CHEMISTRY 158a, FALL, 2008
PROBLEM SET IV

1) The goal of this problem is to convince you that chemical bonding is a delicate balance of factors.  Atomic units will be used throughout this problem.  The hydrogen molecular ion, H2+, will be the vehicle for making the point.  In the equations that follow, the two identical hydrogen atoms are labeled as A and B.  If one uses a minimum basis set, an acceptable electronic wave function |e> is 

|e>  =  N(|1s, A> ( |1s, B>)

where  |1s, A> = (1/(0.5)exp(-rA) is a hydrogen atom 1s orbital centered on hydrogen A.  |1s, B> has a similar definition.
a) Show that the normalization factor N for |e> is 1/(2 ( 2SAB)0.5 where 
SAB = <1s, A|1s, B>.
b) The Hamiltonian for the problem is

H  =  -(2/2  - 1/rA  - 1/rB  + 1/RAB
where rA is the distance of the electron from hydrogen A and RAB is the distance between the two hydrogen atoms.  Using the above expression for |e>, show that the total electronic energy in atomic units equals

E  =  -0.5  +  1/RAB  + [1/(1 ( SAB)][J ( K] where

J  =  <1s, A|-1/rA|1s, A> and  K  =  <1s, B|-1/rB|1s, A>

c) One can show with considerable effort that SAB (the overlap integral), J, and K have the following dependence on RAB:

SAB  =  exp(-RAB)[1  +  RAB  +  RAB2/3]
J  =  -1/RAB  +  exp(-2RAB)[1  +  1/RAB]

K  =  -exp(-2RAB)[1 + RAB]

i) Plot the total electronic energy E for the gerade and ungerade states as a function of RAB over the range of 0 to 4 a.u.  Which term dominates for small RAB?

ii) Also plot the components of E as a function of RAB over the same range.  Interpret the results.  Also plot SAB versus RAB.  What information is provided by the overlap integral?
ii) What is E for the case of RAB →(?

iii) Determine the values of re and De from your graph of E versus RAB.
2) This problem is a sequel to Problem 10 on Problem Set III.  Previously, you applied a set of methods to atomic hydrogen and nitrogen.  Apply the same methods to molecular hydrogen and nitrogen.

a) Determine from each method values for re, De, (e, and the first ionization energy of the molecule.  Which method yields the best results?

b) Note the order of the N2 molecular orbitals generated by the various methods.  Discuss the results.

c) Examine the total electron density and a slice of the electron density including the interatomic axis.  Do the same for the HOMO.  Interpret the results.  
3) Apply the qualitative MO theory for heteronuclear diatomic molecules which was developed in class to BF.   Predict the nature of the molecular orbitals and bonding in the molecule.  Perform a Hartree-Fock calculation with a 3-21G basis set on the molecule.  Do the results of the calculation validate your qualitative predictions?  Compare your results with experimental data.
