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1.                  [16 marks] 

(a) Develop the valence molecular orbital energy level diagram for 𝐵𝐵2.          [7 marks] 
Your diagram must include: 

• labeled molecular orbital energy levels (you don’t need to draw pictures of the MOs) 
• identification of each molecular orbital as bonding, nonbonding or antibonding 
• electrons in the appropriate molecular orbitals 

 

 
 

(b) Calculate the bond order for 𝐵𝐵2                 [1 mark] 

 bond order = 1
2

(bonding − antibonding) = 1
2

(4 − 2) = 1 

 

(c) Identify and sketch the HOMO and LUMO of 𝐵𝐵2.            [4 marks] 
 HOMO: 1π    LUMO: 3σ 

 

      
 
 
Technically, the 1π orbitals are SOMOs (Singly Occupied Molecular Orbitals), but they are the Highest 
energy Occupied Molecular Orbitals, and 3σ is the Lowest energy completely Unoccupied Molecular 
Orbital. 
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1. …continued  
(d) Sketch the UV photoelectron spectrum of 𝐵𝐵2. Assume that the UV photon used has enough energy 

to remove electrons from any of the valence orbitals. While you won’t be able to put numbers on 
the horizontal axis, do indicate what quantity is plotted along this axis and the direction in which 
this quantity increases. The vibrational “frequency” of the neutral 𝐵𝐵2 molecule is 1051.3 cm−1. 
Indicate how the relevant feature(s) of the spectrum relate to this frequency.         [4 marks] 

 
 
 

 
 
The 1π and 1σ orbitals are bonding orbitals. Removing an electron from either of these will weaken the 
bond, and therefore decrease the vibrational spacing, i.e. a smaller spacing than 1051 cm−1 would be 
observed. The 2σ* on the other hand is an antibonding orbital. Removing an electron from this orbital 
would strengthen the bond, and therefore result in a spacing between the corresponding lines in the 
spectrum greater than 1051 cm−1. 
 
 
 
The axis may be labeled in one of two alternative ways: If labeled “kinetic energy”, then it should run the 
other way (from the drawing above), with the 1σ at the low end and the 1π at higher electron kinetic 
energies. If labeled “orbital energy”, since these are negative, the axis should again run “backwards” 
since the 1σ is at a lower (more negative) orbital energy than the 1π. 
There is no way to predict the number of lines in each cluster, but there should be more than one line 
drawn.  
The spacing between the lines should be greater in the 2σ* cluster because it’s antibonding.   
The intensities are not all equal in a real PES, so line height doesn’t matter. 
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2. Consider a piece of sodium.  Use the symbol N to represent the number of sodium atoms.[7 marks] 
(a) Draw a band diagram for sodium.  Indicate the atomic orbital(s) that contributed to the band(s) in 

your diagram.                  [3 marks] 
 
 
 
 
 
 
 
 
 
 
 
 
 
It was not necessary to show any of the core bands (1s, 2s or 2p).  Full 
marks were given for labeled band diagrams clearly showing a half 
full 3s band.  Adding an empty 3p band overlapping the top of the 3s 
band was also acceptable. 
 

 
(b) Indicate how many states exist in each band on your diagram.             [1 mark]  
 
 The 3s band contains N states. 
 

A band contains one state for each orbital from which it is made.  The 3s band is made from one 
3s orbital per sodium atom, and the number of sodium atoms is N. 

 
(c) Indicate how many electrons occupy each band on your diagram.             [1 mark]  
 
 The 3s band contains N electrons. 
 

Each sodium atom contributes one valence electron to the 3s band, and the number of sodium 
atoms is N. 

 
(d) Is sodium a conductor, semiconductor or insulator?  Justify your answer with reference to your 

band diagram.                  [2 marks] 
 Conductor. 

Because the 3s band is half full, there is no band gap.  As such, electrons are easily excited from 
the occupied states to the unoccupied states of the 3s band. 
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3. Consider beryllium oxide (𝐵𝐵𝐵𝐵𝐵𝐵) according to molecular orbital theory.       [20 marks] 
(a) Draw the Lewis diagram for 𝐵𝐵𝐵𝐵𝐵𝐵.                 [1 mark] 

Be O
 

 (b) Complete the valence molecular orbital energy level diagram below by:          [9 marks] 
• drawing and labeling the molecular orbital energy levels (you don’t need to draw pictures 

of the MOs themselves) 
• identifying each molecular orbital as bonding, nonbonding or antibonding 
• populating the diagram with the appropriate number of electrons  
• labeling the HOMO and LUMO 

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Write the valence orbital occupancy (electron configuration) for 𝐵𝐵𝐵𝐵𝐵𝐵.            [1 mark] 

 (1𝜎𝜎𝑛𝑛𝑛𝑛)2(2𝜎𝜎)2(1𝜋𝜋𝑛𝑛𝑛𝑛)4 
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3. …continued 
(d) Draw each of the sigma-symmetric valence molecular orbitals of 𝐵𝐵𝐵𝐵𝐵𝐵.                     [4 marks] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(e) When 𝐵𝐵𝐵𝐵𝐵𝐵 acts as a Lewis acid, do you expect it to react at 𝐵𝐵𝐵𝐵 or at 𝑂𝑂?  Justify your answer with 

reference to the relevant molecular orbital.              [3 marks] 
 𝐵𝐵𝐵𝐵 
 Lewis acids accept electrons, so they react with their LUMO. 
 The LUMO of 𝐵𝐵𝐵𝐵𝐵𝐵 is the 3𝜎𝜎𝑛𝑛𝑛𝑛 orbital, which is polarized toward 𝐵𝐵𝐵𝐵 (because it is closer in energy 

to the contributing AOs of 𝐵𝐵𝐵𝐵 than to the 2𝑝𝑝𝑧𝑧 orbital of 𝑂𝑂).   
 So, the Lewis base should attack the 𝐵𝐵𝐵𝐵 end of 𝐵𝐵𝐵𝐵𝐵𝐵. 
 
 
(f) Does the bond order implied by your MO diagram agree with that predicted from your Lewis 

diagram?  Explain briefly.                [2 marks] 
 No.   

The Lewis diagram suggests a bond order of 2 (double bond). 
 The MO diagram suggests a bond order of 1 (only one pair of bonding electrons). 
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4.                 [16 marks] 
(a) Draw a Lewis diagram (with resonance structures, if appropriate) of 𝑁𝑁𝑁𝑁2

−.          [3 marks] 
 Include any non-zero formal charges on the appropriate atom(s). 
 

 
 
(b) Use VSEPR theory to predict the shape of 𝑁𝑁𝑁𝑁2

−.             [1 mark ] 
 bent 
  
(c) Develop the π MO energy level diagram of 𝑁𝑁𝑁𝑁2

−.             [4 marks] 
Your diagram must include: 

• labeled molecular orbital energy levels  
• identification of each molecular orbital as bonding, nonbonding or antibonding 
• electrons in the appropriate molecular orbitals 

 
There are four π electrons, two in the double bond, and two from a lone pair one bond away (i.e. from 
the –O−). 

 
 
(d) Does the π bond order implied by your π MO diagram agree with that predicted from your Lewis 

diagram(s)?  Explain briefly.                [2 marks] 
 
Total π bonding from the MO diagram: 1

2
(bonding − antibonding) = 1

2
(2 − 0) = 1 

Since there are two N–O linkages, the π bond order is total π bonding
number of N–O linkages

= 1
2
 

 
Two ways to proceed from here: 
i. The Lewis diagram has one double bond over the two N–O linkages, so the π bond order from the 

Lewis diagram is also ½. 
ii. To get the overall bond order from an MO diagram that only includes the π bonding, we need to 

add the assumed σ bond order of 1, i.e. the N–O bond order from the MO diagram is 1 + 1
2

= 3
2
. 

To get the overall bond order from the Lewis diagram, we average the bond orders in the two 
resonance structures: 1

2
(1 + 2) = 3

2
. Again, the two treatments agree. 
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4. …continued 
(e) Draw the π MOs.  Show both a top view and a side view for each π MO.  Label each picture so 

that it is clear which π MO it shows.               [6 marks] 
 
Dots mark the locations of the nuclei. (The pictures are really hard to interpret without those.) Showing 
the bottom lobe peeking out from under the top lobe in the top view isn’t essential, although then the 
side view becomes all the more important to figure out what is in your head. 
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5. The following is a graphic of methyl anthranilate, a compound that occurs naturally in grapes and 

gives them some of the characteristic grape aroma and flavor. It is the main flavoring agent in 
grape Kool-Aid.                [6 marks] 
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 The following questions are to be answered using valence-bond theory. 
(a) What is the hybridization of the nitrogen atom?              [1 mark] 
 𝑠𝑠𝑝𝑝3 
  

(b) What is the hybridization of the carbon atoms in the ring?             [1 mark] 
 𝑠𝑠𝑠𝑠2 
 
(c) How would valence-bond theory describe the bonding in the C=O group of this molecule?  Make 

sure to provide the description of both the sigma and pi bonds.           [4 marks] 
 

σ bond: C(sp2)–O(2p)  [O(2px) or O(2py) is also correct] 
π bond: C(2p)–O(2p)  [C(2pz)–O(2pz) is also correct] 
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Developed by Prof. R. T. Boeré (updated 2016) 

 
 

 
 
Table of atomic orbital energies. All energies are in Ry. 

  1s  2s  2p  
H  -1.00    
He  -1.81    
Li  -4.77  -0.40   
Be  -8.9  -0.69   
B  -14.5  -1.03  -0.42  
C  -21.6  -1.43  -0.79  
N  -30.0  -1.88  -0.95  
O  -39.9  -2.38  -1.17  
F  -51.2  -2.95  -1.37  
Ne  -64.0  -3.56  -1.59  

All energies are from J.C. Slater, Physical  
Review (1955) 98, 1039-1045. 

 
 


