R 41st INTERNATIONAL .
CHEMISTRY OLYMPIAD NAME:
UK JULY 18-27, 2009

STUDENT CODE: UK-S4

Instructions

Ensure that your name and student code are written in the spaces provided at
the top of each page.

You have 5 hours to work on the problems. Begin only when the START
command is given.

Use only the calculator provided.

All results must be written in the appropriate boxes. Anything written
elsewhere will not be marked. Use the reverse of the sheets if you need

scrap paper.

Write any relevant calculations in the appropriate boxes when necessary. If
you provide no working and only the correct result for a complicated
calculation, you will receive no marks.

Numerical answers are meaningless without the appropriate units. You
will be heavily penalised if units are not given where required. You
should also take care to report answers to an appropriate number of
significant figures.

Treat all gases as ideal.

You must stop work immediately when the STOP command is given. A delay
in doing this may lead to your disqualification from the exam.

When you have finished the examination, you must put your papers into the
envelope provided. Do not seal the envelope.

Do not leave the examination hall until instructed by the supervisors.
This examination has 42 pages.

The official English version of this examination is available on request only for
clarification.
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Physical constants
Name Symbol Value
Avogadro constant Na 6.0221 x 10% mol™
Boltzmann constant kg 1.3807 x 102 J K™
Gas constant R 8.3145 J K™ mol™
Faraday constant F 96485 C mol™
Speed of light c 29979 x10°ms™
Planck constant h 6.6261x 107* Js
Standard pressure p° 10° Pa
Atmospheric pressure Pam 1.01325 x 10° Pa
Zero of the Celsius scale 273.15K
Standard acceleration of g 9807 m -2
free fall
Bohr magneton s 9.274015 x 10°%#J T
Helpful formulae
Volume of a cube V=P
4 .3
Volume of a sphere V= -3;7'[7‘
Gravitational potential energy E =mgh
Ideal Gas Equation pV =nRT

Arrhenius equation

Spin only formula

k=Aexp (-E:/RT)

uer = 4/11(11 + 2) Bohr magnetons
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Periodic table with relative atomic masses

1 18
1 2
H He
1008] 2 13 14 15 16 17 | 4003
3 | 4 5 | 6 7 |8 | ¢ | 10
Li | Be B{C|N|O|F |Ne
8.9s | 901 10.811 12.01| 14.01] 16.00{ 16.00| 20.18
11 12 13 14 i5 16 17 18
Na | Mg Al Si| P | S |CIl|Ar

2290} 2831 3 4 5 [ 7 8 [*] 10 11 12 | 2698 28.0%| 30.67] 32.06 | 3545 | 39.95

19 { 20| 21| 22| 23| 24| 25 | 26 | 27 | 28| 20| 30| 31| 32| 33| 34| 35| 36
K|CajSc|{TiiV |CriMn{Fe|Co|Ni |Cu|Zn|Ga] Ge|As| Se|Br{Kr
39.102{40.08 | 44 96 | 4790 | 50.94 | 52.00 | 54.94 | 55.85 | 58,93 | 58.71 | 63.55 | 65.37 | 6072 | 72.59 | 74.92 | 78 95 |79.904{ 83.80
37 | 38| 39 | 40| 41 | 42 | 43 | 44 | 45 | 46 [ 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Rb!Sr!lY jZ2r |Nb|Mo| Tc|Rul/Rh{Pd|Ag|Cd|In |Sn|Sb|Te| | | Xe
85.47 [e7.62 | 88.61 | 91.22 | ¢2.91 [ 95.94 101.07]102.91| 106 & |107.87]112.40[112 82} 118.69]121.75{127.60{126.50] 131.30
55 | 56 | 57| 72| 73| 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82| 83 | 84 | 85 | 86
Cs|Ba|La"|Hf |[Ta]W | Re|Os|Ir |Pt]Au|Hg| TI|Pb|Bi|PojAt|Rn
132.61|137.34]138.91]178 48] 180.95/183.85| 186.2 | 190.2 | 1922 |195.09|196.97{200 59/20¢ 37| 207.2 |208.98
87 | 88 | 89
Fr |Raj|Act

58 |59 |60 |61 |62 {63 {64 |65 (66 |67 |68 |69 |70 | 71
*Lanthanides [Ce | Pr |[Nd |Pm [Sm|Eu {Gd |Tb [Dy (Ho |Er (Tm|{Yb|Lu
14012 | 140.91 | 144.24 150.4 | 1519 | 157.25 | 158.93 | 16250 | 164.93 | 167.26 | 168.93 | 17304 | 17497
90 |91 {92 |93 |94 |95 {96 |97 {98 |99 |100 | 101 {102 | 103
*Actinides | Th |Pa! U |[Np |Pu|Am|{Cm|Bk |Cf |Es {Fm|Md |No |Lr
23201 23803
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Problem 1 10% of the total
Estimating the Avogadro constant

1a | 1b | 1c | 1d | 1e | 1f [ 1g | 1h | 1i | 1j | 1k | Total

4alalal2l1|2|3|6|4]|3]3]| 36

Many different methods have been used to determine the Avogadro constant. Three
different methods are given below.

Method A - from X-ray diffraction data (modern)

The unit cell is the smallest repeating unit in a crystal structure. The unit cell of a
gold crystal is found by X-ray diffraction to have the face-centred cubic unit structure
(i.e. where the centre of an atom is located at each corner of a cube and in the
middle of each face). The side of the unit cell is found to be 0.408 nm.

a) Sketch the unit cell and caiculate how many Au atoms the cell contains.

Unit cell:

Number of Au atoms in the unit cell:
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b) The density of Au is 1.93 x 10° kg m™. Calculate the volume and mass of the
cubic unit cell.

Volume:

Mass:

c) Hence calculate the mass of a gold atom and the Avogadro constant, given
that the relative atomic mass of Au is 196.97.

Mass of Au atom:

Avogadro constant:

Method B - from radioactive decay (Rutherford, 1911)

The radioactive decay series of °°Ra is as follows:

38254 3.10m 26. 19,
222Rp, 38254, 218py 310M_ 21apy, 268m_ 214g; 199m

226Rg

214PO 164.3 HS 210Pb 22.3)’ 2108i 5.013d 210PO 1384d ZOGPb

The times indicated are half-lives, the units are y = years, d = days, m = minutes.
The first decay, marked t above, has a much longer half-life than the others.
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g) Atthe end of the 163 days the sample was found to contain 10.4 mm?® of He,
measured at 101325 Pa and 273 K. Calculate the Avogadro constant from

these data.

h) Given that the relative isotopic mass of ?°Ra measured by mass spectrometry
is 226.25, use the textbook value of the Avogadro constant
(6.022 x 102 mol™) to calculate the number of 2®Ra atoms in the original
sample, nra, the decay rate constant, ., and the half-life, ¢, of 2®Ra (in years).
You need only consider the decays up to but not including the isotope

identified in (e).

nRa = }\.

Page 7/42




57 41st INTERNATIONAL .
CHEMISTRY OLYMPIAD NAME:
UK JULY 18-27, 2009

STUDENT CODE: UK-S4

Method C — dispersion of particles (Perrin, 1909)

One of the first accurate determinations of the Avogadro constant was carried out by
studying the vertical distribution under gravity of colloidal particles suspended in
water. In one such experiment, particles with radius 2.12 x 107" m and density
1.206 x 10° kg m™ were suspended in a tube of water at 15 °C. After allowing
sufficient time to equilibrate, the mean numbers of particles per unit volume
observed at four heights from the bottom of the tube were:

height / 107° m S 35 65 05

mean numberper | 4 4q | 1 a8 | 0.90 | 0.48
unit volume

i) Assuming the particles to be spherical, calculate: the mass, m, of a particle;
the mass of the water it displaces, my20; and the effective mass, m*, of the
particle in water accounting for buoyancy (i.e. taking account of the upthrust
due to the displaced volume of water). Take the density of water to be

999 kg m™.

m= Mu20 =
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At equilibrium, the number of particles per unit volume at different heights may be
modelled according to a Boltzmann distribution:

E -E
n =exp[- i "°J

My
n, RT
where nj is the number of particles per unit volume at height h,

npo is the number of particles per unit volume at the reference height hy,

Ey is the gravitational potential energy per mole of particles at height h
relative to the particles at the bottom of the tube,

R is the gas constant, 8.3145 J K™' mol™.

A graph of In(n, / nyo) against (h — hp), based on the data in the table above, is shown

below. The reference height is taken to be 5 um from the bottom of the tube.

0 20 40 60 80 100

-0.5

-1.0 \
-1.5 &\
—2.0 \\

-2.5

In(np / nry)
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J) Derive an expression for the gradient (slope) of the graph.

k) Determine the Avogadro constant from these data.
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Problem 2 10% of the total
Interstellar production of H,

2a [ 2b | 2c | 2d | 2e | 2f | 2g | 2h | 2i | Total

2 | 24|26 |6 |32, 6 33

If two atoms collide in interstellar space the energy of the resulting molecule is so
great that it rapidly dissociates. Hydrogen atoms only react to give stable H,
molecules on the surface of dust particles. The dust particles absorb most of the
excess energy and the newly formed H; rapidly desorbs. This question examines
two kinetic models for H, formation on the surface of a dust particle.

In both models, the rate constant for adsorption of H atoms onto the surface of dust
particles is k; = 1.4x10° cm*s™". The typical number density of H atoms (number of
H atoms per unit volume) in interstellar space is [H]} = 10 cm™.

[Note: in the following, you may treat numbers of surface-adsorbed atoms and
number densities of gas-phase atoms in the same way as you would normally use
concentrations in the rate equations. As a result, the units of the rate constants may
be unfamiliar to you. Reaction rates have units of numbers of atoms or molecules
per unit time.]

a) Calculate the rate at which H atoms adsorb onto a dust particle. You may
assume that this rate is constant throughout.
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Desorption of H atoms is first order with respect to the number of adsorbed atoms.
The rate constant for the desorption step is kg = 1.9x1073 s,

b) Assuming that only adsorption and desorption take place, calculate the
steady-state number, N, of H atoms on the surface of a dust particle.

The H atoms are mobile on the surface. When they meet they react to form Hy,
which then desorbs. The two kinetic models under consideration differ in the way
the reaction is modelled, but share the same rate constants k,, kg, and k,, for
adsorption, desorption, and bimolecular reaction, as given below.

k,=14x10°cm3s™
ky=1.9%x1073 g™
k,=5.1x10% g™
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Model A

Reaction to form H; is assumed to be second order. On a dust particle the rate of
removal of H atoms by reaction is kN?.

c) Write down an equation for the rate of change of N, including adsorption,
desorption and reaction. Assuming steady state conditions, determine the
value of N.

N =

d) Calculate the rate of production of H; per dust particle in this model
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Model B

Model B attempts to analyse the probability that the dust particles carry 0, 1 or 2 H
atoms. The three states are linked by the following reaction scheme. The
assumption is made that no more than 2 atoms may be adsorbed simultaneously.

N,

0 —%& 2

Xo, X1 and x, are the fractions of dust particles existing in state 0, 1 or 2, respectively.
These fractions may be treated in the same way as concentrations in the following
kinetic analysis. For a system in state m with fraction x,, the rates of the three

possible processes are
Adsorption (m — m + 1): rate = k3[H}xm
Desorption (m — m - 1). rate = kgmxn,

Reaction (m — m - 2): rate = V2 kkm(m-1)xnm

e) Wirite down equations for the rates of change, dx,,/dt, of the fractions xp, x;
and xz.

Page 14 /42



41st INTERNATIONAL i
CHEMISTRY OLYMPIAD NAME:
UK JULY 18-27, 2009 '

STUDENT CODE: UK-S4

f) Assuming steady-state conditions, use the above rate equations to find
expressions for the ratios x2/xy and x1/xo , and evaluate these ratios.
g) Evaluate the steady state fractions xp, X; and x2

[If you were unable to determine the ratios in (f), use x»/xy = aand x4/xo = b
and give the result algebraically].
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h)

Evaluate the rate of production of H; per dust particle in this model

i)

It is currently not possible to measure the rate of this reaction experimentally .,
but the most recent computer simulations of the rate give a value of
9.4 x 107° s™'. Which of the following statements apply to each mode! under
these conditions? Mark any box you consider to be appropriate.

Statement

Model

Model

Neither
model

The rate determining step is adsorption of H
atoms.

The rate-determining step is desorption of H;
molecules.

The rate determining step is the bimolecular
| reaction of H atoms on the surface.

The rate determining step is adsorption of the
second H atom.

i The implicit assumption that reaction can

| take place regardless of the number of atoms
adsorbed leads to substantial error (at least a
factor of two).

Limiting the number of atoms adsorbed on
the particle to 2 leads to substantial error (at
least a factor of two).
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Problem 3 9% of the total
Protein Folding

3a | 3b | 3c | 3d | 3e | 3f | 3g | 3h | Total

25135 1 6 2 4 2 2 23

The unfolding reaction for many small proteins can be represented by the
equilibrium:

Folded Unfolded

You may assume that the protein folding reaction takes place in a single step. The
position of this equilibrium changes with temperature; the melting temperature T, is
defined as the temperature at which half of the molecules are unfolded and half are
folded.

The intensity of the fluorescence signal at a wavelength of 356 nm of a 1.0 uM
sample of the protein Chymotrypsin Inhibitor 2 (CI2) was measured as a function of
temperature over the range 58 to 66 °C:

Temp /°C 58 60 62 64 66

Fluorescence
intensity 27 30 34 37 40

(arbitrary units)

A 1.0 uM sample in which all of the protein molecules are folded gives a
fluorescence signal of 21 units at 356 nm. A 1.0 uM sample in which all of the
protein molecules are unfolded gives a fluorescence signal of 43 units.
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a) Assuming that the fluorescence intensity from each species is directly
proportional to its concentration, calculate the fraction, x, of unfolded
molecules present at each temperature.

Temp /°C 58 60 62 64 66

b) Give an expression for the equilibrium constant, K, in terms of x, and hence
calculate the value of K at each temperature.

Temp /°C 58 60 62 64 66
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c)

Estimate the value of T, for this protein (to the nearest 1°C).

Tm

Assuming that the values of AH® and AS® for the protein unfolding reaction are

constant with temperature then:

InK =

where C is a constant.

d)

Plot a suitable graph and hence determine the values of AH® and AS® for the

protein unfolding reaction.

(-]

RT *C
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If you have been unable to calculate values for AH® and AS®, you should use the
following incorrect values for the subsequent parts of the question:

AH® = 130 kJ mol™! AS° =250 J K™ mot™
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