EXAM INFORMATION

Radial Distribution Function: P(r) = RDF(r) = Br?R(r)? , B is the normalization constant.
Order of Orbital Energies: Homonuclear Diatomic Molecules
o,1s<0,15<0,25<0,25<m,2p<0,2p<7m 2p<0,2p

Spherical Polar Coordinates

dV = r?sin(0)drdode

Constants and Conversions: INTEGRALS

h=6.63x103 J-s j“’x”e-ade _
0

h = h/2r = 1.05x103* J-s e

a
k = 1.38x1023 J/K [2xeedx = 24
¢ = 3.00x108 m/s = 3.00x10"° m/s 0

Na = 6.02x10% mol™!
me = 9.10x103" kg
mp = 1.67x10?" kg

6 6 A—X
.[Oxe dx = 283

Ilzxee‘xdx = 687
0
1A=10""m

3 8, —x _
1eV = 1.60x10 J [ xtedx =153
1 amu = 1.66x10%" kg 5,
1J =1 kg-m?/s? [ x°e™dx = 6159
1 N =1 kg-m/s? 2
1au (hartree) = 2625 kJ/mol [ x*edx = 34070

1 au (hartree) = 27.21 eV



CHEM 5210 — Exam 3 April 24, 2015

Name

(833) 1. Short Answer Questions

(4) (a) The experimental electron affinity of an oxygen atom is -142 kJ/mol. Explain
why you would expect the Hartree-Fock estimate of an oxygen atom to be
more or less negative than the experimental value.

(4) (b) Write down the expression for the Exchange Integral [K1s2s] for the exchange
interactions between electrons in 1s and 2s orbitals. Use atomic units, and write
the integrals in standard double integral form.

(5) (c) Write the Hamiltonian for the two electrons in the HeH™ molecular ion, in SI
(MKS) units.

(2) (d) Consider the function, [f(1)g(2) - g(1)f(2)][a1B2 - B1a2] (f and g are spatial
functions). This function is (i) symmetric, (i) antisymmetric, (iii) neither
symmetric nor antisymmetric with respect to electron exchange. No
explanation necessary



1. Short Answer Questions (Cont'd.)

(6) (e) Consider an excited state of the B* ion with the configuration: 1s22s'3s'. A
simple product wavefunction for a lithium atom in this configuration is:
w=1s(1)a11(2)B22s(3)B33s(4)B4

Write the normalized Slater determinant for the appropriately antisymmetric
wavefunction with this configuration.

(6) (f) Write the complete electron configuration and give the bond order of the N2
molecule in the lowest excited electronic state.

Is the bond length in the excited state higher or lower than the ground state
bond length (explain your reasoning)?.

(8) (g) As discussed in class, the Secular Determinant is the determinant of the
coefficients of the homogeneous linear equations which result from use of the
Variational Theorem to minimize the energy.

Explain why the Secular Determinant must be equal to zero.

(3) (h) Sketch the 7y 2p orbital in a homonuclear diatomic molecule AND state what the

letter, "g", stands for.



For #2 -#3: The energy levels of hydrogenlike atoms are given by:
1 e* Zz? 1 z?
E.=-= —=--(2625kJ )=
2 4reya, N 2 n

Note: Both questions use the above formula, but are not related to each other.

(5) 2. Calculate the wavelength of the emitted light (in nm) when an electron in the
n = 5 level of the Li* ion drops to the n = 3 level.

(8) 3. The Hartree-Fock energy of HeH" is —2.931 a.u.

Calculate the Homolytic* Dissociation Energy, De, of HeH, in electron volts (eV).
*This means that HeH" breaks apart into He™ + H.



(20) 4. One of the hydrogen atom wavefunctions is:
w = Ar’e "% sin(@)e"

(10) (a) Set up the expression to calculate the average value of cos?(0), <cos?(6)>. Your
answer should be of the form: <cosz(¢9)> = A’L.l,l,, where IR, lp, and |, are
integrals over dr, do and de.

Notes: (1) Itis NOT necessary for you to evaluate the integrals.

(2) The volume element and integration limits in spherical polar
coordinates are given in the information page



4. (Cont'd)

For part (b), use the Radial Distribution Function for this
wavefunction, which is given on the information page.

9
For this problem, the normalization constant of the RDF is: B :L( ! j

40320 2a,

(10) (b) Calculate the probability that the distance of the electron from the nucleus is
between 6a, and 12a... You should get a numerical value for this probability.



(08)

5. A hypothetical wavefunction for a two electron system is:

v =N[1s0)25(2)]-[3- a3, + 2- Bz, |

Assuming that the individual spatial functions, 1s and 2s are individually normalized,

determine the normalization constant, N, of the complete wavefunction above.
Show your work to receive credit.

The three experimental ionization energies of the lithium atom are: IE1=520. kJ/mol,
IE2=7300. kJ/mol, IE3=11,810 kd/mol. The correlation energy of the lithium atom is -
120.8 kd/mol. The Hartree-Fock energies of the Lithium +1 and -1 ions are:
Enr(Li*)=-7.236 au and Enr(Li")= -7.477 au.

(4) a) Write the Hamiltonian for the lithium atom in S| Units.



6. (Cont'd)

(6) b) Use the data at the beginning of the problem to calculate the Hartree-Fock
estimate of the first ionization energy, in kd/mol.

(6) c¢) Use the data at the beginning of the problem to calculate the Hartree-Fock
estimate of the electron affinity, in kd/mol.



(10) 7. Consider a trial variational wavefunction for a hypothetical multielectron atom, which
is of the form: ¢ = ¢(a), where a is a positive Variational parameter (i.e. a > 0). It
was found that the expectation value for the energy, in a.u., using this trial
wavefunction is:

<E>=(p|H|p)=5a°-6a -2

Calculate the best value of the helium atom energy which can be obtained using this
trial wavefunction.



