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Part 1

1. Fill in the gaps

[1] 1-1. Give the value of kT or of RT , when T = 300K, in units of kcal/mol, or kJ/mol, or
eV, or a.u., whichever you prefer:

.

[1] 1-2. A He atom is 4 times heavier than a H atom. If a He atom with speed “v” has
a DeBroglie wavelength equal to “λHe”, then the DeBroglie wavelength of a H atom with speed
“3v” is equal to λHe multiplied by

.

[1] 1-3. Francium (Fr, element number 87) has the smallest ionization energy (IE) of any
atom in the periodic table. What is the IE of francium? You will get full marks if your answer
is within 20% of the true answer.

IE of Francium =

[1] 1-4. If ψ is unnormalized and
∫

+∞

−∞
ψ∗(x)ψ(x) dx = 25, then φ(x) = Nψ(x) will be

normalized provided that N is

(a) 25 (b) 5 (c) 1/5 (d) 1/25 (e) none of these

[2] 2. A metal with work function equal to 5.0 eV is irradiated with 7.0 eV photons that
are part of a light beam of intensity I. The metal emits electrons by photoelectric effect. What
will happen if we keep the intensity of light (I) constant but we increase the photons’ energy to
8.0 eV?

(a) the number of emitted electrons will increase by a factor 8/7
(b) the number of emitted electrons will increase by a factor 3/2

(c) the kinetic energy of emitted electrons will increase by a factor 8/7
(d) the kinetic energy of emitted electrons will increase by a factor 3/2

(e) the number of emitted electrons, and their kinetic energy, will both increase.
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[3] 3. The work function of gold (Au(s)) is 5.1 eV. Suppose a beam of light with wavelength
λmax is made of photons that have just enough energy to produce electrons, by photoelectric
effect, upon striking a gold surface. Calculate λmax.

[1] 4. The allowed energy levels of a particle in a box (PIB) in one dimension are
En = n2h2/8ma2. What values can the quantum number “n” take?

[4] 5. The energy of a typical disulfide bond, RS—SR’, is 60 kcal/mol (or 250 kJ/mol,
or 2.6 eV). Is that a strong bond compared to . . .

5-1. . . . other covalent bonds? Explain briefly.

5-2. . . . intermolecular interactions in liquids? Explain briefly.

[2] 6. How much energy is carried by each photon in a beam of light of frequency
ν = 5.00 × 1014 s−1?
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[3] 7. Calculate the instantaneous electrostatic potential energy in a helium atom when both
electron-nucleus distances are 0.900 bohr (r1 = r2 = 0.900 a.u.) and the electron-electron dis-
tance is 1.500 bohr (r12 = 1.500 a.u.). Give your final answer in units of eV (electron-Volt).
(1a.u. = 27.21eV = 627.5kcal/mol = 2625kJ/mol)

8. Give a definition or description for the following words.

[2] 8-1. degeneracy:

[2] 8-2. zero-point energy:

[2] 9. Assume that ψ(x) is the wavefunction that describes the state of a particle in one
dimension. Explain, in one short sentence, the physical meaning of . . .

∫ b

a

|ψ(x)|2 dx
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Part 2

[2] 10. What are the quantum numbers n and ℓ associated with a 4d atomic orbital?

n = ℓ =

[2] 11. The ionization energy of a ground state H atom is 13.6 eV. How much energy is
needed to excite the electron of a H atom from the 1s state to the 2s state?

[3] 12. Complete the table by inserting the appropriate numbers.

Type of Number of Total number
Atomic Orbital radial nodes of nodes

5s

4p

[1] 13.1 When we say that the spatial wavefunction of a two-electron system, Ψ(x1, y1, z1, x2, y2, z2),
is antisymmetric, what does that mean?

[1] 13.2 In few words, what does antisymmetry has to do with the Pauli exclusion principle?
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[2] 14. The ground state electronic configuration of a carbon atom (Z = 6) is 1s22s22p2. What
are the ground state electronic configurations of Cl and Fe?

Cl (Z = 17):

Fe (Z = 26):

[2] 15. The π-conjugated system of β-carotene, which is responsible for its intense orange color,
consists of 22 carbons atoms. It can be modeled as 22 electrons moving in a one-dimensional
box. One could estimate the lowest electronic excitation energy of β-carotene with the formula

∆E = h2(n2

f − n2

i )/8ma
2

(a) What should you use for a? a =

(b) What should you use for nf and ni? nf = ni =

[3] 16. Give an estimate for the effective nuclear charge Zeff appropriate for each of the
atomic orbitals (AO) below. You do not have to explain how you got your estimate. You will
get full marks if your answer is within 20% of the correct value.

The 1s AO of nitrogen (N: Z = 7, configuration 1s22s22p3): Zeff =

The 2p AO of fluorine (F: Z = 9, configuration 1s22s22p5): Zeff =

The 3s AO of sodium (Na: Z = 11, configuration 1s22s22p63s1): Zeff =
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[4] 17. Consider a hypothetical chain of sodium atoms that is 1 mm in length. This chain
would have 3,000,000 Na atoms and 3,000,000 delocalized electrons moving freely in it. Use the
particle-in-a-one-dimensional-box (PIB) model, and calculate the energy difference between the
HOMO and the LUMO.

[3] 18. Three spin functions are shown below for a hypothetical two-electron atom. In these
functions σ1 and σ2 stand for the spin coordinates of electron 1 and 2, respectively. Characterize
each of these functions as either “A” (antisymmetric), “S” (symmetric), or “N” (neither sym-
metric or antisymmetric).

α(σ1)α(σ2) α(σ1)β(σ2) α(σ1)β(σ2) + β(σ1)α(σ2)

[2] 19. Make a sketch of a 2px atomic orbital in the xy plane and show the position of
any nodal surface and the sign of the wavefunction.
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Part 3

[2] 20. Fill in the gaps. The bond order in F2 is , and for O+

2 it is .

[3] 21. Arrange the neutral homonuclear diatomic molecules H2, Be2, C2, N2, and F2, in
order of increasing equilibrium bond length.

[4] 22. Determine the symmetry point group of these molecules.
22-1. ethylene Hint: it is planar and all four CH bond lengths are equal.

22-2. trans 1,2-dichloroethyelene Hint: it is planar, the two CCl bond lengths are equal,
and the two CH bond lengths are equal.

22-3. cyclobutadiene, C4H4. Hint: it is planar, all four CC bond lengths are equal, and
all four CH bond lengths are equal.

22-4. dichloromethane Hint: the two H and two Cl atoms are arranged in a tetrahedral
fashion around the C atom, the two CH bond lengths are equal, and the two CCl bond lengths
are equal.
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23. The point group of 1,4-dichlorobenzene, C6H4Cl2 is D2h (see the character table at the end).
The z axis goes through the two Cl atoms, and the molecule lies in the xz plane.

[2] 23-1. Apply the symmetry operations of D2h on the four CH bonds and obtain the
reducible representation ΓCH of CH stretch vibrations. Hint: remember to count “0” for every
bond that moves and “1” for every bond that doesn’t.

[3] 23-2. Decompose ΓCH which you got in 23-1 into a sum of irreducible representations
(“irreps”) and find: (a) the number of CH fundamental bands in the infrared (IR) spectrum and
their irreps; (b) the number of CH fundamental bands in the Raman spectrum and their irreps.

[3] 23-3. Apply the symmetry operations of D2h on the 12 atoms of 1,4-dichlorobenzene
and obtain the reducible representation Γatoms of all atomic motions for the molecule. Hint: the
numbers you should count for each symmetry operations are 3 for E, −3 for i, −1 for any C2,
and +1 for any σ.

[1] 23-4. How many vibrational modes of 1,4-dichlorobenzene would would show up in an
IR spectrum?
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[2] 24. In general, atomic orbitals (AO) will mix to form molecular orbitals (MO) only if two
conditions are satisfied. What are those two conditions?

[5] 25. The molecular energy (MO) diagram for the B2 molecule (B, atomic number Z = 5) is
shown below with a number of items missing. Complete the diagram by showing:

(a) dashed lines connecting AO energies to the appropriate MO energies;
(b) the electron occupancy of each MO with ↑ and ↓;
(c) the bonding (B) or antibonding (A∗) character of each MO;
(d) the symmetry label of each MO (σg, σu, πg, or πu);
(e) the bond order of the molecule.
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Part 4

[9] 26. What criteria (or criterion) would you use to distinguish between a situation where you
must use quantum mechanics (QM) to get an accurate description of a system’s properties, and
a situation where you can get reasonably accurate results with classical mechanics (CM)?

Circle “QM” in the cases (below) where you must use quantum mechanics, and circle “CM”
in cases where classical mechanics is sufficient.

(a) an electron traveling in vacuum at a speed of 1 m/s and over a distance of 10 cm from
a metal plate to a detector: QM CM

(b) an electron in a water molecule at 298 K: QM CM

(c) a hydrogen atom in a water molecule at 298 K: QM CM

(d) a rain drop (0.10 mL) falling from the sky: QM CM
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[8] 27. A H atom initially in its ground state may absorb light of various frequencies ν: it will
end up either in an excited state, or an unbound state, depending on the value of ν.

H + hν −→ H∗

or

H + hν −→ H+ + e−

(a) Describe, in general terms (no calculation needed), what the frequency ν of a photon should
be for it to be absorbed by the H atom and produce an excited state; then, describe what ν
should be to produce an unbound state H+ + e−.

(b) If ν1 < ν2 are two frequencies that produce two different excited states, what are the main
differences between those two states?

(c) If ν3 < ν4 are two frequencies that produce two different unbound states, what is the main
difference between these two states?
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[8] 28. When two oxygen atoms bind to form O2, the atomic orbitals (AO) of one atom mix
with the AOs of the other atom and give rise to molecular orbitals (MOs). Assume that the two
nuclei of O2 lie on the z axis. Draw sketches that show how AOs mix (“before mixing”) and the
shape of the resulting MOs (“after mixing”) for the following combinations:

(a) 2pz with 2pz (two combinations of these AOs, two MOs)
(b) 2px with 2px (two combinations of these AOs, two MOs)

THE END
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