction formula and the projection operator 
and define all the terms and relate them to items in a character table 

be able to set up and use a representation table, and a projection table 

be able to find the wave-functions and draw the orbitals for a set of 
symmetry related orbitals 

 be able to produce a clear well-annotated fragment orbital diagram

Key Points
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