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PREPARATORY THEORETICAL PROBLEMS

THEORETICAL PROBLEM 1

Combustion Energy

1.1  Write down the chemical equations for the total burning of propane and butane gas
in air. Indicate whether the substances are liquid (I), gaseous (g), or solid (s) under
standard conditions.

1.2 Calculate the combustion energies for the burning of 1 mol of propane and butane.
It can be assumed that all reactants and products are obtained under standard
conditions.

1.3 How much air (volume composition: 21 % of oxygen and 79 % of nitrogen) is used
up in this process?

Assume that oxygen and nitrogen behave like ideal gases.

The products are usually not obtained under standard conditions but at increased
temperatures. Assume for the following that the products are produced at a temperature

of 100 C and at standard pressure, while the reactants react at standard conditions.

1.4 Calculate the combustion energies for the burning of 1 mol of propane and butane
gas in air under these conditions.

1.5 What is the efficiency in % of the process in 1.4 compared to 1.2 and how is the
energy difference stored?

1.6  Calculate the efficiency of the combustion process as a function of the temperature
of the products between 25 C and 300 C. Assume that the water does not
condense. Plot the efficiency as a function of the temperature (reactants still react
at standard conditions).

1.7 Compare the combustion energy stored in a 1 liter bottle of propane and butane.
Assume that the product temperature is 100 C.

The density of liquid propane is 0.493 g cm'3, while the density of liquid butane is
0.573gcm'>,
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Thermochemical data:
Propane (g): H®=1103.8 kJ mol'"
Butane (g):  oqH®=1125.7 kJ mol'"

CO:2 (9): pH® =1 393.5 kJ mol'*
H,0 (I): qH® =7 285.8 kJ mol'*
H20 (9): qH® =1 241.8 kI mol'*
02 (9): H° = 0 kd mol'*
N2 (9): H° = 0 kd mol'*

Cp=73.6 Jmol'*K'"
Cp = 140.6 I mol' *K'*
Cp=37.1Jmol*K'""
Cp=75.3Jmol'*K'""
Cp=33.6 Jmol' 'K'*
Cp=29.4 Jmol'*K'"
Cp=29.1Jmol'* K"
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SOLUTION OF PREPARATORY PROBLEM 1

1.1 CsHs(g) + 502(g) ¥2- 3 COz(g) + 4 H0(l)
2 C4H10(9) + 13 Oz(g) ¥2- 8 CO2(g) + 10 HxO(l)
1.2 Combustion energy (reaction enthalpy): D:H® = S,DH® (p) 1 S\DHC (r)
aqH°(propane) = 3(i1393.5 kJ mol'') + 4(i 285.8 kJ mol'!) i (i 103.8 kJ mol'?)
aqH°(propane) =i 2220 kJ mol'!
qH° (butane) = 4(i 393.5 kJ mol'Y) + 5(i 285.8 kI mol'!) i (i 125.7 kJ mol' %)
qH° (butane) =7 2877 kJ mol'*
1.3 On the assumption that oxygen and nitrogen behave like ideal gases, the volume is
proportional to the amount of substance:
VN
Ny, =No, 5— g, 2 3.76
0,
5 mol of O, and 18.8 mol of N, are needed for the burning of 1 mol of propane.
6.5 mol of O, and 24.4 mol of N, are needed for the burning of 1 mol of butane.
When V=nRTp'!, the volumes of air are:
propane: Vg =(5+18.8) molT 8.314 JK' ' mol'*T 298.15 KT (1.0131 105 Pa)'*
Var= 0.582 m®
butane: Vai = (6.5 + 24.4) mol T 8.314 J (K mol)'' T 298.15 KT (1.0131 10° Pa)'*
Vair = 0.756 m®
1.4 Under these circumstances, water is no longer liquid but gaseous. The combustion
energies change due to the enthalpy of vaporization of water and higher
temperature of the products.
Energy of vaporization of water at 250 AC:
q@H’(H0)  #°(HEO() i opH(H.0(g)) = 1285.8 kI mol'* i (i 241.8 kJ mol' ")
oqH°(H.0) = 44 kJ mol'*
The energy needed to increase the temperature of the products up to 1000C is:
DH(T )=T (T, i ng, i
The energy E released by burning of 1 mol of gas is:
E(propane,T) = (i 2220 + 41 44) kJ + (Ti To) (31 37.1 + 41 33.6 + 18.8 moll 29.1) JK'*
E(propane, T) =72044 kJ + (Ti To) T 792.8 JK'* 1)
E(propane, 373.15 K) = 1 1984.5 kJ mol'*.
E(butane,T)= (128 77 + 5 ATATA))Y4I .1+ 51336 +24.4mol T 29.1) JK'*
THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 5
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E(butane, T) =7 2657 kJ + (Ti To) T 1026.4 JK'* (2)
E(butane, 373.15 K) = i 2580.0 kJ mol'*.
1.5 Efficiency of propane:

d(propane) = E(pmpagelfjs'w K) - 1984.5/ 2220 = 89.4 %.
C

E(butane, 373.15 K)
DH°

d(butane) = = 2580.0 / 2877 = 89.7 %.

The energy is stored in the thermal energies of the products.
1.6 The combustion energies have been calculated in 1.4, equation (1), (2):
E(propane, T) = 12044 kJ + (Ti To) | 792.8JK'*
E(butane, T) =7 2657 kJ + (Ti To) T 1026.4 JK'"
The efficiencies are given by:
Propane: dpropane(T) =17 3.8791 10T (Ti To)
But an@ue(T) =1d 3.863110'* T (Ti To)
The plot shows that there is really no difference between the efficiencies of burning

propane and butane.

1 T T T T T
—— propane
- — butane

0.981 4

0.96 4

= 0.941 4

0.92r 4

0.9f 4

0.88 1 1 1 1 1
50 100 150 200 250 300

T[°C]

V.

1.7 n =r—-L
Y]
i

Npropane = 0.493 g cm'®T 1000 cm®T (44.1 g mol'")'* = 11.18 mol
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Noutane = 0.573 g cm' 3T 1000 cm®T (58.1 g mol'Y)'* = 9.86 mol

Ei = n; A& (propane/butane, 373.15K)

E(propane) =11.18 molT (i 1984.5 kJ mol'") =122.19 MJ

E(butane) =9.86 mol T (i 2580.0 kI mol'!) = i 25.44 MJ

Despite the fact that there is less butane per volume, the energy stored in 1 dm? of

butane is higher than the energy stored in 1 dm?® of propane.
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THEORETICAL PROBLEM 2

Haberi Bosch Process

Ammonia is one of the most important intermediates. It is used, for example, for the

production of fertilizers. Usually, ammonia is produced from hydrogen and nitrogen in the

Haberi Bosch process.

2.1
2.2

2.3

2.4

2.5

Write down the chemical equation for this reaction.

Calculate the thermodynamic properties (reaction enthalpy, entropy, and Gibbs
energy) for this reaction under standard conditions. Use the values in Table 1. Is the
reaction exothermic or endothermic? Is it exergonic or endergonic?

What will happen if you mix nitrogen and hydrogen gas at room temperature?
Explain your reasoning.

Calculate the thermodynamic properties (reaction enthalpy, entropy, and Gibbs
energy) for this chemical reaction at 800 K and 1300 K at standard pressure. Is the
reaction exothermic or endothermic? Is it exergonic or endergonic?

The temperature dependence of the heat capacity and the entropy are described by
Co(M=a+bT+cT 2 and S(T) = d + eAT + fATf
can be found in Table 2.

Calculate the mole fraction of NH3 that would form theoretically at 298.15 K, 800 K
and 1300 K and standard pressure.

Assume that all the gases behave like ideal gases and that the reactants are added

in the stochiometric ratio.

In an industrial process, the reaction has to be fast and result in high yields. Task

2.3 shows that the activation energy of the reaction is high and task 2.5 shows that the

yield decreases with increasing temperatures. There are two ways of solving this

contradiction.

2.6 The reaction can proceed at lower temperatures by using a catalyst (for example
iron oxide). How does the catalyst influence the thermodynamic and kinetic
properties of the reaction?

2.7 It is also possible to increase pressure. How does the pressure change influence
the thermodynamic and kinetic properties of the reaction?

2.8 What are the best conditions for this reaction?
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Table 1:
Chemical Substance |qgH°( kJ mol' 'K "' S°(@mol''K'H"™ | C,°(@ mol' 'K ™
N2 (9) 0.0 191.6 29.1
NHs (g) i 45.9 192.8 35.1
H. (9) 0.0 130.7 28.8
Table 2:
chemical | & | b foe [od e o f
Substance | (Jmol'*K'Y)"* [ (Jmol 'K | Gmol 'K | (Imol 'K ™ | (Imol 'K | (Imol K'Y
N, (9) 27.3 5.20P1 11.7L7Yd 1705 8.1F1 12. 31
NHs (g) 24.2 4. 01 18.2"1 1638 1.1%1 72. 41
H. (9) 28.9 i58L1TC 1. 9P1 109.8 8.1F1 12. 41
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SOLUTION OF PREPARATOR Y PROBLEM 2

2.1 Na(g) +3Hy(Q) - 2NHs(g)
22 qH°=7 91.8kImol'*
q8° =1198.1Jmol'tK'!
qG° = Hpi TgB°=i32.7kImol'!
The reaction is exothermic and exergonic under standard conditions.
2.3  Ammonia will form instantaneously, but the activation energy for the reaction will be

so high that the two gases won't react. The reaction rate will be very low.

.
24 The enthalpy of forndl)i eflepfps(T)descri bed by
TO

For Ny pH(800 K) = 15.1 kJ mol'%, opH (1300 K) = 31.5 kJ mol' %,
For Hy: opH (800 K) = 14.7 kJ mol' %, opH (1300 K) = 29.9 kJ mol' .
For NHg:  cH (800 K) =1 24.1 kJ mol'*, opH (1300 K) = 4.4 kJ mol'™.
This leads to a reaction enthalpy of:

qH(800 K) =1 107.4 kJ mol'?, oH(1300 K) =7 112.4 kJ mol' .
Entropy can be calculated directly with this equation..

For Ny S(800 K) = 220.6 J mol' ' K'?, S(1300 K) = 236.9 3 mol' * K' ™.
For Hy: S(800 K) = 159.2 J mol' ' K'?, S(1300 K) = 174.5 3 mol' * K' ™.
For NHs:  S(800 K) = 236.4J mol' ' K'?, S(1300 K) = 266.2 J mol' 1 K' ™.

This leads to a reaction entropy of:

S(800K) =7 225.4 I mol' ' K'!, S(1300K)=7 228.0 Jmol' ' K'™.
Gibbs energy is:

qG(800K) = 72.9 kJ mol'?, opG(1300K) = 184.0 kJ mol' .

The reaction is still exothermic but now endergonic.

2.5 The equilibrium constant can be calculated from Gibbs energy according to
K(T) = exp(i giG(RT) ).
This leads to the following equilibrium constants:
K,(298.15 K) = 5.361 10°,
K«(800 K) = 1.741 10",
Ky(1300 K) = 4. 041 10'®,
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X
NH.
. — 3 — —
Using KX R tz —3xN2, and 1= xNH3 +xNz +xHz
Hy "Ny
1ixd?
H — 2
we obtain K, = n
27 Xy
2

L1
X, | =

4
J27K, e 27K,

which has only one solution, since Kx and Xy, are always positive:

« = 2 4 1
N2 27K, \27K, J27K,

This equation can be converted into xﬁ +
2

We obtain the following table:

TK' X, X, X,

298.15 0.01570 0.04710 0.03720
800 0.24966 0.74898 0.00136
1300 0.24998 0.74994 0.00008

2.6 The catalyst reduces the activation energy of the process and increases the
reaction rate. The thermodynamic equilibrium is unchanged.

2.7 Higher pressures will result in a higher mol fraction of NHs, since Ky = K, p2
increases. An increase in pressure shifts the equilibrium toward the products but
does not change the reaction rate.

2.8 The best conditions are: high pressure, temperature as low as possible and the
presence of a catalyst. The temperature has to be optimized such that the turnover

is fast and the yield still acceptable.
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THEORETICAL PROBLEM 3

Thermodynamics in Biochemistry

Muscle cells need an input of free energy to be able to
contract. One biochemical pathway for energy transfer is the
breakdown of glucose to pyruvate in a process called glycolysis. In
the presence of sufficient oxygen in the cell, pyruvate is oxidized to
CO;, and H,O to make further energy available. Under extreme
conditions, such as an Olympic 100m sprint, the blood can not

provide enough oxygen, so that the muscle cell produces lactate

according to the following reaction:

Maurice Greene, AFP

O O O. @)
N4 N\ Z
c Lactate C
.  dehydrogenase .
O:(|: + NADH + H — HO—(lj—H + NAD
CHj3 CH3

qG% 1 25.1kImol't

In living cells the pH value usually is about pH = 7. The proton concentration is
therefore constant and®whainc hbei si ntcB%und eaa |dglueido t

commonly used in biochemistry.

3.1 Call c u IG4for the rgaction given above.
32 Calcul ate the reaction constant K6 (the pr

constant, K6 K+cH) ) for the reaction .above at 25A

qG°dindicates the free enthalpy of the reaction under standard conditions if the
concentration of all reactants (except for H*) is 1 mol dm'®. Assume the following cellular
concentrations at pH dm'37: NADH u b ér *Santats 87000 mo |
O modm'®, NAD*'5 4 0  GIm'.1

33 Calculcatat ot he concentrati oh® of the muscl
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Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

SOLUTION OF PREPARATOR Y PROBLEM 3
31 qG’=7 RTInK

—i RTIN c(lactate)3 c(NAD")
c(pyruvate)® c(NADH) T(H")

—i RTIn c(lactate)3 c(NAD") : N 1
c(pyruvate)® c(NADH) c(H")

3 +
opGOO i RTIn c(lactate)3 c(NAD™)
c(pyruvate)® c(NADH)

qG’= G’ RTIn(c(H'?

i 25100 J mol'* 1 8.314 I mol' 'K'* T 298.15 K T In 10’
i 25.1 kJ mol'' i 40.0 k mol'*

i 65.1 kJ mol'*

3.2 qG°%=i RTInKd Ko L1®GA0/ (RT)

A 251 31417 298.1 ~ 1
Ko= e 5100/ (8.3 98.15) Ko 5] 1(24

33 qG6 qe’% R¥In CP0d)
c(react.)

_ qﬁoé RT In c(lactate)3 c(NAD")
c(pyruvate)® c(NADH)

=i 25100 I mol't + 8.314 I mol'*k'* T 298.15 K | |nM
3803 50

=i 25.1kIJmol't +11.5 kI mol'!
=i 13.6 kI mol'!

THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 13
Edited by Anton Sirota,

ICHO International Information Centre, Bratislava, Slovakia, 2018



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

THEORETICAL PROBLEM 4

Heat Conductivity
When considering the design of houses, the heat conductivity through walls, roofs,
and the floor pl ays an i mportant rol e.

materials are described in Table 1.

4.1 Calculate the heat flow through a wall of 150 m? (typical of a singlei family house in
Central Europe) that consists of a brick layer with a thickness of d = 24 cm and
through the same wall that consists, however, of a brick layer with a thickness of
d =36 cm. There is atemperature of 25AC i ns i dAeC amult sli0d e .

4.2 The heat loss can be minimized by using a layer of polystyrene foam. Calculate the
heat loss through a 10 cm polystyrene insulation foam. The wall area again is 150

m”.

It is advantageous to use the heat resistance L'' for the calculation of the heat
conductivity through a wall consisting of different layers:

l;i +d—2 gé K+

L 7/, 5
For the different parts of the house (window, wall) the diathermal coefficient can be
calculated as:

k:ﬂ +ﬂ IJ& K+

Ac Ad Aa

Energyi saving actions are of vital importance to decrease the energy requirements of the
world. Good insulation is not only positive for the environment (reduction of CO,
emissions) but also good for the economy. Presently, an energyi saving house has a

maximum diathermal coefficient of 0.50 W m' L. K

4.3 Calculate the thickness of a wall that only consists of brick to achieve this
requirement.

4.4  The wall thickness can be minimized by insulation layers. A typical wall consists of a
brick layer that has a thickness of d; = 15 cm at the outside, a concrete layer with a
thickness of d, = 10 cm, an insulation layer (polystyrene foam) of thickness ds; and a
gypsum layer with a thickness of d4 = 5 cm on the inside of the wall. Calculate the
thickness of the insulation layer and the total thickness of the wall to fulfil the

requirements of an energyi saving house.
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4.5 Windows increase the mean value of the energy loss. Assume a wall of 15 m?

constructed as in 4.4 including a window of 4 m? with a mean diathermal coefficient

of .70 W m'2K'%,

By what percentage has the thickness of the foam layer of 4.4 to be increased in

order to achieve the same average ki value?

Table 1. Heat conductivity of different materials

Material > nmwH'"
Concrete 1.10
Building brick 0.81
Polystyrene insulation foam 0.040
Linoleum (floor covering) 0.17
Gypsum 0.35

Formula:

Heat flow through a wall: P, = SI (T,-T)

Area A, heat conductivity & temperature T, thickness d
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SOLUTION OF PREPARATOR Y PROBLEM 4

4.1 The heat flows are:
Pw =150 m*T (0.24 m)''T 0.81Wm''K''T 25 A G 10AC) 7.59 kW anc
Pw =150 m*T (0.36 m)'*T 0.81Wm''K'*'T (25 A G 10AC) 5.06 kW

42 Py =150 m*T (01 m'*'T 0040 W m*K*'T (25AQA0AC) = 0.90

Although the wall is much thinner, the energy loss is much lower due to the much

lower heat conductivity.
43 k=alLd' U d=ak''=081Wm''K*'T (0.5Wm?KH' d=1.62m

44 L"=K'=050WmPK Y t=diT (o)t +dol (a)'t +dal (o)t +dal (ow)' "=
0.15m7 (0.81Wm*'KYH t+010mT L.1WmKH ' +dsl (0.040Wm'KH'™
+0.05m7T (0.35Wm'tK'H'

The thickness of the insulation foam layer is d3 = 6.3 cm
The total thicknessis: 15cm+10cm +6.3cm +5cm =36.3 cm

45 K=LTAT (Ae)™ + LaT AT (Ae) ™

46 050 W m?K*'=070 W m?K'T 4m?T @5 md)'t+s,T 11 m’L (DB m
L,=0.427W m'?K'",

The calculation is similar to that of 4.4:

The thickness of the insulation foam layeris d3; = 7.7 cm

The total thicknessis: 5cm+10cm +7.7cm+5cm =37.7 cm
due to the much higher heat conductivity of the window.

The thickness of the foam layer has to be increased by 22 %.
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THEORETICAL PROBLEM 5

AGr eeno CHhHdmeiUsetof Supercritical CO,

Recently, reactions in supercritical carbon dioxide (critical temperature T, = 304.3 K;
critical pressure p. = 72.81 10° Pa) have received significant attention. The density of a
l T guid can be easily tuned near the critical
solvent that can replace organic solvents. This solvent has actually been used for caffeine
extraction for quite a long time. The fact, however, that carbon dioxide has to be

compressed is one of the few disadvantages.

5.1 Calculate the energy needed to compress carbon dioxide from 1 bar to 50 bar (final

volume is 50 cm?, 298 K, ideal gas).

Real gases can be described by the van-der-Waals equation (although it is still an
approxi-mation):

e an

a= 3.59 ep+a8%7 -nb) ART

Jo:of

el

b =0.0427 dm® mol'!

5.2 Calculate the pressures needed to achieve a density of 220 g dm'2, 330 g dm'?,
and 440 g dm'? at temperatures of 305 K and 350 K.

Properties, such as the solvent power of carbon dioxide and the diffusivity of
reactants, are strongly dependent on the density of the fluid. The calculation in the

previous task shows that the density can be tuned by pressure variations.

5.3 In which region can these properties of the fluid be tuned more easily i near the
critical point or at higher pressure / temperature (consider the critical constants and

the results of 5.2)7?

The oxidation of alcohols by molecular oxygen in supercritical carbon dioxide, e.g.
the oxidation of benzyl alcohol to benzaldehyde, is a supercritical process. The reaction

takes place in the presence of a Pd/Al,O3 catalyst with a selectivity of 95 %.

54 a) Write down the balanced reaction equation of the main reaction path.

b) Which reactions can occur during further oxidation (except total oxidation)?
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The use of carbon dioxide both as a solvent and as a reactant instead of phosgene
or carbon monoxide is another example of supercritical processes. Both the catalytic

formation of organic carbonates and formamides have already been described.

5.5 a) Write a balanced equation of the formation of dimethyl carbonate by the
reaction of methanol with carbon dioxide. How can dimethyl carbonate form if
phosgene is the reactant?
b) Formyli morpholine can be synthesized from carbon dioxide and morpholine
using an appropriate catalyst. Which additional reactant is needed? Write down
the reaction scheme.
How would the scheme change if carbon monoxide was used instead?
56 From the point of vileviwslodld réagtions kercarredoaitrmi st r y
CO; instead of using carbon monoxide or phosgene (2 reasons)? Apart from the
compression of carbon dioxide, what is the main obstacle in using CO, as a

reactant in comparison to CO or COCI; (1 reason) ?
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SOLUTION OF PREPARATOR Y PROBLEM 5

5.1 dW:'rnRTO\'/—V orW=inRT In>

P,

_ pV _50310°Pa 350 ®0'm _
n= = =0.10 mol
RT 8.314JK*mol *3 298 K

W=7 0.10 molT 8.314 JK'*mol''T 298 KT In(1/50) = 969 J

5.2

The calculation can be most easily carried out with the molar volume Vi = M ;'
The equation [p+a( V')’ (Vi nb)=nR T can be simplified to

[P+aVm'?] (Vmi b)=RT
Example of the calculation
(density § =440 g dm'? or Vi, = 0.10 dm® mol'*; T = 305 K)
[p+(3.59110°Pa T 10'° m®mol'®) T (0.1%T 10'®m°mol'®d '] L
(0.171 10> m®mol'*1 0.04271 10'* m®*mol'Y) = 8.314 JK' *'mol'*T 305 K

p = 83.51 10° Pa
} (gdm'®)'t Vm (dm°mol' )" TK'™ pL Pa
220 0.200 305 71.51 10°
330 0.133 305 77.9110°
440 0.100 305 83.51 10°
220 0.200 350 95.21 10°
330 0.133 350 119.31 10°
440 0.100 350 148.81 10°

5.3 The results in the table above show that a 10 bar change in pressure near the
critical temperature results in nearly double the density. Far above the critical
temperature, however, such a change requires higher pressures. Hence, it is useful
to work near the critical temperature/pressure.

5.4 a) Main reaction: CgHsi CH,OH + i %-O CgHsi CHO + H,0
b) Side reactions:

CeHsiCHO + , ita- O CgHsi COOH  (Acid)
CeHsi COOH + CgHsi CH,OH %-  H,0 + CgHsi CO(OCHai CeHs) (Ester)
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55 a) CH30OH + CO, Y2- CH3O1 COi1 OCH3; + H,O
CH30H + COCl, %2- CH30i COi OCH; + 2 HCI

b) C4HsONH + CO, + Red %- C4HgONi CHO + Redi O

The reaction requires a reducing agent, e.g. hydrogen, hence:

C4HgONH + CO; + Hy %2-  C4HgONi CHO + H,0

C4HgONH + CO - C4H3ONi CHO

5.6 The advantage of using carbon dioxide is that it is not poisonous in contrast to

carbon monoxide and phosgene. CO, makes the process safer. Moreover, using
CO, both as a reactant and as a solvent is advantageous, since no additional
solvent is necessary.
Another reason may be the reduction of the CO,i emission, but this will not be
significant.
One of the disadvantages is that CO, is much less reactive than CO or COCl, i
therefore a search for suitable catalysts is inevitable (catalysts have been found

only for a few reactions, such as the formylation of amines).
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THEORETICAL PROBLEM 6

Chemical Kinetics of the Peroxodisulfate lon

The peroxodisulfate ion is one of the strongest oxidants that are known, although
the oxidation reaction is relatively slow. Peroxodisulfate ions are able to oxidize all halides,
except fluoride, to halogens.
The initial rate (ro) of the iodinei formation according to

S:08” +21' - 2S0,” +1;

was determined as a function of the initial concentrations(c)) of t he reactants

Co(S208”) [mol dm' 7] co(l') [mol dm' 7] ro [10"® mol dm'°A'S]
0.0001 0.010 1.1
0.0002 0.010 2.2
0.0002 0.005 1.1

6.1 Draw the linel bond structure of the peroxodisulfate ion and determine the oxidation
states of all atoms.

6.2  Write down the rate equation for the reaction shown above.

6.3  Write down the total order and the partial orders of the reaction shown above.

6.4 Prove that the rate constant of the reaction is 0.011 dm®mol '*s'*.
The activation energy of the reaction mentioned above is 42 kJ mol'*.

6.5 What temper at @s ® bg choasen A jlecugle the rate constant?

lodine reacts with thiosulfate ions (S,03') forming iodide ions rapidly.

6.6  Write down the reaction scheme of this reaction.
6.7 Write down the rate equation for the reaction
S,067 +21'Y 2 80l
assuming that there is an excess of thiosulfate ions relative to the peroxodisulfate

ions and the iodide ions in the solution.
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SOLUTION OF PREPARATOR Y PROBLEM 6
6.1
2
-2 0O 2

O\ / é

/ \ \+ //
9 O/
2

6.2 r=kc(S:08")c(l')

6.3 reaction order: 2
partial reaction order of S,0¢”: 1

partial reaction order of I' : 1

3108 S 3a 1
64 k= ! = 1'1310 m°'d2m S =0.011 dm*mol 's *
c(S,0%)3c(l) 0130° 4 108 2 molPdm

6.5 Using the Arrhenius equation we may write

. Ea Ea E41 1
=ASe Fh k,=A & Rt ¥ _oRET
k2
because ki/k, = 1/10, it follows that
|i E, g1 1 U 1 53| 1.1 Y T,=345K° 72 A C
10 R?‘Z T, T, E. 10 T,

6.6 2S,05" +1; - 21' +S,06”"
6.7 It has to be noticed that the concentration of the iodide ions does not vary any
longer, because iodine formed reacts quickly with thiosulfate ions (which are
available in excess according to the precondition) forming iodide ions again.
Therefore the reaction is of pseudo firsti order and the rate equation is given by
r = koc(S,08')
(It 1s important to note t ha tkoftthe partg6a2tie c on
6.5 of this problem, because it includes the pseudoi constant concentration of the

iodide ions).
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THEORETICAL PROBLEM 7

Catalytic Hydrogenation of Ethylene

At the beginning of the last century, ethylene, that is a colourless gas, was
considered to be a chemical curiosity without any practical importance. Today, large
amounts of ethylene are produced: in Germany, 60 kg per capita were produced in 2001.

Ethylene can be converted into ethane by various catalysts. By using a zinc oxide
catalyst, the reaction is so slow that the reaction mechanism can be analyzed.

The pictures below show the reaction steps of the hydrogenation of ethylene

(charges and stoichiometric coefficients are neglected in all the following tasks).

7.1  Write down the correct order of the steps by numbering them consecutively.

No. No.
H H H HZCTCHZ H
om—O—..—Zn—..—O0—... | |
. ™ O—...—ZNn—...—O0——...
.—8O—..—Zn—..—O0—...
. —O—... —Zn—...—O0——...
H,C—CH,
H H
H H |
| | o —Zn— . —O—.
.—O—..—Zn—..—O0—...
I
||4 CH,
w.i—™8O— .. —7Zn—..—O0—...

d(H) describes the fraction of surface

d (.84) describes the fraction of surface sites that are occupied by ethylene molecules
and ,Hsj describes the fraction of surface sites that are occupied by the adsorbed
intermediate.

7.2 Which of the following rate equations is correct, if the hydrogenation of the

adsorbed intermediate is the slowest step of the reaction?

THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 23
Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018

S i



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

(1) r=kI dH) A
(2)  r=kT d(CzHa) A
() r=kI d(H)T d(CzH.) A
(4) r=kI dH)T d(CoHs) A

When zinc oxide is used as a catalyst, the hydrogenation of ethylene is blocked by

water.

7.3 Explain this blocking by drawing the interaction between water and the catalyst
analogous to that of task 1 of this problem.

If a metal catalyzes the hydrogenation of alkenes, isomer alkenes are formed in a

side reaction. When D, reacts with 11 butene the side products 1 and 2 will form.

7.4 Complete the reaction scheme on the next page and write down the structures of

the intermediates.

HgC—CH,——CH=—=CH, D—D HzC—CH,——CH
— [

catalyst /////////

|CH2 D D
| |

i Z 1
7777/
T
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The fraction of surface sites that are occupied by adsorbed gas molecules (d) may

be described in a simple way by using the Langmuir isotherm:

K
q—p

1Ko p: gas pressure, K: adsorptioni desorption equilibrium constant
p

75 Write down a corresponding formula for

occupied by the gas i, if two or more gases are adsorbed on the catalyst.
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SOLUTION OF PREPARATOR Y PROBLEM 7

7.1
No. No.
H H H Hzc;:l:CH2 H
1 w—O—. . —Zn—..—O0—.. 5 _(L_ e _(L_
H H HaC—CHj
3 —O—..—Zn—..—O0—. 7
m™O—..—Zn—..—O0—..
H,C=—CH,
4 H H ) T T
D S ot o
[
H CH,
6

7.2 The hydrogenation of the adsorbed intermediate is the slowest step of the reaction.
This is the reason why the concentration, or in this case the fraction of surface sites
that are occupied, has to be part of the rate equation.

Answer (4) is correct.

7.3  Four answers can be accepted:

H_ H
@)
v ™ O0—..—Zn—..—O—... showing some kind of pi complex, or
H H
\ {
@]
..—0—..—Zn—..—O—..with a bond between the zinc and the oxygen atoms
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O
7/ N\
H H
W O—..—Zn—..—O0—.. showing a hydrogen bond
"o
v O0—.. —Zn—..—O0—.. showing the formation

OHi groups on the catalyst surface.

7.4

HgC—CH,——CH=—=CH, D—D H3C—CH2—CH—CH2

=Y

H3C—CH_CH_CHzD — =  H3C—CH=——=CH——CH2D

-D

H3C—CH z—CH—CHzD

700 //

-H

—_—

H3C—CH2—CH—CHD
—_— H3C—CH,——CH——CHD

007, P

7.5 Knowing the derivation of the Langmuir isotherm from the law of mass action you
can obtain:
Ki® B

1+aK; %,
j

d(i) =
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THEORETICAL PROB LEM 8

Kinetics of an Enzymatic Reaction

The mechanism of an enzymatic reaction may be described as:

k, k,
S+E k# ES— P+E
-1

S is the substrate, E is the enzyme, ES is the complex formed by S and E, and P is the
product. ki, k-1 and k, are the rate constants of the elementary reactions.
The rate of the enzymatic reaction, r, can be expressed as a function of the

substrate concentration, c(S):

(= dc(P) c(S)

Ky +¢(S)

,C. (E)

c(S)
tis the time,

c(P) is the product concentration,
cr(E) is the total enzyme concentration
and Km = (k‘,‘l + kz)/k]_

8.1 Determine the variables x, y and z in the following rate equations:

dc(S) _ cES)

—Z=ike (S) E) (BS9= e c k(g3 (E

dt

8.2 Complete the following rate equation:

dc(E) _
dt

Penicillin (substrate) is hydrolyzed by bilactamase (enzyme). The following data

have been recorded when the total enzyme concentration was 10'° mol dm'>.
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0.15
—»
0.10 /
-
4
0.05 /
xi axis: ¢ *(S) / (106 dm® mol'")
— yi axis: r'* / (106 dm® min mol' %)
0.00 TN T T T T T T N T T T T T T T T O T Y Y T T |

8.3 Determine the constants ko, and K.

If ¢(S) = 0.01 Ky, what is the concentration of the complex ES?

A competitive inhibitor | competes with the substrate and may block the active site
of the enzyme:
|+ ED EI
8.4 If the dissociation constant of El is 9.5110'* mol dm'® and the total enzyme
concentration is 8110'* mol dm'®, what total concentration of inhibitor will be
needed to block 50 % of the enzyme molecules in the absence of substrate?

8.5 Decide whether the following statements are true or false.

true false
i) The rate of the enzymatic reaction, r, is reduced by
the competitive inhibitor. A A
i) The maximum value of the rate r is reduced by
the competitive inhibitor. A A
iii) The concentration of the substrate S is unaffected
by the competitive inhibitor. A A
iv) The activation energy of the enzymatic reaction is
increased by the inhibitor. A A
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A more detailed description of an enzymatic reaction includes the reverse reaction
of the product back to the substrate. At the end of the enzymatic reaction, a chemical
equilibrium is reached between the substrate and the product.

8.6 Decide whether the following statements are true or false.

true false

i) The concentration of the product in the equilibrium is

increasing with increasing concentration of the substrate. A A
i) The concentration of the product in the equilibrium is

increasing with increasing concentration of the enzyme. A A
iii) The concentration of the product in the equilibrium

is higher, when the rate constant k; is larger. A A
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SOLUTION OF PREPARATOR Y PROBLEM 8

81 x=1,y=11,z=1

dc(E)

8.2 =7 ky ¢(S )C(E) + ki1 ¢(ES) + ko c(ES)

8.3 The reciprocal rate is plotted as a function of the reciprocal substrate concentration:

1_ Ky 1 1

r Kk, cr(E) c(S) kycr(E)

1
k,cr(E)

=0.021 10° dm® min mol'?

Intercept at 1/c(S) = 0 yields ?1 =

With c(E) = 11 10'° mol dm'® we obtain k, = 50000 min'*

Intercept at 1/r = 0 yields . '|'i: i 0.097 10°
c(S) Kw
Km =1.1110"°
Alternatively, the slope is Ku - 0.22 min
K, ¢+ (E)
Ku=1.1110"°

The rate of the enzymatic reaction is given as

dc(P) _ _ c(S)
4 ks C(ES) = ky cT(E)m

_ c(S) _ 0.01 K,,
c(ES) = c1(E) —KM +e(S) c(ES) = c1(E) —KM +0.01K,,
c(ES) = 9.91 10'® c(E) c(ES) = 9.91 10' * mol dm'?®

g4 k=CWCE) _ c°05¢(E)_ v g5y
c(El) 0.5¢(E)

The total inhibitor concentration is
cr(l) = c(l) + ¢(El) = K + 0.5 c(E) = 1.351 10" mol dm'®
85 ) true (the inhibitor reduces the free enzyme concentration and thus the rate
of ES formation. A lower ES concentration results and leads to a smaller

reaction rate)
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1)) false (the maximum rate is reached for c(S) = @ where the inhibitor
concentration can be ignored)

i) false (the inhibitor reduces the free enzyme concentration and thus
promotes the dissociation of the complex ES into E and S (Le Chatelier's
principle))

V) false (the activation energy depends on the rate constants that are
independent of concentrations)

8.6 The enzyme is only a catalyst. The net reactionis S D P

) true (because K = c®4(P) / c®4(S))
1)) false (because K does not depend on the enzyme concentration)
iii) true (because K is the ratio of the rate constants for the forward and the

reverse reaction)
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THEORETICAL PROBLEM 9

CaCNz 1 An Old but still Important Fertilizer

Calcium cyanamide (CaCNy) is a very versatile and powerful fertilizer. It can be

produced easily from cheap and common chemicals such as CaCOj;. The thermal

decomposition of CaCO3 leads to a white solid XA and a colourless gas XB which does

not sustain combustion. A greyish solid XC and a gas XD form by the reduction of XA with

carbon. XC and XD can be further oxidized. The reaction of XC with nitrogen finally leads
to CaCNs.

9.1

How can calcium cyanamide be synthesized? Complete the reaction scheme below.

(1) CaCOs; v xa + xB
(2) XA + 3C Y2%- XC + XD

(3) XC + N, Y2%- CcaCN, + C

9.2 What gas forms by the hydrolysis of CaCN,? Write down the equation of the
reaction of CaCN; with water.

9.3 In solid state chemistry the CN,” ion shows constitutional isomerism. The free
acids of both anions (at least in the gas phase) are known. Draw the structural
formulas of both isomeric free acids. Indicate on which side the equilibrium is
located.
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SOLUTION OF PREPARATOR Y PROBLEM 9

9.1 (1) CaCO; %¥s- cao + cO,
(2) CaO + 3C %- CaC, +CO
(3) CaCp, +N, %- CaCNy+ C

This process that is technically important is called the Frank-Caro process.

9.2 CaCN; + 3H,0 %- CaCOs;+ 2 NH3
9.3 HN=C=NH N= Cc —NH,

The first compound is the acid of the carbodiimide ion, the second is that of

cyanamide. The equilibrium favours the more symmetric structure.
(Inorg.Chem. 2002, 41, 4259 1 4265)
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THEORETICAL PROBLEM 10

Closedi Packed Structures
About twoi thirds of the metallic elements have closedi packed structures. Each
atom is surrounded by as many neighbouring atoms as possible. All the atoms in the

structure are identical.

10.1 Draw a twoi dimensional model of a closedi packed assembly of spheres.
10.2 Change this model into a threei dimensional one. How many different possibilities
are there of stacking a) three or b) an infinite number of layers? What is the

coordination number of each atom?

Atoms packed together are closedi packed when they occupy the minimum volume
possible (assuming they are incompressible spheres). They have the maximum possible
packing efficiency, defined as the ratio of volume of atoms to volume of space used.

The following arrangement is called 'cubici F"

10.3 Insert the closedi packed layers into this illustration.
10.4 Calculate the packing efficiency and compare it with that of a cubici primitive
packing of spheres.

10.5 Insert the tetrahedral and octahedral cavities into a cubic closedi packed structure.

The arrangements of ions in a crystal depend to a great extent on the relative sizes
of the ions as shown in the table below.
The radius of the particles X that form the holes is r.
The radii of the largest particles M that fit into the holes without distorting them are

0.225I r for a tetrahedral hole and 0.4141 r for an octahedral hole.
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Radius ratios for the arrangements of rigid spheres.

Coordination number | Arrangement Radius ratio Crystal structure
of M of X r(M™ Y (X corresponding to
coordin. number
2 linear <0.150
3 triangular 0.15071 0.225
4 tetrahedral 0.22571 0.414 ZnS
6 octahedral 0.41471 0.732 NacCl
8 cubic 0.73271 1.00 CsClI
12 cuboctahedron 1.0 closed packed

10.6 Show that the ideal rM/rX value for the cationi anion and anioni anion contacts of a

tetrahedral arrangement of anions around a cation is 0.225.

M

10.7 Calculate the ideal ry/rx ratio for cationi anion and anioni anion contacts of an

octahedral arrangement of anions around a cation as illustrated in one plane in the

figure below.

One edge of a tetrahedron with two anions

touching and the cation in the center of the

tetrahedron.
2d= 109.

Cationi anion and anioni anion contacts

5A.

in one plane of an octahedron.
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SOLUTION OF PREPARATOR Y PROBLEM 10
10.1

In the twol dimensional model each indistinguishable atom is surrounded by six
other atoms.
10.2

(N (a1) (a2)

A transformation into a three-dimensional model can be achieved by stacking the
2D closed-packed layers (). Each atom has six neighbours in the plane surrounding
it, and three further atoms located in the holes above the atom and three atoms
located in the holes below the atom.

a) Looking at the second layer, there are two possibilities of putting a third layer on
top. Either the atoms are put into the holes such that there is no atom directly
beneath them in the first layer (a;), or into the same positions they occupy in the
first layer (az). These possibilities create the two different closed-packed

structures, ABCABC (cubic closed-packed) and ABAB (hexagonal closed
packed).
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In principle, an infinite number of stacking patterns can be generated by the

b)
combination of these two basic stacking possibilities.

10.3
ooooeo... <

In this illustration, the atoms touch on the face diagonals. The length of the edges of

10.4
i/ There e 4 complete atoms in the cube (8 corners with one

thecube
eight of an atom in each and 6 sides with one half of an atom in the middle of each).

So the packing efficiency is:

16 4
3P _p
= = =0.74 or 74%
16132 32

4 3
4x—pr
3 p
(2ry2)?
A cubic primitive packing has a packing efficiency of:

4 5 4
Ix—pr° —p
(23)3 =2~ =052 or 52%
r

10.5

The elemental cube of a face centered cubic structure contains 4 packing atoms
38

(one at the corner and three on the faces of the cube), eight tetrahedral holes (one
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in each octant of the cube) and 4 octahedral holes (one in the centre of the cube,

12 additional holes in the middle of the edges of the cube, each shared of 4 cubes).

10.6

A line perpendicular to the edge divides the tetrahedral angle into two halves. The
length of the edge is 2 rx. The distance from a tetrahedral vertex to the center is
m+rx. The angl/@& is 109, 5A

si n xd(narry) sin (10%+B)AIK2) A (r

0.816 ry =0.184 ry rw/rx = 0.225

10.7

2r)® = (rm+ r)? + (v + rx)?

4k =2 (rw+rx)?
'\/—2_ rx =+ rx
rx = (V2-1)=0.414
/rx  =0.414
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THEORETICAL PROBLEM 11

Titanium Carbide 7 A Highi Tech Solid

Transition metal carbides, such as TiC, are widely used for the production of cutting
and grinding tools, because they are very hard, very corrosioni resistant and have high
melting points. Apart from these properties, titanium carbide has a high electric
conductivity that is almost independent of temperature, so that it is important in the

electronics industry.

11.1 What kind of structure is TiC likely to adopt, if the radii are r(Ti4+) = 74.5 and
r(C") = 141.5 pm?

TiC is technically obtained from TiO2 by the reduction with carbon. The enthalpy
change of this reaction can directly be measured only with difficulty. However, the heats of
combustion of the elements and of TiC can be measured directly. As energy is always
conserved and the enthalpy change for a given process does not depend on the reaction
pathway (this special application of the First Law of Thermodynamics is often referred to

as HessEs Law), the missing thermodynamic dat

11.2 Calculate the enthalpy of reaction of the technical production process of TiC:
TiO, + 3C - TIiC + 2CO
qH(TIO,) = 7 944.7 kI mol'*
qH(CO) = i 110.5 kJ mol'*
qH(TiC + 3/2 0, Y- TiO, + CO) =7 870.7 kI mol'*

In 1919, Born and Haber independently applied the First Law of Thermodynamics to
the formation of solids from their elements. In this way, getting exact information about
lattice energies for solids was possible for the first time.

Potassium chloride is isotypic to TiC and crystallizes in the NaCl structure.

11.3 Use the given data to construct a thermodynamical Borni Haberi cycle of the
formation of potassium chloride from its elements and calculate the lattice energy of

potassium chloride.

sublimation enthalpy for potassium:  K(s) - K(g) @uwH = 89 kI mol't
dissociation energy of chlorine: Cly(g) - 2Cl qissH = 244 kJ mol'*
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electron affinity of chlorine: Cl(g) +e' - Cl(g) oqeaH =7 355 kJ mol'*
ionization energy of potassium:  K(g) - K'(g) + €' oeH = 425 kJ mol'*
enthalpy of formation for KCI: ~ K(s) + »(g) - CKCI(s) caH =1438 kJ mol'"
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SOLUTION OF PREPARATOR Y PROBLEM 11

11.1  rTi*)/rc*) = 05270  NaCli type

112 (@) TiO, + CO - TiC+1.50, DH = 870.7 kJ mol'*
(b) C+050, - CO DH =7 110.5 kJ mol'*
(@) +3(b):

TiO,+ 3C - TiC + 2CO
DH = 870.7 + 3(i 110.5) k mol'* DH =539.2 kJ mol'*
U, lattice energy
11.3 Ko *+ Clg—— = KCl
A

Ao T
I 7
g' T
S 3 o
o > T
3 S m
g =} =

K(g) Cp C|(g) E
T S S,

te ¢ 79 g
(=X 7]
5 = 5
g. (7) 6.
S 8 >
g )
= 5
Q >
g ®

Kes) %3 Clz(g) é

TU. = o@gH+qeH +0.5qussH + qeaH T pH
UL=17 (89 + 425+ 1227 355 + 438 kJ mol'})
U =7 719 kI mol'!

(If the lattice energy is defined in the opposite way the result will be + 719 kJ mol' %)
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THEORETICAL PROBLEM 12

Metal Nanoclusters

Nanometeri sized metal clusters have different properties than the bulk materials.
To investigate the electrochemical behaviour of silver nanoclusters, the following
electrochemical cells are considered:
(on the righti hand side: halfi cell with the higher potential)
()  Ag(s)/ AgCl (saturated) / Ag+ (ag, ¢ = 0.01 mol dm'3)/ Ag(s) U;=0.170 V
(I Pt/ Agn(s, nanoclusters), Ag* (ag, ¢ = 0.01 mol dm'?) // AgCl(saturated)/ Ag(s)

a) U, =0.430V for Agio nanoclusters

b) U3 =1.030V for Ags nanoclusters

12.1 Calculate the solubility product of AgCI.
Agsi  and Agiol hanoclusters consist of metallic silver but nevertheless have
standard potentials different from the potential of metallic bulk silver.
12.2 Calculate the standard potentials of the Ags and Agio nanoclusters.
12.3 Explain the change in standard potential of silver nanoclusters with particle sizes
ranging from very small clusters to bulk silver.
12.4 What happens:
i. if you put the Agjo clusters and i in a second experiment i the Ags clusters
into an aqueous solution of pH =137
ii. the Agio clusters and i in a second experiment i the Ags into an aqueous
solution of pH =5
iii. both clusters together into an aqueous solution having a pH of 7 with c(Cu2+)
=0.001 moldm'?and c(Ag") = '¥ ind dm'® ? Calculate.

What happens if the reaction proceeds (qualitatively)?

E°(Ag /Ag") =0.800V
E°(Cu/ Cu?")=0.345 V
T =298.15K
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SOLUTION OF PREPARATOR Y PROBLEM 12

12.1 The potential of a halfi cell is described by the Nernst equation:

RT , In c(ox)
nF c(red)

E=E’+

The total voltage is: U = E(cathode) i E(anode)

E:E°+g]‘ len F o

RT &80
F ¢, (Ag’)

andwith U;=0.170V  cy(Ag") =0.01 moldm'®  ci(Ag") = x mol dm'?

U =E>i E; and U, =

3 . +
8.3143 208,15+ | Cy(Ag")

0.170V =
96485 c,(Ag")

c,(Ag")=1.33723 10"° mol dm ®

In the saturated solution c(Ag") = ¢(ClI') = 1.3371 10'® mol dm'® and thus,
Kep = (1.3371 10" )? Kep = 1.788110'*°

12.2 For the right cell of (l1):

E(AgC) = 0.8V + ga In 1.3371 10'®

E(AgCI) = 0.512 V
Thus: U=E(AgCl)i E(Agn, Ag’)
o o RT
and E(Agw/ Ag’) =E"(Agi/ Ag) + ?3 In 0.01

Agio:  E(Agi/ Agh) =0.512 Vi 0.430 V = 0.082 V

E°(Agio/ Ag’) = 0.082 Vi gs In 0.01

E°(Agio/ Agh) = 0.200 V
Ags: E(Ags/ Ag") =0.512 Vi 1.030V =i 0.518 V

E%(Ags/ Ag’) =i 0.518 Vi %3 In 0.01

E°(Ags/ Agh) =7 0.400 V
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12.3

The standard potential increases with increasing particle size until it reaches the
bulk value at a certain particle size.

The potential is lower for smaller particles, because they have a larger surface and
the process of crystallization is energetically less favourable for the surface atoms.
Thus, the free energy of formation of metallic silver is larger (less negative) for
smaller particles, i.e. the standard potential is lower. The effect decreases with
increasing particle size due to the decreasing relative amount of surface atoms.
Additional remark: However, the potential does not continuously increase with
increasing size. The electrochemical potentials of some small clusters of a certain
size are much higher. This is due to complete shells of these clusters (clusters
consist of a fimagic numbero of at oms)
(Instead of the crystallization energy you can also argue with the sublimation

energies of silver atoms.)

12.4 i) For a solution with a pH of 13:
E(H./2 H") = gs In(11 10'") E(H2/2 H) =10.769 V
As an estimate, this potential can be compared with the standard potentials of
the silver clusters calculated in 12.2. Both are higher than the standard potential
of hydrogen. Thus, the silver clusters behave as noble metals and are not
oxidized in this solution. No reaction takes place.
Quantitatively, a small amount of silver is oxidized into Ag” ions until equilibrium
is reached and E(Agn/ Ag") = E(H2/2 HY).
E°(Agn/ Ag’) + gs In c(Ag") =7 0.769 V
for Agio: c(Ag) =4.17110'" mol dm'?
for Ags: c(Ag") =5.78110'" mol dm'®

i) For a solution with a pH of 5:

E(H./2 H) = ga In 11 10'%) E(H,/2 H) =10.269 V
As an estimate, the standard potential of the Agio clusters is higher than the
standard potential of the hydrogen. No reaction takes place. The standard
potential of the Ags clusters is lower than the standard potential of hydrogen.
Thus, hydronium ions will be reduced to hydrogen while Ags clusters (metallic
silver) are oxidized into silver ions: The Agi clusters dissolve.
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Quantitatively, equilibrium is reached for Ag10 at: c(Ag") = 4.161 10'° mol dm'®
and for Ags at : ¢(Ag") = 57.29 mol dm'? (which will probably not be reached in
a diluted solution and all nanoclusters dissolve)

(After some time, silver ions that are present in the solution can also be
reduced to metallic bulk silver. Under this condition, this reduction will
preferably take place, because the electrochemical potential is even higher
than that of the hydroniumi ion reduction.)

iii) Potentials of all possible reactions are considered:

1. E(Cu/ Cu®") =0.345V + 0.5 T gs In 0.001 = 0.256 V
+ RT 710
2. E(Ag/Ag") =0.800V+ -2 In1.10"=0208V
+ RT 110 _ .
3. E(Agi/ Ag") =0.200 V + ——2 In1.10'"° = 70.392 V
oo RT 110 _ .
4. E(Ags/ Ag") =10.400V + =2 In1.10'*" = i 0.992 V
5. E(H/2 H) = g3 Inin1.10'"= 7 0.414 V

The reduction with the highest potential and the oxidation with the lowest
potential will preferably take place: Copper(ll) ions will be reduced into metallic
copper while Ags clusters dissolve and form silver(l) ions.

After some time, the silver concentration of the solution increases, Ags
clusters are used up and the concentration of copper ions decreases. Since the
latter is comparably high, it is expected to have minor influence. The next possible
steps of the reaction are the following:

After the Ags clusters are used up, Agio clusters will start to be oxidized.
(Note that if a hydrogen electrode was present, H, would be oxidized. In this
system, however, there are protons instead of Hy).

After the increase of the silver ion concentration, the potential of the silver ion
reduction (into metallic bulk silver) increases, so that it might exceed the potential of
the copper reduction. Afterwards, the silver ions will be reduced to metallic silver

(after further dissolution of silver nanoclusters).
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THEORETICAL PROBLEM 13
Absorption of Light by Molecules

Absorption of light by molecules is the first step of all photochemical reactions. The
Beer T Lambert law relates the absorbance A of a solution containing an absorbing
species of molar concentration ¢ with the optical path length d:

F)o
P

A=log—= =ecd

eis the molar absorptivity (also called extinction coefficient).

Light can be considered as a stream of photons, each carrying an energy of

E:h$

hi s Pl anck @ ssthe wavedehgéthmard c the speed of light.

A solution with a dye concentration of ¢ = 41 10'® mol dm'® has a molar absorptivity
of e= 1.5110° dm® mol'* cm'%. It is illuminated with green laser light at a wavelength of
514.5 nm and with a power of Po = 10 nW.

13.1 What is the percentage of light that is absorbed by the sample after a path length of
1 mm?

13.2 Calculate the number of photons per second absorbed by the sample.

The absorption cross section of a molecule is the effective area that captures all
incoming photons under low illumination conditions (like an idealized solar cell that would
capture all light photons hitting its surface). At room temperature, this corresponds roughly
to the molecular area exposed to the light beam. If you calculate it from the molar
absorptivity, imagine that all molecules interacting with the light are arranged periodically

in a plane perpendicular to the incoming light beam.

13.3 What area is occupied by each molecule?

134 Cal cul ate the molecul ar abs?).rption Cross s

A crucial photochemical reaction for life on our planet is photosynthesis, which
converts the absorbed light energy into chemical energy. One photon of 680 nm is
necessary to produce one molecule of ATP. Under physiological conditions, the reaction

requires an energy of 59 kJ per mol of ATP.

13.5 What is the energy efficiency of photosynthesis?
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SOLUTION OF PREPARATOR Y PROBLEM 13

13.1 A=ecd=15110°mol'*dm'3>cm''T 47110 moldm'® T 17110'* cm=6T 10"
Since A = log(Po/P), the ratio P/Pg is 0.999862. This is the percentage of photons
exiting the sample, so that the percentage of photons absorbed by the solution is:

Po T P _ 1 P = 1387110 0r 0.0138 %.
PO PO

13.2 According to our previous result, 0.0138 % of the 10 nW laser light entering the

sample solution are absorbed:

Paps = 1.38110'*T 10 nW = 1.38110'° nW = 1.38110'? J s'*

The energy of one photon is:

E=hc/l =6.626110'* Js T 3.001 10° ms'*/514.51 10'° m = 3.861 10'*° J
The number of photons absorbed by the solution per second is:

Nabs = 1.38110'* J s'*/3.861 10'*® J = 3.581 10° s' .

133 Let 6s i magine that the | aém‘thedyésolutimﬁ.ﬁhat es
light beam passes through a volume of V.= 1 cm* T 1 nm = 11107 dm?®. The
number of illuminated molecules is:

N=cVNa=4110"°moldm'®T 1110'" dm*®T 6.0221 10* mol'* = 2.4091 10"

Each molecule would therefore occupy an area of

Smol = 1 cm? / 2.4001 10™ = 4.151 10'*? cm? or 415 nm?, if it was projected onto a
plane.

134 The mol ecul ar absorption c¢r oss leshatcdpiuresn 0 i
all incoming photons. Under the experimental conditions, only 0.0138 % of the light
interacting with one molecule is absorbed,
6 = Tn0'"38415nm*=0.057nm*= 577 |

13.5 The energy of one 680 nm photon is:

£-hc _ 6.626° 10' 3 9s 3.00 0 fs "':12_923 100 19
| 6803 10' °m

Photosynthesis requires 59 kJ per mol of ATP, which corresponds to

Earp = 591 10° 3 mol'* / 6.0221 10 mol'* = 9.801 10' *° J per ATP molecule.

The energy efficiency of photosynthesis is:

h=9.80110'%°J/2.92110'*® J = 0.34 or 34 %.
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THEORETICAL PROBLEM 14

Observing Single Molecules

Since pioneering work in the early 1990s, the areas of single molecule detection
and microscopy have exploded and expanded from chemistry and physics into life
sciences. Great progress came about with the demonstration of roomitemperature
imaging (with a nearifield scanning optical microscope) of the carbocyanine dye
1,17 didodecyli 3,3,3',3" tetramethylindoi carbocyanine perchlorate (dilC12). In this experii
ment, dye molecules are spread on a sample surface and localized according to their

fluorescence signals. The structure of dilC;, is shown below.

H,C_ CH,

'\||Jr |
(?HZ)ll (cl:HZ)ll
CH CH

14.1 Indicate which part of the dilC;, molecule is responsible for its fluorescence. Mark
the correct answer.
(1) The benzene rings
(2) The dodecyl side chains
(3) The four methyl groups at the heterocyclic rings
(4) The Ci N chain connecting the two benzene rings

(5) The perchlorate ion

The surface densities of the molecules have to be sufficiently low, if you want to
observe them as individual fluorescent spots under a microscope. No more than 10
molecul e s pzeon theesample surface is a good value.

10 ndm? of a solution of dilCy, in methanol are deposited on a very clean glass
cover slide. The drop covers a circular area having a diameter of 4 mm.

14.2 Calculate the molar concentration of the solution necessary to obtain the value of

10 mol ecu I2.e(|§0r tipsecalculation we assume that the transfer of the dye

molecules from solution to the sample surface by evaporation of the solvent is

homogeneous on the whole wetted area.)
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The sample is illuminated with the 543.5 nmi line of a green Hei Ne laser. The
excitation power is adjusted so that the illuminated area (100 nm in diameter) is hit by

31 10" photons per second.

14.3 What is the excitation power that has been used?

The absorption cross section is an important parameter for the calculation of the
expected fluorescence signal from a single molecule. It may be regarded as the effective
area of the molecule that captures all incoming photons. At room temperature, this value

corresponds approximately to the size of the dye molecule.

14.4 An illuminated dilCy, molecule absorbs 2.31 10° photons per second under the
described conditions. Calculate the absorption cross section of the dilC1, molecule

i n? (It can be assumed that the 100 nm diameter area is uniformly illuminated).

The fluorescence quantum vyield, i.e. the average number of fluorescence photons
created for each absorbed photon, is 0.7 for dilC1, (7 fluorescence photons are created for
every 10 absorbed photons). The collection efficiency of the generated fluorescence
photons by the experimental setup (including filters to suppress remaining excitation light)
is 20 %, and the photon detection efficiency of the highly sensitive photodetector is 55 %

over the range of the molecular fluorescence.

14.5 How many fluorescence photons will actually be detected on average by the
photodetector during a 10 ms acquisition window if one dilC1, molecule is located in

the illuminated area?

The fluorescence image is constructed by raster scanning the illuminated area

across the sample surface.

14.6 What diameter do you expect for the fluorescence spot corresponding to one single
dye molecule? Mark the correct answer.
(1) One pixel
(2) 543.5 nm
(3) 100 nm
(4) 200 nm
(5) Approximately 1 nm
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SOLUTION OF PREPARATOR Y PROBLEM 14

141

14.2

14.3

14.4

14.5

Molecular fluorescence in the visible region is due to delocalized electrons in
extended pi systems, so the correct answer is:

(4)i. e.: The Ci N chain connecting the two benzene rings.

A circle with a diameter of 4 mm covers a surface area of
S=pr?withr=2110"3m, so S =1.26110'° m?

The number of molecules in this area is:

10/ (10'° m)®T 1.261 10'° m? = 1261 10° molecules

They are transferred onto the surface by the evaporation of 10 ndm? of solution, so
the concentration has to be

1261 10° / (101 10'® dm®) = 1.261 10" molecules per dm?

which corresponds to a molar concentration of

c=1.261 102 dm'®/ (6.0221 10* mol'!) = 2.11 10'** mol dm'?

When E = hc / & the energy per photon is:

E=hc/a=6.626110>*JsT 3.00110°ms''/543.5T 10'° m =3.661 10'*° J

371 10" photons per second amount to an excitation power of

P=3.65/10"J37 3110"s''=1.1110°Js' =11 nW

On average, there are 10 molecu | e s pze so that mne molecule occupies
statistically an area of Smoi = (11 10'°® m)?/ 10 = 11 10' * m?,

The total illuminated area of p T (501 10'° m)® = 7.851 10'"™ m? receives 31 10"
photons per second, and the area occupied by a single molecule receives
3110 s'* T 1110 m? / (7.851 10'*™® m?) = 3.821 10** photons per second. Only
2.3110° photons are absorbed every second, so the area which is capturing
photons is:

G=17110""m?T 2.3110°s''/(3.821 10" s') =61 10 m*or 26

(or & = (7.851 10'*® m? /3110 s'") T 2.3110° s'* = 61 10'*®° m?)

A dilC1» molecule that absorbes 2.31 10° photons per second emits

Niwo = 0.7 T 2.3110° s'* = 1617 10° fluorescence photons per second. Due to the
detection efficiency, this results in Nget = 1611 10°s'* T 0.21 0.55 = 17 710 detected
photons per second. In a time interval of 10 ms, the number of detected photons is:
17 710s''T 101 10'® s = 177 photons.

14.6 Each point in the illuminated sample area is hit by the same number of photons per
second (uniform illumination). A moleculethat is | ocated i n the
THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 51

Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018

Spo



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

emitting as many fluorescence photons as if it was sitting anywhere else in the
illuminated spot. As the illuminated area is rasteri scanned across the sample
surface, the molecule will be visible as long as it is inside the illuminated area. This
is the reason why the fluorescence spot of one molecule will have a size equal to
the illuminated area, i.e. 100 nm in diameter (14.3).
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THEORETICAL PROBLEM 15

Infrared Spectroscopy of Tetrahedral Molecules

Fig. 1: IR spectrum of CF4 , intensity vs. wavenumber fi in cm'*
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Fig. 2: IR spectrum of SiF,, intensity vs. wavenumber fi in cm'*
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The IR spectrum indicates vibrations that depend on the force constant k of the
bonds that keep the atoms together and the soi called reduced mass m.

The reduced mass for the highest frequency vibration in a XY4 molecule is given by

3
3m,3m,

= and the vibrational frequency n is given by 2pn = \/E
3m,+4m, m

15.1 Calculate the force constant of CF, and SiF, and compare their relative strengths
with each other.
The heats of formation of CF, and SiF, are 1 1222 kJ mol'* and i 1615 kJmol'*,

15.2 What kind of relation is there between them and the force constants of vibration that
you have calculated?
The enthalpies of vaporization of carbon and silicon are 717 kmol'* and 439 kmol'*.

15.3 Take these values into account and comment on the relation between the heat of

formation of the gases and the vibrational frequencies again.
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SOLUTION OF PREPARATOR Y PROBLEM 15

15.1 2pn:\/EU k=40 , n=ch
m
from the diagram: N(CF,) = 1280 cm'* N(SiF,) = 1010 cm'*
hence N(CF,) = 38.41 10 s'? N(SiF,) = 30.31 10*? s'*
- 3MC My CF) = 6.11 g mol N4 MSiF4) = 9.99 g mol' ' N4 *
3m,+4m,
MCF4) = 1.011 10'* g mSiF4) = 1.661 10' 2 g
hence k(CF,) = 4p®(38.41 10 s'Y)?T 1.01110'* g k(CF,) =588 Nm'!
and  K(SiF,) = 4p* (30.31 10" s')*T 1.66110'* g k(CFs) =602 Nm'!

The force constants of the two compounds are almost identical.

15.2 The heats of formation and the force constants do not match. They are not
expected to match, since the initial states of the compounds need to be taken into
account. In addition, the vibrational force constant describes the potential just in the
vicinity of the zero point but not far away from it.

15.3 Taking into account the heat of vaporization, we obtain the heats of formation of
CF, and SiF, from C and Si vapours of i 1939 kJ mol'* and i 2054 kJ mol'*. This is
the reason why we can assume a similar shape of the energy curve of breaking the
bonds between C and F and between Si and F, since the extrapolation from the

curvature close to the bonding distance to the rest of the curve is quite good.

http://www.ansyco.de/IRi Spektren
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THEORETICAL PROBLEM 16

Spectroscopy in Bioorganic Chemistry

It is well known that strawberries help to reduce minor headaches. The substance A
that is responsible for this effect is also used as an aroma substance in bubble gums.
However, it does not taste like strawberries!

5.00 g of substance A yield 2.37 g of water and 6.24 L of carbon dioxide (at 303.7 K
and 106.3 kPa). In addition, the infrared (IR), the mass (MS), the ‘Hi NMR, and the **Ci

NMR spectra of the substance have been recorded:

MS spectrum IR spectrum
100+
30+
=
%
§ 50—
é 40—
2
20+
0 et . Ul \l I\‘ \\H‘l I . I |
2‘5 5‘0 7‘5 1CIJO 12‘5 1é0
m/z '
"Hi NMR spectrum 13Ci NMR spectrum
_|_I_|_|'
3 7

T T T T T T T
11 10 3 B8 7 & S 4 z 2 1 ) z00 180 160 140 120 100 80 60 40 z0 o]
HSP-00-130 pprt - rfo0sa M

16.1 Determine the molecular weight of the substance from the MS spectrum.

16.2 Determine the molecular formula of the substance from the elementary analysis.

16.3 Suggest one fragment B (molecular formula and structure(s)) for the signals at
m/z = 39 in the MS spectrum. Suggest a probable fragment C (molecular formula
and structure(s)) for m/z = 65 that contains B.

16.4 The two groups of signals around 3200 cm'! and 1700 cm'? in the IR spectrum are

typical of a total of four structural features. Give information about the structures of
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these four functional groups. What additional information can be given, if the
substance contains an i OH group?

Table of IR absorptions:

3800 3400 3000 2600 2200 1800 group

v | OI1 H (free)
v Oi1 H (hydrogen bond)
v Oi H (intramolecular h.
bond)
s CiH i niKI[ C
m CiHin C=Ci H
w CiH i nTHCO6 C
S CI1 H (alkanes)
w CIC
m C=C=C
w | C=C
s | CoCoC
s |C=0

The interatomic bond that absorbs the light is bold. The intensities correspond
to strong (s), medium (m), weak (w) and varying intensity (v). An aromatic bond

i s marked by A06O0.

16.5 Assign the total of six signals at 4.0 ppm, 6.5 7 8.0 ppm, and 10.8 ppm in the
'Hi NMR spectrum to moieties that you expect in the unknown substance (consider
16.3 and 16.4).

Simplified table of 13Ci NMR chemical shifts:

| c=0 | césc, c=c | crc|] | | o1 c|cH CH,CH,

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm

An aromatic bond Iis marked a AdO0.

16.6 Assign the signals at 52 ppm, 170 ppm, and 110 i 165 ppm in the “*Ci NMR
spectrum to moieties that you expect in the unknown substance (consider 16.3 and
16.4).

Simplified table of 'Hi NMR chemical shifts:

| OH, cooH, cHO | lcocH |c=ch |ocH, |cH |cH, |cH, |
12 ppm 10 9 8 7 6 5 4 3 2 1
THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 57

Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

An aromatic bond is marked by Ado.

A very simple rule helps to understand NMR spectra: The chemical shift increases
with decreasing electron density at the nuclei. This is the reason why you may estimate
relative chemical shift values from Ii and Mi effects.

You will have to combine the chemical shift information with your knowledge about
[T and Mi effects to make distinctions between potential isomers. You may also consider
the fine splitting of the signals at 6.8, 6.9,7.5, and 7.8 ppm in the 'Hi NMR spectrum and
the i O1 H band in the IR spectrum.

16.7 Suggest one molecular structure for the unknown substance. Assign the
resonances at 6.8, 6.9, 7.5, and 7.8 ppm in the *Hi NMR spectrum and the signals
at 52 and 161 ppm in the **Ci NMR spectrum to individual atoms in your solution
structure. According to your solution, suggest fragments that explain the signals at
m/z=92 and m/z=120 in the MS spectrum. Write down the structural feature that is
responsible for the low wave number of the T Oi H band.

16.8 The substance A is related to a drug widely used against headaches. Write down

the chemical structure of this drug.
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SOLUTION OF PREPARATOR Y PROBLEM 16

Mass spectrometry: http://masspec.scripps.edu/information/intro/
IR spectroscopy: http://www.chem.ucla.edu/~webspectra/irintro.html/
NMR spectroscopy: http://chipo.chem.uic.edu/webl/ocol/spec/NMR.htm

16.1 152 gmol'!
The molecular weight corresponds to the peak with the highest m/z in the mass
spectrum. The smaller peak at 153 g mol'* is due to molecules with one **C isotope
(8 carbonatomsT 1% *C i sotopes in nature & 8ne)of the
16.2 CgHgOs3
n(H) = 2 m(H,0) / M(H,0) = 21 2.37 g/ 18.02 g mol' * = 0.263 mol.
106.3 kPa x 6.24 dm®

n(C) =p V(CO,) (RT) ! = =0.263 mol
(©) =P V(CO) R = o o Kix 303.7K

n(0) = (M(A) i n(H) M(H) i n(C) M(C)) / M(O)
=(5.00 g7 0.263molT 1.01 gmol''i 0.263 mol T 12.01 g mol'") (16.00 g mol'H)'*

=0.098 mol

n(A) = m(A) (M(A)'*& 5. @52 ggol'Y)' ' =0.033 mol

N(O) =n(O)/n(A) =3 N(H) = n(H) / n(A) = 8 N(C) =n(C) / n(A) = 8
16.3 Ny

H
B: C3H3+ C: C5H5Jr H
H
H H H "
m/z =39 m/z=65

Note that for m/z = 39 only one fragment that has the molecular formula C3Hs" will
be chemically meaningful, if the molecule only contains C, H, and O. The same is
true for m/z = 65 and CsHs' and if it has to contain CsHs".
Both fragments are typical of benzenes. Other (non-cyclic) structures of those
fragments should also be considered as correct solutions, if they are chemically
meaningful.

16.4 OiH, CiH for the signals around 3200 cm'?,
C=0, benzene for the signals around 1700 cm'’,
the O1 H group is involved in a (intrai molecular) hydrogen bond.
(Since it is impossible to distinguish between the signals within these two groups
without additional information, the following is not thought to be part of the solution:
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Broad peak at 3200 cm'’: Ci H Sharp peak at 2900 cm'*: Oi H

Broad peak at 1700 cm'': C=0 Sharp peaks around 1600 cm'*: benzene )
16.5 4.0 ppm: OCHj3, 6.57 8.0 ppm: CgHy, 10.8 ppm: OH
16.6 52 ppm: CHs, 170 ppm: C=0, 11071 165 ppm: CeHg

This information can directly be obtained from the chemical shift tables.

16.7 Methylsalicylate.
0 —\ * 0
H C/o H
N\
H H H H
H H

m/z=120 m/z=92

The intrai molecular hydrogen bond in the figure explains the low wavelength of the
Oi H band. It defines the orthoi position of the substitution as well as the fine
splitting of the *H signals of the aromatic system. The relative large chemical shifts
of the carbon atoms Ci 8 and Ci 1 at 52 ppm and 161 ppm are explained by a 7 |
effect of the oxygen they are bond to. The assignment of the hydrogen chemical
shifts in the aromatic ring is done
alternating scheme of positive and negative partial charges at the aromatic ring.
Hi 6 and Hi 4 have lower chemical shifts than Hi 5 and Hi 3. Hi 4 and Hi 5 have two
neighbouring hydrogen atoms. Their signals are triplets that are shown in the figure.
Hi 3 and Hi 6 have only one neighbouring hydrogen atom each. Their signals are
doublets. All four signals are uniquely assigned by this information. The signals at
m/z = 120 and m/z = 92 are caused by loss of CHszi OH (methanol) or rather
CHsi COOH (acetic acid).

o

16.8 Acetylsalicylic acid (Aspirin) )J\
(0] (0]

H
OH
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THEORETICAL PROBLEM 17
DNA, RNA, Proteins

The Acentr al dogma of Mol ecul ar Bi ol ogyihn
information from DNA via RNA to protein:
(a)

(b) (©)
DNA > RNA > PROTEIN

(a): replication (b): transcription (c): translation

The chemical structures of the biopolymers DNA, RNA and proteins enable them to
play such important roles for all forms of life. Fifty years ago, in 1953, James Watson and
Francis Crick published a structure of DNA ir

interactions between nucleobases in complementary strands.

17.1 Draw the linei bond structure of the nuc | e oidedoex y2aa@ e nianenoin e 50
phosphate (dAMP, disodium salt) and of the bases cytosine, guanine, and thymine.
Indicate the correct hydrogen bonds between the nucleobases as they occur in the
Watsoni Crick double strand.

17.2 How does the composition of RNA differ from that of DNA, and how does that affect

the chemical stability of the molecule?

Proteins are probably the most versatile biomolecules, with immensely varying

properties that are determined by their aminoi acid sequence.

17.3 Write down three general functions of proteins.

17.4 Draw a reaction scheme with linei bond structures that shows how two amino acids
combine to form a dipeptide. What conformation does the peptide bond usually
adopt?

Which highi molecular weight particle catalyses the formation of peptide bonds in
human cells during translation?

17.5 Draw the stereochemical formula of the tripeptide Li Seri Li Vali Li Gly indicating

the charges at the isoelectric point.
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SOLUTION OF PREPARATORY PROBLEM 17

171

N
H
Thymine
O “““““““““““““““ NH2
N
</ ‘ NH ==-mmmmmmmmees NF |
)\ )\
H N NHp ----- 0 ”
Guanine Cytosine

17.2 RNAcontainsri bos e i n §deaxyibosem$ thezsdgar moiety. Uracil (in RNA)
takes the place of the nucleobase thymine (in DNA).
T h e TOM&roup in ribose affects the stability of RNA against basei catalysed
hydrolysis, which is initiated by deprotonation of the 2i60OH group and results in
backbone c| ed@Hgap is Missingsin NA& which is therefore more
stable than RNA.
17.3 Proteins
T build structures (cytoskeleton, keratin, connective tissue,...)
T generate motive forces (myosin,...)
T transport ions/small molecules (ion carriers, protein complexes,...)
I catalyse reactions (enzymes)
T fight against infections (immune response)
Other answers are also possible.
17.4 Reaction scheme of peptide formation see next page.
The peptide bond is almost planar (due to the partial doublei bond as indicated in

the figure). The two CU c aidodfiguraioh.o ms ar e a
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The human ribosome is a particle made up by 4 ribosomal RNA molecules and
several dozen protein subunits with a total molecular weight of 4,200,000 u. It binds
to the messenger RNA and, depending on the base sequence, catalyses the
formation of peptide bonds between the COOi group of the nascent polypeptide
chain and the NH3+ group of the correct activated amino acid.

(0] R,

Hs'N C -
3 \CH/ \O_ + . /CH\ /O

| Hg*N C
Ry 0
+H,0 || -H0
T PoT
H3'N /c\ CH o) Ha'N C CH (o}
/7 D e 3 e
\TH T - Ny T ~ ﬁ/
Rl H (@) Rl H (@]
not part of the solution
17.5 Tripeptide SVG (note the zwitterionic state):
HO
o)
H
PPy
Hs'N - N
, é H/ﬁ(
o) ~ o]
HsC CHs
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THEORETICAL PROBLEM 18

Fatty Acid Degradation
Grizzly bears love eating fish. Since the rivers are frozen in winter, they have to
build up body fat in autumn which they burn
o ’ PN Y
during hibernation. ; A

18.1 Draw a typical triglyceride and name its

building blocks. Mark centres of chirality.

The reaction cascade specific to fatty acid

degradationoksdati bed

in the mitochondria of
c y c | el oxadtionfan acetyl group is split off the fatty acid and two different reaction

partners A, B are reduced.

18.2 Write down the complete names and the commonly used abbreviations of the
molecules A and B. Draw the line bond structures of the reactive moieties of these

molecules in the oxidized and reduced forms.

The acetyl group is further oxidized in a second reaction cycle, which takes place in
the matrix of the mitochondrion.
18.3 What is the name of this reaction cycle? Which oxidation product is released from

the cycle? What are the reduced products?

The reduced products A and B are reoxidized to build up adenosine triphosphate
(ATP) in a third cascade of reactions, called the respiratory chain, at the inner mitochondrial

membrane.

18.4 What is the oxidation product of the respiratory chain? How is the free energy
stored at the inner mitochondrial membrane independently of chemical bonds, and
how is it used for the synthesis of ATP?

18.5 Write down the molecular formula of the overall oxidation reaction of a fatty acid in
these three reaction cascades. What roles do A and B play in these reaction

cascades?
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SOLUTION OF PREPARATORY PROBLEM 18

18.1 Glycerol (chirality centre marked by *), .
yeerol ( y y*) N T
saturated or unsaturated fatty acids, e.g., d
. . . O=(
stearic acid (C18, position 1) C
linoleic acid (C18, position 2)
palmitic acid (C16, position 3)
|
\
18.2 NADH nicotinamide adenine dinucleotide
H
H H
= CONH, CONH,
’ +H 426 ——— ‘ |
Xt
| |
; L
NAD* NADH
H o] H o
N N
HsC N N—H HeC— % N—H
+2 H+ +2 e-= ‘ ‘
HsC X Lo HsC /\:o
: N N TN N N
| | H
H R H R
FAD FADH,
FADH, flavin adenine dinucleotide

18.3 Krebsi cycle; alternative names are: citric acid cycle or tricarboxylic acid cycle.
The oxidation product is CO
The reduced products are NADH and FADH,

18.4 The oxidation product is H,O.
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The free energy is stored at the inner mitochondrial membrane as a proton
concentration gradient across the membrane. The reientry of protons into the
mitochondria causes ATP synthesis, catalysed by the enzyme ATPT synthase
involving a unique rotary mechanism.

18.5 For example for palmitic acid: C16H3,02 + 23 O, %- 16 CO; + 16 H,O
NADH and FADH2 are electron carriers i they carry redox equivalents from the

bi oxidation and the Krebs cycle to the respiratory chain.
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THEORETICAL PROBLEM 19

Lipids

Lipids are important components of our nutrition, and they fulfill a variety of
important roles in the body i although we do not always want to be reminded of their
presence!
Lipids can be classified according to their hydrophobicity: apolar or neutral lipids with
overall hydrophobic structures store energy in our fat cells, whereas polar lipids, which
contain a polar nmeheard maroals pap alnadr ofit ai | s o, ar
around each cell of our body.

In addition to the common phospholipids like lecithin, other polar lipids like

cerebroside are present in membranes surrounding human cells.

CH3 CHon
Ny o o OH
2 -
o c N'—cH AN H
\c—o/\CH/\o—!:'—o/ \c/ \ ? OH \ H,C——C——CH;
| | Ha CH3 OH
0 o OH INH |
OQJ: o
Lecithin (phosphatidyl choline) Cerebroside
THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 67

Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

19.1 Name the building blocks of lecithin. Indicate the head and tail structures of both

lipids in the structure above.

Lipids are substances that are soluble in organic solvents like chloroform, but hardly

soluble in water.

19.2 |If lipids are mixed with water, what aggregates can they form? Describe two
characteristic superstructures which are commonly found in biological systems,
including our food. How are the lipid head groups oriented towards the water?

Which factor determines the superstructure formed by a lipid?

Together with other lipids cerebrosides are found on the surface of human cells. In
contrast to the head group of cholesterol which points to the inside as well as to the
outside, the head group of cerebrosides is found exclusively pointing to the outer surface

of human cells.

19.3 Why does this arrangement not dissipate into the entropically favoured arrangement

with the head groups of the cerebrosides pointing to the inside and outside?

The differential scanning calorimetry plot below refers to a mixture of 60% disteaoryl

phosphatidyl choline and 40% water.

A: heat uptake (rel. units) B: temperature (K)

250 270 290 310 330 350 370

19.4 Explain the two peaks in the diagram. How can a living cell control the position of

the second peak to adapt the properties of its membrane to the demands of life?

In blood, lipids are transported in the form of lipoproteins, which consist of polar and

apolar lipids, as well as proteins with hydrophilic and hydrophobic surfaces.

THE PREPARATORY PROBLEMS FOR THE INTERNATIONAL CHEMISTRY OLYMPIADS, Series 3 68
Edited by Anton Sirota,
ICHO International Information Centre, Bratislava, Slovakia, 2018



THE 36™" INTERNATIONAL CHEMISTRY OLYMPIAD, Kiel, Germany, 2004
THE PREPARATORY PROBLEMS

In western countries lipoprotein levels are elevated in the blood of many people due
to a high fat diet. Especially high amounts of cholesterol and cholesteroli esters in some
lipoproteins lead to modifications of blood vessels and lipid deposition (atherosclerosis).
This can finally result in a blockage of the blood flow in the arteries supplying the heart

with oxygen: a heart attack occurs, one of the most common causes of death.

19.5 How could lipids and proteins form lipoproteins, stable superstructures which can be
easily transported in blood? How would
a) cholesterol

b) esters of cholesterol with fatty acids be incorporated into lipoproteins?
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SOLUTION OF PREPARATORY PROBLEM 19

19.1 Glycerol, phosphate, choline, 2 fatty acids (in this case stearic and linoleic acid)

polar heads /\ m
O Ho o ?H
H,

OSe—o ™ | H” No— |F||> o~ C\ N i N e O c— (T:—cni3
0 o v N o |
V
O§C|: K K
hydrophobic tails §

19.2 Micelles and vesicles (lipid monolayers, lipid bilayers).

Micelles: spheroidal with (hydrophilic) head groups facing outwards; diameter
depends on tail lengths, no water inside.

Vesicles: spheroidal lipid bilayers with head groups facing inwards and outwards,
filled with water.

Micelles will form if the polar head group of the lipid has a much larger cross section
than the hydrophobic part. Naturally occurring phospholipids carry two bulky fatty
acids which do not fit into a micelle, therefore a vesicle (a lipid bilayer) forms.

19.3 The polar head groups from the outer layer of the membrane would have to cross
the hydrophobic part of the membrane bilayer surrounding the cell to reach the
more stable symmetric arrangement. This soical | ed Afl i p fl opo
high activation energy preventing the rearrangement of the cerebroside molecules
into a symmetric distribution.

19.4 The peak at about 273 K indicates the phase transition from ice to water. The peak

at about 335 K results from a phase transition of the phosphatidyl choline in the
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vesicles: At low temperatures, in the soi called liquidi crystalline phase, the Ci C
bonds of the hydrocarbon chains of the saturated fatty acids are in the singlei trans
conformation leading to a rigid, highly ordered array of many straight chains. Above
the transition temperature, this order is disturbed by kinks in the hydrocarbon chains
due to different conformations in some of the CiC bonds leading to a more
disordered, fluid phase of the vesicles.

The fluidity of biological membranes is well controlled. Cells can reduce the
transition temperature by introducing lipids with shorter fatty acids or with
unsaturated fatty acids (the naturally occurring cisi conformation leads to a kink and
disrupts the order). The incorporation of cholesterol, which prevents the packing of
hydrocarbon chains of the other lipids is another way to control the phase of the
membrane.

19.5 Lipoproteins are supramolecular structures of lipids and proteins forming micelles
with the polar surfaces of the proteins and the head groups of the polar lipids
(phospholipids, free cholesterol) facing outwards. The apolar lipids (triacylglycerols,
cholesteryl esters) together with the hydrophobic surfaces of the proteins and the
hydrophobic part of the polar lipids are hidden in the interior.

a) The OHigroup of cholesterol represents the polar head group and faces
outwards, the apolar steroid

Phospholipid - protein
ring system faces inwards. monolayer

b) Cholesteryl esters are
hydrophobic lipids buried
in the interior of the

lipoproteins.

Structure of a lipoprotein
(adapted from Lehninger,

Biochemistry)

Free (unesterified)
cholesterol

Triacylglycerols

Cholesteryl esters
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THEORETICAL PROBLEM 20

Kekul ® Benzene and the Problem of Aromaticit
| n 1865, t he ger man chemi st August Kekul

benzene, an aromatici smelling hydrocarbon with the empirical formula C6H6, that was

di scovered in 1825 by Michael Faraday. Kekul ¢

and that it can form carboni carbon single bonds (1/4 overlap) or double bonds (2/4

overlap). In his model, benzene has alternating single and double bonds. The remaining 6

valences are saturated with bonds to the six hydrogen atoms. These are copies of his

original work:

BENZINE

However, at that time it was already known that there is only one isomer of ortho dii
substituted benzenes. If benzene had alternating single and double bonds there would be
two isomers, one with a double bond between the substituents and one with a single
bond. Kekul ® solved this contradiction by as:
benzene are Asomehow commienadcil eugd ocommon ben
Now, we know that benzene is a planar, regular hexagon with all the Ci C bonds of

eqgual lengths and that its chemical reactivity is different from that of a normal olefin.

20.1 Draw resonance structures that explain the electronic structure of benzene.
20.2 Draw the structures of all conceivable disubstituted benzene isomers bearing two

identical substituents (CeH4R).

An alternative benzene structure was proposed by Staedeler. Nowadays it is known

as the Dewar benzene structure:
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20.3 How many isomers of Dewar benzene will be conceivable if it is substituted with two

identical substituents? Draw the structures.

Shortly after, A. Ladenburg, who used to be Professor for Organic Chemistry here in

Kiel, proposed the soi called Ladenburg benzene structure (now called prisman):

1
According to Prof. Ladenburg, the benzene model is in agreement with the fact that there

are three disubstituted benzene isomers:
R R R R
Y @
R
Ladenburg was wrong. The list above is not complete.
20.4 There is a 4th isomer. What does it look like?

Aromatic compounds are more stable than their noni aromatic counterparts. There
are different ways to measure the soi called aromatic stabilization energy. The following
experiment was performed to compare the stabilization energy of benzene with

naphthalene:
CF;

_ FsC.__CF3 .
+ I Ky = 4.9 (mol/L)™* N
NC” CN ——

CN

+ I K, = 970 (mol/L)* CN
= NC” CN ~—
- CN
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The equilibrium constants K, and K, were measured for both reactions at 300 K.

205 Cal cul ate the free @forthbttareaptonrs.s of reacti on
206 Cal cul ate the entH@rleach reaction assumiag thao for bath
reactions oS is i 125 J mol'* K'* and the temperature is 300 K.
20.7 Why is the second reaction more exothermic than the first?
Write down all resonance structures of the starting materials and products and
count those having favourable benzene resonances.
What do you think are the products of the following reactions (use the same

arguments)?
Brz
o0 T
Brz
o0 —

20.8 Fillin the structures of the reaction products.
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SOLUTION OF PREPARATOR Y PROBLEM 20

2001 Kekul ® originally &ingguetwds avith altewating single iaddi b r
doubl e bonds. According to Kekul ®, t he si
double bonds and the structures would have irregular hexagonal shapes.

Spectroscopy, however, has shown that benzene has a planar ring, with all the

carboni carbon bond distances having the same length of 1.397 j ( CCtypically
148 , C=C typjixxal $iynde 34here are equal di st
and the locations of the pel ectrons in the two Kekul ®

difference, they are in fact resonance structures.

Kekulé (incorrect) correct
20.2 Two substituents attached to a benzene ring can be positioned in three different ways:

eqlogte

ortho meta para

20.3 Dewar benzene was one of the structures proposed for benzene in the early days of
organic chemistry. There are six different structural isomers of a disubstituted
Dewar benzene, three of them are chiral and occur in two enantiomeric forms.
Because only three benzene isomers CgH4R, have been found by experiment, the
Dewar benzene structure cannot be correct. However, Dewar benzene can be
synthesized but it is much less stable than benzene because of its considerable

angle strain and its lack of aromatic stabilization.

R R R
R
R R
2 enantiomers 2 enantiomers
R R R r R
R 2 enantiomers
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20.4 The missing fourth isomer is an enantiomer of one of the structures that Ladenburg
originally suggested. So he did not notice that one of his proposed structures is

chiral.

205 The free ent hal/@caalse caculated &ancthe iequilbriug constant

K according to the following equation:

@G =1 RTInK
Ko = 4.9 Kn =970
Gy =i 3.964 J mol'* MG, =i 17.154 I mol'*
206 @G= i Tgs qBp,= Sp=1125I mol'* K'?
qHp = 1 41.464 J mol'* qHn = 1 54.654 J mol'*

20.7 In this Dielsi Alder reaction, the aromatic pisystem of styrene is completely
destroyed. The product is not aromatic any more. Consequently, this loss in
aromatic stabilization r eddVinylenxaphthalene makesact i o
the resulting product still be aromatic, only a part of the aromatic system is
destroyed. Hence, the energetic loss in this case is less than compared to styrene
(naphthalene is not twice as stable as benzene) and the reaction is therefore more

é 5

f: favourable mesomeric benzene substructure
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20.8 Bromine is electrophilically added to the (formal) middle double bond in the
phenanthrene molecule. In anthracene, it is added to the opposing carbon atoms.
These products contain two aromatic benzene rings. The aromatic stabilization is

hence larger than in the alternative products with naphthalene rings.
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