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Chapter 2 
 
1. Walsh Diagrams and Bond Angles in Water and Hydrogen Sulfide. Walsh diagrams 
follow the energies of valence molecular orbitals with change in bond angle. They are 
able to account for changes in bond angle with the change in the number of valence 
electrons.  Are Walsh diagrams also able to account for changes in bond angles for 
molecules with the same number of valence electrons but in different rows of the 
Periodic Table, for example between the HOH angle in water and the HSH angle in 
hydrogen sulfide?  
 
Construct Walsh diagrams for water and hydrogen sulfide for bond angles between 80 
to130o (in steps of 5o). Use the STO-3G model. Is the bond angle in water smaller, larger 
or about the same as that in hydrogen sulfide? If it is significantly different, which 
molecular is primarily responsible? 
 
2. Strengths of Coordinate Bonds. Both main-group elements and transition metals may 
participate in coordinate bonds, that is, bonds that dissociate heterolytically (without loss 
or gain of an electron pair) into uncharged products. Coordinate bonds need to be 
distinguished from ionic bonds that also dissociate heterolytically but lead to charged 
products, for example, sodium chloride dissociates to Na+ and Cl-. Trifluoroborane 
carbonyl, BF3CO, and iron pentacarbonyl, Fe(CO)5, exemplify main-group and 
transition-metal compounds, respectively, with a coordinate bond. 
 
Obtain equilibrium geometries for trifluoroborane carbonyl and for iron pentacarbonyl, as 
well as their heterolytic dissociation products (trifluoroborane, iron tetracarbonyl and 
carbon monoxide). Use the B3LYP/6-31G* model. Calculate the coordinate bond 
energies for both molecules. Is there only one bond dissociation for iron pentacarbonyl, 
or does loss of equatorial and axial carbon monoxide molecules lead to two different 
forms of iron tetracarbonyl? Which coordinate bond is stronger, that in trifluoroborane 
carbonyl or that in iron pentacarbonyl? Is the larger coordinate bond energy comparable 
to that of a normal covalent bond (200-400 kJ/mol)? Is the smaller coordinate bond 
energy comparable to that of a hydrogen bond (10-30 kJ/mol)? 
 
3. Homolytic Bond Dissociation Energies. Most bonds between main-group elements 
dissociate homolytically, that is, into two radicals. For example, the carbon-carbon bond 
in ethane dissociates into two methyl radicals while dissociation of a carbon-hydrogen 
bond leads to ethyl radical and hydrogen atom. Experimental homolytic bond dissociation 
energies are available for many simple compounds and have been used to construct tables 
of “average bond energies”. However, bond energies often vary widely in response to 
subtle changes in molecular structure, and average values may be of little value. Quantum 
chemical provide an alternative to measurement as a source for bond energies and a 
means to identify the direction and magnitude of changes in bond energies with changes 
in structure. 
 
Determine CF bond dissociation energies for the fluoromethanes, methyl fluoride, 
methylene fluoride, fluoroform and tetrafluoromethane. Use the B3LYP/6-31G* model to 
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obtain equilibrium geometries for all molecules involved in the bond dissociation 
reactions. 
 
CH4-nF4n  CHnF

·
3-n + F·   n=1,2,3,4 

 
What is the range of CF bond dissociation energies? What is the average? Which 
compound has the strongest bond? Which has the weakest bond? Is there a correlation 
between CF bond energies and CF bond lengths in the fluoromethanes? 
 
Repeat your calculations and analysis for the analogous chloromethanes. 

4. Structure of Sulfur Tetrafluoride. VSEPR theory uses two simple rules to assign 
geometry. The first is that the geometry about an atom is determined by insisting that 
electron pairs (either lone pairs or bonds) avoid each other as much as possible. The 
second is that it is more important to avoid unfavorable lone pair-lone pair interactions 
than it is to avoid lone pair-bond interactions which are in turn more important to avoid 
than bond-bond interactions. Taken together, the two rules anticipate a “see-saw” 
geometry for sulfur tetrafluoride. The fact that the valence incorporates five electron pairs 
(four bonds and a lone pair) means that the electron pairs are at the apices of a trigonal 
bipyramid. The fact that lone pair-bond bond interaction are more destabilizing than 
bond-bond interactions necessitates that the lone pair occupies an equatorial position 
rather than an axial position. The only question remaining is whether the alternative 
trigonal pyramid structure for sulfur tertrafluoride (again starting from a trigonal 
bipyramidal geometry but placing the lone pair an axial position) is an energy minimum.  
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Obtain geometries for both see-saw (C2v symmetry) and trigonal pyramid (C3v symmetry) 
forms of SF4 and calculate the infrared spectrum for each. Use the 6-31G* model. Is the 
see-saw structure lower in energy than the trigonal-pyramid structure in accord with 
VSEPR theory? Are both structures energy minima? Elaborate. If they are, is the energy 
difference between them small enough that both would be seen at room temperature? 
Assume a abundance of at least 5% in order to be detected. 

5. Adding and Removing Electrons. Molecular orbitals are delocalized throughout the 
molecule and may show distinct bonding or antibonding character. Loss of an electron 
from an occupied molecular orbital due to excitation or ionization, or gain of an electron 
by a previously unoccupied molecular orbital from excitation or electron capture could 
lead to changes in bonding and accompanying changes in molecular geometry. 

Use the STO-3G model to obtain equilibrium geometries for ethylene (H2C=CH2), 
formaldimine (H2C=NH) and formaldehyde (H2C=O). Examine the HOMO for each, and 
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guess what would happen to the geometry around carbon (remain planar vs. 
pyramidalize), to the C=X bond length and (for formaldimine) to the C=NH bond angle, 
were an electron to be removed from this orbital. Choose from the possibilities listed 
below. 

  remove electron add electron 
  from HOMO to LUMO 

 H2C=CH2 geometry  remain planar remain 
planar 
 around carbon pyramidalize pyramidalize 

 C=C lengthen lengthen 
  shorten shorten 
  remain the same remain the same 

 H2C=NH geometry remain planar remain 
planar 
 around carbon pyramidalize pyramidalize 

 C=N lengthen lengthen 
  shorten shorten 
  remain the same remain the same 

 <CNH increase increase 
  decrease decrease 
  remain the same remain the same 

 H2C=O geometry remain planar remain 
planar 
 around carbon pyramidalize pyramidalize 

 C=O lengthen lengthen 
  shorten shorten 
  remain the same remain the same 

Obtain equilibrium geometries for the ethylene, formaldimine and formaldehyde radical 
cations using the STO-3G model, and compare with those of the corresponding neutral 
molecules. Are the changes in geometry in line with what you expect? 

Examine the LUMO for each of the three molecules. Guess what would happen to the 
geometry around carbon, C=X bond length and (for formaldimine) the C=NH bond angle 
were an electron to be added to this orbital. Choose from the possibilities listed above. 

Obtain equilibrium geometries for the radical anions of ethylene, formaldimine and 
formaldehyde using the STO-3G model, and compare with those of the corresponding 
neutral molecules. Are the changes in geometry in line with what you expect? 
 
6. Diborane. Diborane was first thought to look like ethane. The correct structure is now 
known to be entirely different, with two of the six hydrogen atoms shared by the two 
boron atoms.   
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Use the STO-3G model to obtain the geometry and infrared spectrum for “ethane-like” 
borane (D3d symmetry). Is this structure an energy minimum? Elaborate. If it is not, 
provide a rationalization. Hint: Obtain the equilibrium geometry of ethane using the 
STO-3G model and examine its highest-occupied molecular orbital, and ask what would 
happen were two electrons to be removed. 
 
Actually, the important analogy is between diborane and ethylene which shares the same 
number of electrons (the two are said to be isoelectronic). Obtain equilibrium geometries 
for diborane in its doubly-bridged geometry and ethylene using the STO-3G model. 
Associate each of the six (occupied) valence molecular orbitals for diborane with an 
orbital in ethylene. Describe the molecular orbital in diborane that is associated with the π 
orbital in ethylene. Is it the HOMO? Locate the unoccupied molecular in diborane that 
resembles the π* orbital in ethylene. Is it the LUMO? 

7. Beyond Triple Bonds. Main-group elements incorporate an s-type atomic orbital and 
three p-type orbitals. These may be used to form one σ bond between neighboring atoms 
and additionally one or two π bonds. The maximum number of bonds between two main-
group elements (the bond order) is three. On the other hand, transition metals incorporate 
a set of five d-type orbitals (in addition to the s and p orbitals), and the maximum bond 
order between two metals can be greater than three.  

Numerous compounds with quadruple bonds between transition metals are known. 
Among them are compounds in which two chromium atoms a bridged by four acetate 
(MeCO2

-) groups with or without axial ligands, for example, pyridine. 

 
Using the experimental crystal structure [chromium-chromium quadruple bond] 
perform an STO-3G energy calculation. Starting from the highest energy, display all the 
occupied molecular orbitals until you are satisfied that you have located all those that are 
bonding between the two chromium atoms. How many have such orbitals (“bonds”) have 
you located? Would you characterize this molecule a incorporating a Cr-Cr quadruple 
bond? Characterize each of as a σ, π or δ orbitals and rationalize the ordering of their 
energies.   
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Dimolybdenum (Mo2) is another molecule where more than three bonds may be formed 
between the metal centers. Perform an STO-3G energy calculation assuming a Mo-Mo 
bond distance of 1.94Ǻ, and display all the valence molecular orbitals. Classify each as 
bonding or antibonding and as σ, π or δ. How many bonds connect the two molybdenum 
atoms? 

 

8. Ionization Potentials of Amines.  The ionization potential is the energy required to 
remove an electron from a molecule. Experimentally, ionization potential is determined 
by measuring the kinetic energy of electrons expelled from a sample that has been 
irradiated by a beam of constant-energy electrons. 

                                                    M +e- → M+· + 2e- 

One way to estimate the ionization potential is to equate it to the negative of the energy 
of the highest-occupied molecular orbital (the HOMO) of a molecule. This is commonly 
known as Koopman’s theorem. A more rigorous approach is to take the energy difference 
between a molecule and its radical cation. In this problem, you compare ionization 
potentials obtained using the two approaches. 

 Experimental ionization potentials for a series of amines and amides follow: NH3, 10.1; 
MeNH2, 8.9; Me2NH, 8.2, Me3N, 7.9; PhNH2, 7.7; NH2CHO, 10.2; NF3, 12.9; NCl3, 
10.1.  

Use the B3LYP/6-31G* model to calculate an equilibrium geometry for these of these 
molecules. Plot HOMO energy vs. experimental ionization potential. Does this approach 
correctly account for the ordering of experimental ionization potentials? Next, calculate 
the energy for the radical cation of each of the molecules. Use the geometry for obtained 
for the neutral. Plot the energy difference between the molecule and its radical cation vs. 
the experimental ionization potential. Does this approach correctly account for the 
ordering of experimental ionization potentials? Which approach provides the better 
correlation with the experimental data?  

Both the approaches you have considered assume that the geometry of the ion is the same 
as that of the neutral molecule. In practice, at least for small molecules, experimental 
ionization potential measurements can be interpreted to provide information about the 
energy lowering due to geometrical relaxation following ionization. Ionization to the 
relaxed ion is referred to as adiabatic whereas ionization with no change in geometry is 
referred to as vertical. Your calculations refer to vertical ionization. Obtain equilibrium 
geometries for the set radical cations, calculate adiabatic ionization potentials and plot 
these vs. the experimental data. Is there any improvement in the fit? 

  

9. Anticipating the Geometries of Excited-States. Excited states may be thought of as 
arising from electron promotion from filled to empty molecular orbitals. In this view, the 
first (lowest-energy) excited state arises from promotion of an electron from the HOMO 
to the LUMO. Any influence that the bonding or antibonding character of the HOMO 
may have on geometry is weakened and in return the consequences of any bonding or 
antibonding interactions present in the LUMO are felt. Therefore, examination of the 
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HOMO and LUMO for a molecule in its ground state may offer clues about the geometry 
of its first excited state. 

Obtain the equilibrium geometry for nitrogen using the STO-3G model. Examine the 
HOMO and LUMO.  Would you characterize the lowest-energy electronic transition as n 
--> π* or π --> π*? Elaborate. Would you expect the NN bond length in the ground state 
to shorten, lengthen or remain unchanged upon excitation? Elaborate 

Obtain the equilibrium geometry for acetone using the STO-3G model and examine the 
HOMO and LUMO. Would you characterize the lowest-energy electronic transition n --> 
π* or π --> π*? Elaborate. Would you expect the CO bond in the ground state to shorten, 
lengthen or remain unchanged upon excitation? Would you anticipate any other changes 
in geometry? Elaborate. 

 
 
 


