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In our universe, the spin quantum number can take on two values: +½ and –½. In an alternate hypothetical universe called Morspin, the spin quantum number can take on three values: +½, 0, and –½. There are no other differences between this alternate universe and our own universe in terms of any of the other quantum numbers.
The periodic table in Morspin is shown below. Answer the following questions.
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(a) (1 mark) In the alternate universe of Morspin, write the ground state electron configuration of element 25.
1s3 2s3 2p9 3s3 3p7  or  [15] 3s3 3p7  
(b) (1 mark) In the alternate universe of Morspin, write an acceptable set of quantum numbers (n, l, ml, ms) for a valence electron in element 16.
n = 3, l = 0, ml = 0, ms = +½
Other acceptable answers:
n = 3, l = 0, ml = 0, ms = 0
n = 3, l = 0, ml = 0, ms = -½
 (c) (1 mark) In the alternate universe of Morspin, which species would have a larger radius: element 15 or cation 172+? Explain your answer for full marks.
There are two ways that a student could explain his/her answer. Both are worth full marks.
Explanation based on the number of protons & electrons:
These two species are isoelectronic: they have the same number of electrons (15). However, they have different numbers of protons (15 vs. 17). The species with the larger radius is the one with fewer protons. So element 15 has a larger radius; cation 172+ has a smaller radius.
Explanation based on effective nuclear charge:
The greater the effective nuclear charge, the smaller the radius. Because these two species have the same number of electrons, they have exactly the same shielding constant, S. However, they have different numbers of protons (Z). Using the formula Zeff = Z – S, the larger the Z, the larger the Zeff. So cation 172+ has a larger Zeff and a smaller radius; element 15 has a smaller Zeff and a larger radius.

(d) (2 marks) In the alternate universe of Morspin, which species would have the greater (more exothermic) electron affinity: element 47 or element 48? Explain your answer.
In the ground state electron configuration of elements 47 and 48, the p-orbitals are being filled successively. Element 47 will have two electrons occupying the 4p orbitals (one electron in each orbital with parallel spins – according to Hund’s rule), while element 48 will have three electrons occupying the 4p orbitals. 
Electron affinity measures the ability of an atom to gain an electron (in the gas phase). It usually increases (becomes more exothermic) from left to right across the periodic table.  However, having three half-filled p-orbitals (or 1/3-filled in Morspin), like for element 48, is an unusually stable configuration, such that it would release very little energy (close to 0 kJ, or even require energy) to add an electron to element 48 as a result of repulsive forces of having two electrons occupying the same orbital. In contrast, adding an electron to element 47 would give rise to the unusually stable half-filled (1/3-filled) orbitals, and that would release a lot of energy. So element 47 has the greater (more exothermic) electron affinity.
Note: no marks for random guessing without any explanation.
 (e) (1 mark) Suppose the ionization energy of element number 7 was measured to be 439 kJ mol-1. Explain whether you would expect the ionization energy of element number 6 to be larger or smaller.
Ionization energy measures how much energy is required to remove an electron from an atom (in the gas phase). It usually increases from left to right across the periodic table. However, element 6 should have a larger ionization energy compared to element 7 . In element 7, an electron in the 2p-orbital is being removed. The electron in the 2p-orbital is higher in energy compared to an electron in the 2s-orbital that would be removed in element 6. 

Problem 2
Ozone (O3) is a pollutant. High levels of ozone cause rubber to deteriorate, green plants to turn brown, and many people to have difficulty breathing. The heat of formation of ozone is 143 kJ mol-1 and the Gibbs energy of formation of ozone is 163 kJ mol-1.

(a) (1 mark) Write a balanced chemical equation showing how gaseous ozone is formed from oxygen (O2). Ozone is the product in your balanced equation.
3 O2(g)  2 O3(g)
Alternative answers:  The student should get full marks for writing O2(g)  2/3 O3(g), or 3/2 O2(g)  O3(g). The student should also get full marks even if he/she does not include the state (g).
No marks for reactions that involve any other reactants or products than O2 and O3.


(b) (1 mark) Explain whether the reaction you wrote in part (a) is exothermic or endothermic.
The reaction is endothermic.
For 3 O2(g)  2 O3(g):  ΔrH° = 2 ΔrH°(ozone) – 3 ΔrH°(oxygen) = 2(143) – 3(0) = 286 kJ mol-1
For  O2(g)  2/3 O3(g): 2/3 ΔrH°(ozone) –  ΔrH°(oxygen) = 2/3(143) – (0) = 95.3 kJ mol-1
3/2 O2(g)  O3(g): ΔrH°(ozone) –  3/2 ΔrH°(oxygen) =(143) –3/2 (0) = 143 kJ mol-1
ΔrH° > 0, indicating an endothermic reaction.
(c) (1 mark) For the reaction you wrote in part (a), decide whether ΔrS° is positive or negative or zero. Explain your answer. (Note: this question is about ΔrS°, not ΔS°univ.)
To form ozone, we are consuming three moles of a gas and forming only two moles of a gas. Since you are consuming gas, ΔrS° is negative.
Alternate answer: the product with three oxygen atoms bonded together is more ordered (fewer microstates) than the reactant with two oxygen atoms bonded together. Because the product is more ordered than the reactants, ΔrS° is negative.
 (d) (1 mark) Using  your answers for part b and c, decide whether the reaction is spontaneous at high temperatures, low temperatures, all temperatures, or no temperature. Explain your answer.
ΔrH° > 0 and ΔrS° < 0
ΔrG = ΔrH° - TΔrS°
For a spontaneous reaction, ΔrG < 0. But no temperature would give a negative value of ΔrG. The reaction is never spontaneous, i.e. at no temperature.
Note: If the student answered part b and c wrong, then he/she should still be able to earn marks in part d. For example, if the student decided that ΔrH° < 0 and ΔrS° < 0, then the reaction would be spontaneous at low T. If the student decided that ΔrH° > 0 and ΔrS° > 0, then the reaction would be spontaneous at high T. Finally, if the student decided that ΔrH° < 0 and ΔrS° > 0, then the reaction would be spontaneous at all T. 
(e) (1 mark) Calculate the value of ΔrG°.
For 3 O2(g)  2 O3(g):  ΔrG° = 2 ΔrG°(ozone) – 3 ΔrG°(oxygen) = 2(163) – 2(0) = 326 kJ mol-1
For  O2(g)  2/3 O3(g): 2/3 ΔrG° (ozone) –  ΔrG° (oxygen) = 2/3(163) – (0) = 108.7 kJ mol-1
For 3/2 O2(g)  O3(g): ΔrG° (ozone) –  3/2 ΔrG° (oxygen) =(163) –3/2 (0) = 163 kJ mol-1


 (f) (2 marks) Calculate ΔrG in urban smog at 25 °C, where the pressure of oxygen is 0.21 bar and the pressure of ozone is 5 x 10-7 bar. Is the reaction spontaneous under these conditions?
ΔrG = ΔrG° + RTlnQ
Q = (5 x 10-7)2 / (0.21)3 = 2.699 x 10-11
ΔrG = 326 kJ mol-1 + (8.314 J mol-1 K-1)(298 K) (1 kJ / 1000 J) ln(2.6995 x 10-11) = 266 kJ mol-1

For  O2(g)  2/3 O3(g): 
Q = (5 x 10-7)2/3 / (0.21) = 2.998 x 10-4
ΔrG = 108.7 kJ mol-1 + (8.314 J mol-1 K-1)(298 K) (1 kJ / 1000 J) ln(2.6995 x 10-11) = 88.6 kJ mol-1

For 3/2 O2(g)  O3(g): 
Q = (5 x 10-7)/ (0.21)3/2 = 5.196 x 10-6
ΔrG = 163 kJ mol-1 + (8.314 J mol-1 K-1)(298 K) (1 kJ / 1000 J) ln(2.6995 x 10-11) = 132.9 kJ mol-1

The reaction is not spontaneous because ΔrG > 0.
· ½ mark for equation of ΔrG
· ½ mark for the proper Q (note the squared & cubed terms!)
· ½ mark for remembering to convert between J & kJ
· ½ mark for explanation about spontaneous
· Note: if the student did not remember to convert between J and kJ, he/she will get a negative value for ΔrG (-60 x 103 kJ mol-1), and conclude that the reaction IS spontaneous. He/she should lose ½ mark total (assuming everything else is okay in the calculation).


