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Chapter 14 

1. Molecular Phosphorous. The most stable arrangement of molecular phosphorus (white 
phosphorus) is tetrahedral P4. Dissociation to two molecules of P2 is estimated to be 
endothermic by >200 kJ/mol, and can only be detected upon heating to 1000 K. To the 
contrary, the stable form of molecular nitrogen is N2, and N4 has never been detected let 
alone isolated and characterized.  

 Use the B3LYP/6-31G* model to obtain equilibrium geometries and for tetrahedral P4 

and N4 (as well as P2 and N2) and calculate energies for the two dissociation reactions. 
Are your results consistent with what is known about the two systems? Is tetrahedral N4 
thermodynamically stable with regard to dissociation to two molecules of molecular 
nitrogen? Calculate the infrared spectrum of tetrahedral P4. Is the molecule actually an 
energy minimum? Explain your reasoning. 

Is tetrahedral As4 an energy minimum? To tell, use the B3LYP/6-31G* model to obtain 
its equilibrium geometry and infrared spectrum. Explain your reasoning. If As4 is an 
energy minimum, is it thermodynamically stable with regard to dissociation into two As2 
molecules, that is, is dissociation endothermic (like P4) or exothermic? What is the room 
temperature equilibrium distribution of As4 and As2? 

 
2. Hydrazine. Hydrazine, H2N-NH2, is the simplest molecule that incorporates an NN 
bond. Each sp3 nitrogen center holds a pair of electrons (a lone pair), and bond-lone pair 
and lone pair-lone pair repulsions are likely to influence the molecule’s conformation (as 
well as bond-bond repulsion). What is the conformation of hydrazine? Do the NH bonds 
and lone pair stagger each other as in ethane? If so, are the two lone pairs trans (:NN: 
dihedral angle = 180o) or gauche (:NN: dihedral angle ≈ 180o) are both trans and gauche 
conformers energy minima?  
 
Obtain a series of structures for hydrazine with the :NN: dihedral angle is constrained to 
be 0o, 20o, 40o,… 180o (10 structures in total). Use the B3LYP/6-31G* model. 
 
In practice, you cannot constrain the :NN: dihedral angle (lone pairs refer to electrons and not nuclei). You 
can, however, constrain one of the HNNH dihedral angles and span the full 180o range. 

 
Make a plot of energy vs. :NN: dihedral angle. How many conformers (energy minima) 
appear on the plot? How many different conformers are there? Can the properties of 
hydrazine be attributed to a single conformer or must they be obtained by averaging the 
properties of two or more conformers?  How many energy maxima appear on the plot? 
How many different energy maxima? Describe the structures of all unique energy 
minima and energy maxima and speculate why they are favored and disfavored, 
respectively. Finally, consider the hydrazine energy profile in light of that for ethane 
(which shows staggered conformers to be 13 kJ/mol lower in energy than eclipsed 
conformers). What can you say about the importance of interactions involving lone pairs 
relative to those involving only bonds?  
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3. Energy Content of Hydrazine Fuels. According to the B3LYP/6-31G* model, which 
fuel delivers the greater energy on a per gram basis, hydrazine or tetramethylhydrazine? 
The products of oxidation are N2 and water for hydrazine and N2, water and CO2 for 
tetramethylhydrazine. Make certain to include the mass of the oxidizer (O2) in your 
calculations. How does the better of the two fuels compare with molecular hydrogen on a 
per gram basis? 
 
4. Dinitrogen Tetroxide. Dinitrogen tetroxide (O2NNO2) is an intermediate in the 
oxidation of hydrazine. Are the nitro groups coplanar or perpendicular (or somewhere in 
between)? To tell, obtain the equilibrium geometry using the B3LYP/6-31G* model. 
Start with a twisted geometry. Rationalize your result.  

5. Inversion in Amines, Phosphines and Arsines. Amines, phosphines and arsines all 
exhibit pyramidal geometries and all undergo inversion about the pyramidal center, for 
example, in ammonia. 

   

The angles about nitrogen in ammonia are 108o, are much larger than the corresponding 
angles about phosphorus in phosphine (92o) or about arsenic in arsine (91o). Is there a 
corresponding trend in the energy barriers to pyramidal inversion? 

Use the B3LYP/6-31G* model to obtain geometries for both pyramidal and planar forms 
of ammonia, phosphine and arsine. While the planar structures are transition states and 
not energy minima, planar structures will be maintained is they are supplied at the start. 
Calculate barriers to inversion for the three molecules. Do they follow the same trend as 
the geometries?  

Repeat your calculation with trifluoroamine, trifluorophosphine and trifluoroarsine, and 
note any differences in geometries and inversion barriers with the corresponding 
hydrides.   

6. Pseudorotation in Pentavalent Phosphorus Compounds. Pentavalent phosphorus 
compounds adopt trigonal bipyramidal geometries, with attached atoms (or groups) 
occupying either equatorial or axial positions. However, at normal temperatures only 
“one kind” of atom is seen, implying that equatorial and axial sites rapidly interchange. 
The interchange process, known as pseudorotation, is believed to involve a square-based 
pyramidal transition state. 
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Use the B3LYP/6-31G* model to obtain equilibrium geometries of both trigonal 
bipyramid and square-based pyramid forms of phosphorus pentafluoride. You don’t need 
to perform a transition-state optimization for the latter. Rather, carry out a normal 
geometry optimization starting from a square-based pyramid (C4v symmetry) structure. 
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Calculate infrared spectra for both structures, to verify that the trigonal bipyramid is an 
energy minimum and the square-based pyramid is a transition state. Calculate the 
activation energy for pseudorotation. Is it small enough (<100 kJ/mol) that you would 
expect the reaction to occur at normal temperatures? 

Repeat your calculations for phosphorus pentachloride. Is the barrier to pseudorotation 
smaller, greater or about the same as in phosphorus pentafluoride? Try to rationalize your 
result. 

7. Dipole Moments of Mixed Pentavalent Phosphorus Halides, PFnCl5-n. Pentavalent 
phosphorus assumes a trigonal bipyramidal geometry with distinct axial and equatorial 
positions. This means that mixed phosphorus halides will exhibit isomers. However, 
because axial and equatorial positions rapidly interconvert (see previous problem), any 
observed properties will be those of an equilbrium mixture of all possible isomers and 
depend on temperature.  

Use the B3LYP/6-31G* model to obtain equilibrium geometries for both isomers of 
SF4Cl. Which isomer is lower in energy? Provide a rationale for your result. Calculate the 
dipole moment of a sample at room temperature. Is it different at 50 K? At 1000 K? 
Explain your results. 

Repeat the calculations for SF3Cl2 (3 isomers), SF2Cl3 (3 isomers) and SFCl4 (2 isomers). 
Are the results consistent with those for SF4Cl? Elaborate. Compute dipole moments at 
50 K, room temperature and 1000 K.  

8. Oxy Acids of Phosphorus. The oxy acids of phosphorus exist in two isomeric forms, 
one in which the phosphorus is trivalent and the other in which it is pentavalent.  
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With few exceptions, most notably the bis(trifluoromethyl) compound (R=R’=CF3), the 
latter is favored. The evidence is that the infrared spectra of phosphorus oxy acids 
typically contain lines characteristic of P=O and PH bond stretches and no evidence of 
OH stretches. Despite the apparent preference for pentavalent forms, the known 
“chemistry” of the phosphorus oxy acids demands involvement of the trivalent structure. 
This suggests that the two must be close in energy and in equilibrium.  

Use the B3LYP/6-31G* model to obtain equilibrium geometries for both forms of 
dimethylphosphonate (R=R’=OMe). There are too many different conformers (torsional 
angles) for you to consider using the B3LYP/6-31G* model, so select a single conformer 
for each form using molecular mechanics. Which form is lower in energy? Is your result 
consistent with the experiment? Elaborate. What temperature would be required for the 
higher energy structure to be present as 5% of an equilibrium mixture?  
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Repeat your calculations with the bis(trifluoromethyl) compound. Does this show a 
different preference than dimethylphosphonate?  If it does, propose a rationale. 
 

9. Hydrogen Azide. Hydrogen azide is known to be an acyclic molecule, the usual 
description of which involves two Lewis structures. 

 HN=N+=N- ↔ HN--N+≡N 

Does  cyclic isomer, “cyclotriazine”, also exist? While this is likely to be highly strained, 
it may be described in terms of a single Lewis structure without separated charges. 

 

Attempt to obtain equilibrium geometries for both cyclic and acyclic forms of hydrogen 
azide using the B3LYP/6-311+G** model. (Start from a non-planar geometry for the 
cyclic isomer.) Are both acyclic and cyclic structures energy minima? Justify you answer. 
If both structures are minima, which is more stable? What temperature would be required 
in order for both to be observed in an equilibrium mixture? (Assume that the minor 
isomer must be at least 5% of the mixture in order to be detected.) 

 
 


