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W 2011 SC/CHEM 2010.03 STUDENT NO.

Test # 2 March 14, 2011 7 questions 50 minutes 25 marks

No documentation allowed. The last page has useful constants and equations.

[marks] 1. Fill in the gaps

[1] 1-1. Possible values for the quantum number mℓ of a 5d atomic orbital are

−2,−1, 0,+1,+2

[1] 1-2. When a Fe25+ atomic ion is in its ground state, the energy required to remove

its lone electron is

262
× 13.6 = 9198 eV

[1] 1-3. The quantum number ℓ associated with f−type atomic orbitals is 3

[1] 1-4. If ψ210 and ψ310 denote orbitals of the H atom labeled with their three quantum

numbers, and the triple integral below is over all space, then

∫ ∫ ∫
ψ∗

210 ψ310 dxdydz = 0 (all AOs are orthogonal to each other)

[1] 1-5. The number of radial nodes in a 5p atomic orbital is n− ℓ− 1 = 5 − 1 − 1 = 3

[1] 1-6. The 3s, 3p, and 3d atomic orbitals of a H atom arranged in order of increasing

size:

3d < 3p < 3s
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[4] 2. 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

of length a = 57 bohrs (particle-in-a-box model). Calculate the wavelength of light absorbed by

β-carotene for its lowest electronic excitation (HOMO-LUMO transition).

With 22 electrons, the frontier orbitals will be n = 12 and n = 11.

The PIB energy formula, in atomic units (a.u.):

∆E(n = 11 → 12) = (122
− 112)h2/(8 · 1 · 572) = 0.034934

convert to Joule: . . .× 4.360 × 10−18J/au = 1.5231 × 10−19J

In SI units:

∆E = hν = hc/λ ; λ = hc/∆E = 6.626×10−34
·2.998×108

1.5231×10−19 = 1.304 × 10−6

λ = 1304nm.

[3] 3. Make a sketch of a 3dx2
−y2 atomic orbital showing the position of all angular nodes

and the sign of the wavefunction.

see figure 20.7 in Engel and Reid for the 3dxy: the 3dx2
−y2 looks similar but rotated by 90

degrees.
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[3] 4. Without using Slater’s rules, estimate the effective nuclear charge Zeff appropriate

for the 2p atomic orbital (AO) and for the 1s AO of the nitrogen atom (Z = 7, configuration

1s22s22p3). Explain, in words or with a drawing, how you got those estimates.

Zeff for the 2p AO: 3 Zeff for the 1s AO: 6.5

2p: it sees a +7 nuclear charge with 2e near it, so +5. However, the remaining four n = 2

electrons (2s22p3 minus one) shield a little bit, so Zeff < +5.

1s: the 1s is very close to the nucleus, so it sees a +7 charge that is almost unshielded by

the six other electrons, Zeff < +7 but close to 7.

[3] 5. The energy gap “Eg” between the highest occupied orbitals and lowest unoccupied or-

bitals is extremely small in a metal like Na(s); Eg is much larger in a insulator like C(diamond).

Use the particle-in-a-box (PIB) model, plus any other idea you need, and explain why the Eg of

Na(s) is so small.

electron in Na(s) are delocalized because the Na atom has a low ionization energy (roughly

5 eV) and the outer valence orbital (3s) is big (it feels a small Zeff ≈ 1). From the PIB

model viewpoint, electrons in Na(s) are in a box of macroscopic size “a” (mm or cm, not

Angstroms). For a PIB, energy levels are ∝ 1/a2, so a large a means low energies and small

energy spacings

(note: it can be shown the HOMO-LUMO energy spacing is ∝ Neh
2/(8ma2) where Ne is the

total number of electrons in the box, and a is the size of the box).
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[2] 6. The electron-electron repulsion energy in a ground state He atom is roughly 34.0 eV.

Calculate the minimum energy required to remove both electrons from a He atom initially in its

ground state:

He → He2+ + 2e− ∆E = ?

E(He) ≈ −13.606 × Z2
×Ne + Vee = −13.606 × 22

× 2 + 34 = 75eV

[4] 7. In the formulas shown below, 1s and 2s atomic orbitals of He are represented by

the symbols “1s” and “2s”, spin functions are represented by the symbols “α and “β”, and the

relevant coordinates of electrons 1 and 2 are represented simply by “(1)” and “(2)”. Write (a),

(b), (c), (d), or (e) next to each of the four mathematical expressions (7-1 to 7-4) to indicate the

word description that is most appropriate for that expression.

7-1. 1s(1)1s(2) [α(1)β(2)− β(1)α(2)] (c)

7-2. 1s(1)2s(2) [α(1)β(2)− β(1)α(2)] (b)

7-3. [1s(1)2s(2) − 2s(1)1s(2)]α(1)α(2) (a)

7-4. [1s(1)2s(2) + 2s(1)1s(2)] [α(1)β(2)− β(1)α(2)] (d)

(a) One of the triplet wavefunctions for the first excited state of He

(b) A wavefunction that does not satisfy Pauli’s principle

(c) The ground-state wavefunction of He

(d) The lowest singlet excited state of He

(e) An electronic state of He+

THE END
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Constants, Conversion Factors, Equations

kB = 1.381×10−23 J K−1 ; h = 2π a.u. of action = 6.626×10−34 J s

c = 2.998 × 108 m s−1 ; me = 1 a.u. of mass = 9.109 × 10−31 kg

1 a.u. of distance = 1 bohr = 0.5292 Å= 5.292 × 10−11 m

1 a.u. of charge = e = 1.602 × 10−19 C

1 a.u. of energy = 27.211 eV = 627.5 kcal mol−1 = 4.360 × 10−18 J

χ = (IE + EA)/2 ; η = (IE − EA)/2

nj

ni
=

gj
gi
e−(Ej−Ei)/kT ; Uel. = Q1Q2

4πǫ0r
; En = −

mee
4Z2

2(4πǫ0)2~n2

H atom ground-state energy: −13.606 eV ; En = n2h2/8ma2

permittivity of vacuum: 4πǫ0 = 1 in atomic units


