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DATA

Avogadro constant (N) = 6.022 x 1023 mol™* Velocity of light (c) = 2.998 x 108 m s+

1 faraday = 96 485 coulombs Density of water at 25 °C = 0.9971 g cm™
1A=1Cs! Acceleration due to gravity = 9.81 m s~
Universal gas constant (R) 1 newton (N) =1 kg m s

8.314 JK T mol™?
8.206 x 102 L atm K1 mol!

Planck’s constant (h) = 6.626 x 10734 J s 1 pascal (Pa) =1 N m™
Molar volume of ideal gas pH = —logio[H"]
e at0°Cand100kPa=22.71L pH + pOH = 14.00 at 25°C
e at25°Cand 100 kPa=24.79 L Ka={[H'] [AT]}/[HA]
e at0°Cand101.3kPa=22.41L pH = pKa + logio{[AT] / [HA]}
e at25°Cand 101.3 kPa=24.47 L PV =nRT
E=hv
Surface area of sphere A = 4nr? C=vVA
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SECTION A: MULTIPLE CHOICE

USE THE ANSWER SHEET PROVIDED

1. Sodium sulfite (Na2SOs3) reacts with hydrochloric acid to produce sodium chloride, sulfur
dioxide and water. What volume (in mL) of 10.1 mol L* hydrochloric acid is required for
complete reaction with 32.6 g of sodium sulfite?

A. 128 mL
B. 17.1mL
C. 256mL
D. 51.2mL

E. 1024 mL
2. Which of the following pairs lists elements in order of increasing electronegativity?

A. Na,F, O/N
B. Na, O F N
C. Na,N,O, F
D. N,O,F Na

E. Na,ON,F

3. Which of the following contains molecules with linear molecular geometry in the solid
state?

A. CO2

B. KCI

D. GeO:

E. MgCl,
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4. A substance conducts electricity well when liquid but not when solid. Which of the
following could this substance be? Select all that apply.

A. copper

B. sodium nitrate

C. argon

D. carbon tetrachloride

E. boron nitride

5. Calculate the concentration of chloride ions in the resulting solution when 50.0 mL of
2.68 mol L calcium chloride solution is mixed with 150 mL of 1.13 mol L™ silver nitrate
solution.

A. 0.49molL?
B. 0.67molL*
C. 0.85molL™
D. 1.34mol L

E. 1.55molL™?

6. What is the percentage by mass of fluorine in NF3?

A. 31.13%
B. 57.56%
C. 73.06%
D. 80.27%
E. 87.15%
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7. One step in the manufacture of aluminium is the production of aluminium hydroxide
by the following process:

2 NaAlO2(aq) + 3 H20(I) + CO2(g) — 2 Al(OH)s(s) + Na2COs(aq)

What mass of aluminium hydroxide can be produced from a mixture of 40 g NaAlOg,
15 g H20(l) and 10 g CO2(g)?

A. 17.7g

W

216 g

35.4¢

o @

38.1g

m

43.3 g

8. How many hydrogen atoms are there in 0.2 mol of ammonium sulfate?

A. 6.0x10%
B. 1.2x10%
C. 24x10%
D. 4.8x10%
E. 9.6x10%

9.  Which of the following molecules has the highest boiling point?

A. CFk4
B. CCls
C. CBrn
D. Cls
E. CHs
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10. Which of the following has the largest atomic radius?

A RDb
B. Xe
C. K

D. Kr
E. Sb

11. Element A has 3 valence electrons and element B has 6 valence electrons. Elements A and
B are in the same period of the Periodic Table.

What is the likely formula of the compound that elements A and B form together?

A. AB

B. A:B3
C. AB:
D. A:B
E. AsBs
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12. Which of the following substances has the highest boiling point?

A. bromine

B. magnesium bromide
C. phosphorus tribromide
D. hydrogen bromide

E. hydrogen

13. Rubidium forms a number of oxides, one of which contains 78.08% rubidium by mass. What
is the empirical formula of this oxide?

A. RbeO
B. RbO
C. RbO:
D. RbO
E. Rb20;

14. Select all molecules that have the same molecular shape.

A. CO;
B. BFs
C. CI0
D. H.S
E. CHs
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15. 500 mL of a 0.10 mol L! sodium chloride solution is prepared. To this sodium chloride
solution, 500 mL of 0.10 mol L lithium chloride solution is added.

Which of the following describes the changes in concentration of sodium and chloride ions
upon addition of the lithium chloride solution?

[Na']
A.  Decreases
B.  Staysthe same

C. Increases

[CI]
A. Decreases
B.  Stays the same

C. Increases
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Question 16
Basic carbonate minerals are found widely in nature and, as their name suggests, contain
carbonate ions (CO3?") together with other basic ions such as hydroxide (OH") or oxide (0%)

and various metal cations.

Carbonate content can be determined by measuring the mass of carbon dioxide given off when
the mineral is treated with excess nitric acid.

(a) Calculate the molar mass of the mineral with formula Pb1gO3(CO3)s(OH)2

MM =207.2 x 10 + 16 x 3 + 60.01 x 6 + 17.008 x 2 = 2514.08 g mol~*
(1 mark)

(b) Balance the chemical equation for the reaction of this mineral with excess nitric acid.

Pb1003(CO3)s(OH)2 + 20 HNO3 — 10 Pb(NO3)2 + 6 CO2 + 11 H20
(1 mark total, 0.25 mark each non-mineral coefficient)

(c) Calculate the mass of carbon dioxide released when 10.00 g of this mineral reacts with
excess nitric acid.

m(CO2) =6 x 44.01 x 10/ (207.2x 10+ 16 x 3 + 60.01 x 6 + 17.008 x 2)
=1.050¢
(3 marks)
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(d) Calculate the chemical amount (in mol) of nitric acid required to react with 10.00 g of
this mineral.

N(HNO3) = 20 x 10/ (207.2 x 10 + 16 x 3 + 60.01 x 6 + 17.008 x 2) (1 mark)

Basic carbonate minerals undergo thermal decomposition, forming metal oxides and releasing
carbon dioxide and water, whose total mass can be determined by weighing.

(e) Balance the chemical equation for thermal decomposition of this mineral.

Pb1003(C0O3)s(OH)2 — 10 PbO + 6 CO2 + H20
(1 mark total, 0.25 mark each coefficient)

(F) Calculate the total mass lost when 10.00 g of this mineral is thermally decomposed.

mass = (1 x 18.016 + 6 x 44.01) x 10/ (207.2 x 10 + 16 x 3+ 60.01 x 6 + 17.008 x 2)
=1.122¢
(2 marks)
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A sample of a different mineral is analysed by the same methods. This mineral also contains
only Pb?*, CO3?>~, OH™ and O* ions.

When a 5.000 g sample of this mineral is treated with 25.00 mL of 2.000 mol L™ nitric acid
(HNO3), 0.5214 g of carbon dioxide is released, and 0.01051 mol of the acid remains.

When subjected to thermal decomposition, 5.000 g of this mineral loses 0.5926 g.

(g) Calculate the chemical amount (in mol or mmol) of nitric acid that reacts with the
5.000 g sample of this mineral.

N(HNOs, total) = 25.00 / 1000 % 2.000 = 0.05000 mol
n(acid, reacted with mineral) = 0.05000 — 0.01051 = 0.03949 mol

(h) Calculate the chemical amounts (in mol or mmol) of carbon dioxide and water released
in the thermal decomposition.

n(CO2) = 0.5214 / 44.01 = 0.01185 mol
m(H20) = 0.5926 — 0.5214 = 0.0712 g
n(H20) = 0.0712 / 18.016 = 0.00395 mol

(i) Calculate the chemical amounts (in mol or mmol) of Pb?*, CO3*", OH™ present in the
5.000 g sample of this mineral.

n(COs*) = 0.01185 mol
n(OH-) = 2 x 0.00395 = 0.00790 mol
n(Pb?*) = 0.03949 / 2 = 0.01963 mol

(1) Calculate the empirical formula of this mineral.

n(0%) = 2 x n(Pb?*) — 2 x n(COsz*) — 1 x n(OH") = 0.003924 mol
(Can also do O? by mass balance)

For the simplest ratio, divide by n(O?%): PbsO(COz3)3(OH)
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A related series of water soluble minerals contain only Na*, HCOs~ and COs? ions. Such
minerals can be analysed by reaction with hydrochloric acid under two different reaction
conditions, which we will refer to as A and B.

Reaction A
CO3? ions present react to form HCO3™ ions only; HCO3™ ions present do not react further.
CO3* + H" — HCOs3~

Reaction B

Both CO3?™ ions and HCO3™ ions present react completely to form CO; and H20.
CO3%> + 2H* — CO2 + H20

HCO3 + H" — CO2 + H20

A 6.000 g sample of a mineral containing only Na*, HCO3~ and COs*" ions is dissolved in
water to form 100 mL of “dissolved mineral solution”.

20.00 mL of “dissolved mineral solution” requires 10.32 mL of 0.5012 mol L™ HCl in
Reaction A, and 36.12 mL of 0.5012 mol L™ HCI in Reaction B.

(k) Calculate the chemical amount of HCI consumed in reaction A. (in mol or mmol)

n(HCI, A) =10.32 /1000 x 0.5012 = 0.005172 mol

() Calculate the chemical amount of COs?" ions present in 20.00 mL of the “dissolved
mineral solution”.

n(CO3%) = 10.32 / 1000 x 0.5012 = 0.005172 mol
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(m) Calculate the chemical amount of HCO3™ ions present in 20.00 mL of the “dissolved
mineral solution”.

n(HCI, B) = 36.12 / 1000 x 0.5012 = 0.01810 mol
n(HCI reacting with CO3?") = 2 x 10.32 / 1000 x 0.5012 = 0.01034 mol

n(HCOs") = 36.12 /1000 x 0.5012 — 2 x 10.32 / 1000 % 0.5012 = 0.007759 mol

(n) Calculate the empirical formula of this mineral.

n(HCO3")/ n(COs%) = 0.07759 mol / 0.005172 mol = 1.5
Simplest ratio is 3 HCO3™ : 2 COs*
Charge balance then requires 7 Na™.

So the empirical formula is Na7(HCO3)3(COs)a.
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Question 17

'H Nuclear Magnetic Resonance (NMR) is an extremely useful analytical technique as it can
convey detailed information about the structure of molecules.

The number of signals in the *H NMR spectrum of a given molecule corresponds to the
number of unique hydrogen atom environments in that molecule.

For example, chloromethane (CH3Cl) has three hydrogen atoms in the same environment (i.e.
attached to the same atom), so there is only one signal in its *H NMR spectrum.

By contrast, methanol (CH3OH) has two different hydrogen atom environments, labelled Ha
and Hp in the diagram below.

e The Ha atoms are bonded to the carbon atom, whereas Hy, is bonded to the oxygen
atom.

2-chloropropane also has two different hydrogen atom environments, labelled Ha and Hp in
the diagram below.

e the 6 Ha atoms are present in two equivalent CHs groups on either end of the
molecule.
e The single Hp atom is bonded to the central carbon atom.

1-chloropropane has three different hydrogen atom environments, labelled Ha, Hy and He.
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(@) How many signals would you expect in the *H NMR spectrum of the following molecule?

(b) How many signals would you expect in the *H NMR spectrum of the following molecule?

(c) How many signals would you expect in the *H NMR spectrum of the following molecule?
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Use the following structures to answer the questions on this page.

(d) Using the identifying letters, which of the above molecules would you expect to have one
signal in their *H NMR spectrum?

A G,

(e) Using the identifying letters, which of the above molecules would you expect to have two
signals in their 'H NMR spectrum?

B, E, I

() Using the identifying letters, which of the above molecules would you expect to have four
signals in their 'TH NMR spectrum?

D, K
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If a molecule contains two or more different hydrogen atom environments, *H NMR can also
provide information about the relative the number of hydrogen atoms in each environment.

As we have seen before, methanol (CH3zOH) has two different hydrogen atom environments,
labelled Ha and Hy in the diagram below.

There are 3 Ha atoms for every Hp atom. We can summarise this in table form:

Hydrogen atom | Relative number

environment

of hydrogen atoms

Ha

3

Hp

1

Similarly, 2-chloropropane has two different hydrogen atom environments, labelled Ha and
Hp in the diagram below. There are 6 Ha atoms for every Hy atom.

Hydrogen atom | Relative number
environment of hydrogen atoms
Ha 6

Hb 1

Normally the integral of the signal arising from the fewest protons is assigned an integral of
1, and all other integrals are expressed relative to that. This can give rise to non-integer
integrals.

For example, methanamine has two different hydrogen atom environments: labelled Ha and
Hp in the diagram below. The ratio hydrogen atoms is therefore 3:2, or more simply 1.5:1.

Hydrogen atom | Relative number

environment

of hydrogen atoms

Ha

1.5

Hp

1
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Use the following structures to answer the questions on this page.

(g) Using the identifying letters, which of the above molecules would you expect to give the
following *H NMR data? Select all that apply.

Hydrogen atom | Relative number
environment of hydrogen atoms
I 9

I 1

(h) Using the identifying letters, which of the above molecules would you expect to give the
following *H NMR data? Select all that apply.

Hydrogen atom | Relative number
environment of hydrogen atoms
I 6

I 2

i 1

v 1

(i) Using the identifying letters, which of the above molecules have at least one signal in their
'H NMR spectrum with a relative number of hydrogen atoms of 1.5? Select all that apply.

E F.
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Use the structures below to answer questions (j) to (m).

(j) Using the identifying letters, which of the above molecules have one signal in their H
NMR spectrum with a relative number of hydrogen atoms of 6? Select all that apply.

D, I

(K) Using the identifying letters, which of the above molecules would you expect to give the
following *H NMR data? Select all that apply.

Hydrogen atom | Relative number
environment of hydrogen atoms
I 2
I 1
i 1
G.
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() Using the identifying letters, which of the above molecules would you expect to give the
following *H NMR data? Select all that apply.

Hydrogen atom
environment

Relative number
of hydrogen atoms

3

v

3
1
1

(m) Using the identifying letters, which of the above molecules would you expect to give the
following 'H NMR data? Select all that apply.

Hydrogen atom
environment

Relative number
of hydrogen atoms

3

3

2

B, E, J.
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Another useful aspect of *H NMR data is called chemical shift, a number usually between 0
and 12. Hydrogen atoms in specific chemical environments have characteristic chemical
shifts, for example:

Hydrogen atom Typical chemical shift range
environment

C-CHx 09-18

O=C-CHy 20-2.7

O—-CHx 3.0-5.0

—-COOH 10.5-12.0

(where xis 0, 1, 2 or 3)

For example:

Hydrogen atom | Chemical shift
environment
Ha 2.1

Hy 11.4

e The Ha atoms in the molecule above are adjacent to a C=0, so their chemical shift is
between 2.0 — 2.7.
e The Hy atom is part of a—COOH group, so its chemical shift is between 10.5 —12.0.

Similarly:

Hydrogen atom | Chemical shift
environment

Ha 14
Hy 35
Hc 3.3

e The Ha atoms in the molecule above are part of a C-CHs group, so their chemical shift is
between 0.9 — 1.8.

e The Hp and H¢ atoms are part of O—-CH2 and O—-CHs groups respectively, so their
chemical shifts are between 3.0 — 5.0.
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(n) Predict the chemical shift of each different hydrogen atom in the following molecule.

Hydrogen atom | Chemical shift
environment

Ha 09-138

Hy 2.0-2.7

Hc 20-2.7

Use the structures below to answer questions (0) to (r).

(o) Using the identifying letters, which of the above molecules would you expect to give the
following *H NMR data?

2022 Awustralian Science Olympiad Examination - Chemistry
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Hydrogen atom | Relative number Chemical shift
environment of hydrogen atoms
I 9 1.2
] 1 115
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(p) Using the identifying letters, which of the above molecules would you expect to give the

following *H NMR data?

Hydrogen atom | Relative number Chemical shift
environment of hydrogen atoms

I 6 1.2

Il 1 2.6

11 3 3.7

(gq) Using the identifying letters, which of the above molecules would you expect to give the

following *H NMR data? Select all that apply.

Hydrogen atom | Relative number Chemical shift
environment of hydrogen atoms

I 3 1.0

1 2 1.7

i 3 2.5

v 2 4.0

(r) Using the identifying letters, which of the above molecules would you expect to give the

following *H NMR data? Select all that apply.

Hydrogen atom | Relative number Chemical shift
environment of hydrogen atoms

I 3 2.2

] 2 2.7

i 3 3.3

v 2 3.6

D
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Question 18

Let us consider the simplest types of reaction, those that happen in one step. We call these
reactions elementary. For elementary reactions, the reaction rate (denoted by v) is dependent
on the concentrations of each of the reactants.

For example, the elementary reaction aA + bB — cC has the rate law v = k[A]?[B]°, where k
is a constant called the rate constant.

Consider the reaction between carbon monoxide and nitrogen trioxide:
CO(g) + NOs(g) — CO2(g) + NO2(9)

(@) What is the rate law for this reaction?

(i) v=k[CO;][NO]
(i) v=kNO]
(i)  v=K[NOj]

(iv) v=Kk[CO]
(v) v=K[CO][NOz]
(vi) v=K[CO]

The exponents of the concentration terms in the rate law are known as the partial orders of
the reaction. In the rate law v = k[AJ?[B]®, reactant A has an order of a and reactant B has an
order of b.

The overall reaction order is the sum of each reactant’s order. In the above example, the
overall reaction order isa + b.

(b) For the elementary reaction CO(g) + NOs(g) — CO2(g) + NO2(qg), identify the following:

(i)  Partial reaction order of CO. 1
(i) Partial reaction order of NOs. 1

(iii)  Owverall reaction order. 2

(c) For the elementary reaction 2 NO(g) + O2(g) — 2 NO2(g), identify the following:

(i)  Partial reaction order of NO. 2
(i) Partial reaction order of O2. 1

(iti))  Overall reaction order. 3
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(d) For the elementary reaction CO(g) + NOs(g) — CO2(g) + NO2(g): calculate the rate
constant, k, if the reaction rate is 0.00491 mol L 's*when the [CO] is
0.137 mol L™t and [NOg] is 0.229 mol L. Express your answer in L mol* s™2,

k =0.00491/(0.137 x 0.229) = 0.157 L mol s

(e) Which of the following can increase the rate of a chemical reaction?

(i)  Decreasing the temperature.

(v)  For an aqueous reaction, increasing the concentration of products.
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The activation energy for a chemical reaction, Ea, represents the minimum energy that must
be provided to the reactants for a chemical reaction to occur. Collision theory states that for a
successful reaction to occur, reactant molecules must collide in the correct orientation and
with energy that exceeds the activation energy.

The following energy profile diagram shows two possible products, B and C, that can be
produced from reactant A.

&

energy

[

>
reaction coordinate

() What is the major product when the reaction is allowed to run for 30 seconds at a low
temperature?

(g) What is the major product when the reaction is allowed to run for 48 hours at a high
temperature?
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Collision theory states that for a successful reaction to occur, reactant molecules must collide
in the correct orientation and with energy that exceeds the activation energy. The rate of
reaction is proportional to the frequency of successful collisions. This can be represented by
the following formula. The rate constant, k, is proportional to the reaction rate.

_Ea
k = Ae RT

E, = activation energy (J), R = Universal Gas Constant, T = temperature (K), k = rate
constant.

A is the pre-exponential factor, and is given by the formula:
A=PXNy,X0oXv

N, = Avogadro’s constant; the other terms will be explained below.

Consider the following reaction: CHs™ + Br- — CH3Br.

For this reaction to occur, a CHs* ion, with radius rc, must come into contact with a Br~ ion,
with radius rg.

The o term represents the area in which the two ions are close enough to collide, and can be
calculated as the area of the dotted circle shown below.

(h) Select the correct expression for 6 for this reaction (the area of a circle is nr?).

(i) m(rc—rs)’
(i) 2mr?
(iii)  mrc® — nrg?

(iv) nrg? + mre?

(v) e +re)
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+

(i) Select the molecular geometry of CHs".
(

(i) linear

)  tetrahedral

(iif)  trigonal planar
(iv)  trigonal pyramidal

(v)  T-shaped

()) Using the fact that the radii of CHs™ and Br™ are 140 pm and 195 pm respectively, calculate

o for the reaction, in m?.

o=mX(195%x 10712 + 140 x 10712)2
=3.5256..x 1071°
=3.53 x 10719 m?
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The v term represents the velocity (in ms™1) of the particles as they collide, and is given by:

/8kBT
v =
gl

In this formula, u is the reduced mass, in kg, given by:

mim,
u=——--
my +m,

where m, and m,, are the masses of the colliding ions.

(k) Calculate the mass (in kg) of a Br™ ion.

79.90 g 1kg 1 mol
- = X X
BT = ol 71000 g - 6.022 x 1023
= 1.326..% 10725 kg

() Calculate the mass (in kg) of a CHs" ion.

15.034 g o 1kg o 1 mol
1 mol 1000 g 6.022 x 1023
= 2.4965..x 10726 kg

Meyt =

(m) Calculate the reduced mass (p) for this reaction.

mim;

H= m; +m,
u=210115..% 10-2¢6 kg
=2.10x 10726 kg (3sf)

(n) Calculate v at 298 K for the above reaction, given that ks = 1.381 x 1072 m?kgs 2 K1,

X 2.10115...x 10726

=706.229 ...ms™1
= 706 ms~1(3sf)

_ \/8 x 1.381 x 10723 x 298
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Recall the following formulae:

_Ea
k = Ae RT

E, = activation energy (J), R = Universal Gas Constant, T = temperature (K), k = rate
constant.

A is the pre-exponential factor, and is given by the formula:
A=PXNyXoXv

(0) Given that p = 0.9 and Ea= —123 kJ mol?, calculate the value of k for this reaction at
298 K.

123000
k=0.9%6.022 % 10?3 x3.5256...X 1071° x 706.229 ... X ¢8314x298

= 4.9077 ... x 102°
= 4.91 x 10?° (3sf)

Reaction rates of enzymes can be described by the Michaelis-Menten equation:

_ Vinax [S]
" K+ [5]

v__is the rate of reaction
Vmax 1S the maximum reaction rate
[S] is the concentration of the enzyme's substrate (reactant)

Km is a constant

For the following changes, select the effect (if any) on the rate of reaction.

(p) What effect does increasing the concentration of substrate from below Kp to above
Km have on the reaction rate?

Increases reaction rate.

(q) What effect does using a different enzyme with a smaller Kn, value have on the reaction
rate?

Increases reaction rate.
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The Michaelis-Menten equation can be re-written as follows:

A plot of 1/v_ against 1/[S] for a certain enzyme is shown below:

(r) What is the value of Vmax for this enzyme?

Vimax = 1/0.3571 = 2.800 mM s™*

(s) What is the value of Kr, for this enzyme?

Km =2.0714 x 2.800 = 5.8 mM

(t) Atwhat [S] is the reaction rate equal to half Vimax?

When V= half Vmax, [S] = Km =58 mM

END OF EXAM
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