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[marks]

[1] (1) Five combinations of quantum numbers (n, ℓ,mℓ, ms) for the hydrogen atom are listed

below. Circle the one that is incorrect.

(a) (2, 1, 0,+1

2
) (b) (3, 2,−1,−1

2
) (c) (2, 1,−2,+1

2
)

(d) (3, 0, 0,+1

2
) (e) (3, 1, 1,+1

2
)

[1] (2) The hydrogen atom wavefunctions are products of a radial function R(r) and a angular

function Y (θ, φ). The function R(r) depends on two quantum numbers: which two?

n and ℓ

[2] (3) Sketch the shape of a hydrogen atom wavefunction with quantum numbers n = 3

and ℓ = 1.

This is a 3p function. Draw a small p-type peanut shape with clear and dark shades for the 2

lobes, with a dashed circle around to represent the radial node, and two kidney shaped contours

outside the dashed circle.

[2] (4) Give the number of angular nodes and radial nodes in a 4d atomic orbital:

A 4d atomic orbital has 2 angular nodes

A 4d atomic orbital has 1 radial nodes

[1] (5) What is the degeneracy of the n = 4 energy level of the hydrogen atom? Answer

with a number.

16
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[3] (6) Estimate the effective nuclear charge Zeff felt by one of the two electrons in the He

atom ground state, configuration 1s2. You can use Slater’s rules if you know them, or use any

other reasonable way to estimate Zeff . Whatever you do, explain how you get your answer.

Slater’s rules: Zeff = 2.00 − 0.35 = 1.65

Without Slater’s rules: e− #1 spends half its time closer to the nucleus than e− #2. This

suggests that e− #1 fells Z = 2 half the time, Z = 1 half the time, and Zeff = 1.5 on average:

Zeff ≈ 1.5.

(note: this would be true only if, at all times, one e− is much closer to the nucleus than the

other.)

[2] (7) What is the Pauli exclusion principle? There is more than one way to answer correctly.

ψ(x1, y1, z1, x2, y2, z2) = −ψ(x2, y2, z2, x1, y1, z1)

or “The wavefunction of a many-electron system must be antisymmetric with respect to in-

terchange of the coordinates of any two of its electrons.”

or “In an atom, no two electron can have the same four quantum numbers”

(strictly speaking, the last statement is a consequence of the Pauli principle, it is not the Pauli

principle)

[2] (8) The atomic number of vanadium, V, is Z = 23. What is the ground state elec-

tronic configuration of a V atom?

1s2 2s2 2p6 3s2 3p6 4s2 3d3

[3] (9) The effective nuclear charge Zeff calculated with Slater’s rules is shown below for

three atomic orbitals. Which of those three atomic orbitals is the smallest, and why?

4s of Sc: Zeff = 3.00 4s of Co: Zeff = 3.90 5s of Rh: Zeff = 3.90

The 4s of Co because its n (4) is smaller or equal to the other two cases, and its Zeff is bigger

or equal to the other two cases.
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[3] (10) The absolute hardness of a molecule, η, is given by the formula

η = (IE − EA)/2

Give the SI units attached to η, and explain what η represents (in other words, what is the main

difference between two molecules if one has a big η and the other has a small η).

Joule (unit of energy)

The hardness of a molecule is its tendency to remain electrically neutral. A large hardness im-

plies that the molecule does not easily gain or lose electrons.

[2] (11) This question is about the electronic wavefunctions of H+

2 . Two 1s orbital func-

tions, centered on the protons “a” and “b” of H+

2 , are represented by 1sa(~r) and 1sb(~r). Write

down an expression for the simplest LCAO approximation to the antibonding wavefunction ψu

in terms of 1sa(~r) and 1sb(~r): ψu = ?

ψu = Nu(1sa(~r) − 1sb(~r))

where Nu is a normalization factor to ensure that
∫
ψ∗

uψudτ = 1

[3] (12) When two atoms “A” and “B” come close, an orbital φa(~r) centered on atom “A” will

mix with an orbital φb(~r) centered on atom “B”, giving rise to two molecular orbitals, provided

that two conditions are met. What are those two conditions?

The overlap of φa(~r) and φb(~r), Sab, must be large enough (normally |Sab| > 0.1), and the

energy difference |Ea − Eb| between the two orbitals φa(~r) and φb(~r) is small enough (normally

|Ea −Eb| < 10 eV).

THE END


