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General Information

Instructions

+ Write your name on each page and number these.

* You have three hours to solve the problems. Wait for the START signal before you begin.

+ Use a new page for each problem. Clearly indicate what problem you are working on.

* Write all necessary calculations legibly.

+ Put your pages into the provided envelope at the end of the exam. Do not seal the envelope.
* Finish your work immediately when the STOP signal is given.

* Leave your seat only when allowed to do so.

* Only answers written on the answer sheets can be considered.

* This exam has 11 problems.

Viel Erfolg!
Bonne chance!
Buona fortuna!

Good luck!
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Physical Constants and Formulae

Constants

Planck constant

h=6.626 x 10734]s

Boltzmann constant

kp = 1381 x 1023 K

Speed of light

c=2.998 x 108 ms~!

Elementary charge

e=1.602x10""°C

Avogadro constant

N, = 6.022 x 1023 mol~"

Universal gas constant

R=28314)mol 'K’

Faraday constant

F =9.648 x 104 Cmol’

Standard pressure

po =1 x 10°Pa

Electronvolt

1eV=1.602x 1019

Absolute zero

0K=-273.15°C

Angstrom

1A=1%x10"m

Pi (m)

T~ 3.141592

Euler's number

e~ 2.718281
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Formulae and Equations

Ideal gas law

pV =nRT = NkgT

Gibbs free energy

AG =AH —-TAS

Relation between AG and K

AG = —RT In (K)

Relationship between AG and AFE

cell

ATGO —nFAEce”

Nonstandard AG

A.G=A.G"+ RTIn(Q)

Reaction quotient @ for reactionaA+bB — cC+dD Q@ = %

Nernst equation E=E'—IL1n(Q)
Electric current 1=9

Arrhenius law k= Ae~
Lambert-Beer law A=eLc=log (%)
Buffer equation pH = pK,, +log ({7}
Energy of a photon E=hy="1

Half life for a first-order reaction t1= %

Activity of a radioactive sample A=kN

Surface area of a sphere A =4nR?

Volume of a sphere V =4 R3

For the calculation of equilibrium constants and all concentrations, refer to the standard concentration
1moldm~3 = 1mol L. If not stated otherwise in a task, consider all gases ideal throughout this exam.
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Periodic Table of the Elements

[952] [652] [8sz] [452] [zsz] [152) [4+2] [L#72) [er2] Izl | [e2] | eosez | voiee | #ozee | [4z2]
I N P g kel n qg urp ury nd dN n Bd L ay
£0T £01 101 00T 66 86 46 96 56 6 £6 26 16 06 é8
L6741 | S0'ELT | €6'89T | 92491 | €6'v9T | 05'2o1 | €6'851 | §2481 | 96151 | 9g0s1 | [SF1] | #20FT | 160FT | CTOFT | 16'8€T
n qa ury, beci ol Ag ql PO ng g urg PN Bris 3D E]
1L 0L 69 89 49 99 59 9 £9 29 19 09 65 8¢ 5
[+62] [+62] [£62] [062] [687] [952] [582] [zsz] [182] [8£2] [0£2] lo£2] [692] [897] [£92] [oze] [£ez]
30 51, AT Blu's & N un En| s I sH g 35 qa 0168 ey I
811 LT 911 S11 FIT £11 TIl L o1t 601 80T 40T 90T 501 0T 88 i8
[z12] [012] [eoz] | se'soe | oz | sevor | é500z | Léost | sorset | gezer | exost | 1e9st | #sest | s6081 | éb8il €€'LEl | 1672E1
wy ¥ od g qd IL 3y Y ¥ I 50 EES M EL 1445 eg 0
98 58 +8 £8 8 18 08 64 8L iL 54 SL YL €L 95 59
6z 1el | oéozt | oozt | ostet | testr | eswil | treit | dssot | zoot | tezot | Lotor [86] se'sé | 1628 | zT18 16'88 t9ig | ibse
ax 1 aL qs ug u] P2 v pd LEl ny aL o N % s 94
¥ €5 4 19 0§ &t 8t it St id i £ fad It ot 6t 8¢ L€
oges | 066l | Less | zews | eozs | ziés | seso | seeo | gows | egvs | ssss | webs | ooes | beos | Zsir | 9wt | soor | oree
'l g EXS v ap eD uz n IN oD 3 U D 3 €D A
8¢ SE ¥E £€ ze 1€ o€ 62 ST LT 5z Sz ¥z £ 12 0zZ 61
566 | ob'se | 90'ge | Leoe | 60'sT | seoT 1€%2 | 667CT
Iy o S a 18 ¥ Einy BN
81 A 91 S1 ¥1 £1 Zl i
8102 | 0061 00°91 10%1 1021 180T 106 69
aN ES 0 N D 4 ag T
01 6 8 L 9 S ¥ £
£00°F 800°T
aH H
z 1

SJUDWIATH JO 2[qe], JIpoLiad




SwissChO Central Exam 2024

CHEMISTRY.
OLYMPIAD.CH |

CHEMIE-OLYMPIADE
OLYMPIADES DE CHIMIE
OLIMPIADI DELLA CHIMICA

English (Official)

Score Sheet

NOT TO BE FILLED IN BY PARTICIPANT

Name of participant:

Problem | Title Maximum | Achieved Pages
points points

Q1 Mixed questions 17.5 1
Q2 Uranium, radium, and other fun elements 11.0 1
Q3 The Ecstasy of Gold and Stoichiometry 10.0 1
Q4 Solubility of Calcium Salts 15.5 1
Q5 Titration 9.0 1
Q6 Redox Chemistry 7.5 1
Q7 Electrons two ways: VSEPR and Resonance 10.5 1
Q8 Explosions and maybe Fire 14.0 2
Q9 Kinetics of Methylene Blue Discoloration 9.0 2
Q10 Organic Chemistry 6.0 1
Q11 Assorted Organic Reactions 9.0 2
Total 119.0 14
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Mixed questions (17.5 points)

1.1 Draw the Lewis structures of the following compounds and determine the oxi-  5.0pt
dation states of all atoms: C,H;OH, NH3, HNO;, H,SO,, OF,.

1.2 What is the pH value of a 0.05 mol I~ nitric acid solution? 1.0pt

1.3 When an atom is struck by a light beam of sufficient energy, it may be ionised  1.0pt
and lose an electron. More energy is needed to remove a 2nd electron, then
more for a third, etc. The first eight successive ionisation energies for an ele-
ment's atom from the 3rd period (sodium through argon) are as follows (all in
M) mol~"):

| 078 | 1.57 | 3.23 | 4.65 | 16.1 [ 19.8 | 23.7 | 202 |

What is the name and chemical symbol of this element?

1.4 Some students in the lab were tasked with labelling containers with the sum  1.5pt
formulas of the substances inside. However, they didn't do a good job and
some formulas make no sense at all. Here are all the formulas, write on your
answer sheet which ones make sense and which ones don't:
CH,CI, CHCl;, CHS, CH,Cl,, H,0,, COsH

15 How much iron is contained in 25 mol magnetite Fe;0,? Express your resultin  1.0pt
kilograms, rounded to two decimal places.

1.7 The sum formula C,HzO describes 32 different compounds. Draw 8 of them  8.0pt
which have at least one chiral centre. Mark chiral centres with an asterisk (*)
and add the correct descriptor (R/S) to the appropriate positions.
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Uranium, radium, and other fun elements (11.0 points)

Uranium-235 is a naturally occurring radionuclide with a half-life of 703.8 million years. Its decay chain
is as follows:

BA
4A A

AV NI ) LB 2Ra —0 2Ry
1B 5B
B
10A 11A
219 7 s 8 211 9 211 n:  C 207
HﬁRn 84P0 SQPb —_— 83B1 S‘ZPb(stable)
108 118
D
Decay chain of Zggu to ngPb.
2.1 Name the kind of radioactive decay occurring in reactions 1 —11, as well as the  5.75pt

intermediates A — D.

2.2 Radium-223, which is part of the decay chain shown above, has a medical appli-  1.0pt
cation as 223RaCI2 in treating metastatic bone cancers. What could be a reason
for using radium in specifically targetting bone cancers? Keep your answer
short.

2.3 Radium-223 has a half-life of 11.434 days. Based on this information, calculate  1.25pt
the rate constant of the decay.

24 An activity of one decay per second (1s~") is often described as one Becquerel  2.5pt
(1 Bg), named after Henri Becquerel. The activity of Xofigo, a medication based
on 223RaCI2, is formulated to be 1100 kBgmL~".

Now, you are tasked with creating 1000L of Xofigo. How much isotopically

pure 223RaCI2 (in mg) do you need to weigh in for this? If you couldn't solve

problem 2.3, assume the rate constant for the decay of the isotope to be
kzzsRa =5x10%s 1,

2.5 8951 can be used to treat bone cancers for the same reason as outlined in prob-  0.5pt

lem 2.2, however its decay to Y is sometimes problematic. Name the type of
decay occurring here, and give a reason for that being an issue.
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The Ecstasy of Gold and Stoichiometry (10.0 points)

31 Balance the following reaction equations properly. All stoichiometric coeffi-  4.75pt
cients must be integers.
1. C13H2602 + 02 — COZ + Hzo
2. P+ KClIO3 — P40 + KCI
3. FeS, + 0, + H,0 — FeSO, + H,S0,
4. HNO;5 + HCl + Au — HAuCl, + NOCI + H,0

Reaction 4 occurs when gold is dissolved in Aqua Regia (Latin for "royal water"), so named since it is one
of the few mixtures capable of dissolving "noble metals", e.g. gold.

One day, a fellow chemist hands you a sample of chloroauric acid (HAuCl,), made from a gold medal.
You are tasked with retrieving the gold from the sample. You know that adding an aqueous solution
of sodium metabisulfite (Na,S,05) to the chloroauric acid reduces the gold to its elemental form. Since
freshly precipitated gold looks rather dull, you melt it down in a forge and let it form a medal to restore
its former shiny appearance.

3.2 Formulate a balanced reaction equation for the process outlined above, know-  2.25pt
ing that sodium hydrogen sulfate and hydrochloric acid are formed over the
course of the reaction.

The sample you were given contained 150 g of chloroauric acid, however your colleague told you that the
original medal weighed 120 grams. Because you're an excellent chemist but not a great metalworker,
you expect that your approach returns 97.5 % of the gold from the initial sample.

3.3 Determine the original gold content (in % w/w) of the medal. Additionally, de-  3.0pt
termine how many carats the medal originally was.
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Solubility of Calcium Salts (15.5 points)

Calcium carbonate is a salt often encountered in everyday life, most commonly as limescale in the kitchen
or bathroom, especially if you have hard water. It can also be found as limestone or chalk in nature,
creating for example the white cliffs of Dover. Generally speaking, calcium carbonate is poorly water
soluble, having a solubility product K4 = 3.36 x 10~ mol? L2,

4.1 Calculate the amount of calcium carbonate (in mol) that can be dissolved in  1.0pt
0.5L of water.

4.2 Calculate the solubility of calcium carbonate in gL~". 1.0pt

4.3 Limescale in the kitchen is often removed using acidic cleaning agents. When  1.0pt
a cleaning agent containing hydrochloric acid is applied to limescale-covered
counter top, the chalky residue dissolves readily. Write down the essential re-
action equation(s) taking place here, and give areason as to why said reaction(s)
take(s) place at all.

4.4 You have a solution of 0.5molL~" Na,CO; and add CaBr, to it. Calculate the 3.0pt
maximum concentration of dissolved calcium bromide that can be reached be-
fore calcium carbonate precipitates (assume the protonation of carbonate to
be negligible).

4.5 You have one litre of saturated calcium carbonate solution and one liter of sat-  6.5pt
urated calcium hydroxide solution (K ¢(Ca(OH),) = 8 x 10~ mol® L—3). You add
both of these solutions to 3L of water. Do you observe precipitation? If yes,
which salt(s) precipitate(s)? Show your work.

4.6 For the mixed solutions in task 4.5, calculate the final concentration of calcium  3.0pt
ions in solution (after possible precipitation).
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Titration (9.0 points)

You receive a sample of an unknown organic diprotic acid and decide that you want to find out its identity
by titration with sodium hydroxide. You dissolve 8.689 g of the acid in 100 mL water. You titrate 10 mL of
the obtained solution using phenolphthalein as an indicator.

5.1 You observe a colour change after adding 33.4mL of a 0.5molL~' NaOH solu-  1.0pt
tion. Calculate the concentration of acid in the original solution.

5.2 Calculate the molecular weight of the acid. 0.5pt

5.3 Knowing that the acid contains only carbon, hydrogen, and oxygen atoms, de-  3.0pt
termine the correct sum formula for the titrated acid. Additionally, draw the
chemical structure of the acid.

5.4 Write down the reaction equations for the two deprotonation steps of thisacid  1.0pt
in water (you may abbreviate the acid by its sum formula).

5.5 Independently of your prior experiments, you now want to prepare a phos-  3.5pt
phate buffer with pH 7.5 with a total concentration of 0.1 mol L~" of the buffer-

ing agent. What is the concentration of bisphosphate ions HPO42* in the
buffer? (pK,, =7.21)
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Redox Chemistry (7.5 points)

The Daniell cell (also called the Daniell element) is one of the first versions of a battery, which is used
throughout the world as a practical introduction to electrochemistry and redox reactions. It is composed
of two containers, one with a solution of zinc sulfate and a zinc plate suspended in the solution, the
other with a solution of copper sulfate and a copper plate suspended in it. The two plates are connected
with a conductive wire, while the two solutions are connected with a salt bridge. In redox chemistry,
the standard reduction potentials are a measure of how easily ions in solution accept electrons. The
standard reduction potential EY_, for zinc and its ion is EEed(Zn/Zn2+) = —0.76V, for copper and its ion

red
itis E° (Cu/Cu®") = 0.34V.

red

Important equations you will need for this problem:

Nernst equation for a half-cell: E=E"+ &0 In J0o
Simplification of Nernst equation for a half-cell at 298.15K:  E = E° 4 2029V |og 220,
Nernst equation for a full cell: AE = AE® 4 8L In Sfrotuts)

Simplification of Nernst equation for a full cell at 298.15K:  AE = AE? 4 0059V |og clProducts)

c(Reactants)

6.1 Write down the two half-cell reactions occurring in the Daniell element. 1.0pt

6.2 Calculate the total cell potential / output voltage of the Daniell element. 1.0pt

6.3 How would you increase the total output voltage? Name two possible actions, 2.0pt
without changing the chemical reaction that occurs.

6.4 Calculate the total voltage for a modified Daniell element with c(Cu2+) = 3.0pt
3.0molL~" and ¢(zn**) = 0.007 mol L' at a temperature of 20 °C.

6.5 What happens to the cell potential if the mass of the copper electrode is dou-  0.5pt
bled? Give a reason for your answer.
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Electrons two ways: VSEPR and Resonance (10.5 points)

Sulfur is an essential element to many life forms, in humans it is vital for the production of cysteine and
methionine, performs vital metabolic reactions as part of Coenzyme A, and lets everyone in the train
know you had broccoli and eggs for dinner yesterday. In addition, sulfur is an interesting element when
it comes to VSEPR and its structures. In oxidation state zero, sulfur can exist as an octamer (sometimes
called a sulfur crown due to its shape).

7.1 Draw the structure of the Sg molecule, so that its 3D conformation is clearly  1.0pt
visible.

Once sulfur is not in an oxidation state of zero, however, things become more interesting.

7.2 Draw the correct 3D structures according to VSEPR for the following com-  5.0pt
pounds: H,S, CS,, SO3, H,SO,, OSF,. Each of your drawings should look like
this:

O

I

P

I/ cl
ci

POCI;
Tetrahedral

For most inorganic compounds, only one structural formula correctly represents the actual shape of
the compound. However, organic compounds are capable of something called resonance, where two
or more structures describe different properties of the same compound, but no single structure can
summarize them all.

7.3 Draw at least three resonance structures for each of the following compounds:  4.5pt
nitrobenzene (Ph—NO,), 4-dimethylaminopyridine (Py—N(CHs),), and succi-
nate ( OOC—CH,—CH,—COO ).
For reference:

AN

| ~

N
Pyridine
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Explosions and maybe Fire (14.0 points)

Gunpowder (sometimes referred to as black powder) is the oldest explosive known to humanity. First
referred to in a 9th century Chinese text, it allowed for the development of the first true gun: the hand
cannon. Gunpowder derives its literal kaboom from the mixing of saltpeter (potassium nitrate) with
sulfur and charcoal. When ignited, it combusts rapidly according to the following reaction equation:

10KNO; (s) + 35 (s) + 8C (s) — 2K,CO5 (s) + 3K,S0, (s) + 6 CO, (g) 1 + 5N, (g)

As you might know, gunpowder also has a less militaristic use case: fireworks. You as a chemist are now
tasked with creating the ultimate fireworks rocket. Please do not blow yourself up in the process, the
cleanup might be difficult.

In a physical chemistry textbook, you find the following thermodynamic data:

Compound | AH?/kjmol™" | S°/)mol~" K™
KNO5 —494.6 133.1

S 0.0 32.1

C 0.0 5.7

K,CO5 —1151.0 155.5

K,50, —1437.8 175.6

co, —393.5 213.8

N, 0.0 191.6

Thermodynamic data for various compounds at 100 000 Pa and 298.15K.

8.1 First things first: Calculate the standard reaction enthalpy and standard reac- 4.0pt
tion entropy for the reaction mentioned in the introduction. Express your re-
sults in k) mol~" and J mol~" K~T, respectively, rounding to one decimal place.

8.2 From your results in 8.1, calculate the Gibbs free energy in k] for the reaction  2.0pt
mentioned in the introduction, assuming that 3 mol of KNO; react. The reaction
occurs at atemperature of 1700 °C and standard pressure. If you couldn't solve
problem 8.1, assume A, H° = —4300k) mol~" and A,.S° = 2000 mol~" K",

Based on these results, we can see that this reaction has enormous explosive power. Let's harness it!

Your supervisor wants you to formulate a recipe for 10 kilograms of gunpowder that will react properly
(no leftovers except for lots of gas, potassium carbonate, and potassium sulfate).

8.3 Calculate the amounts of reactants you need to weigh in to create the 10kg of  4.0pt
gunpowder. Express your results in grams, rounding to one decimal place.
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You have weighed in your chemicals and carefully transferred them into an explosion-proof container.
Now your supervisor wants an estimate of how much force this explosion generates. The container
can be described as an upside-down cylinder of 5L volume, with its circular opening being placed onto
the ground. The opening measures 10cm in diameter, and the combustion is started remotely. Your
(American) textbook indicates that the reaction will reach a sizzling 3300 degrees Fahrenheit, which you
convertto 1815.556 °C. Assume that only the gases produced during the reaction contribute to the force.

8.4 What will be the force applied to the ground when the charge ignites, assuming  4.0pt
your 10 kg of gunpowder combust completely?

A tremendous amount of force indeed! Luckily, nobody got hurt when the container took off and hit the
ceiling. Next time, maybe perform the blast test outdoors...
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Kinetics of Methylene Blue Discoloration (9.0 points)

Methylene blue is a cationic dye that can be used as a redox indicator. It is blue in its oxidised form (see

structure below). This form of the indicator has its absorption maximum A, at 665 nm.
~
N 57 N~
Methylene blue, oxidised form.
9.1 Methylene blue can be reduced by ascorbic acid. In this reaction, methylene 2.0pt

blue formally takes up two electrons and two protons from the reducing agent.
Draw the reaction scheme for the reduction of methylene blue; it is sufficient to
only draw the structures of methylene blue in its oxidised and reduced forms.

9.2 Upon reduction, methylene blue loses its characteristic blue colour. Give an  1.0pt
explanation for this phenomenon.

9.3 To determine the molecular extinction coefficient, you prepare a 1.0pt
1 x 10> molL~" solution of methylene blue. You fill 1TmL of your solu-
tion into a cuvette of 1cm length and determine an absorbance of 0.7402.
Calculate the molar extinction coefficiente,, ...
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9.4 You perform experiments to observe the discolouration kinetics at different  3.0pt
concentrations of methylene blue and ascorbic acid. You observe the following
reaction rates v, (i being the number of the experiment you conducted). Deter-
mine the reaction orders with regard to methylene blue (MB™) and to ascorbic

acid (AsA).
Experiment no. | ¢(MB")/molL~" | ¢(AsA)/molL™" | v/ molL"s™’
1 1.8 x 107° 0.023 1.12 x 1076
2 1.3 x107° 0.023 7.93 x 1077
3 8.9 x107° 0.023 5.66 x 1077
4 3.5 x 1076 0.023 2.14 x 1077
5 1.3 x 107 0.011 3.97 x 1077
6 1.3 x107° 0.046 1.59 x 10~¢
7 1.3 x 1075 0.101 3.46 x 1076
8 1.3 x 107° 0.399 1.38 x 1075
9.5 Write down the correct rate law for the reaction. 1.0pt

9.6 For experiment no. 5, calculate the absorbance right at the beginning of the  1.0pt
reaction. If you couldn't solve problem 9.3, assume the molecular extinction
coefficient to be 70000 L mol~" cm~".
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Organic Chemistry (6.0 points)

10.1  Identify the highlighted functional groups (a) - (c) in the molecule below. 1.5pt
0]
HN |
PN
HoN N
Structure of folic acid.
10.2 Name the substitution pattern of the benzene ring (d) in the folic acid structure  0.5pt
(see above).
10.3  Give the correct descriptors for the double bonds (a) and (b) in the following  1.0pt

molecule.

Cl Br
(b)
(@7
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10.4  Assign the correct descriptors for the marked chiral centres (a) to (d) of choles-  2.0pt
terol, according to the CIP nomenclature.

10.5 How many chiral centres does cholesterol have in total? How many stereoiso-  1.0pt
mers of cholesterol could potentially exist, based on this information?
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Assorted Organic Reactions (9.0 points)

11.1  Draw the product 1 of the reaction shown below. 0.5pt

(@] H,SO, (cat.)
)_L + \/\0H > 1
OH

11.2  Give the name of the reaction in problem 11.1. 0.5pt

11.3  Identify the type of reaction in problem 11.1. Choose from the following: con-  0.5pt
densation reaction, hydrolysis, nucleophilic substitution, elimination, neutrali-
sation.

11.4 Draw the products 2 and 3 of the reaction shown below. Hint: Both products  1.0pt
are aromatic.

Br,

— 2+ 3

AlBr;

11.5 Identify the type of reaction in problem 11.4. Choose from the following: nu-  0.5pt
cleophilic substitution, nucleophilic aromatic substitution, electrophilic substi-
tution, electrophilic aromatic substitution.

11.6 Draw the intermediate 4 and the product 5 of the Grignard reaction shown 1.0pt
below.

\oB 0 THF H*/ H,0
s L (e 4 —_— 5
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11.7  For each of the following reactions, copy the reaction scheme to your answer  5.0pt
sheet and fill in the missing product(s) or reagent(s). In addition, write down
for each reaction whether it proceeds according to an Sy1, Sy2, E1, or E2 mech-

anism.
Br NaOH, DMF
OH A
/'\/ /\/
KO'Bu, DMF

/\/Br

B Cl

/ﬁ/—>/§\/




