






A u s t r a l i a n  Sc i e n c e  O ly m p i a d s   2 0 0 7  Ch e m ist ry  N a t io n a l  Q u a l i fy in g  Ex a m in a t io n  
 
 

                                                

    Page  4 of  31 

Q3  The density of liquid nitrogen is 0.807 g mL–1. If a person accidentally swallowed a 0.025 mL drop 
of liquid nitrogen, what volume of nitrogen gas would be evolved in their body at 100.0 kPa and 
37 °C? 

A 0.018 mL 

B 0.025 mL 

C 19 mL 

D 23 mL 

E 37 mL 

Q4  By referring to the standard reduction potentials below, which of the species listed is the best 
oxidising agent? 

  Cu2+ (aq)  +  2e–      Cu (s)  E0 = +0.34 V 

  Ni2+ (aq)  +  2e–      Ni (s)   E0 = -0.23 V 

  Cd2+ (aq)  +  2e–      Cd (s)  E0 = -0.40 V 

  Fe2+ (aq)  +  2e–      Fe (s)  E0 = -0.44 V 

  Zn2+ (aq)  +  2e–      Zn (s)  E0 = -0.76 V 

A Cd (s) 

B Zn2+ (aq) 

C Ni (s) 

D Cu2+ (aq) 

E Fe (s) 

Q5  Which one of the following species does not have eight valence electrons surrounding the central 
atom? 

A CCl4 molecule 

B NH3 molecule 

C NH4
+ ion 

D OF2 molecule 

E BCl3 molecule 

Q6  Which one of the following series is arranged in order of increasing ionic radius? 

A Mg2+ < S2– < Cl– < K+ < Ca2+ 

B Mg2+ < Ca2+ < K+ < Cl– < S2– 

C S2– < Cl– < K+ < Mg2+ < Ca2+ 

D S2– < Mg2+ < Ca2+ < Cl– < K+  

E Ca2+ < Cl– < K+ < Mg2+ < S2– 









A u s t r a l i a n  Sc i e n c e  O ly m p i a d s   2 0 0 7  Ch e m ist ry  N a t io n a l  Q u a l i fy in g  Ex a m in a t io n  
 
 

                                                

    Page  8 of  31 

Q15 The dichromate ion Cr2O7
2– is orange in aqueous solution whereas Cr3+ is green. An acidified 

solution of potassium dichromate is thus a useful reagent for identifying many chemical species. 

  The following five aqueous solutions were prepared, and a few drops of acidified potassium 
dichromate solution were added to each one. Three of them turned green; one turned a murky brown 
colour, and one remained orange. 

  Which solution remained orange? 

A SnCl2 

B KI 

C CH3CH2OH 

D NaNO2 

E Al2(SO4)3 
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 Q17 

  Mass spectrometry is an important tool in the determination of the structures of organic compounds.  

  The process begins with the ionisation of the sample to form a positively charged ion, the molecular 
ion. At this stage, the molecular ion commonly fragments to form additional cations. These cations 
are passed through a magnetic field where they are observed to follow a curved path. The radius of 
curvature of the path is dependent upon the mass to charge ratio (m/z) of individual ions. 
Measurement of the radius of curvature thus gives an accurate measure of the m/z ratio for each ion. 
The abundance of ions detected for each m/z is plotted as a graph of the mass spectrum.  

  Since ions with a multiple positive charge are much less abundant than those with a single positive 
charge, the detected m/z ratio is effectively equal to the mass of the ion, m. 

(a)  The empirical formula of a compound may be calculated from percentage composition data. An 
unknown compound consisting of carbon, hydrogen and oxygen only was analysed to contain 
54.5% carbon and 9.15% hydrogen.  

 (i) Calculate the empirical formula of the unknown compound. 

 

 

 

 

 

 

 (ii) Deduce the molecular formula of the unknown compound given it has a molecular mass of 
88 g mol–1.  

 

 

 

 

 

 

  The molecular mass of a compound is readily obtained from mass spectrometry. However, 
compounds with different molecular formulae may have molecular masses that are identical to the 
nearest unit value. High resolution mass spectrometry overcomes this issue by providing molecular 
mass measurements with great precision (often to several decimal places).  

 

 

 

 

 

Q17 continues on the next page. 
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(e)  A four-carbon compound containing only carbon, hydrogen and oxygen displayed a molecular ion 
peak at m/z 74.0729 when subjected to high resolution mass spectrometry. Significant fragment 
peaks were also observed at m/z 15, 17 and 57. 

 (i) Provide the molecular formula for this compound. 

 

 

 

 

 

 (ii) Provide a possible structure for the fragments corresponding to each of the peaks.  

m/z = 15   m/z = 17 m/z = 57 

 

 

 

 

 

 (iii) Propose a possible structure for the compound, based on your answers from (ii). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q17 continues on the next page. 
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  Some elements exist in nature as a mixture of more than one isotope of high natural abundance. 
Bromine appears as two abundant isotopes: 79Br (49.3% abundance) and 81Br (50.7% abundance). A 
compound containing one bromine atom will give rise to two molecular peaks depending on which 
isotope it contains. One peak will result from molecular ions containing 79Br, and the other will result 
from molecular ions containing 81Br. The two peaks differ by two m/z units. The relative intensities 
of these two peaks correspond to the natural abundance of the isotopes (49.3 : 50.7). 

  Chlorine and sulfur likewise exist as several isotopes. This is shown in the following table: 

Isotope Natural Abundance (%) 
35Cl  75.8 
37Cl  24.2 
32S 95.0 
33S 0.75 
34S 4.2 

(f)  For each of the following compounds, provide the expected m/z values corresponding to the peaks 
for the molecular ion, and state the relative intensity of the peaks in each case. 

 (i) CH3CH2CH2SH 

  m/z      Relative Intensity     

               

               

               

               

 

 (ii) Cl   CH2CH2 CH2CH2 Cl  

  m/z      Relative Intensity     

               

               

               

               

 

 (iii) Br  CH2CH2 Cl  

  m/z      Relative Intensity     
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Q18 

  Whether a pure substance exists as a solid, liquid or gas depends not only on the temperature of the 
system, but also on the pressure of the system. To illustrate this concept, we will investigate a 
physical property called the vapour pressure. 

  The vapour pressure of a pure substance is defined as the pressure of the vapour (of this substance) 
in equilibrium with its non-vapour phases (i.e. solid and liquid phases). The vapour pressure of a pure 
substance is temperature dependent (i.e. it has different values at different temperatures). 

  For example, liquid water in equilibrium with water vapour, as represented by the equation:  

H2O (l)      H2O (g) 

  has a vapour pressure of 3.17 kPa at 298 K. This means that the forward and reverse rates of this 
process are equal when the pressure of water vapour is 3.17 kPa. 

  An important implication is that, when the vapour pressure of a substance exceeds the pressure of the 
system (which, for open beakers of liquid, is the pressure of the surrounding air), the equilibrium 
between gaseous and non-gaseous phases is no longer achievable, and molecules rapidly become 
gaseous in bulk (i.e. the substance boils or sublimes). 

  The boiling point of water is 373.15 K. 

(a)  What is the vapour pressure of water at 373.15 K and standard atmospheric pressure? (Give a 
numerical answer.) 

 

 

 

 

(b)  Butane has a vapour pressure of 47.156 kPa at 253 K, and 149.03 kPa at 283 K. Circle whether 
butane is gaseous or non-gaseous under the following conditions: 

 Pressure 

Temperature 1 atm 2 atm 

253 K Gaseous     /     Non-gaseous Gaseous     /     Non-gaseous 

283 K Gaseous     /     Non-gaseous Gaseous     /     Non-gaseous 

  In mixtures of two or more pure substances, each substance establishes its own equilibrium with its 
gaseous phase and thus has its own vapour pressure (called the partial vapour pressure). The total 
vapour pressure of a mixture is the sum of the partial vapour pressures of every component in the 
mixture. 

  We can use Raoult’s law to calculate partial vapour pressures of each pure substance in a mixture. 
Naming any particular substance in the mixture as A, Raoult’s law states that: 

 

pA = "A pA
*  

  where 

 

pA
*  is the partial vapour pressure of A in its pure form, 

 

pA  is the partial vapour pressure of A 
in the mixture, and χΑ is the mole fraction of A (i.e. the number of moles of A expressed as a 
fraction of the total number of moles of the mixture). 

Q18 continues on the next page. 
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  For example, since pure water has a vapour pressure of 3.17 kPa at 298 K, then in a mixture 
containing 0.50 moles of water and 1.5 moles of ethanol, at 298 K, the partial vapour pressure of 
water will be 

 

pH2O =
0.50

0.50 +1.5
" 3.17 kPa = 0.79 kPa . 

  At a temperature of 323 K, benzene has a vapour pressure of 36.60 kPa and toluene a vapour 
pressure of 12.28 kPa 

(c)  A liquid mixture contains 0.530 mol benzene and 1.12 mol toluene at 323 K. Calculate the following 
(show all working): 

 (i) Partial vapour pressure of benzene 

 

 

 

 

 

 

 (ii) Partial vapour pressure of toluene 

 

 

 

 

 

 

 (iii) Total vapour pressure of mixture 

 

 

 

 

(d)  What is the mole fraction of benzene in the vapour above the mixture described above? 
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  As mentioned earlier, vapour pressure is temperature-dependent. For small changes in temperature, a 
crude estimation of the change in vapour pressure can be made. With a known vapour pressure pb at 
temperature Tb, the vapour pressure p at a different temperature T (in Kelvin) is given by the 
equation: 

( )
( )b

b

vapb TT
TR

H

p

p
!

"
=!

2
1  

  where ΔvapH is the molar enthalpy of vaporisation in joules per mole, and R is the gas constant in 
joules per Kelvin per mole (see data page on page 2 of this paper). 

  At atmospheric pressure, the boiling point (Tb) of bromine is 332.4 K, and its molar enthalpy of 
vaporisation is ΔvapH = 29960 J mol–1 (or ΔvapH = 29.96 kJ mol–1). 

(e)  Using the formula given above, calculate (showing all working) the vapour pressure of bromine at: 

 (i) T = 320 K 

 

 

 

 

 

 

 

 

 (ii) T = 340 K 

 

 

 

 

 

 

 

 

 (f)  Using the formula given above, calculate the temperature at which bromine boils if the pressure of 
the system is raised to twice atmospheric pressure (2.000 atm). Show all working. 

 

 

 

 

 

 



A u s t r a l i a n  Sc i e n c e  O ly m p i a d s   2 0 0 7  Ch e m ist ry  N a t io n a l  Q u a l i fy in g  Ex a m in a t io n  
 
 

                                                

    Page  20 of  31 

  Raoult’s law and the dependence of vapour pressure on temperature can be used to explain why 
solutes raise the boiling point of the solvent in which they are dissolved. This phenomenon is known 
as boiling point elevation. 

  For simplicity, we make the sound assumption that solutes mentioned in these problems are not 
volatile (i.e. the vapour pressure of solutes is always zero). 

(g)  Calculate the mole fraction of solute particles in the two mixtures below. Show all working. 

 (i) 160.0 g glucose (C6H12O6) dissolved in 500.0 g of water 

 

 

 

 

 

 

 (ii) 50.0 g sodium chloride dissolved in 500.0 g of water 

 

 

 

 

 

 

(h)  Using Raoult’s law and the equation that relates vapour pressure to temperature, which of the 
following solutes (when dissolved in 1 kg of water) would you expect to have a higher boiling point 
elevation (or do they have the same amount of boiling point elevation)? Give reasons to justify your 
answer. 

 (i) 50 g sodium chloride or 50 g sodium bromide 

 

 

 

 

 (ii) 1 mole calcium chloride or 1 mole calcium carbonate. 

 

 

 

 
 
 
 
 
Q18 continues on the next page. 
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 (l)  Hence or otherwise, given that the molar enthalpy of evaporation of water is ΔvapH = 40.65 kJ mol–1, 
estimate the boiling point of EACH of the TWO solutions in question (g). Show all working. 
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  The enantiomeric species are assigned Λ (lambda) and Δ (delta) configurations on the basis of the 
helicity of the complexes. A Λ configuration refers to a left-handed helicity. That is, the optical 
isomer can be viewed as having a left-handed (or anticlockwise) screw into the plane of the page. 
The Δ configuration has a right-handed helicity. 

  Non-mirror image stereoisomers are referred to as diastereoisomers and, in contrast to enantiomers, 
do have different physical and chemical properties. Thus, in the case of the complex ion, 
[CoCl2(en)2]+, the cis-Λ (or cis-Δ) isomer and the trans isomer are diastereoisomers. 

(e)  Draw and name all of the possible isomers of the following complex ion: [CoBr(NCS)(en)2]+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(f)  What type of structural isomerism could be exhibited by the complex ion in (e) above?  

 

(g)  What type of isomerism, if any, could be exhibited by a four-coordinate complex of the type 
[M(H2NCH2CO2)2]? Sketch the isomers. 

 

 

 

 

 

 

 

More space available on the next page. 
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