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Preface

The problems have been designed to challenge and stimulate the students who take

part in the 36™ IChO in Kiel, Germany. They cover a wide range of subjects but most

of them can be solved by applying a basic knowledge of chemistry. Problems and

answers are very detailed to give students the opportunity to learn and to understand

the background.

You will find the problems on the internet: www.icho. de ... Chemistry (without

solutions). The solutions will be published on the site at the end of May 2004.

On the same page (... Participation) you will find

- the regulations of the IChO

- the syllabus for the practical and the theoretical part

- the safety rules and recommandations set up by the International Jury

- the hazard warning symbols, their designations and their explanations, R-ratings
and S-provisions.

A note to the mentors:

The periodic table of elements and roughly the same list of constants and useful
formulas as in the preparatory problems will be provided in the theoretical exam. If
you want to have additional or different material please mail.

In the exams the students get a booklet with exam questions and separate answer
sheets. Everything written in the boxes on the answer sheets will be marked but
nothing else.

During the examination an official English version of the problems will be available on
request but only for clarification.

Every answer which needs calculation can only be graded if the calculation is shown.

We place great importance on safety. On page 45 preceding the practical problems
you will find a list of rules concerning safety precautions and procedures to be
followed in Kiel. At the registration in Kiel, we will ask the headmentors to sign a form
saying that the students in their teams know these rules and are trained and able to
follow them.

Finally, despite proof reading efforts you will uncover some mistakes. Please let us
know. We welcome any comments concerning the problems. (Hampe@t-online.de)

Welcome to the 36™ IChO, welcome to Germany, welcome to Kiel.

Wolfgang Hampe
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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 (l), 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™, while the density of liquid butane is
0.573 gcm™.

Thermochemical data:

Propane (g): AH°=-103.8 kJ mol™ C,=73.6 Jmol'K"
Butane (g): AH° =-125.7 kJ mol” C, = 140.6 J mol'K™
CO,(g): AH° = -393.5 kJ mol™ C,=37.1 Jmol'K"
H,0 (1): AH° = -285.8 kJ mol™ C,=75.3 J mol'K"
H,0 (g): AH° = -241.8 kJ mol C, = 33.6 J mol'K"
0, (9): A#H° =0 kJ mol” C, =29.4 J mol'K"
N (9): AH° = 0 kJ mol” C,=29.1 J mol'K"

Problem 2: Haber-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
Haber-Bosch process.

2.1 Write down the chemical equation for this reaction.



2.2

2.3

2.4

2.5

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
CiT=a+bT+cT?and S(T)=d + e T+ fT2 The values of the constants a-f can be
found in Table 2.

Calculate the mole fraction of NH; 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

2.7

2.8

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?

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

What are the best conditions for this reaction?

Table 1:
Chemical Substance AH®( kJ mol™)?! S%(J mol'K")" CpY (J mol 'Ky
N, (9) 0.0 191.6 29.1
NHs (g) -45.9 192.8 35.1
H, (9) 0.0 130.7 28.8
Table 2:
Chemical a b c d e f
Substance | (Jmol'K")" | (Jmol'K?)" | (Jmol'K?®)" | (Jmol'K')" | (Jmol'K?)" | (Jmol'K?)"
N, (g) 27.3 5.2:10° -1.7-10° 170.5 8.1-10% -2.3:10°
NHs (g) 24.2 4.0-10% -8.2:10° 163.8 1.1:10" -2.410°
H, (9) 28.9 -5.8-10" 1.9-10° 109.8 8.1-10% -2.410°




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,0 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 O
N/ N/
C Lactate C
. dehydrogenase N
O:(|: + NADH +H HO—(|3—H + NAD
CH; CHs;
Pyruvate Lactate

AG® =-25.1 kJ mol

In living cells the pH value usually is about pH = 7. The proton concentration is therefore
constant and can be included into AG° which is then called AG®, a quantity commonly used
in biochemistry.

3.1 Calculate AG° for the reaction given above.

3.2 Calculate the reaction constant K’ (the proton concentration is included again in
the constant, K’ = K - ¢(H")) for the reaction above at 25°C and pH = 7.

AG? indicates the free enthalpy of the reaction under standard conditions if the concentration
of all reactants (except for H*) is 1 mol L™". Assume the following cellular concentrations at
pH = 7: pyruvate 380 pmol L', NADH 50 pmol L™, lactate 3700 pmol L™", NAD* 540 pmol L™

3.3 Calculate AG’ at the concentrations of the muscle cell at 25°C!

Problem 4: Heat Conductivity

When considering the design of houses, the heat conductivity through walls, roofs, and the
floor plays an important role. The heat conductivities (A) of some building materials are
described in Table 1.

4.1 Calculate the heat flow through a wall of 150 m? (typical of a single-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 a temperature of 25°C inside and 10°C outside.



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 A~ for the calculation of the heat conductivity
through a wall consisting of different layers:

1—i+i+d3 +...

AN Ak
For the different parts of the house (window, wall) the diathermal coefficient can be
calculated as:

_ A + Az, + Ashy +o.
Atot Atot Atot

Energy-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 energy-saving house has a maximum
diathermal coefficient of 0.50 W-m2K"’

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

k

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 d, = 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 energy-saving house.

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 0.70 W-m%K™".

By what percentage has the thickness of the foam layer of 4.4 to be increased in
order to achieve the same average k-value?

Table 1: Heat conductivity of different materials
Material A (WmTKh
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, = SK(T2 -T;)

Area A, heat conductivity A, temperature T, thickness d

10



Problem 5: “Green” Chemistry — The Use of Supercritical CO,

Recently, reactions in supercritical carbon dioxide (critical temperature T, = 304.3 K; critical
pressure p. = 72.8-10° Pa) have received significant attention. The density of a liquid can be
easily tuned near the critical point. Moreover, it can be regarded as a “green” 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 ml, 298 K, ideal gas).

Real gases can be described by the van-der-Waals equation (although it is still an
approximation):
2 constants for COy:
[p + a(ﬂw W(V—nb) =nRT a = 3.59 -10° Pa dm® mol?
v b = 0.0427 dm® mol”

5.2 Calculate the pressures needed to achieve a density of 220 g dm™, 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 — near the
critical point or at higher pressure/temperature (consider the critical constants
and the results of 5.2)?

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,O; catalyst with a selectivity of 95%.

5.4 a) Write down the balanced reaction equation of the main reaction path.
b) Which reactions can occur during further oxidation (except total oxidation) ?

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) Formyl-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?

5.6 From the point of view of “green chemistry” — why should reactions be carried
out in CO2 instead of using carbon monoxide or phosgene (2 reasons)?
Apart from the compression of carbon dioxide, what is the main obstacle in
using CO2 as a reactant in comparison to CO or COCI2 (1 reason) ?

11



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 iodine-formation according to S,08 +2 1> 2807 +1,
was determined as a function of the initial concentrations (c,) of the reactants at 25°C:

co(S206%) [mol-L] co(l) [mol-L ™" ro[10® mol-L"s™]
0.0001 0.010 1.1
0.0002 0.010 2.2
0.0002 0.005 1.1

6.1 Draw the line-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 L-mol"-s™.

The activation energy of the reaction mentioned above is 42 kJ-mol™.

6.5 What temperature (in °C) has to be chosen to decuple the rate constant?

lodine reacts with thiosulfate ions (S,05%) 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;05° +21" > 2807 +1,

assuming that there is an excess of thiosulfate ions relative to the
peroxodisulfate ions and the iodide ions in the solution.

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.

12




No. No.
: : H HC==CH,
e.™ ™ O0—...—Zn—..—O0——... Y
™ O0—...—Zn—..—O0——...
T T HsC—CH,
...™ ™  O0—..—Zn—...—0——...
... O0—\..—Zn—..—0——...
H2C_—CH2 H ||-|
||'| ||'| ..™ ™ O0—..—Zn—...—0——...
—0—..—Zn—..—0—
—O0—...—Zn—...—0—

B(H) describes the fraction of surface sites that are occupied by hydrogen atoms, 6(C,H,)
describes the fraction of surface sites that are occupied by ethylene molecules and 6(C.;Hs)
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?

(1) r=k B(H) |
(2)  r=k 6(CsHa) |
3)  r=k- O(H) 6(CoHa) O
4)  r=k B(H) 6(CsHs) |

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 1-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.

13



HyC—CH,——CH=——

CHZ

— 1

CH, H3C—CH2—CH

> H3C—CH—/—=CH CH,D

:_ 1
—_— -H

s  HsC—CH,——CH=——=CHD

The fraction of surface sites that are occupied by adsorbed gas molecules (6) may be
described in a simple way by using the Langmuir isotherm:
__K-p
C1+K- p

p: gas pressure, K: adsorption-desorption equilibrium constant

7.5 Write down a corresponding formula for the fraction 6(i) of surface sites that are
occupied by the gas i, if two or more gases are adsorbed on the catalyst.

Problem 8: Kinetics of an Enzymatic Reaction

The mechanism of an enzymatic reaction may be described as:

k k,

S+E =— ES *>P+E

ko
S is the substrate, E is the enzyme, ES is the complex formed by S and E, and P is the
product. k4, 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) (E ) c(S)
dt Kol +¢(S)
tis the time,

c(P) is the product concentration,
cr(E) is the total enzyme concentration

and Ky = (k.4 + ko)/ky. c(S)

14



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

% = —k,c(S)c(E) + k,c(ES) @ =+k,c(S)c(E)—(k_, + k,)c*(ES)
8.2 Complete the following rate equation:
de(E) _
dt

Penicillin (substrate) is hydrolyzed by B-lactamase (enzyme). The following data have been
recorded when the total enzyme concentration was 10 mol-L™.

013

s x-axis: ¢(S) / (106 L-mol")
/ y-axis: r" / (10° L-min-mol™)

0.10

0.05 /./

O.UO A/lll||||I||||I||||I||||I||||I||||

.1 000 01 02 03 04 05 0.6

8.3. Determine the constants k, and Ky.
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:

I+E — El

8.4 If the dissociation constant of El is 9.5-10* mol-L"" and the total enzyme
concentration is 8-10* mol L', 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
The rate of the enzymatic reaction, r, is reduced by
the competitive inhibitor. O O
The maximum value of the rate ris reduced by
the competitive inhibitor. O O
The concentration of the substrate S is unaffected
by the competitive inhibitor. O O
The activation energy of the enzymatic reaction is
increased by the inhibitor. O O

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.

15



8.6 Decide whether the following statements are true or false.

true false
The concentration of the product in the equilibrium is
increasing with increasing concentration of the substrate. O O
The concentration of the product in the equilibrium is
increasing with increasing concentration of the enzyme. O O
The concentration of the product in the equilibrium
is higher, when the rate constant k; is larger. O O

Problem 9: CaCN; — An Old but still Important Fertilizer

Calcium cyanamide (CaCN,) is a very versatile and powerful fertilizer. It can be produced
easily from cheap and common chemicals such as CaCO;. The thermal decomposition of
CaCO; leads to a white solid X, and a colourless gas Xg which does not sustain combustion.
A greyish solid X¢ and a gas Xp form by the reduction of X5 with carbon. X¢ and Xp 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) CaCO;, _AT X, o Xe
(2) Xa + 3C —— Xc +  Xp
@)X + Ny — CaCN, + 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.

Problem 10: Closed-Packed Structures

About two-thirds of the metallic elements have closed-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 two-dimensional model of a closed-packed assembly of spheres.

10.2 Change this model into a three-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 closed-packed when they occupy the minimum volume possible
(assuming they are incompressible spheres). They have the maximum possible packing
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efficiency, defined as the ratio of volume of atoms to volume of space used.

The following arrangement is called 'cubic-F":

<

e

10.3 Insert the closed-packed layers into this illustration.

10.4 Calculate the packing efficiency and compare it with that of a cubic-primitive

packing of spheres.

10.5 Insert the tetrahedral and octahedral cavities into a cubic closed-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 0.225 - r for a tetrahedral hole
and 0.414 -r for an octahedral hole.

Radius ratios for the arrangements of rigid spheres.

coordination |arrangement of |radius ratio crystal structure

number of M | X r(M™),/r(X) corresponding to
coordin. number

2 linear <0.150

3 triangular 0.150-0.225

4 tetrahedral 0.225-0.414 ZnS

6 octahedral 0.414-0.732 NaCl

8 cubic 0.732-1.00 CsCl

12 cuboctahedron [1.0 closed packed

10.6 Show that the ideal ry/rx value for the cation-anion and anion-anion contacts of a
tetrahedral arrangement of anions around a cation is 0.225.

One edge of a tetrahedron with two anions
touching and the cation in the center of the
tetrahedron.

2-06=109.5°
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10.7 Calculate the ideal ry/ry ratio for cation-anion and anion-anion contacts of an
octahedral arrangement of anions around a cation as illustrated in one plane in
the figure below.

Cation-anion and anion-anion contacts
in one plane of an octahedron.

Problem 11: Titanium carbide — A High-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 corrosion-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(Ti*") = 74.5 and r(C*)
=141.5 pm?

TiC is technically obtained from TiO, 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 Hess’s Law), the
missing thermodynamic data can be calculated.

11.2 Calculate the enthalpy of reaction of the technical production process of TiC:
TiO, + 3C —> TiC + 2CO
AH (TiOy) =-944.7 kJ mol™
AH (CO) = -110.5 kJ mol™
AH (TiC + 3/2 0, — TiO, + CO) = -870.7 kJ 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 Born-Haber-cycle of the
formation of potassium chloride from its elements and calculate the lattice
energy of potassium chloride.

sublimation enthalpy for potassium Ky = K(g) DsipH= 89 kJ mol
dissociation energy of chlorine Clyg — 2 Cl DgissH= 244 kJ mol™
electron affinity of chlorine Clg + e — Clg DeaH = -355 kJ mol™
ionization energy of potassium Kg > K'g + € AegH = 425kJ mol™
enthalpy of formation for KCI K) + 72 Clyg) = KCls) MH  =-438 kJ mol
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Problem 12: Metal Nanoclusters

Nanometer-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 right-hand side: half-cell with the higher potential)

()  Ag(s)/ AgCl (saturated) / Ag* (aq, ¢ = 0.01 mol L")/ Ag(s) U,=0.170V

(I) Pt/ Agn(s, nanoclusters), Ag* (aq, ¢ = 0.01 mol L™") // AgCI (saturated)/ Ag(s)
a)U,=0.430V for Agso nanoclusters
b) U3;=1.030V for Ags nanoclusters

12.1 Calculate the solubility product of AgCI.

Ags- and Agio-nanoclusters 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 Ag4, 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 if you put

a) the Agq clusters and — in a second experiment — the Ags clusters , into an
aqueous solution of pH =13 ?

b) the Agq clusters and — in a second experiment — the Ags into an aqueous
solution of pH =5

c) both clusters together into an aqueous solution having a pH of 7 with
c(Cu?**) =0.001 mol L" and ¢(Ag*) = 1-10"° mol L ? Calculate.
What happens if the reaction proceeds (qualitatively)?

E°(Ag/Ag®) =0.800V
E%(Cu/ Cu*) =0.345V
T=298.15K

Problem 13: Absorption of Light by Molecules

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

A= Iog'%0 = gcd ¢ is the molar absorptivity (also called extinction coefficient).

Light can be considered as a stream of photons, each carrying an energy of E = h%;

his Planck’s constant, A is the wavelength and c the speed of light .

A solution with a dye concentration of ¢ = 4 - 10° mol L' has a molar absorptivity of
e=1.5-10°mol™" L cm™. It is illuminated with green laser light at a wavelength of 514.5 nm
and with a power of P, = 10 nW.
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13.1 What is the percentage of light that is absorbed by the sample after a path length
of 1 um?

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?

13.4 Calculate the molecular absorption cross section in units of A2

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?

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 room-temperature imaging (with a
near-field scanning optical microscope) of the carbocyanine dye 1,1'-didodecyl-3,3,3",3'-
tetramethylindo-carbocyanine perchlorate (dilCq2). In this experiment, 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, H,C CH,

)—CH=CH-CH=

N+ N
| |
(C|:H2)11 (C|:H2)11
CH, CH,
clo,

4

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 C-N chain connecting the two benzene rings
(5) The perchlorate ion
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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 molecules per
um? on the sample surface is a good value.

10 uL of a solution of dilC4, 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 molecules per um>. (For this calculation 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.)

The sample is illuminated with the 543.5 nm-line of a green He-Ne laser. The excitation
power is adjusted so that the illuminated area (100 nm in diameter) is hit by 3 - 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 dilC,, molecule absorbs 2.3 - 10° photons per second under the
described conditions. Calculate the absorption cross section of the dilC;,
molecule in A% (It can be assumed that the 100 nm diameter area is uniformly
illuminated).

The fluorescence quantum yield, i.e. the average number of fluorescence photons created
for each absorbed photon, is 0.7 for dilC+, (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 dilC;, 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 um
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Problem 15: Infrared Spectroscopy of Tetrahedral Molecules

Fig. 1: IR spectrum of CF, , intensity vs. wavenumber V in cm™

Intensity [a.u.]
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Fig. 2: IR spectrum of SiF, , intensity vs. wavenumber V in cm™
Intensity [a.u.]
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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 so-called reduced mass .
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The reduced mass for the highest frequency vibration in a XY, molecule is given by
3m, *m, I — k
=——=———— and the vibrational frequency v is givenby 2rnv=_|—.
3m, +4m, Y7
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 -1222 kJmol™ and -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 kJmol™ and 439 kJmol™.

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.

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 'H-NMR, and the "*C-NMR
spectra of the substance have been recorded:

MS spectrum IR spectrum
- LoD
15181 1
£ 5o
: N
"
oo ‘ ! | ‘ T ‘ | o . . ; : . : :
T A A e e e e e 4020 2000 2000 1500 1000 500
. . L M P [ HAVENUHBER! -1|
rn__.":
"H-NMR spectrum BC-NMR spectrum
—I_I_l_l_
3 7
T I L I T 7 I L T 7 T I T T I T T T T T T T T T T T T T T T T T T T
11 10 9 3 7 [ 5 4 3 z 1 o 200 180 160 140 120 100 80 60 40 20 0
HSP-00-130 ppm CDS-03-843 sl
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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 these four functional groups. What additional information can be given, if the
substance contains an —OH group?

Table of IR absorptions:

3800 3400 3000 2600 2200 1800 group

v | O-H (free)

v —H (hydrogen bond)

0]
' O-H (intramolecular h.
bond)

s C-H in C=C-H

C-Hin C=C-H

g3

C-Hin C+C-H

s C-H (alkanes)

w C=C

m C=C=C

w C=C

S C+C+C

(3 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 is marked by “+”.

16.5 Assign the total of six signals at 4.0 ppm, 6.5 — 8.0 ppm, and 10.8 ppm in the "H-
NMR spectrum to moieties that you expect in the unknown substance (consider

16.3 and 16.4).
Simplified table of *C-NMR chemical shifts:
C=0 | C+C, C=C | c=c | | | o-c | cH,cH, CH, |

200 ppm 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
An aromatic bond is marked a “+”.

16.6 Assign the signals at 52 ppm, 170 ppm, and 110 — 165 ppm in the *C-NMR
spectrum to moieties that you expect in the unknown substance (consider 16.3

and 16.4).
Simplified table of "H-NMR chemical shifts:
OH, COOH, CHO | | C+CH | c=cH | ocH, | cH | cH, | cH, |
12 ppm 10 9 8 7 6 5 4 3 2 1

“an

An aromatic bond is marked by “+”.

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 I- and M- effects.

You will have to combine the chemical shift information with your knowledge about |- and M-
effects to make distinctions between potential isomers. You may also consider the fine
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splitting of the signals at 6.8, 6.9,7.5, and 7.8 ppm in the 'H-NMR spectrum and the —O-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 "H-NMR spectrum and the signals
at 52 and 161 ppm in the *C-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 —O—H band.

16.8 The substance A is related to a drug widely used against headaches. Write down
the chemical structure of this drug.

Problem 17: DNA, RNA, Proteins

The “central dogma of Molecular Biology“ describes the transfer of genetic information from
DNA via RNA to protein:

(a)

c
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 in the journal “Nature” which involves specific interactions
between nucleobases in complementary strands.

17.1 Draw the line-bond structure of the nucleotide 2’-deoxyadenosine 5’-
monophosphate (dAMP, disodium salt) and of the bases cytosine, guanine, and
thymine. Indicate the correct hydrogen bonds between the nucleobases as they
occur in the Watson-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 amino-acid sequence.

17.3 Write down three general functions of proteins.
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17.4 Draw a reaction scheme with line-bond structures that shows how two amino
acids combine to form a dipeptide. What conformation does the peptide bond
usually adopt?

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

17.5 Draw the stereochemical formula of the tripeptide L-Ser — L-Va — L-Gly indicating
the charges at the isoelectric point.

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 during hibernation.

18.1 Draw a typical triglyceride and name its
building blocks. Mark centres of =5

chirality.

The reaction cascade specific to fatty acid degradation is called “B-oxidation”. It takes place
in the mitochondria of the bear’s cells. In each cycle of B-oxidation an 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 indepen-
dently 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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Problem 19: Lipids

Lipids are important components of our nutrition, and they fulfill a variety of important roles in
the body - 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 “head group” and one or more apolar “tails”, are found in the membranes 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.

CHj CH,0OH
ok AN
(0] C N —CH H
\C_O/\CH/\O—P—O/ \C/ \ 8 OH H,C——C——CH,
| | Hy  CHj o |
o o o NH |
O%i )
Lecithin (phosphatidyl choline) Cerebroside

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?
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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)

T T T T T i
250 270 280 310 330 350 370

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.

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 cholesterol-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?

Problem 20: Kekulé, Benzene and the Problem of Aromaticity

In 1865, the german chemist August Kekulé proposed a cyclic structure for benzene, an
aromatic-smelling hydrocarbon with the empirical formula C¢Hs, that was discovered in 1825
by Michael Faraday. Kekulé proposed that carbon has four valences and that it can form
carbon-carbon single bonds ('/, overlap) or double bonds (?/, 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:
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BENZINE

However, at that time it was already known that there is only one isomer of ortho di-
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.
Kekulé solved this contradiction by assuming that the single and double bonds in benzene
are “somehow combined in a common benzene nucleus”.

Now, we know that benzene is a planar, regular hexagon with all the C-C bonds of equal
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 (CcH4R,).

An alternative benzene structure was proposed by Staedeler. Nowadays it is known as the
Dewar benzene structure:

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 so-called Ladenburg benzene structure (now called prisman):

4

According to Prof. Ladenburg, the benzene model is in agreement with the fact that there are
three disubstituted benzene isomers:
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R
Ladenburg was wrong. The list above is not complete.

20.4 There is a 4" isomer. What does it look like?

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

CF
_ F4,C_CFg oF
+ :[ Ky = 4.9 (mol/L)" CN3
CF,

_ FsC._CFs L.
+ :[ K, = 970 (mol/L)" ON
DO e T QU

The equilibrium constants K, and K, were measured for both reactions at 300 K.
20.5 Calculate the free enthalpies of reaction A,G for both reactions.

20.6 Calculate the enthalpy of reaction A,H for each reaction assuming that for both
reactions AS is -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)?
Br2
OO0 T
Br2
0 —

20.8 Fill in the structures of the reaction products.
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Problem 21: Benzene and Cyclohexane

21.1 How can the enthalpy of the hydrogenation of benzene be calculated from its
enthalpy of combustion and the enthalpies of combustion of cyclohexane and
hydrogen? Make use of Hess’s law.

CeHe +7.50, — > 6C0O,+3H,0 AH = - 3268 kJ mol™
CeHiz +9 0O, — 5 6CO,+6H,0 AH = - 3920 kJ mol™
H, +0.50, — H,O AH=- 289 kJ mol”

The energy difference between the formula proposed by Kekulé and the real bonding
situation can be estimated by comparing the theoretically estimated and experimentally
found enthalpies of hydrogenation for benzene. The enthalpy of hydrogenation of
cyclohexene is 120 kJ mol™. This value is the energy of hydrogenation of a double bond.

21.2 Calculate the expected enthalpy of hydrogenation of a six-membered ring with
three double bonds and compare it with the value obtained in 74.1. What is the
reason for this difference?

Problem 22: Non-Benzoid Aromatic Systems

Since the discovery of benzene, a lot of compounds have been identified that behave
similarly. They all have some common features. According to Hiickel's rule, an aromatic
system must have the following properties:

e cyclic
o fully conjugated
e planar

e 4n+2 & electrons

22.1 Write down the number of n-electrons in each of the compounds shown below.

©)
H 0] N o)
B ©
N - | [\ | > | ii
\ 2 — = AN
22.2 Which compounds are aromatic?

Let us now consider some examples of how aromaticity influences the chemical properties of
molecules.

22.3 Which of the following two compounds would you expect to have a greater
dipole moment? Support your answer by writing the corresponding (plausible)
resonance structures.

a) O—<1 0 [

22.4 Which of the following three compounds can be protonated more easily? Assign
the three pK, values (8.8, 13.5, 3.1) to these three compounds:
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X + Ht X
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N N,
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/N"'/ +=‘H+ ’L,+
Et \EtEt et” \VEt

Et

Cyclopentadiene (CsHg) is not an aromatic compound because it is not completely
conjugated. However, in contrast to acyclic dienes, it can quite easily react with a strong
base such as sodium ethoxide to form a crystalline salt.

NaOEt

- A
22.5 Write down a structure for compound A.
22.6 Is A aromatic according to Hiickels-rule?

22.7 How many signals in the "H NMR do you expect for A?

If A reacts in the following sequence, a stable, deep red compound X will form:
o

H reagent Z + A
+  PhMgBr B C X (CygH1a)

Hint: C has the following elemental composition: C 85.69 %, H 5.53 %.

22.8 Write down structures for the compounds B, C and X.

22.9 Suggest a plausible reagent Z.

22.10 Cyclopentadiene has to be freshly distilled before use in the above
synthesis,because it dimerizes upon prolonged standing. Suggest a structure
for this dimer.

Problem 23: Pain Reliefers

Aspirin:
Probably the most commonly used drug of all time is acetylsalicylic acid (ASS), which was
released on the market as a pain reliefer under the trade name Aspirin® by a German

company in 1899. Now, billions of tablets are sold each year. Acetylsalicylic acid can be
synthesized according to the following scheme:
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ONa

CO, +H*t
A B
125 °C, 100 atm

0O O

N G N

HsC”~ 0~ “CH,

ASS CgHgOq4
HsPO,

23.1 Give structural formulas for A, B and ASS.

23.2 Decide whether the following statements concerning acetylsalicylic acid
are true, false or whether 