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Time Allowed:
Reading Time: 10 minutes

Examination Time: 120 minutes

INSTRUCTIONS

*  Attempt ALL questions in ALL sections of this paper.

» Permitted materials: Non-programmable non-graphical calculator, pens, pencils, erasers and a ruler.

* Answer SECTION A on the Multiple Choice Answer Sheet provided. Use a pencil.

* Answer SECTION B in the spaces provided in this paper. Write in pen and use a pencil only for graphs.
* Ensure that your diagrams are clear and labelled.

* All numerical answers must have correct units.

* Marks will not be deducted for incorrect answers.

* Rough working must be done only on pages 22 to 23 of this booklet.

* Relevant data that may be required for a question will be found on page 3.

* Do not staple the multiple choice answer sheet to this booklet.

MARKS
SECTION A 15 multiple choice questions 30 marks
SECTION B 3 short answer questions 90 marks
Total marks for the paper 120 marks
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DATA

Avogadro constant (N) 6.02 x 1023 mol ' Velocity of light (c) 2.998 x 108 m's |
1 faraday 96,486 coulombs | Density of water at 25°C 0.9971 g om >
1 coulomb I As” | Acceleration due to gravity 981 ms "~
Universal gas constant (R) 1 newton (N) 1 kgm s

8.314 TK 'mol ™
8.206 x 10_2 L atm K_1 mol_1

Planck’s constant (h) 6.626x 10" Js 1 pascal (Pa) INm?
Standard temperature and pressure (STP) pH= —logio[H']

273 K and 100 kPa pH + pOH = 14.00 at 25°C

0°C and 100 kPa K.=[H1[A]/[HA]

0°C and 1 bar PV =nRT

0°C and 750 mm Hg E=hv

Molar volume of ideal gas at STP 2277L | c=VvA

1 bar = 100 kPa Surface area of sphere A = 4nr”

Periodic table of the Elements

1A 8A
1 | ——+— Atomic number 2

H H He
1.008 2A 1.008 —— Atomic mass 3A 4A SA 6A 7TA 14003
B -+ 5 6 7 8 o 10

Li Be B C N O F Ne
6941 pOI12 1081|1201 1401 [16.00 1900 P0.18
11 12 13 14 15 16 17 18

Na | Mg Al Si P S Cl Ar
2299 P43l 3B 4B 5B 6B B 8B 1B 2B D698 D809 1097 3206 B545 13995
19 R0 21 22 23 R4 25 R6 R7 28 29 B0 B1 B2 B3 B4 B5 B6

K Ca Sc [i \% Cr | Mn Fe Co Ni Cu Zn Ga | Ge As Se Br Kr
B9.10 4008 4496 4788 5094 5200 5494 5585 5893 5869 355 6538 6972 [7259 [7492 [71896 [7990 83.80
B7 B8 B9 o) #1 U2 U3 4 5 o w7 13 Ho 50 b1 52 153 54

Rb Sr Y Zr | Nb | Mo | Tc Ru | Rh Pd | Ag | Cd In Sn Sb Te I Xe
8547 R762 18891 1122 19291 9594 (98) 101.1 1029 ]1064 1079 |1124 1148 |1187 [121.8 [1276 [1269 1313
155 56 57 72 (73 74 75 (76 (77 (78 79 80 81 82 83 84 85 86

Cs Ba La | Hf | Ta Y Re Os Ir Pt Au | Hg Tl Pb Bi Po At Rn
1329 (1373 [1389 [i|1785 [1809 1839 1862 1902 (1922 [1951 [197.0 D006 D044 D072 P09.0  (209) 210) 222)
87 88 89 {104 105 106 107 108 109 110

Fr Ra | Ac [i Rf | Db Sg Bh Hs Mt Ds
223) 260  (227)

58 59 60 61 62 63 64 65 66 67 68 69 70 71

" Ce | Pr | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

1401 [1409 1442 (145) 1504 1520 1573 |1589 [1625 |1649 [167.3 |I689 [173.0 |175.0
90 o1 92 93 4 05 06 97 98 99 100 101 102 103

“> Th | Pa | U | Np | Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr
2320 (231) P380 (237) (244) (243) (247) (247) [251) (252) [257) [258) 259) (260)

Atomic mass values given here are to four significant figures. A value given in parentheses denotes the mass of the longest-lived isotope.
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SECTION A: MULTIPLE CHOICE

USE THE ANSWER SHEET PROVIDED

1. Which one of the following bonds is the most polar?
a. H—F
b. H—O
c. H—N
d. H—Cl
e. H—C
2. Which one of the following electron configurations is not possible?

a 1522s22p6
b. 1s%25%2p°3s'
c. 1522s22p63 s?
1522s13p1
e. 1522s32p53 s?

e

3. 2,4,6-Trinitrotoluene (TNT, C;HsN3Og) can be used in synthetic chemistry; however, its use is limited
because of its highly explosive nature. Upon detonation TNT decomposes as a mixture of the
following reactions:

2 CsH5N306— 3N, +5H,0+7CO+7C
2 CJH5N;06 = 3N, +5H,+12CO+2C

When 20 mol of TNT was exploded with complete conversion into products, 30 mol of hydrogen gas
was produced. How many moles of carbon monoxide were also produced?

a. 28 mol
b. 49 mol
c. 72 mol
d. 100 mol
e. 119 mol
4. Which one of the following compounds would produce a basic 0.1 mol L™ solution?
a. NaC/
b. NaOOCCH;
c NH,C/
d. (NH4),SO4

e. CH;COOH
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5. Which of the following best describes a neutral solution at any temperature?
a. [HO]>[H;07]
b. [HO] < [H;0"]
C. [HO]=[H;0"]

d. pH=17
e. The solution contains no acidic nor basic species.
6. How many d-electrons does a Cr*" ion have?
a. 0
b. 1
c. 2
d. 3
e. 4
7. When drawing organic molecules black wedged lines, ™™= _denote bonds pointing out of the page
and dashed wedged lines, """ denote bonds going into the page.
Carbon atoms and implicit hydrogen atoms are not drawn, so that A is identical to B which has all atoms
drawn in.
A B gz
H,C”  “CH,
1 I
HaC o CH,
H,

What is the difference between the following two molecules?

0O 0O
(@) i o)
NH NH
o O @)
1

2

a. They have a different molecular formula.

b. They have different bond connectivity.

c. They are the same compound just drawn differently.

d. They have a different arrangement in three-dimensional space.
e. They have a different molecular weight.
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8. An accurate measurement of the mass of an unknown compound gave a result of 260.0429. What is
the formula of the compound?

Atomic masses: C=12.0000, H=1.0078, N =14.0030, O = 15.9949

a. C5HsO4
b. C2HsN,Os
c. CsHgN,O4
d. CoH14N306
e. all of the above
9. Why does the addition of a suitable catalyst to a system speed up the rate of reaction?
a. It lowers the activation energy of the reaction.
b. It lowers the amount of heat gained by the system.

It lowers the amount of heat released by the system.
d. It lowers the potential energy of the products.

e. It lowers the potential energy of the reactants.

10.  Which one of the following acts as a base when hydrofluoric acid is dissolved in an aqueous solution
of sodium chloride?

a Cr
b. HF

c. H,O
d. NaC/
e Na’

11.  Consider the following weak acids with their associated K, values.

Acid K,
HC/O 35%x107°
HC/0, 1.2x 107
HCN 6.2 x 107"
H,PO4 6.2x107°

Which one of the following gives the correct order of increasing strength of the conjugate base of
each acid?

a. ClO,,ClO, HPO,”,CN
b.  ClO,,HPO,, C/O,CN"
c. CN,HPO,,ClO, ClO,
d. CN,CrO,HPO,, ClO,
e. HPO,”,CN, ClO, ClO,

Page 6 of 24
2011 Chemistry National Qualifying Examination
©Australian Science Innovations ABN 81731558309



12.  Which of the following statements best describes characteristics of an endothermic reaction?

a. The sign of AH is positive, and the products have less potential energy than the reactants.
b. The sign of AH is positive, and the products have more potential energy than the reactants.
c. The sign of AH is negative, and the products have less potential energy than the reactants.
d. The sign of AH is negative, and the products have more potential energy than the reactants.
e. AH equals 0, and the products' and the reactants' potential energy could be more or less.

13.  Which one of the following best describes the molecular geometry (shape) of H,Te?

a. bent

b. linear

c. square planar

d. square pyramidal
e. tetrahedral

14.  Which one of the following statements correctly describes a system that has reached equilibrium?

a. The number of moles of product is greater than the number of moles of starting material.
b. The number of moles of product is equal to the number of moles of starting material.

c. The rate of the forward reaction is greater than the rate of the reverse reaction.

d. The rate of the forward reaction is less than the rate of the reverse reaction.

e. The rate of the forward reaction is equal to the rate of the reverse reaction.

15.  What brings about emission of visible and ultraviolet radiation from atoms?

a. electrons changing from lower to higher energy levels
b. the atoms condensing from a gas to a liquid or solid
c. electrons moving about the atoms within an orbital
d. electrons changing from higher to lower energy levels
e. neutral atoms losing electrons to form anions
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SECTION B: 3 SHORT ANSWER QUESTIONS

ANSWER IN THE SPACES PROVIDED

16.  Dendritic crystals of silver are formed when copper metal is added to a solution of silver nitrate
(AgNO3). The copper metal forms Cu®* ions and displaces silver from solution.

(a) Write two balanced ionic half-equations and a redox equation for the reaction between copper metal
and a silver nitrate solution.

Oxidation Half-Equation:

Reduction Half-Equation:

Redox Equation:

Dendritic silver crystals can be utilised in a silver reductor. A silver reductor is used to reduce
cations such as Fe’ ° Cu*" and Mo®" to lower oxidation states. A silver reductor consists of a tube in
which a plug of glass wool supports a column of fine dendritic crystals of silver metal, as shown in
the diagram below.

silver crystals

plug of glass wool

As a solution passes through the silver reductor, cations in solution are reduced while the silver
metal is oxidised to solid silver chloride (AgCY).
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(b)

Write a half-equation for the oxidation of silver metal to silver chloride in the presence of chloride
ions.

(c)

A student is given a sample of hydrated ammonium molybdate by their teacher. The student is told
that the formula of hydrated ammonium molybdate is of the form (NH4)¢Mo0,Oy.4H,0 (where x and
y are integers) and that molybdenum has a +VI oxidation state. To determine the values of x and y
the student carries out the following steps:

The student dissolves a sample (2.50 g) of the hydrated ammonium molybdate in a 250.0 mL
volumetric flask and makes it up to the mark with distilled water. A 50.00 mL aliquot of this solution
is diluted to 100 mL with 4 mol L™" hydrochloric acid and heated to 80°C. The hot solution is
allowed to pass through a silver reductor and is collected in a 500 mL conical flask. The reductor is
washed with hot hydrochloric acid several times to ensure that no molybdenum remains in the
reductor column and these washings are also collected in the same 500 mL conical flask.

Molybdenum(VI) is reduced to molybdenum(V) by the silver reductor.

Write a redox equation for the reaction that takes place in the silver reductor.

(d)

Why is it necessary to add hydrochloric acid to the molybdate solution?

(e)

Why is the molybdate solution heated?

()

The student notices that as the molybdate solution passes through the reductor, the upper part of the
silver crystal column develops a dark coating.

What causes the formation of the dark coating?
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To determine the chemical amount of molybdenum present in the reduced molybdate solution the
student titrates the reduced molybdate solution with a solution of cerium(IV) ions. Over the course of
the titration cerium(IV) ions are reduced to cerium(IIl) ions and molybdenum(V) is oxidised to
moybdenum(VI). A titre of 24.41 mL was required to reach endpoint using a cerium(IV) sulfate
solution standardised at 0.1160 mol L™".

(2) Calculate the chemical amount (in moles) of molybdenum in the original sample.

(h) In terms of x and y, write an equation for the formula weight of hydrated ammonium molybdate
[(NH4)sMo0,0Oy.4H,0].

(1) Determine the values for x and y and hence the formula for ammonium molybdate.
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X:

V.

formula:
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17.  In this question, the elements with atomic numbers 1 to 20 have had their symbols replaced by letters

A to T. The letters X, Y and Z represent three elements with atomic numbers greater than 20. Unless
otherwise stated, a temperature of 25°C and 100 kPa is assumed throughout this question.

Elements I, O and P are unreactive monatomic gases. O has the smallest atomic radius of the three,
and I has a higher boiling point than P.

(a) Identify elements I, O and P.

The following elements exist as diatomic molecules: E,, Gy, J2, Sa, Q2, Y2, Zo.

Y, is a liquid and Z, is a solid; the other five being gases.

S, forms compounds with each of the other six diatomic elements. Compounds of S with E, G, Y
and Z result in diatomic gases that react with the liquid S;Q to form acidic solutions. E has the
highest electronegativity of these elements. The reaction of J, and S, is of immense industrial
importance, the product being a gas that reacts with liquid S,Q to form a basic solution.

(b) Identify elements E, G, J, S, Q, Y and Z.
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Elements D, H, L. and R are metals that react vigorously with liquid S,Q to produce S, and a basic
solution. D reacts more vigorously than R. The ions formed from H and L in this reaction have the
same electron configuration.

1.00 g of element H reacts with excess S,Q to produce 0.3115 L S, at 20.00°C and 100.0 kPa.
() Identify elements D, H, L and R.

Elements B, C and K are also metals. They do not react with cold S,Q but do react with Q, to form
BQ, C,Q; and KQ respectively. Of these, KQ contains the largest percentage of Q by mass.

(d) Identify elements B, C and K.

Elements A, F, M, N and T are solids at room temperature.

M reacts with G, to produce MG; whereas A reacts with G, to produce AG; and AGs, depending on
the conditions.

F, T and N all react with react with Q,. Both FQ, and NQ, are gases that react with water to give
acidic solutions; TQ; on the other hand is a solid that is insoluble in water. FQ, can further react with
Q; to form FQ;.

(e) Identify elements A, F, M, N and T.
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10.00 g of an unknown metal, X, reacts completely with 3.335 L of Q, gas to form a compound of X
and Q. 10.00 g of the metal can react with 6.670 L of G, to form a compound of X and G or with
1.334 L of Q, and 4.002 L of G; to form a compound containing X, Q and G. Note that these gas

volumes are all measured at 25°C and 100 kPa.

® Identify element X and calculate the empirical formula for these three compounds.
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18.

Spectroscopy is a useful analytical tool which involves examining the interaction of molecules with
electromagnetic (EM) radiation in order to gain information about the structure and properties of the

molecules. The technique relies on the fact that energy (where energy includes both the kinetic
motion of the atoms in the molecule and the potential energy states of the electrons) is quantised,

i.e. only certain discrete values of energy are allowed.

We are most familiar with this concept in relation to Bohr's model of the hydrogen atom. The
potential energy states of electrons in Bohr atoms are quantised in circular orbits around the nucleus,
which are indexed by a principal quantum number n (n = 1,2,3...). An atom can absorb EM radiation

: . hc . . .
of a particular energy (in Joules, J) E = o (where A is the wavelength (in metres, m), h is Planck's

constant (6.626 x 107 J s) and ¢ is the speed of light (2.998 x 10* m s™') which promotes an electron
from one orbital to another orbital (e.g. from the n = 1 orbital to the n = 2).

These distinct energy levels are observed in atomic absorbance spectra as discrete black lines
positioned at wavelengths (in nm) at which energy is absorbed, such as that for the hydrogen atom

shown below.

| I
500 600 700

A(nm) 400
Here, the wavelength corresponding to the each transition can be related by

1 1
l = R —— .
s (nf n; )
where Ry is the Rydberg constant (Ry; = 1.09678 x 10" m™"), ny is the principal quantum number of
the lower energy orbital and n; is the principal quantum number of the higher energy orbital.

(a) (1) Within the visible spectrum, one can observe lines corresponding to the transition from the n=2 to
higher energy levels. Calculate the wavelength corresponding to each of the following transitions:

1. n=2—3
2. n=2—-5

(i1) Circle and label these transitions on the above spectrum.

Page 15 of 24
2011 Chemistry National Qualifying Examination
©Australian Science Innovations ABN 81731558309




(iii) Determine the energy associated with transition 1 (in J).

(iv) Qualitatively, how does the energy associated with the n + 1— n (An=1) transition vary as n
increases?

(v) Explain the spacing of the lines in the above spectrum.

As mentioned above, kinetic motion of nuclei in molecules is also quantised. Types of quantised kinetic
motion include:

Rotations: Vibrqtions:
"spinning" a molecule about the stretching (top) or
its centre of mass bending (bottom) of bonds

Translation is another form of molecular motion, however this form of motion is not quantised. It is
described by the motion of the centre of mass of the molecule in space.

@O

k4

NN
o

X

Whilst electronic transitions occur in the UV-Visible region of the EM spectrum, vibrations and rotations
are excited in the IR and microwave regions respectively.
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Each independent motion of a molecule is called a degree of freedom (DoF). A molecule with N atoms in
3D requires 3 co-ordinates per atom for complete description and hence has 3N DoF. Generally, 3N-6 of

these will be vibrational modes. However, in a linear molecule, 3N-5 of these will be vibrational modes

as it has one fewer independent rotational mode.

(b)  For each of the following molecules, draw a Lewis structure. Thus determine the number of DoF for
each molecule and how many are associated with translation, rotation and vibration.
Molecule Ne 0, C,H,4
Lewis Structure
Total DoF
Vibrational
Translational 3 3 3
Rotational
A single vibration (between two atoms) can be approximated as experiencing a parabolic potential
energy (like a spring). The allowed energy levels then become dependent on the characteristic
vibrational frequency, o, for that particular vibration, and a vibrational quantum number v (v =0, 1,
2,...).
1 .
E, = V+§ hw (in )
When the frequency of the radiation matches the resonant frequency of the bond(s), transitions
between vibrational states occur. This frequency, ®, can be related to the following molecular
properties: K is the force constant, or measurement of the stiffness of the bond (N m™"), and p is the
reduced mass (in kg): u = L , where m; is the mass of atom 1 and my, is the mass of atom 2.
m +
1 |k
w=—.—
2m | w
Note: 1 amu = 1.661 x 107" kg
(c)(i) Calculate the reduced mass of 'H*CI (in kg).
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(ii) Determine the energy required for the v = 0—1 transition of "H*’Cl, given that the force constant is
516 Nm' (inJ).

(ii1)) How does the energy emitted/absorbed in Av= %1 transitions vary as v increases?

(iv) Thus, sketch on the following IR spectrum where the following transitions will be found with
respect to the v= 0 — 1 transition (remember a spectrum shows at what energies absorbances of
radiation occur).

l.v=1—-3 2.v=2—5 3.v=3—>4
Note that frequency is often reported in wavenumber, V, which is the inverse of wavelength (in
-1
cm ).

(O]
(&)
C
@
2 —
S
[72]
2 }
< (=}

I

>

>
o Wavenumber (cm™)

One would naturally expect to observe a number of peaks in the spectrum equal to the number of
vibrational degrees of freedom for each molecule. However, not all vibrations are IR active.
Quantum mechanically, there must be a change in dipole moment within the molecule during the
vibration which can interact with the EM radiation.

This dipole moment can be considered as a product of charge difference and distance of separation.
It arises due to a difference in electronegativity of two atoms. The net dipole moment arises from the
sum of all the individual bond dipole moments.
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For example, the CO, molecule in a neutral state does not exhibit a dipole, however, as we lengthen
a bond and shorten the other in an asymmetric-type stretch, we observe a change in dipole moment.
The arrows points from the positive charge to the negative charge.

0 ot o S5 &t S5
- > -< >

net dipole moment

no net dipole moment

—
ot o
Let us consider the case of simple diatomic molecules first.
(d) Below is an infrared spectrum of a mixture of HBr, CO and N, and a table containing reduced mass

and force constant data for each of these molecules. Note that spectral peaks do not appear as single
sharp lines. We thus use the centre of the peak spread as a good indication of the numerical position

of the peak.
k (HBr)=410 Nm'’ k (CO)=1860 N m' kK (N;)=2300Nm'
p (HBr) = 0.99 amu p (CO) = 6.86 amu p (N,) =7.00 amu
Ahsorbance INFRARED SPECTRUM
0g A \
06
| B
04 { \
02 - i
M
00 EBErteamescd PO ekt e 4 1 \
1000 2000

Wavenumber (cm-1)

Identify which peak (labeled as A or B on the above spectrum) corresponds to which molecule.
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When molecules possess more than two atoms, the independent vibrational modes often involve

more than just 2 atoms, but the same general rules and principles apply.

(e) Below are 5 of the vibrational modes of acetylene. Which of these modes will be IR active?
Type Stretch #1 Bend #1 Stretch #2
IR Active oYes o No oYes o No oYes o No
Mode O_.E‘—Q O\.%.\Q
Type Stretch #3 Bend #2
IR Active oYes 0 No oYes 0 No

Now we will put our knowledge together to attempt to identify a simple unknown molecule by
infrared spectroscopy.

Below is the infrared spectrum for an unknown triatomic molecule with molecular mass 27. The
force constant (k) of the two bonds are in a ratio of 3:1, implying the existence of one triple and one
single bond.

Absorbance

IR Spectrum of Unknown Triatomic

1r

0.9

0.8

0.7

b

0.6

0.5

0.4

0.3

A

B
N L1

02F
0.1F
00

0
5 1000 1500

2000 2500

YWavenumber focm

3000

3500
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(f) (1) Suggest a molecular formula and draw the corresponding Lewis structure.

(il)) Determine the number of vibrational degrees of freedom for this molecule.

(iii) Describe/draw the vibrational modes corresponding to peaks A, B and C (labeled on the spectrum),
explaining how you reached your answer.

(iv) Explain the appearance of the extra peak at approximately 1400 cm .

The author thanks:
» USEPA and NIST for use of spectra.
* Keedy, C.R., (1992), J Chem Ed (69)11: pp A296-A298.
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Integrity of Competition

If there is evidence of collusion or other academic dishonesty, students will be
disqualified. Markers’ decisions are final.
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