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Challenge 1 (Photoelectric effect) (18 points)

By irradiating (“bestralen”) a metal with photons, electrons can be ejected from the metal.
The kinetic energy of electrons is given by the formula

1
2
Ekin,electron — imev =hy—o

With me: mass of the electron, v: speed of the electron, h: Planck’s constant, v: frequency of
the photon and ® the work function of the metal

a) (3pt) Explain in your own words what the work function represents and how it is related to
the ability to eject electrons from a metal.

b) (3pt) The work functions for Li, Na, K are

Li: 2.93 eV Na: 2,36eV K: 2.2eV

Explain the trend in work functions
b) (3pt) The work functions for Pd, Ag, Cd are
Pd: 5.22 eV Ag: 4.26eV Cd: 4.08 eV

Explain the trend in work functions

d) (3pt) i) Calculate the minimum frequency vo that is required for the photons to be able to
remove electrons from Pd. ii) Calculate the maximum wavelength A of the photons that can
remove electrons from Pd.

e) (3pt) i) Calculate the kinetic energy of the electrons that are ejected through irradiation of
Cd with a wavelength of 200 nm. ii) Calculate the wavelength A. of the electrons that are
ejected through irradiation of Cd with a wavelength of 200 nm.

f) (3pt) Irradiating Ag with photons with a wavelength of 300 nm and a total energy of 50 W
leads to an ejection of electrons. Calculate the maximum number of electrons that can be
ejected from Ag.
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Challenge 2 (Heisenberg’s uncertainty principle) (14 points)

Heisenberg’s famous uncertainty principle tells us that we cannot simultaneously know the
position and the momentum of a particle. There is a limit, given by o that determines to

what extent the position and momentum can be determined.
h

AxAp> —
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Consider a proton with a speed of 80 km/s.

a) (4pt) If the uncertainty in its momentum is 0.200%, what uncertainty in its location must
be tolerated?

Now consider an electron confined in a space of 100 pm (= 100*1012 m).

b) (4pt) What is its uncertainty in position and in momentum? Express the uncertainty in

. . . . h
momentum in wavelength A (hint: use/rearrange De Broglie relation A = > You do not have

to fill in the electron’s mass).

The average distance from the nucleus in hydrogenic atoms are given by the following

expression.
1 [(I+1)\ ) ao
2
(r)=n {1+§ (1_T> }7

with n = principal quantum number and 1 = azimuthal quantum number

c) (2pt) Determine the average distance from the nucleus (r) for an electron in the 1s, 2s, 2p
and 3s orbital of an hydrogen atom. Express your answer in units [m] with three significant
digits.

Let us assume that the uncertainty in position is 40% of the value for the average distance
(r), meaning that Ax = 0.40(r)

d) (4pt) Calculate the uncertainty in momentum for one electron in a 1s, 2s, 2p and 3s orbital
of an hydrogen atom. What do you notice by comparing the Ax and Ap values?
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Challenge 3 (Quantum numbers and electron configurations) (14 points)

a) (4 pt) The electron configurations of atoms are given by four quantum numbers (n, I, m;
and ms). Show which of the following combinations of quantum numbers are allowed and
which are not. Explain your answer if the combination is not allowed!

1.n=4,1=2, m=1,ms=% 5.n=3,1=2,m=1, ms=%
2.n=5,1=1, m=2,ms=-% 6.n=2,1=0,m=1, ms=-%
3.n=2,1=1, m=2,ms=% 7.n=6,1=2, m=-2, ms=%
4.n=2,1=-1,m=0, ms=% 8.n=2,1=2,m=-2,ms=-1

b) (3 pt) i) The first three quantum numbers classify atomic orbitals. Explain the meaning of
these three quantum numbers. ii) Explain the meaning of the fourth quantum number ms.

c¢) (3 pt) Draw in one figure the relative energy levels for the 1s, 2s, 2p, 3s, 3p and 3d orbitals
of the H atom. Assign the electron to the orbital it occupies in the ground state of the
hydrogen atom.

d) (4 pt) i) Give the electron configurations of the following ions and ii) the number of
unpaired electrons in the following ions:

C+, K+, 52—, I\/In2+, Fe2+’ Sn2+, Au3+
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Challenge 4 (Wavefunctions and electron configuration) (22 points)

a) (7 pt) The expressions for the wavefunctions of the 2py, 2py and 2p, levels are given below:

1 1\ 52 3\ /2

2px U(r,0,0)= 2\[ <a0> re~"/2a0 (E) sinfcosg
1 1\ 5/2 1/2

2py U(r,0,0)= W (ao) re~"/2e0 (%) sinfsing

1/ 1\5"? 5\ 1/2
2p; (r,0,0)= 2\/—<a0> re_T/Q“O(E) cosf

The electron distribution in the 2p level is given by the sum of the squares of these
wavefunctions:

U2 (2p,) +0%(2p,) + 1% (2p;)
Show that the electron distribution in the 2p level of the ground state of the N atom is

spherically symmetric, meaning independent of the angles 8 and ; hint: sin?(x) + cos?(x) = 1

b) (7 pt) Which of the following elements have a spherically symmetric electron distribution
in the outer electronic level: O, Cl, Mn, Ca, Ni, Pd.

The wavefunction for the 1s hydrogen atom is given below:

1s level:
3

W(r,0,0) =R@) X Y(6,9) = 2(6%)53‘% x (l)

41

1/2

Z = atom number, ap (Bohr constant) = 52.9 pm, r = distance to the atom nucleus
c) (4 pt) The radial distribution function, P(r), is: P(r) = r? R(r). Now show that the following is
correct for the 1s orbital of the hydrogen atom:

3
P(T) — 4Z rze—ZZr/aO
ag

d) (4 pt) Sketch P(r) as a function of r for the 1s state of the hydrogen atom.
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Challenge 5 (MO theory) (17 points)

a) (7 pt) Below are two MO diagrams.

Energy Energy
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Use these MO diagrams to explain the following facts:
i. B is paramagnetic (has unpaired electrons)
ii. C, is diamagnetic (no unpaired electrons)
iii. 0, is paramagnetic (unpaired electrons)
b) (3 pt) Give the bond order for i) By, ii) Cy, iii) O..
¢) (3 pt) Explain the following facts:
C2: bond length: 124 pm bond energy: 599 kJ/mol
0: bond length: 121 pm bond energy: 494 kJ/mol

d) (4 pt) Draw the MO diagram of BN and give the bond order. Assume that orbital mixing
does occur for this molecule! Is BN para- or diamagnetic?

B.O = %A(N — N*), N = electrons in binding MOs, N* = electrons in anti-binding MOs
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Challenge 6 (Molecular Orbital Theory) (15 points)

Borane (BH3s) is a strong Lewis acid that means its lowest unoccupied molecular orbital
(LUMO) is susceptible for bonding with for example a lone pair of nitrogen in ammonia (NHs).
In this exercise, we will find out which MO in borane is the LUMO.

a) (3pt) Write down the Lewis structure of borane.

b) (3pt) Do the hydrogen atoms lie in the same plane as B or is borane bent? Explain your
answer.

c) (6pt) Complete the MO diagram that is given below by forming the right combinations and
by filling the MOs with electrons. Hint: draw the combinations.

d) (3pt) Indicate in the MO diagram which MOs are bonding, non-bonding and antibonding.
Specify which of the MO is the LUMO and which the HOMO (highest occupied molecular
orbital).

The HOMO and LUMO are often the most important orbitals to consider when bonds are
formed!
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Constants
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