Chem 332 ~ Assignment #3 (due Monday 08 February, in class)

Q1. For the hydrogen atom, <r> and <1/r> give the average values of  and 1/r for the
[1] electron. Does 1/<r> equal <1/r>? Justify your answer.

Q2. a) Atomic sizes are important in many chemical applications. Why?

b) A literature search gives 0.0529 nm for the radius of the carbon atom. But wait!
[2]  Radius implies a sphere. Are carbon atoms spherical? Explain briefly.

Q3. a) Give a brief explanation of shielding (aka screening) in atomic structure calculations.

[2] b) Does shielding increase or decrease the sizes of atoms? Justify your answer.

Q4. 0.031 nm is reported for the radius of the helium atom. But wait! Because the electron
probability density gradually decreases moving away from the nucleus, there is no sharp
cut off marking a radius. So have you ever wondered how atomic radii are defined?

The radius of a free atom is usually defined as the value of r that gives the maximum
radial electron probability density. Use this definition and the wave function for helium
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[3] derived in class to calculate the radius of the ground-state helium atom. Is this estimate of
the helium radius in acceptable agreement with the literature value 0.031 nm?

Data: Z’=1.6875 and ap = 0.0529 nm (the Bohr radius of the hydrogen atom)
Suggestion: refer to Q1 from Assignment #1 (answers posted) for calculation details

Q5. a) Simple first-order perturbation calculations for the Zeeman effect give the energies
of atoms in magnetic fields in exact agreement with measured values. For the energy of
the helium atom, however, complicated 13*-order (!) perturbation calculations are

[2] needed to get agreement with experiment. Why are perturbation calculations for helium
much more difficult than those for the Zeeman effect?

b) Variational calculations are generally much more useful than perturbation calculations
for quantum chemistry. Why? ... page 2
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Q5. a) The electron-electron potential energy of the helium atom is ————
4re, |7, — 7|
b) What is ll—; _ ’7| in this equation?

2 1

¢) Ignoring electron-electron interactions, the calculated energy of the helium atom is
—1.744 x 10-'7 J. The measured energy is —1.266 X 107 J. Use this data to estimate:

2
[4] i) % (the average electron-electron potential energy)
) 4re, |r2 - r1| '

0 < 1 >
1 — -
I”z_”l|

d) Is the answer to ii “reasonable” given the diameter of the helium atom is 0.062 nm?

Q6. Show the electron spin functions o and f (Dirac theory) are normalized and orthogonal.

T

Q7. Using the trial wave function ¢(r) = exp(—cr) for the ground-state hydrogen atom, the
[1] variational method gives the exact energy of the atom! Why is the agreement so good?

Q8. Gaussian functions are easier to integrate numerically than exponential decays. For this
reason, basis sets of Gaussian functions are frequently used for variational calculations.

[4] Using the Gaussian trial wave function ¢(r) = exp(—cr?) for the hydrogen atom gives
3n° e’
E = ———c - =0
87" 1 27,
a) Calculate the optimal values of ¢ and the variational energy.

b) Compare the variational energy to the exact energy ue*/ 8¢co?h? for the ground-state
hydrogen atom.
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