
Moleuclar Orbital 
Theory

Lecture 7
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Outline

interpreting EH3 MO diagrams 

some mathematical (QM) justifications 

choosing the chemical fragments 

analysing the bonding/anti-bonding character 

LCAO for real MOs
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BH3 and NH3

BH3 
◆ planar D3h 
◆ vibronic coupling does 

not occur 
◆ there is no electronic 

stablisation on lowering 
the symmetry 

◆ the a2" → a1' is empty! 
◆ no  MO mixing occurs

pz (px,py)
a2" e'

B
H H

H

H H

H

y

x
z

B
H H

H

B

BH3

a1'

a1'

e'
1a2"

2a1'

3a1'

2e'

1e'

3

BH3 and NH3
BH3 Lewis Acid 
◆ a2" is a non-bonding MO 
◆ low in energy 
◆ occupation does not 

destablise the molecule 

Lewis Adduct 
◆ occupation stabilises BH3! 
◆ presence of base reduces 

symmetry to C3v 
◆ once the a2" → a1' starts to 

"fill up" mixing can occur! 
◆ the larger the e-donation, 

the larger the distortion 
◆ can measure "donation" by 

this distortion
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Making Connections with QM

link qualitative arguments to mathematics  

solve Schrödinger equation

H = Tn +Te +Vee +Ven +Vnn

ψ = cn∑ φn

ψ = caφa ± cbφb
ψ = c(φa ±φb )

expand our MO in 
terms of the FOs

whole molecule eqn.

individual orbitals eqn.
<latexit sha1_base64="sfk70kI2034NRe925GM4XrJGcjI=">AAACAXicbZDNSsNAFIVvqtZa/6JuBBdGi+BCS+KiuhEKgrisYH+gCWEynbRDJ5MwMxFKqRtfxY0LRdz6Fu58Dx/AadOFtl4Y5vCde5m5J0gYlcq2v4zcwuJSfrmwUlxdW9/YNLe2GzJOBSZ1HLNYtAIkCaOc1BVVjLQSQVAUMNIM+ldjv3lPhKQxv1ODhHgR6nIaUoyURr65e+0mkvr00iX6ZhrRDPhmyS7bk7LmhTMVpWq+wb73D05rvvnpdmKcRoQrzJCUbcdOlDdEQlHMyKjoppIkCPdRl7S15Cgi0htONhhZR5p0rDAW+nBlTejviSGKpBxEge6MkOrJWW8M//PaqQovvCHlSaoIx9lDYcosFVvjOKwOFQQrNtACYUH1Xy3cQwJhpUMr6hCc2ZXnReOs7FTKlVudxglkVYA9OIRjcOAcqnADNagDhgd4ghd4NR6NZ+PNeM9ac8Z0Zgf+lPHxAwlMmXY=</latexit>

Fωi = εiωi

<latexit sha1_base64="Ovp/0wXKF4Vlqk/pjbsp7tPFoWI=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWIQBDHspog2QkAQ0SZCXpCsy+xkkkwyM7vMzAphSRp/RQsLRWz1K+xs/A5LJ49CEw9cOJxzL/fe44eUSGXbn0Zibn5hcSm5nFpZXVvfMDe3yjKIBMIlFNBAVH0oMSUclxRRFFdDgSHzKa743bOhX7nFQpKAF1UvxC6DLU6aBEGlJc/cOT9te+SwLiPmdW54nL30OkdXXqfvmWk7Y49gzRJnQtL53Hvxa/DwXfDMj3ojQBHDXCEKpaw5dqjcGApFEMX9VD2SOISoC1u4pimHDEs3Hn3Qt/a10rCagdDFlTVSf0/EkEnZY77uZFC15bQ3FP/zapFqnrgx4WGkMEfjRc2IWiqwhnFYDSIwUrSnCUSC6Fst1IYCIqVDS+kQnOmXZ0k5m3Fymdy1TsMGYyTBLtgDB8ABxyAPLkABlAACA3APnsCzcWc8Gi/G67g1YUxmtsEfGG8/ekeasQ==</latexit>

F = hi +
n∑

j

2Jj →Kj

<latexit sha1_base64="AXQTNFYdtJnv2BtQJZH0TVVvtSs=">AAAB8nicbVDLSsNAFJ34rPVVHzs3g0VwVRIX1Y1YELHLCvYBaSiT6aQdOpmEmRuhhn6GGxeKuBVXfok7l/6Jk7YLbT1wL4dz7uU+/FhwDbb9ZS0sLi2vrObW8usbm1vbhZ3dho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE1/cJn5zTumNI/kLQxj5oWkJ3nAKQEjudV2TfPzqyx3CkW7ZI+B54kzJcWLj/vv6/f9tNYpfLa7EU1CJoEKorXr2DF4KVHAqWCjfDvRLCZ0QHrMNVSSkGkvHa88wkdG6eIgUiYk4LH6uyMlodbD0DeVIYG+nvUy8T/PTSA481Iu4wSYpJNBQSIwRDi7H3e5YhTE0BBCFTe7YtonilAwX8qbJzizJ8+TxknJKZfKN3axYqMJcugAHaJj5KBTVEFVVEN1RFGEHtATerbAerRerNdJ6YI17dlDf2C9/QCtCJSJ</latexit>

H! = E!
<latexit sha1_base64="WYvVRE70fuSTjeR+BZamsY3pnWs=">AAACCHicbZC7TsMwFIYdrqXcAmwwYFEhMUVJh8KCVImFAaFWohepiSLHdVqrjhPZDlLVdmSBR2FhACFWeAM23oJHwE07QMuRbH36/3Nknz9IGJXKtr+MhcWl5ZXV3Fp+fWNza9vc2a3LOBWY1HDMYtEMkCSMclJTVDHSTARBUcBII+hdjP3GLRGSxvxG9RPiRajDaUgxUlryzUO3Iun59dBNJPWd7C5Cy7JghnzomwXbsrOC8+BMoVA2q98fV/sPFd/8dNsxTiPCFWZIypZjJ8obIKEoZmSUd1NJEoR7qENaGjmKiPQG2SIjeKyVNgxjoQ9XMFN/TwxQJGU/CnRnhFRXznpj8T+vlarwzBtQnqSKcDx5KEwZVDEcpwLbVBCsWF8DwoLqv0LcRQJhpbPL6xCc2ZXnoV60nJJVquo0bDCpHDgAR+AEOOAUlMElqIAawOAOPIJn8GLcG0/Gq/E2aV0wpjN74E8Z7z9Kq5vW</latexit>

! = N |ω1ω2...ωn|

coupled equations with 
Fock operators
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Reminder from QM:
determine the expression for c

 

require ψ *ψ∫ dτ = ψ ψ = 1

ψ = c φa ±φb( )
ψ ψ = c φa ±φb( ) c φa ±φb( )

ψ ψ = c2 φa φa
=1

!"#
+ φb φb

=1
!"#

± 2 φa φb
=Sab
!"#

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

1= ψ ψ = c2 2(1± Sab )

c2 = 1
2(1± Sab )

∴c = 1
2(1± Sab )

ψ = 1
2(1± Sab )

φa ±φb( )
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Reminder from QM:
determine the expression for c

 

require ψ *ψ∫ dτ = ψ ψ = 1

ψ = c φa ±φb( )
ψ ψ = c φa ±φb( ) c φa ±φb( )

ψ ψ = c2 φa φa
=1

!"#
+ φb φb

=1
!"#

± 2 φa φb
=Sab
!"#

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

1= ψ ψ = c2 2(1± Sab )

c2 = 1
2(1± Sab )

∴c = 1
2(1± Sab )

ψ = 1
2(1± Sab )

φa ±φb( )

AOs are normalised

AOs on same 
atom are 

orthogonal but 
not for different 

atoms!
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Reminder from QM:
determine the expression for c

 

require ψ *ψ∫ dτ = ψ ψ = 1

ψ = c φa ±φb( )
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Reminder from QM:
determine the expression for c

 

require ψ *ψ∫ dτ = ψ ψ = 1

ψ = c φa ±φb( )
ψ ψ = c φa ±φb( ) c φa ±φb( )

ψ ψ = c2 φa φa
=1

!"#
+ φb φb

=1
!"#

± 2 φa φb
=Sab
!"#

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

1= ψ ψ = c2 2(1± Sab )

c2 = 1
2(1± Sab )

∴c = 1
2(1± Sab )

ψ = 1
2(1± Sab )

φa ±φb( )

AOs are normalised

important for 
later

AOs on same 
atom are 

orthogonal but 
not for different 

atoms!
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Reminder from QM:
rearrange the Schrödinger equation

cannot divide by wavefunction! 
in QM we premultiply and 

integrate<latexit sha1_base64="fix8jD4aOCVRo+SP/CsbUpsuqKk="></latexit>

H! = E!

premultiply both sides by !→ and integrate
∫

!→
H!dω =

∫
!→

E!dω

E =

∫
!→

H!dω∫
!→!dω

if

∫
!→!dω =< !→|! >= 1

E =

∫
!→

H!dω =< !→|H|! >
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Making Connections with QM

ready to solve! two important pieces 
of information

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )
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Making Connections with QM

ready to solve!

put in wavefunction

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )
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Making Connections with QM

ready to solve!

expand out brackets

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )
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Making Connections with QM

ready to solve!

simplify the notation

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )
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Making Connections with QM

ready to solve!

replace c

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )

<latexit sha1_base64="2yhcPJDdifOhQE3ccljmEk7y35E=">AAACAnicbVDLSsNAFJ3UV62vqCvRxWARKkJJuqhuhIIbFy4q2oc0MUymEzt0MgkzE6GE4MZfceNCEbd+hTt/wO9w+lho64ELh3Pu5d57/JhRqSzry8jNzS8sLuWXCyura+sb5uZWU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlp+/2zot+6JkDTi12oQEzdEd5wGFCOlJc/cwbeVUycQCKd2llZK9tGVlyI/O8w8s2iVrRHgLLEnpFgr713cqG+n7pmfTjfCSUi4wgxJ2bGtWLkpEopiRrKCk0gSI9xHd6SjKUchkW46eiGDB1rpwiASuriCI/X3RIpCKQehrztDpHpy2huK/3mdRAUnbkp5nCjC8XhRkDCoIjjMA3apIFixgSYIC6pvhbiHdB5Kp1bQIdjTL8+SZqVsV8vVS52GBcbIg12wD0rABsegBs5BHTQABg/gCbyAV+PReDbejPdxa86YzGyDPzA+fgBpHZkU</latexit>

c2 =
1

2(1 + Sab)
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Making Connections with QM
ready to solve!

E = ψ H ψ and ψ = c φa ±φb( )
ψ+ = c+ φa +φb( )
ψ H ψ = c+

2 φa +φb H φa +φb

ψ H ψ = c+
2 φa H φa + φa H φb + φb H φa + φb H φb#$ %&

φa H φa = Haa assume Hab = Hba

ψ H ψ = c+
2 Haa +2Hab +Hbb[ ]

E+ = ψ H ψ

E+ =
Haa +2Hab +Hbb

2(1+Sab )
E− =

Haa −2Hab +Hbb

2(1−Sab )

Haa = εa and Hbb = εb

εa εaεb εb
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Making Connections with QM

here I've provided a simplified rationalisation 

for those who want more, I've included a 
quantitative derivation in the notes!  
◆ will not be examined

<latexit sha1_base64="5iSH7Awg132/jjxMBCgklPHe8Mw="></latexit>

E+ =
ωa + ωb + 2Hab

2(1 + Sab)
E→ =

ωa + ωb → 2Hab

2(1 + Sab)
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Making Connections with QM
set up model: diatomic 
◆ degenerate FOs εa=εb=ε 
◆ no overlap Sab =0 
◆ non-zero coupling Hab  (Hab is negative!)

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )
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Making Connections with QM
set up model: diatomic 
◆ degenerate FOs εa=εb=ε 
◆ no overlap Sab =0 
◆ non-zero coupling Hab  (Hab is negative!)

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )

<latexit sha1_base64="Gv+4tfKlusCuvK1fX090/zGBmZQ="></latexit>

E+ =
ωa + ωb + 2Hab

2(1 + Sab)

assume ωa = ωb = ω and Sab = 0

E+ =
2ω+ 2Hab

2(1 + 0)

E+ = ω+Hab
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Making Connections with QM
set up model: diatomic 
◆ degenerate FOs εa=εb=ε 
◆ assume Sab =0 (to simplify) 
◆ non-zero coupling Hab  (Hab is negative!)

ε ε

Hab

energy

E+ = ε +Hab

E− =ε −Hab

ψ+ =
1
2
φa +φb( )

ψ− =
1
2
φa −φb( )

Hab

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )

<latexit sha1_base64="Gv+4tfKlusCuvK1fX090/zGBmZQ="></latexit>

E+ =
ωa + ωb + 2Hab

2(1 + Sab)

assume ωa = ωb = ω and Sab = 0

E+ =
2ω+ 2Hab

2(1 + 0)

E+ = ω+Hab

20



Making Connections with QM
set up model: diatomic 
◆ degenerate FOs εa=εb=ε 
◆ no overlap Sab =0 
◆ non-zero coupling Hab 

degenerate orbitals: 
splitting depends on Hab

ε ε

Hab

energy

E+ = ε +Hab

E− =ε −Hab

ψ+ =
1
2
φa +φb( )

ψ− =
1
2
φa −φb( )

Hab

splitting is large!

Justifi
ed!
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Making Connections with QM
modify model 
◆ degenerate FOs εa=εb=ε 
◆ overlap allowed Sab ≠ 0 
◆ non-zero coupling Hab

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )

<latexit sha1_base64="eZE6+hQ+iiUzF+1mrqmRmllMcEQ="></latexit>

E+ =
ωa + ωb + 2Hab

2(1 + Sab)

assume ωa = ωb = ω and Sab →= 0

E+ =
2ω+ 2Hab

2(1 + Sab)

E+ =
ω+Hab

1 + Sab

22



Making Connections with QM
modify model 
◆ degenerate FOs εa=εb=ε 
◆ overlap allowed Sab ≠ 0 
◆ non-zero coupling Hab

ε ε

Hab

Hab
E+ =

ε +Hab

1+Sab

E− =
ε −Hab

1−Sab

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )

<latexit sha1_base64="eZE6+hQ+iiUzF+1mrqmRmllMcEQ="></latexit>

E+ =
ωa + ωb + 2Hab

2(1 + Sab)

assume ωa = ωb = ω and Sab →= 0

E+ =
2ω+ 2Hab

2(1 + Sab)

E+ =
ω+Hab

1 + Sab

eg if Sab=0.2 
E- divide by 0.8  
E+ divide by 1.2
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Making Connections with QM
modify model 
◆ degenerate FOs εa=εb=ε 
◆ overlap allowed Sab ≠ 0 
◆ non-zero coupling Hab

ε ε

Hab

Hab
E+ =

ε +Hab

1+Sab

E− =
ε −Hab

1−Sab

insert into the equations

E+ =
εa + εb + 2Hab

2(1+ Sab )
and E− =

εa + εb − 2Hab

2(1− Sab )

antibonding 
destabilisation is 

larger than 
bonding 

stabilisation

Justifi
ed!
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general rule: splitting energy decreases 
as the energy between the FO increases

non-degenerate 
orbitals: 

splitting energy 
depends on:

Hab( )2
Δε

degenerate ionic system:
electron transfer

large
splitting smaller

splitting

different
electronegativity

energy levels are too
far appart to interact

Hab = ψ a H ψ b

degenerate 
orbitals: 

splitting energy 
depends on:

Justified!

Making Connections with QM

from 2nd order 
perturbation theory!
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Complex Fragments
MO diagrams combine two fragments 

Symmetry fragments 
◆ atoms that transform onto each other under operations of the point group 
◆ “equivalent atoms” in terms of NMR 
◆ these are the symmetry adapted FOs 
◆ if you are not deriving symmetry adapted FOs and you need the whole set 

for an more complex diagram in the test I will provide them! 

Molecular fragments 
◆ small molecules for which the MOs are well known 
◆ like linear AB or fragments from AH2 , AH3 , AH4 

◆ (or ligand σ-orbitals! AL2 , AL3 , AL4) 

◆ if you are not deriving FOs and you need the whole set of molecular FOs for 
a more complex diagram in the test I will provide them!

Symmetry Fragments Molecular Fragments

26



Example:

CH2O 
◆ formaldehyde 
◆ molecular fragments CH2 and O 
◆ symmetry fragments H2 and CO 
◆ use molecular fragments as there is a single atom

C

H H

O

z

z

x
y

y
C

H H

O

C

H H

O

C2

H’s map onto each 
other under C2

CH2 fragment like H2O 
will have the same MOs

preferred
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Example:

BH3 
◆ boron trihydride 
◆ molecular fragments H2 and BH 
◆ symmetry fragments H3 and B 
◆ use the symmetry fragments as there is a single atom

H’s map onto each 
other under C2

H2 and BH fragments 
will have the same MOs 

as diatomics

B

H H

H

x

y

z
x

y

B

H H

H

B

H H

H

preferred

28



In-Class Activity-P1

C2H4 
◆ ethane 
◆ determine the symmetry fragments 
◆ determine the molecular fragments 
◆ which is the better one to use and why?

H

C

H

C

H

H

z

y

z

x
y
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In-Class Activity-P1

C2H4 
◆ ethane 
◆ molecular fragments?

H

C

H

C

H

H

z

y

z

x
y

H

H

H

H

C C

H

C

H

C

H

H

C2

C2

CH2 fragment like H2O 
will have the same MOs

molecular

30



In-Class Activity-P1

C2H4 
◆ ethane 
◆ molecular fragments? 
◆ symmetry fragments?

C’s map onto each 
other under C2

H

C

H

C

H

H

z

y

z

x
y

H’s map onto each 
other under C2

H

H

H

H

C C

H

C

H

C

H

H

C2

C2

symmetry

molecular

CH2 fragment like H2O 
will have the same MOs
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In-Class Activity-P1

C2H4 
◆ ethane 
◆ molecular fragments? 
◆ symmetry fragments? 
◆ use the molecular fragments because it is easier to 

work out the interactions of degenerate fragments

H

C

H

C

H

H

z

y

z

x
y

H

H

H

H

C C

H

C

H

C

H

H

C2

C2

molecular

preferred

CH2 fragment like H2O 
will have the same MOs
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H

B

H

B
HH

H H

H

B

H

B
HH

H H

intermediate diagram fragments

B
H
H

B B
HH

H H
B

H
H

final diagram fragments

B B
HH

H H

H

H

Intermediate MO Diagrams

more complex molecules 
can be built up from 
multiple fragments 

B2H6 can be built from an 
intermediate MO diagram 
◆ first combine two BH2 fragments 
◆ then combine the bridging H2 

fragment with B2H4

A

B
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MO Diagram 
B2H6

z

x

y

b1

a1

a1

b2

B2H4

ag

b1u

b2u

b3g

ag

b1u

b3u

b2g 1b2g

2b3u

1b3u

3b1u

4ag

3ag

1b2u

1b3g

2ag

2b1u

B2H6 H2

ag

b3u

the b3u FOs are 
close in energy and 

interact strongly, 
they have a single 
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the ag FOs are 
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energy and interact 
strongly, there are 
two nodal planes

exact energy odering difficult to 
predict, require a calculation

A
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MO Diagram 
B2H6

see Fig 13 in the notes

z

x

y

b1

a1

a1

b2

B2H4

ag

b1u

b2u

b3g

ag

b1u

b3u

b2g 1b2g

2b3u

1b3u

3b1u

4ag

3ag

1b2u

1b3g

2ag

2b1u

B2H6 H2

ag

b3u

the b3u FOs are 
close in energy and 

interact strongly, 
they have a single 

nodal plane

the ag FOs are 
further apart in 

energy and interact 
strongly, there are 
two nodal planes

exact energy odering difficult to 
predict, require a calculation

B

35

MO Diagram 
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further apart in 
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exact energy odering difficult to 
predict, require a calculation
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How to build the MO 

diagram for B2H4? 

See the additional 

materials fo
r this lecture
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Nature of Bonding / Antibonding

Bonding  
◆ bonding => in-phase overlap 
◆ anti-bonding => out-of-phase overlap 
◆ most orbitals contain BOTH bonding and 

antibonding interactions! 

bonding/antibonding is a 
sliding scale!

′a1

′a1

′a1

E
H H

H

H H

H

E

H H

H

′a1

in-phase

out-of-phase
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Nodes 
◆ occur where phase changes 
◆ raises the energy of an orbital, more nodes indicates 

increasing anti-bonding character 
◆ nodes at atoms are less important 
◆ nodes along bonds are very important

nodes where phase 
changes in the 

internuclear region

′a1

′a1

′a1

E
H H

H

H H

H

E

H H

H

′a1

Nature of Bonding / Antibonding
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More Complex MOs

for each interaction comment on: 
◆ antibonding or bonding? 
◆ through bond? then is it a short or long bond? 
◆ through space? then distance is important 
◆ type of interaction? s-s vs s-p and sigma vs pi 
◆ evaluate on scale from weak to strong 

evaluate overall 
◆ combine all the information! 
◆ the number and type of nodes present 
◆ number of each type of interaction 
◆ relative size of the contributing FOs

Important!
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More Complex MOs
Students have had problems 
◆ follow the rubric 
◆ include arrows and annotations 

What your assessment should look like:

in-phase so bonding
through space, long distance so weak
long range s-s interaction so weak
overall: weak bonding interaction

out-of-phase so antibonding
through bond, short bond so strong
s-s interaction so strong 
overall: strong antibonding interaction

internuclear (not atomic) 
nodes, stronger 

antibonding

MO is overall: strongly antibonding 
Due to internuclear nodes, strong 

through bond antibonding, moderated 
only weakly by slight long range 

through space bonding
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In-Class Activity-P2

Draw this diborane LCAOs MO and annotate your diagram 
evaluating the bonding and antibonding interactions

41

nodal plane in the internuclear 
region:  strong antibonding

node on an 
atom: lesser 

node not very 
antibonding

In-Class Activity-P2
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In-Class Activity-P2

antibonding 
through bond (strong) 

π-type (weak): 
overall: medium antibondng

A

antibonding 
through space, atoms 

medium apart (medium)  
s-s weaker at long range 

(medium) 
overall: medium 

antibonding

B

antibonding 
through space, atoms very far 

apart (very weak) 
s-s weak when long range (weak)  

overall: weak antibonding

C

bodning 
through bond (strong) 

directed s-p overlap, but on 
slight angle (medium-strong) 

overall: strong bondng

D

4 strong bonding interactions 
moderated by numerous medium/
weak antibonding contributions 
overall: weak antibonding
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LCAO for complex MOs

in research we work 
"backwards" from the 
delocalised MOs 

decompose real MOs into 
LCAO components 
◆ very small contributions are ignored 
◆ look for known fragment orbitals 
◆ relative size is important! 

dithiocarbamate ligand

S2C=NR2

take a closer look at 
MO 15
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LCAO for complex MOs

decompose the real MOs into LCAO 
components 
◆ very small contributions are ignored 
◆ relate to known fragment orbitals 
◆ relative size is important

MO15

"built" from EH2 FOs

larger 
contribution

combined 
“b1” MOs 
from EH2 
fragments
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In-Class Activity-P3

Draw LCAO for MO24 and MO25 S

C

S

N

H

H
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In-Class Activity-P3
Draw LCAO for MO24 and MO25 S

C

S

N

H

H

small and 
ignored

if lobes are rotated, draw them 
rotated (draw what you see)
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In-Class Activity-P3
Draw LCAO for MO24 and MO25 S

C

S

N

H

H

size 
matters
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In-Class Activity P4

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

BrF F

F
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In-Class Activity P5

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

Br
F F

F
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In-Class Activity P4

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

overall: 2 strong bonding interactions, 1 strong anti-bonding and 
1 moderate antibonding, but sAOs, so moderate bonding

node in 
internuclear 

region (strong) 
but only one

in-phase so bonding
through bond, 2nd row
 so medium-strong
s-s σ-bond strong at short range  
 so strong
overall: strong bonding interaction

out-of-phase so anti-bonding
through space, moderate 
distance so medium
long range s-s so weak
overall: weak-medium 
antibonding interaction

Br
F F

F

out-of-phase so antibonding
through bond, 2nd row 
 so medium-strong
s-s σ-bond strong at short range  
 so strong
overall: strong antibonding interaction

51

In-Class Activity P5

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

Br
F F

F
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In-Class Activity P5

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

overall: 2 strong σ- & 1 medium π- bonding interactions, 2 weak 
antibonding, so strongly bonding

Br
F F

F

nodes on atoms 
so weak

in-phase so bonding
through bond, 2nd row 
so medium-strong
directed p-p σ-bonding with large 
coefficients so very strong
overall: strong bonding interaction

in-phase so bonding
through bond, 2nd row so medium
but pi overlap with but smaller F AO 
contribution, so moderate
overall: medium bonding interaction

p-AO lobe-p-AO lobe
out-of-phase so anti-bonding
through space, moderate 
distance so medium
non-directional p-p so weak
overall: weak antibonding 
interaction
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In-Class Activity P5

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

Br
F F

F
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In-Class Activity P5

Draw LCAOs for the computed MOs below. 

On your diagrams annotate features important for evaluating 
the MO bonding character

overall: 1 weak through-space and 2 moderate σ- bonding 
interactions, 1 weak π- antibonding, so weakly bonding

Br
F F

F

out-of-phase so anti-bonding
through bond, 2nd row so medium
pi overlap so weak
but small AO contribution on Br, weaker
overall: weak anti-bonding interaction

p-AO lobe-p-AO lobe
in-phase so bonding
through space, moderate 
distance so medium
weakly directional p-p , medium
overall: weak bonding 
interaction

in-phase so bonding
through bond, 2nd row 
so medium-strong
directed p-p σ-bonding but small 
coefficients so medium
overall: medium bonding interaction

nodes on atoms 
so weak
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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 make a connection with QM, if given an equation be able to relate 
these to the "rules" and give relevant diagrams and examples 

be able to differentiate between symmetry and molecular fragments and be able 
to choose fragments that make generating the MO diagram easier 

be able to form and use intermediate MO diagrams 

be able to explain the LCAO acronym, give the general equation, describe each 
of the components and illustrate on a diagram 

be able to analyse and evaluate the bonding/antibonding qualities of a set of 
MOs and be able to annotate a diagram of the MO  

be able to represent complicated computed MOs in terms of LCAOs 

Key Points
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