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FIRST PUBLIC EXAMINATION

Trinity Term  2000

Preliminary Examination in Physical Sciences

SUBJECT 3:  CHEMISTRY 3:  PHYSICAL CHEMISTRY

also

Preliminary Examination in Molecular and Cellular Biochemistry

Wednesday, 14th June 2000, 2.30 p.m. to 5.00 p.m.

Time Allowed 2 _ hours

Candidates should answer all questions in Section A and any two questions in Section B.

(The numbers in square brackets indicate the weight that the Examiners expect to assign
to each part of the question)

Molar gas constant, R    = 8.314 J K  −1 mol −1

Planck constant, h   = 6.626 × 10  −34 J s
Boltzmann constant, kB = 1.381 × 10  − 23 J K  −1 

Speed of light, c   = 2.998 × 10 8 m s  −1

Avogadro number, NA   = 6.022 × 10 23 mol  −1

p y   = 1 bar = 1 × 10 5 Pa
Electron mass, me   = 9.110 × 10  −31 kg 
Elementary charge, e   = 1.602 × 10  −19 C
Faraday constant, F   = 9.648 × 10 4 C mol −1

Atomic mass unit, mu   = 1.661 × 10 −27 kg
Molar volume, Vm   = 24.79 dm 3 mol −1 at 298K
1 electron volt    =  1.6022 × 10 −19 J

You must not open this paper until instructed to do so by an invigilator.
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Section A

Answer all six questions in this section

1.  (a) What is an eigenfunction?   [1]

 (b) The Schrödinger equation for a particle in a one-dimensional box in which the potential
energy is zero within the box and infinite elsewhere is

− ?2

2m
d2y (x)

dx2 = E.y (x) where      ?= h/2o

Show that

 y (x) = A cos(kx) + B sin(kx)

is a solution to this equation within the box.   [2]

     (c)  Explain why, for a particle in such a box of length L,  0 � x � L, A must be zero.

  [2]

     (d) In what ways does the behaviour of an electron trapped in a box of atomic dimensions
differ from the behaviour of a classical particle?   [3]

2. For the concentration cell:

Cu (s) | Cu2+ (aq, a1) || Cu2+ (aq, a2) | Cu (s)  

     (a) Write down the overall cell reaction.   [1]

     (b) Write down the Nernst equation.   [2]

     (c) Demonstrate that the cell generates a zero EMF when a1 = a2.   [2]

     (d) Calculate the ratio a1/a2 if a particular cell has an EMF of 17.8 mV at 298K.   [3]
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3. Ka for the dissociation of ethanoic acid (CH3COOH) in water at 298K is 1.8 × 10 −5.

     (a) Write down the expression for Ka in terms of concentrations.   [1]

     (b) Calculate the pH of a 1M aqueous solution of ethanoic acid at 298 K.   [4]

     (c) Would you expect the entropy change for the dissolution of ethanoic acid in water to
be positive or negative? Explain your reasoning.   [4]

4. Aluminium oxide can be reduced by hydrogen according to the equation

Al2O3(s) + 3H2(g) → 2Al(s) + 3H2O(l)

The standard enthalpy of formation of aluminium oxide is -1668 kJ mol-1 and that for
the formation of water is -286 kJ mol-1.

     (a) What is the standard enthalpy of formation of aluminium at 298K? How do you
know?

  [1]

     (b) Calculate the standard enthalpy change when 2 moles of aluminium oxide reacts
completely with hydrogen at 298K.   [4]

     (c) Comment on the feasibility of carrying out this reaction at 298K.   [3]

5.  (a) On a single diagram sketch the Maxwell-Boltzmann distribution of molecular speeds
for chlorine and bromine (assume that both gases are at the same temperature).

  [2]

     (b) Explain how the Maxwell-Boltzmann distribution can be used to help understand the
variation of chemical reaction rates with temperature.   [5]

     (c) Why is the Maxwell-Boltzmann distribution applicable to the translational motion of
molecules, but not applicable to their vibrational motion?   [2]
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6. NO and Cl2 react according to the equation

2NO(g) + Cl2(g) → 2ONCl(g)

The rate equation is second order in NO(g), first order in Cl2(g) and third order overall.  
1 mole of NO and 1 mole of Cl2 are introduced into an evacuated reaction vessel of
fixed volume.

     (a) Calculate the ratio of the rate of reaction at the start of the reaction to the rate when
exactly half of the NO has been consumed.   [3]

     (b) What would you expect the rate of reaction to be when half of the chlorine has been
consumed? Why?   [2]

     (c) The rate of reaction doubles when the temperature is increased from 318K to 330K;
calculate the activation energy for the reaction.   [3]
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Section B

Answer two questions from this section

7.  (a) Describe how the standard electrode potential for the cell shown below could be
determined.   [8]

Pb(s) | PbCl2(s) | HCl(aq) | Hg2Cl2(s) | Hg(l)

     (b) The standard emf of the cell is given by the expression

E0 /V = 0.5359 + 0.000145 T/K

in which T is the temperature in Kelvin. Calculate the standard change in Gibbs’ free
energy, entropy and enthalpy for the cell reaction at 298 K.   [8]

     (c) What further information would you need in order to calculate the solubility product
of lead (II) chloride?   [4]

     (d) Explain what you understand by the term activity, and why the use of activities is
essential in many electrochemical calculations.   [5]

8. In a sample of hydrogen atoms the 1s electrons are excited to the n = 6 level by the
absorption of light. Ignoring any splitting of the levels caused by spin-orbit coupling,
answer the following:

     (a) Which energy levels can the excited electrons reach directly by emitting a photon?
  [3]

     (b) Sketch and label clearly the emission spectrum due to transitions from the n = 6 level.
  [6]

     (c) The ionization energy of a ground state hydrogen atom is 13.6 eV. Calculate the energy
in electron volts required to ionize an electron from the n = 6 energy level. 

  [5]
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     (d) Determine whether the energy provided by a UV laser operating at 280 nm is sufficient
to excite the 1s electron in a ground state hydrogen atom to the n = 6 level.

  [6]

     (e) It is found that some transitions of the 1s electron in hydrogen have almost exactly the
same energy as some transitions of the single electron in the He+ ion. Which transition
in He+ has the same energy as the 1s → 2 transition in hydrogen? What is the energy of
this transition?   [5]
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9. The molar enthalpy of formation of Br2(g) at 298K and 1 bar is 30.91 kJ mol-1. The

enthalpy of vaporization of bromine at 331.5K is 29.96 kJ mol-1.

     (a) Bromine is an element; why is the enthalpy of formation given above not zero?   [2]

     (b) Calculate the entropy change when 1 mole of bromine liquid is turned into vapour at
331.5 K and 1 bar.   [3]

     (c) The entropies of vaporization of methanol and ethanoic acid at their normal boiling
points are 104 and 62 J K-1 mol-1 respectively. Bearing in mind Trouton’s rule,
comment on these values.   [5]

     (d) The enthalpy of vaporization of bromine at its critical point is zero.  Why is this?   [5]

     (e) Use Kirchoff’s equation to calculate the difference in heat capacity at constant
pressure, Cp, between 1 mole bromine liquid and 1 mole bromine vapour at 331.5 K.
(You may assume that the heat capacities of the liquid and vapour do not vary over the
range 298 K to 331.5 K).   [6]

     (f) Explain why bromine liquid and vapour have different heat capacities.   [4]

10. The decomposition of di-t-butyl peroxide

(CH3)3COOC(CH3)3 (g)   →  2(CH3)2CO (g)  +  C2H6 (g)

has been studied in the gas phase at constant volume. Measurements of the total
pressure of the system as a function of time are given in the table below.

t (min)    0    3    6   12   21
p (torr) 173.5 193.4 211.3 244.4
286.8
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     (a) Determine the order of the reaction.   [6]

     (b) Determine the rate constant for the reaction.   [5]

     (c) Derive an expression relating the rate constant for the reaction to the half-life, and
hence determine the half-life for the reaction.   [7]

     (d) At low pressures, this reaction shows second order kinetics; explain why this is so.
  [7]
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