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NATIONAL CHEMISTRY OLYMPIAD 2024

ASSIGNMENTS PRELIMINARY ROUND 1

To be conducted from 15 until 31 January 2024

SCHEIKUNDE b
OLYMPIADE < Maastricht University

This preliminary round consists of 25 multiple choice questions divided over

9 topics and 2 problems with a total of 8 open questions as well as an answer sheet
for the multiple choice questions.

Use the answer sheet to answer the multiple choice questions.

Use for each problem with open questions a separate answer sheet. Don’t forget to
put your name on it.

The maximum score for this work is 77 points.

The preliminary round lasts up to two full hours.

Required materials: (graphic) calculator and BINAS 6 or 7" edition, ScienceData
1%t edition or BINAS 5 edition, English version. Green chemistry table in the back.
For each question the number of points you can score are given.

Unless otherwise stated, standard conditions apply: T = 298 K and p = po.



l Problem 1 Multiple choice questions total 50 points

For each question, write your answer (letter) on the answer sheet. This answer
sheet can be found at the end of this examination booklet.
Marks: 2 points for each correct answer.

Carbon chemistry

1 Look at the reaction scheme below.

.
O e a2

step 1 step 2
Below are two statements about this reaction scheme:
I step 1 is an addition reaction
Il step 2 is a substitution reaction
Which of the above statements is/are correct?
none
only |
only Il
both

oON w >

2 Below is a fragment from the middle of a polymer molecule.
CH; CH; CH; CH,4
1 I 1 I
N C-C-C-Cwvw
I I 1 I
Cl CH; Cl CH4
What is the name of the monomer used to form this polymer?

2-chloro-3-methylbutane
2-chloro-3-methylbut-2-ene
2-chloropentane
2-chloropent-2-ene

oOnN w>
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3 A hydrocarbon X has the molecular formula C¢H14. Substance X reacts with a limited
amount of chlorine gas under the influence of light.

The resulting reaction mixture contains only three different monochloroalkanes with
the molecular formula CsH13Cl. Two of these three monochloroalkanes have the same
boiling point.

What is the structural formula of substance X?

A CH,
|
H3C = C - CHZ_ CH3
|
CH,
B CH; CH,
I

HyC - CH = CH - CH,

C CH,
I
H3C - CH - CH2 - CHZ_ CH3

D CH,
|
H3C - CHZ_ CH - CHZ_ CH3

E  HyC- CHy- CH,- CH,~ CH,~ CH,

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 5



4 A four-step reaction mechanism is given below. The movements of electron pairs are
indicated by curly arrows.

In one of the steps one or more arrow(s) is/are drawn incorrectly.

|
PN @
o/\ H 0
/N _CH ™~/ /N _CH
step 1 HZC—C\/ L H —( \@ —> H; _C\/ ’ H//O\\
H
CH,4 H CH,
)
Toy H-0! CH,
/\¥_CH, N/
step 2 H,C — H,C —C®
\ \
CH, CH;
H-0! CH, H-o0 CH; H
N e, T
step 3 H,C _C? + Pl —> H,C *C_@Q\'
CH H H | H
3 CH,
0 CH 0 CH
-0l H -0l H
H-0| 'BQ/. "\/\ . H-0l |361 /
step 4 H2C_C|_®\ ’ H/O\H HZC—(i— N H S
CH, H CH, H H

In which step is/are one or more arrow(s) drawn incorrectly ?

A step 1
B step2
C step3
D step4

Reaction rate and equilibrium
5 Given the homogeneous equilibrium in a HAc solution in water:
HAc + HO == Ac™ + H;0°
The HAc solution is diluted with water. The new equilibrium is installed.

What applies to the number of moles of H3O" ions in the solution and what applies to
the pH of the solution?

number of moles of H3O" ions

has become smaller
has become smaller
has become larger
has become larger

ONw>

pH

has become lower
has become higher
has become lower
has become higher
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6 Fenton's reagent is a solution of an iron(ll) salt and hydrogen peroxide in water. Such
a solution is used to convert polluting organic substances in the soil to other less
harmful substances.

MTBE, with molecular formula CsH120, is a substance that can leak into the ground
when refueling gasoline. During an experiment, 1.0 mg of MTBE reacts with a large
excess of Fenton's reagent. It takes 4.0 minutes to convert 98% of the MTBE.

What is the average reaction rate during these 4.0 minutes for this conversion of
MTBE?

A 4.6-108mols™

B 4.7-10®mols™

C 1.910 " mols™

D 2.8-10°mols™

E 4.1-10¢mols™

7 Ba(l0s); is a poorly soluble salt. In a saturated solution of Ba(I0s); in water the

following equilibrium is established:
Ba(I03)2(s) == Ba?(aq) + 2105 (aq)
To determine the equilibrium constant of the above equilibrium, 0.2000 grams of
Ba(10;)2 (M = 487.1 gmol ") is weighed out and mixed with 100 mL of water. After
reaching equilibrium, the suspension is filtered and the residue is weighed. The
residue was found to contain 0.1513 grams of solid Ba(10:)..
What is the value of the equilibrium constant of the above equilibrium?

A 4.00-107"

B 1.00-10°°

C 4.00-10°°

D 1.20-1077

E 1.00-10°°

F 2.00-10°°

8 An experiment measures the rate of the following reaction:

In(s) + 2 H;0%(aq) — Zn*(aq) + Hz(g) + 2 H,0(l)
The rate of this reaction is defined as the amount of Hz(g) formed per second at the
start of the reaction.
In the first test, 5.0 g of zinc granules and 100 mL of 1.0 M hydrochloric acid are
used. The reaction takes place at room temperature.
Which adjustment will not lead to an acceleration of the reaction?

A Replace the zinc granules with 5.0 g zinc powder.

B Replace the hydrochloric acid with 50 mL of 2.0 M hydrochloric acid.

C Replace the hydrochloric acid with 200 mL of 1.0 M hydrochloric acid.

D Heat the hydrochloric acid before adding the zinc granules.

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 7
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11

oON w >

N w >

Thermochemistry

When dinitrogen pentoxide decomposes, the following reactions occur consecutively:
2 N,Os(g) — 4 NOz(g) + 02(g) reaction 1
and

2 NO2(g) — 2 NO(g) + 0O2(g) reaction 2

Reaction 1 goes to completion, reaction 2 does not go to completion. Eventually a
mixture of nitrogen dioxide, nitrogen monoxide and oxygen is produced.
Dinitrogen pentoxide is no longer present in the reaction mixture.

The conversion of N2Os to NO2, NO and O, was found to have an enthalpy change of

+0.725-10° J per mol N;Os.

What percentage of the NO; produced in reaction 1 was converted in reaction 2?

- the enthalpy of formation of N,Osis +0.133-10°> Jmol™;

- assume that under these conditions, the data from BINAS table 57 and
ScienceData table 9.2 can be used.

16.7%

33.4%

45.5%
91.0%

Structures and formulas

What is the Lewis structure of diazomethane, CH;N,?

H\
RO
/C—g N,
H
H
v\ @
eC —N=NI
/
H
I-I\
@C —N=N
/
H
H\
~N
/C—g—N/
H

Which of the following atoms has/have an electron domain geometry of 3?
the C atom in CH,Cl,

the C atom in COCl,

the N atom in NH;3

the N atoms in N2H4

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 8



12 Which of the following ions has the most electrons?

A Cu
B Hg
C I
D N]'2+
E Zn*
pH / acid-base
13 A 0.15 M solution of an unknown weak base has a pH of 12.50.
What is the K;, of this unknown base?
A 6.7105
B 6.7-10°
C 8.410°
D 1.2:10?
E 1.0-10"
14 150 mL 0.150 M sodium hydroxide solution is mixed with 250 mL 0.100 M hydrochloric
acid.
What is the pH of the final solution?
A 1.30
B 2.00
o 2.20
D 11.80
E 12.00
F 12.70
15 Linde needs a buffer solution with a pH of 7.41 for her biology experiment with
enzymes. She asks the laboratory assistant of the chemistry department for a vial
with disodium hydrogen phosphate (Na;HPO4) and a vial with sodium dihydrogen
phosphate (NaH;POjs).
In what mass ratio should Linde dissolve the Na,HPO4 and NaH,PO, in demineralized
water to obtain a buffer solution with a pH of 7.41?
NaH;PO4 Naz;HPO4
A 10g 0.29¢g
B 10g 0.53¢
C 1.0¢g 0.62¢g
D 10g 0.74 ¢
E 10¢g 1.6 g
F 10¢g 19¢g
G 1.0¢g 35¢g

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 9



Redox and electrolysis

16 Two electrolysis experiments are carried out: one with molten aluminum fluoride and
one with molten lithium fluoride, using the same current. After t seconds,1.0 g of
lithium is formed during the electrolysis of lithium fluoride.

After how many seconds will 1.0 g of aluminum be produced during the electrolysis of
the aluminum fluoride?

0.26t s

0.33ts

0.77t s

1.3ts

oON W >

17 An electrochemical cell is made for electrical energy production.

Which of the following not balanced reaction equations correspond(s) to a cell that
could be used for this purpose? Assume all dissolved particles have a concentration of
1.00 mol L.

| CI"20727 + Mn? + H = Cr* + MnO4~ + H,0
Il NOs;~ + SO, —» NO; + 50427

none
only |
only Il
both

oON w >

Analysis

18 For a titration of a solution of ammonia with hydrochloric acid, the ammonia solution
needs to be diluted. During the titration of 25.00 mL of this diluted ammonia
solution, the equivalence point should be reached when between 12.00 mL and
25.00 mL of hydrochloric acid is added. In a rapid titration of 1.0 mL of the undiluted
ammonia solution, it is found that 8.5 mL of hydrochloric acid is required.

Which of the following dilutions can be applied to ensure that the amount of the
hydrochloric acid that is added lies between 12.00 mL and 25.00 mL?

10.00 mL of the ammonia solution is diluted to 250 mL
10.00 mL of the ammonia solution is diluted to 500 mL
25.00 mL of the ammonia solution is diluted to 100 mL
25.00 mL of the ammonia solution is diluted to 250 mL
25.00 mL of the ammonia solution is diluted to 500 mL

moaOw>
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In an experiment to determine the molarity of sodium chloride in a solution, the Mohr
method was used. In this determination, 10.00 mL of the sodium chloride solution
was pipetted into a volumetric flask with a capacity of 250.00 mL. It was then filled
with distilled water to the mark. From the solution in the volumetric flask, 10.00 mL
was titrated with a 0.00850 M silver nitrate solution. This titration yields a white
solid, silver chloride. During the determination, 14.36 mL of silver nitrate solution
was required to convert all the chloride ions into silver chloride.

What was the molarity of sodium chloride in the original solution?

6.10-10 mol L™

1.22-102 mol L™

1.53:-10 " mol L™’

3.05-10 " mol L™

Below are the structural formulas of three substances.

o M _

Mass spectra are generated for substances I, Il and Ill.

In which mass spectrum/spectra does a peak appear at m/z = 43?
only in the mass spectrum of |

only in the mass spectrum of

only in the mass spectrum of Ill

only in the mass spectra of | and Il

only in the mass spectra of | and lll

only in the mass spectra of Il and Il

in the mass spectra of I, Il and llI

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 11
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An acidic solution containing two monoprotic weak acids with different
concentrations is titrated with a solution of sodium hydroxide. The image below is
the titration curve of this titration.

12 —

A
pH 10

|

N

\

\
A

N

o

0 2 4 6 8 10 12 14
—— mL NaOH solution

Below are two statements about this titration.

I The molarity of the weaker acid in the examined solution is higher than the
molarity of the stronger acid.

Il If you do not have a pH meter, you can determine the equivalence points
using the indicators dimethyl yellow and thymolphtalein.

Which of these statements is/are true?
none

only |

only Il

both

Chemical calculations

Concrete corrosion, known as concrete decay, occurs when the iron present in
reinforced concrete, known as reinforcement, starts to rust. Rust (Fe;03) occupies
more space than the iron from which it originates. Consequently, the reinforcement
expands and leads to damaged concrete.

Rust is formed when iron comes into contact with water and oxygen through the
following reaction:

4 Fe + 302 - 2F6203

The density of iron is 7.87 gcm > and the density of Fe;0s3 is 5.25 gcm 3.
What is the increase in volume (in cm®) of the reinforcement when 16.0 grams of iron
is completely converted to rust according to the reaction equation above?

0.87 cm?®
1.16 cm?
2.03cm?

2.14 cm?

2.33cm?
4.36 cm®

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions 12
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25
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Which of the following fuels, listed below, releases the greatest amount of CO; per
gram of fuel during complete combustion?

CH4
CsHs
CeHe
CsH1s

Green chemistry and industry

What happens to the atom economy and E-factor of a reaction when the

percentage yield of the reaction increases?

atom economy

decreases
decreases
decreases
stays the same
stays the same
stays the same
increases
increases
increases

E-factor

decreases
stays the same
increases
decreases
stays the same
increases
decreases
stays the same
increases

Researchers from a university in Iraq have been looking for the ideal conditions to
produce zinc, having ZnO react with pure carbon at different temperatures. The

researchers found that, under optimal conditions, 15 grams of powder containing
98 mass% of ZnO produced 8.0 grams of zinc.

What is the percentage yield of this zinc production?

42%
44%
54%
65%
66%
68%

45th National Chemistry Olympiad 2024 Preliminary round 1 Multiple choice questions
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Open questions total 27 points

l Problem 2 Determining manganese levels in tea leaves 11 points

o1

Tea leaves contain small amounts of manganese; less than 0.1 percent by mass. The
manganese exclusively occurs in the form of Mn?** ions. The content of manganese in tea
leaves can be determined using colorimetry. Because Mn** does not produce any colour in
aqueous solutions, it should first be converted into permanganate (MnOy4’).

Permanganate ions cause a purple coloration in water. For this conversion, periodate (104)
is used, which is converted to iodate (1037):

2Mn* + 5104 + 3H,0 —» 2MnOs + 5105 + 6 H'
Give the equation of the half-reaction for the conversion of periodate to iodate. 3

For the determination of the Mn?* content of tea leaves, the periodate must be added in
excess. In such a determination, 2 to 3 grams of tea leaves and roughly 0.5 g of
potassium periodate are used.

Show by calculation that adding 0.5 g of potassium periodate is more than enough to get
all the Mn* in tea leaves to react. Assume that the tea leaves contain 0.1 percent Mn** by
mass. 4

For a colorimetric determination of the manganese content of tea leaves, a series of
solutions is first made with MnO4 contents of 0.800, 0.600, 0.400, 0.200 and
0.100 mmol L™.

For each of these solutions, the color intensity is measured using a colorimeter. These
color intensities are then graphed against the MnO4~ content in mmol L™'. This graph is
shown below.

0.40
0.35

0.30

0.25

0.20 A

0.15

——> color intensity

0.10 =

0.05

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

—>  MnO, content (in mmol L")
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For the determination of the mass percentage of Mn?* in Earl Grey tea leaves the following
steps were taken:

U N WN =

6.

2.580 g of tea leaves were heated in a porcelain crucible.

The resulting ashes were heated with an amount of 4 M sulfuric acid solution.
Afterwards, the mixture was filtered.

0.50 g potassium periodate was added to the filtrate.

When the reaction was complete, the entire mixture was transferred into a 50 mL
volumetric flask. In the flask, demineralized water was added up to the mark.
Finally, the intensity of the purple color of this solution was measured: 0.140.

Calculate the mass percentage of Mn* in the examined tea leaves.

45th National Chemistry Olympiad 2024 Preliminary round 1 Open questions 15



] Problem 3 Vasa 16 points

Epoxyalkanes are compounds that can be thought of as being derived from alkanes by
replacing per molecule two H atoms on two different C atoms with one O atom. Examples
of epoxyalkanes are:

1 1
I
H—C—-C—H H.C—C—-C—H
\ / N
epoxyethane 1,2-epoxypropane

Epoxyalkanes in which the oxygen atom in the molecules is bonded to two adjacent carbon
atoms can easily polymerize under the influence of sodium hydroxide. This produces
polyepoxyethane from epoxyethane. This polymer is often used to preserve wooden ships
that have been under water for a very long time. This happened, among other things, with
the Swedish warship Vasa, which capsized in the Stockholm harbor on its maiden voyage in
1628. From April 1961, when the ship resurfaced, it was treated with polyepoxyethane for
17 years.

A molecule of polyepoxyethane can be represented as follows:
H{ 0 - CH,= CHy}, OH

The value of n in this formula can vary from less than 10 to more than 100. The formation
of such a polymer molecule follows a mechanism with a number of successive steps.

The first step (initiation) is the attachment of a hydroxide ion to an epoxyethane

molecule:
H H H H
] | ] |
HO® + H-C-C-H —> HO-C-C-0°
\ 1 |
0 H H
ion A

Then, starting from ion A, a number of successive propagation steps take place. A negative
ion is formed again and again.

o4  Starting from ion A, show the first two successive propagation steps in structural formulas. 3

1,2-epoxypropane can also polymerize under the influence of sodium hydroxide. This
polymerization proceeds by the same mechanism as the polymerization of epoxyethane.

o5  Show a part of the middle of a polymer molecule of poly-1,2-epoxypropane in structural
formula. This part must be composed of three monomer units. 3

45th National Chemistry Olympiad 2024 Preliminary round 1 Open questions 16



o6

o7

o8

In polymerizations of epoxyalkanes, a series of successive propagation steps is terminated
by a reaction with a water molecule (termination reaction). Research into the
polymerization of epoxyethane under the influence of sodium hydroxide showed that,
depending on the conditions under which the polymerization is carried out, different types
of polyepoxyethane with different melting ranges can be obtained.

In one of the experiments in this study, an amount of polyepoxyethane with a mass of
92 grams was formed from 88 grams of epoxyethane. In this experiment there was no
epoxyethane left at the end.

Give the reaction equation for the mentioned termination reaction. Use the formula
H (O - CH,- CHZ}nOH for the end product.

Calculate the average value of n in the polyepoxyethane molecules
H {O - CH,- CHz}nOH that are formed during the experiments described above.

Two other experiments from this study are described below.

fabric used
epoxyethane NaOH H,0
(mol) (mol) (mol)
experiment 1 1.0 0.036 0.33
experiment 2 1.0 0.036 0.10

Both experiments took place at the same temperature and pressure.

After polymerization of all epoxyethane, the polyepoxyethane was separated from the
resulting reaction mixture. One of the experiments showed that polyepoxyethane was
formed with a melting range of +2°C to +4°C , while in the other experiment the
melting range of the resulting polyepoxyethane was +31°C to +33°C.

Explain which of the two experiments produced polyepoxyethane with the highest melting
range.

45th National Chemistry Olympiad 2024 Preliminary round 1 Open questions 17



Green Chemistry

The twelve principles of green chemistry are:

1.

10.

11.

12.

Prevention Preventing waste is better than treating or cleaning up waste after it is
created.

Atom economy Synthetic methods should try to maximize the incorporation of all materials
used in the process into the final product. This means that less waste will be generated as
a result.

Less hazardous chemical syntheses Synthetic methods should avoid using or generating
substances toxic to humans and/or the environment.

Designing safer chemicals Chemical products should be designed to achieve their desired
function while being as non-toxic as possible.

Safer solvents and auxiliaries Auxiliary substances should be avoided wherever possible,
and as non-hazardous as possible when they must be used.

Design for energy efficiency Energy requirements should be minimized, and processes
should be conducted at ambient temperature and pressure whenever possible.

Use of renewable feedstocks Whenever it is practical to do so, renewable feedstocks or
raw materials are preferable to non-renewable ones.

Reduce derivatives Unnecessary generation of derivatives — such as the use of protecting
groups — should be minimized or avoided if possible; such steps require additional reagents
and may generate additional waste.

Catalysis Catalytic reagents that can be used in small quantities to repeat a reaction are
superior to stoichiometric reagents (ones that are consumed in a reaction).

Design for degradation Chemical products should be designed so that they do not pollute
the environment; when their function is complete, they should break down into non-
harmful products.

Real-time analysis for pollution prevention Analytical methodologies need to be further
developed to permit real-time, in-process monitoring and control before hazardous
substances form.

Inherently safer chemistry for accident prevention Whenever possible, the substances in a
process, and the forms of those substances, should be chosen to minimize risks such as
explosions, fires, and accidental releases.

mass of desired product

x100%
total mass of all reactants

atom economy

experimental yield

ercentage yield
P s8¢y theoretical yield

x100%

total mass of all reactants — mass of desired product
mass of desired product

E-factor

45th National Chemistry Olympiad 2024 Preliminary round 1 18
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l Problem 1 Multiple choice questions total 40 points

Write your answer (letter) for each question on the answer sheet. This answer
sheet can be found at the end of this examination booklet.

Marks: 2 points for each correct answer.

Carbon chemistry

1 The conversion of quinone (C¢H40;) to hydroquinone (CsH¢O2) is shown below. This
conversion produces semiquinone (C¢Hs02) as an intermediate product. The molecule
semiquinone is a radical.

0 OH
+ H - +H*
—> Semiquinone —>
+ e + e
0 OH

How many resonance structures, without formal charges, does a molecule of
semiquinone have?

ITOTMMOoONm>
0N U A WN =

2 Below three-dimensional structural formulas of two molecules are given.

Br PH,

H CH,
aN_ Br\__/
1y H \UH

H  CH, Cl PH,

What is the relationship between these molecules?

they are diastereomers

they are enantiomers

they are identical molecules
they are structural isomers

N w >
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3 How many chiral centers are there in the molecule below?

MmMMmMmoON W >
U A WN= O

Reaction rate and equilibrium
4 For the reaction:
02(g) + 4HBr(g) » 2 H0(g) + 2Bry(g)
the following mechanism is proposed:
0, (g) + HBr(g) == HOOBr(g) fast
HOOBr(g) + HBr(g) — 2 HOBr(g) slow
HOBr(g) + HBr(g) — H)O(g) + Bra(g) fast
Which rate equation fits this mechanism?
s = k[HBr]
s = k[O,][HBr]
s = k[O][HBr]?
s = k[O2][HBr]*

N w>
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5 Gas X dissociates when heated and the following equilibrium is reached:
X(g) == Y(g) + Z(g)
An amount of X is heated to a certain temperature at a constant pressure, p. After

equilibrium is reached, the partial pressure of X turns out to be equal to ;p .

What is the value of the equilibrium constant K, of the above equilibrium at this
temperature?

6
A -
7p

9
B ~
7P

36
c =

7P
D 6p

9%

Structures and formulas

6 What are the approximate bond angles in a molecule of chloroisocyanate
(CL-N=C=0)?
£CINC 2NCO
A 109.5° 109.5°
B 109.5° 120°
C 109.5° 180°
D 120° 109.5°
E 120° 120°
F 120° 180°
G 180° 109.5°
H 180° 120°
I 180° 180°
7 For one electron of a Ge atom in the ground state that is in the gas phase, the set of

quantum numbers 4, 1, 1, + 2 applies for n, [, m and ms respectively.
Which set of the following sets of quantum numbers cannot apply for another electron of

this atom?

n l m ms
A 3 2 1 )
B 4 0 0 +1
C 4 1 1 )
D 4 1 0 +%
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8 How many o-bonds and how many n-bonds are there in a molecule of cyanogen,

N=C—C=N?
number of ¢ bonds number of © bonds
A1 2
B 1 4
c 1 6
D 3 2
E 3 4
F 5 2
G 5 4
pH / acid-base
9 20 mL of a solution of substance X was pipetted into an Erlenmeyer flask. Then, a
titration was performed from a burette containing a solution of substance Y. During
the experiment, the pH was monitored using a pH meter. The results are displayed
in the graph shown below.
10.0
pH 8.0 -
T 6.0 TR
N
\
\
4.0
\\
2.0 hoNEEEEE
0.0
0.0 10.0 20.0 30.0 40.0
———> volume solution of substance Y (mL)
What combination of X and Y is possible?
X Y
A KOH CH;COOH
B NaHCO; HCl
C CH;COOH NaHCO;
D KOH HCl
E HCl NaHCOs
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10 A 1.0 M NaOH solution is gradually added to 500 mL of a 0.200 M NaH;PO, solution, until
a buffer solution with pH=6.90 is formed.

How many mL of the 1.0 M NaOH solution were added?

A 25mL
B 33mL
C 50mL
D 67mL
E 75mL
F 100 mL
Redox and electrochemistry
11 Which half-reactions occur in the electrolysis of a zinc sulphate solution, using two
zinc electrodes?
at the negative electrode at the positive electrode
A 2H0 +2e — H; + 2 OH 2H,0 > 02 + 4H + 4
B 2H,0 + 2e — H; + 2 OH In — In* + 2e
C 2H,0 > 0O, + 4H + 4e 2H0 + 2e — H; + 2 OH™
D 2HO0 —» 0, + 4H" + 4¢ In* + 2e — In
E Zn* + 2e — 1In 2H,0 »> 0, + 4H" + 4e
F Zn* + 2e — 1In In — In* + 2e
G In »> In* + 2e 2H0 + 2e > H; + 20H
H Zn > ZIn* + 2e In* + 2e — In
12 For which of the following half-reactions is the electrode potential dependent on the
pH?
I NOs (aq) + 3H'(aq) + 2e — HNOz(aq) + H2O(l)
Il Ni(OH),(s) + 2e~ — Ni(s) + 2 OH (aq)
A for neither
B onlyforl
C onlyforll
D for bothlandll
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13 During an investigation of a catalyst that can potentially be used for the electrolytic
conversion of carbon dioxide into methanol, an electrolysis is performed for
200 minutes with a constant current of 0.370 A. After the electrolysis, the contents of
the area around the negative electrode are analyzed and found to contain
5.30-103 mol CH;OH.

What percentage of the electric current was used for the conversion of carbon dioxide
into methanol?

11.5%
23.0%
46.1 %
69.1 %
92.1 %

mooOow>

Analysis

14 In an acidified solution of potassium dichromate, the dichromate, Cr,07*~, can be
converted into chromium(lll), Cr**. Dichromate ions cause an orange colour in a
solution and chromium(lll) ions cause a green colour. Because of this colour change,
an acidified potassium dichromate solution is a suitable reagent for identifying
certain substances.

Aqueous solutions of the four substances listed below were made. Several drops of
an acidified potassium dichromate solution were added to each solution. Only one
solution turned orange.

Which solution was that?

Al(SO04)3

H,C;04

KI

SnCl,

oONn w >

15 The absorbance of a 3.00-10~* M potassium permanganate solution is measured at a
wavelength of 525 nm using a spectrophotometer: 0.600.
To 50.0 mL of this solution, 50.0 mL of a solution of sodium sulphite is added. The
following reaction occurs:

2 MnOs + 5505 + 6 H" — 2Mn* + 5504 + 3 H0

After the reaction has ended the absorbance of the resulting solution is measured, also
at a wavelength of 525 nm: 0.100.

What was the molarity of the sodium sulphite solution?

8.00-10> mol L™
1.00-10~* mol L™
2.50-10~* mol L™’
5.00-10~* mol L™
6.25-10~* mol L™

moow>

45th National Chemistry Olympiad 2024 Preliminary round 2 Multiple choice questions 30



Chemical calculations

16 Which noble gas has a density of 0.826 gdm— at 900 °C and 2.00 atm?

He
Ne
Ar
Kr
Xe

mooOw>

17 On iron ships, blocks of zinc are often applied as sacrificial metal. Zinc prevents the
rusting of iron because it is a stronger reducing agent than iron, so zinc reacts and iron
does not react. In this reaction, zinc is converted into zinc hydroxide. Such a block
with an initial mass of 113.0 g has a mass of 140.2 g after some time of use.

What is the ratio of Zn(0) : Zn(ll) in this block? Assume that the block originally
consisted of pure zinc and that the formed zinc hydroxide remains on the block.

0.0800 : 1.00
1.08 : 1.00
1.16 : 1.00
2.16 : 1.00
4.23 :1.00
5.32:1.00
11.6 : 1.00

QM MoONwW>

Thermochemistry and Green Chemistry

18 Elemental copper can be produced from chalcopyrite, CuFeS;. The reaction equation
for this process is shown below:

2 CuFeS; + 50; + 2S5i0; » 2Cu + 450; + 2 FeSiO;
The E-factor of this production is 6.5.

What is the percentage yield of this reaction?

7.0%

13%

32%

68%

87%

93%

MmMMmMmoN W >
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20

N w>

N w >

Below standard reaction enthalpies for two reactions of hydrogen sulfide in the gas
phase are given.

HaS(g) + 1.5 02(8) — SO2(g) + H0(g) AH% =-518.2 kJ mol™

2 HaS(g) + COx(g) — CSa(g) + 2 H0(8) AH®; = +67.8 kJ mol™

What follows for the standard reaction enthalpy A:H% for the combustion of
carbon disulfide in the gas phase: CSz(g) + 3 02(g) — CO2(g) + 2 SO2(g)?
—450.4 kJ mol™

—586.0 kJ mol™

—~968.6 kJ mol™’

—1104.2 kJ mol™

For which reaction among the ones below is A.G° closest to AH?

2 COz(g) —» 2CO(g) + O2Ag)
2 HCl(g) — Ha(g) + Cla(g)
2 H0(l) — 2 Ha(g) + Oag)
2 NaCl(s) — 2 Na(s) + Cly(g)
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Open questions total 55 points

l Problem 2 Hydrogen for a fuel cell 15 points

o1

o2

o3

o4

For sustainable energy, hydrogen seems to be a suitable energy carrier. In a fuel cell,
hydrogen can be efficiently used for the production of electrical energy. However, a
drawback to using hydrogen is the storage of large quantities of this gas. Therefore,
research is also being conducted to investigate whether hydrogen can be stored in the
form of the solid substance sodium borohydride (NaBH4).

Sodium borohydride is not toxic and reasonably stable under normal conditions.

By hydrolyzing NaBH. the hydrogen gas is released again:
BHs(aq) + 2 HO(l) — BOz(aq) + 4 Ha(g)

This hydrolysis is a slow process at room temperature, which is why a catalyst is needed.
Ruthenium (Ru) catalysts are highly active for this hydrolysis, even at room temperature.
They ensure the complete conversion of NaBH4 into H;. Kinetic studies have shown that the
catalytic hydrolysis of NaBH4 is a zero-order reaction with respect to the concentration of
BH4 and is directly proportional to the amount of Ru.

For each mole of Ru, 92 moles of H; are formed per minute at 298 K.

Calculate the amount of Ru needed, in mg, for the production of 0.100 dm* H, per minute

from 100 mL of a 1.0 M NaBH,4 solution, at 298 K and p = po. 3
Calculate how many minutes this system can produce 0.100 dm?* H, per minute, at 298 K
and p = po. 4

The activation energy (E.) for the catalytic hydrolysis of NaBH4 is 42 kJ mol-".

Calculate the temperature, in K, that is needed to produce hydrogen at the same rate
(0.100 dm? H; per minute) with only half the amount of catalyst available as was used at
298 K. 4

To the right of this text a schematic

diagram of an alkaline hydrogen fuel
cell is provided.

The essential part of the fuel cell H2—>|:
consists of three components: two

electrodes with the electrolyte in

between.

The following half-reactions occur at H,0 <_E
the electrodes:

02 + 2H20 + 4 > 40H
H, + 20H" > 2H0 + 2 e electrode electrode

electrolyte

Calculate the Gibbs energy for the formation of H,O(l) in the fuel cell under standard
conditions. Use AG® = — nFAE®. 4
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l Problem 3 A high-temperature superconductor 24 points

o5

o6

o7

Superconductors are materials in which an electric current can flow without encountering
resistance. Superconductivity was first discovered in 1911 by the Dutch (Leiden) scientist
Heike Kamerlingh Onnes during his groundbreaking work in the field of extremely low
temperatures. Superconductors are useful for various applications, such as in MRI, for
example. However, a drawback is that most materials only become superconducting when
cooled to near the absolute zero point. It was, therefore, a breakthrough when

Georg Bednorz and Alex Muller discovered a class of ceramic materials that are already
superconducting when cooled with liquid nitrogen. For this discovery of high-temperature
superconductors, they were awarded the Nobel Prize in Physics in 1987.

Among the best known examples of these ceramic superconductors are substances that can
be represented by YBCO. These are composed of ions of yttrium (Y), barium, copper, and
oxygen. The ions of yttrium (Y), barium, and copper occur in a ratio of 1:2: 3. The
number of oxide ions in the empirical formula of YBCO depends on the amount of oxygen
that reacts during the preparation of a YBCO compound but is at most 7. The empirical
formula of a YBCO compound can then be represented as YBa;CuzO7 - x.

In the preparation of YBa,Cus3O - x), yttrium(lll) carbonate, barium carbonate and
copper(ll) carbonate are allowed to react with each other in the presence of oxygen.
Besides YBa,CusO(; - x), only carbon dioxide is formed.

Give the reaction equation for this preparation of YBa;CuzOp _ x). 3

During the preparation of a YBCO compound in the presence of oxygen, a portion of the
Cu®* jons is converted into Cu®* ions. Y** and Ba®* ions remain unchanged.

Calculate the value of x in YBa;CusOp - x if 20% of the Cu®* ions have been converted into
Cu** ions. 4

To determine the value of x in a YBCO compound, an iodometric titration can be
performed. Initially, the YBCO compound is allowed to react with hydrochloric acid. This
results in a solution in which no Cu®* is present because it has reacted with water. This
reaction of Cu®" with water is a redox reaction that produces, among other things, Cu?*
and 0O,.

Give the equations of both half-reactions and the overall reaction equation for the
reaction of Cu®" with water. 2

Afterwards, an excess of potassium iodide is added to the solution, leading to the following
reaction:

2Cu” + 41- > 2Cul + I

Finally, the formed iodine is titrated with a solution of sodium thiosulfate, Na;5;0s. The
following reaction occurs in the titration:

2507 + I, = Si0e& + 21-

In such a determination, 160 mg of YBCO compound was used. For the titration of the
formed iodine, 21.8 mL of 0.0332 M sodium thiosulfate solution was required.

Calculate the value of x in the examined YBCO compound. 7

45th National Chemistry Olympiad 2024 Preliminary round 2 Open questions 34



The unit cell of the crystal lattice of a
B YBCO compound is shown on the left.

. o ) ; The barium ions and the yttrium ion are located

f -1-- e Cu™and Cu™ jnside the cell; dashed lines represent the horizontal
S A _»_. 4 Y3+ planes in which these ions are situated.

t ot ® Ba™ The copper ions are located at the corners and on

) the edges of the unit cell.

b The oxide ions are not depicted.

To complete the drawing of the unit cell of YBa,Cu3O7 (YBCO with x=0), 20 oxide ions need
to be drawn. Some of these oxide ions are located on edges, while others are situated in
exterior faces of the unit cell.

o9  Calculate how many oxide ions are located on edges and how many are situated in exterior
faces in the unit cell of YBa,;CusO7.

The lengths of the cell edges of the above unit cell are as follows: a = 0.382 nm,
b=0.389 nmand c=1.168 nm.

o010 Calculate the density in gcm™ of YBa,Cu30;.
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] Problem 4  Penicillin 16 points

o11

Penicillin is used as the collective term for the group of various types of penicillin.
Penicillin has a bactericidal effect and is a commonly used antibiotic to combat infectious
diseases.

Below is a schematic representation of a penicillin molecule.

penicillin

The molecules of the various types of penicillin are characterized by the presence of two
cyclic structures; they are distinguished from each other by the side group R.

Sir Alexander Fleming discovered penicillin (later called penicillin G) in 1928, as a product
of the fungus Penicillium notatum. Fleming received the Nobel Prize in Medicine in 1945
for his discovery, along with Florey and Chain, who investigated the action of penicillin.
Due to the highly useful properties of penicillin, many years have been spent developing its
syntheses. In this problem, a part of the synthesis of a certain type of penicillin developed
by Professor J.C. Sheenan is considered.

In the first reaction, the amino acid valine reacts with compound X to form compound 1. In
this conversion, HCl is released as a byproduct.

.
NH, 07 N1
HOW + X — HO W + HCl
0] 0
valine 1
Write the structural formula of X. 2
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012

o013

HO

The synthesis route continues as follows:

1 is reacted with acetic anhydride; in this reaction 2 (see below) is formed.
By increasing the temperature, 2 is converted into an intermediate product 3.
From 3, after the splitting of ethanoate and HCl, compound 4 is formed.

Cll

0 -H N

YO\’_HNY _— 3 —_— }h/
O o 0]

2 4

The mechanism of the conversion from 2 into 3 proceeds as follows:
— reaction of a base with the NH group;

— formation of a structure with a C =N bond;

— ring closure to form a structure with a five-membered ring.

On the worksheet with this test, the structural formula of 2 and B as formula for the base
are represented.

On the worksheet, show the mechanism of the conversion of 2 into 3 by:

— drawing the structural formulas of the products;

— drawing non-bonding electron pairs in the structural formulas before and after the
arrow;

— using curly arrows (/~ "\\) to indicate how electron pairs shift during formation and
breaking of bonds;

— placing formal charges at the appropriate positions.

Through several reactions 4 is converted to compound 5, an important intermediate in the
synthesis of penicillin.

0
. _NH,

SH
5

Explain whether compound 5 has the R- or S-configuration. Use a drawing in your
explanation.
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o014

o15

The bactericidal action of penicillin is based on the inhibition of bacterial cell wall
formation. The cell wall of a bacterium consists, amongst other things, of a
polysaccharide. Peptide chains, formed from a number of amino acids, are bound to this
polysaccharide. The first amino acid bound to the polysaccharide is always alanine, with
the amino group of alanine always linked to the polysaccharide. During the creation of the
cell wall, two adjacent peptide chains are linked together. This linking is catalyzed by the
enzyme transpeptidase. Two of such linkings are schematically shown below.

polysaccharide polysaccharide
I [

Ala Alla Ala Alla
Ala Gllu Ala Gllu Gllu Gllu
Alla L;I/s A{a L);s Ala  Lys™ Ala Lylrs
L)lis Aia LgI/s Alla L)Jrs — Ai Lylrs —Alla
Gllu Alla Gllu Alla Glu Gllu
Alla Aia Alla Alla

| 1

1 1
polysaccharide polysaccharide

before linking after linking

Draw the structural formula of the ‘encircled’ part. From this structural formula, it should
be clear how the four amino acid residues are linked. Use data from this problem and your
data booklet.

Penicillin prevents the above mentioned linking of peptide chains because penicillin reacts
with the enzyme transpeptidase. In this process, the penicillin molecule binds to the
enzyme. This reaction is irreversible.

The resulting substance is not enzymatically active. Transpeptidase is a polypeptide.

A molecule of transpeptidase contains, amongst other things, a serine unit. In the reaction
between penicillin and transpeptidase, the side chain of the serine unit reacts with the
peptide bond in the core of a penicillin molecule. In this process that peptide bond is
broken and an ester is formed.

On the worksheet with this test, the reaction equation of the reaction between penicillin
and transpeptidase is partially shown. The molecule transpeptidase containing the side
chain of the serine unit is schematically represented as follows:

OH
CH,

On the worksheet, complete the reaction equation between penicillin and transpeptidase.
Show the product of this reaction as a structural formula, similar to the way it was done
before the arrow for penicillin and transpeptidase.
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Green Chemistry

The twelve principles of green chemistry are:

1.

10.

11.

12.

Prevention Preventing waste is better than treating or cleaning up waste after it is
created.

Atom economy Synthetic methods should try to maximize the incorporation of all materials
used in the process into the final product. This means that less waste will be generated as
a result.

Less hazardous chemical syntheses Synthetic methods should avoid using or generating
substances toxic to humans and/or the environment.

Designing safer chemicals Chemical products should be designed to achieve their desired
function while being as non-toxic as possible.

Safer solvents and auxiliaries Auxiliary substances should be avoided wherever possible,
and as non-hazardous as possible when they must be used.

Design for energy efficiency Energy requirements should be minimized, and processes
should be conducted at ambient temperature and pressure whenever possible.

Use of renewable feedstocks Whenever it is practical to do so, renewable feedstocks or
raw materials are preferable to non-renewable ones.

Reduce derivatives Unnecessary generation of derivatives — such as the use of protecting
groups — should be minimized or avoided if possible; such steps require additional reagents
and may generate additional waste.

Catalysis Catalytic reagents that can be used in small quantities to repeat a reaction are
superior to stoichiometric reagents (ones that are consumed in a reaction).

Design for degradation Chemical products should be designed so that they do not pollute
the environment; when their function is complete, they should break down into non-
harmful products.

Real-time analysis for pollution prevention Analytical methodologies need to be further
developed to permit real-time, in-process monitoring and control before hazardous
substances form.

Inherently safer chemistry for accident prevention Whenever possible, the substances in a
process, and the forms of those substances, should be chosen to minimize risks such as
explosions, fires, and accidental releases.

mass of desired product
total mass of all reactants

atom economy x100%

experimental yield

ercentage yield
P s8¢y theoretical yield

x100%

total mass of all reactants — mass of desired product
mass of desired product

E-factor
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] Problem 1 NF 12 points

Nitrogen monofluoride, NF, is a metastable compound that has been observed during
laser research.

Below and on the answer sheet, the initial setup for an MO diagram of
nitrogen monofluoride is shown. The 1s, 2s, and 2p levels of the nitrogen atom have

already been drawn in this diagram.

A

2p

energy

2s —

1s —

N (AQO’s) NF (MO's) F (AO's)

o1 Draw in the diagram on the answer sheet:
— the 1s, 2s, and 2p levels of the fluorine atom;
the molecular orbitals of the nitrogen monofluoride molecule with the usual

designations for 'bonding’ and ‘anti-bonding’;
the filling of electrons in the atomic and molecular orbitals according to the

Aufbau principle.
o2 Calculate the bond order (BO) of the nitrogen monofluoride molecule.

o3 Give the Lewis structure of the nitrogen monofluoride molecule.
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l Problem 2 Dinitrogen pentoxide

o4

o5

o7

From the elements nitrogen and oxygen, various compounds exist. One of these is
dinitrogen pentoxide, N,Os(g).

Represent the N,Os molecule in a Lewis structure. Place any formal charges in the correct
positions.

Hint: each N atom is bonded to three O atoms, and there is no cyclic structure involved.
Explain whether it is possible for all seven atoms of the N,Os molecule to lie in one plane.

Below are three reactions involving nitrogen oxides, along with their corresponding
standard reaction enthalpies.

2NO(g) + 02(g) — 2NOy(g) AH® = -116.2 kJ per 2 moles of NO;,
4 NO2(g) + 02(8) — 2 N;0s(g) AH®% = -106.2 kJ per 2 moles of N,Os
Na(g) + O2(g) — 2 NO(g) AH®% = +182.6 kJ per 2 moles of NO

Calculate the standard enthalpy of formation AH° of N,Os in kJ mol™. Use only the
standard reaction enthalpies provided above.

Dinitrogen pentoxide can be part of the following equilibrium:
N20s(g) == NO2z(g) + NOs(g)

The reaction enthalpy of this equilibrium is + 94.83 kJ mol™ at T = 600 K and p = po. In the
table below, the entropies are given:

S(Jmol'K") at T=600K and p = po

N20s(g) 426
NO2(g) 269
NOs3(g) 293

Calculate the equilibrium constant K, at T = 600 K and p = po for the above equilibrium.

An equilibrium mixture of N2Os(g), NO2(g), and NOs(g), which is formed from N;Os(g), has a
total pressure of 0.10 bar at 600 K.

Calculate how many moles of N,Os per original mole of N,Os have been converted to
NO; and NOs.

If you couldn’t calculate K, in question 7, use the value 0.060 for Ky. This is not the
correct value.
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[ Problem 3 Chromium 21 points

The metal chromium can be obtained by means of the electrolysis of a solution called
chromic acid. This solution is obtained from the chromium ore chromite. The formula of
chromite can be represented as Cr;0s.FeO.

To obtain chromic acid from chromite, the chromite is first heated with sodium carbonate
in the presence of air. This results in the formation of sodium chromate (Na,CrOs),
iron(lll) oxide, and carbon dioxide.

o9  Give the reaction equation for this conversion. 4

Subsequently, solid sodium chromate is isolated from the resulting solid mixture of
sodium chromate and iron(lll) oxide.

o010 Describe how you can obtain solid sodium chromate from the resulting solid mixture of
sodium chromate and iron(lll) oxide. 3

Chromic acid is formed by adding a solution of sulfuric acid to sodium chromate. In the
resulting solution, all chromate is converted to dichromate (Cr,0/%).

011 Give the reaction equation for the conversion of chromate to dichromate. 3

During the electrolysis of chromic acid, chromium is formed at the negative electrode. It
appears that not all dichromate is converted to metallic chromium in such an electrolysis.
A small percentage is converted to Cr**. During the execution of such an electrolysis,
95.0% of the Cr,07* is converted to Cr and 5.0% to Cr?*.

o012 Calculate the percentage of the current absorbed at the negative electrode by Cr,0/*” that
was used to directly convert Cr,0/* to Cr. 4

The unit cell of the crystal lattice of metallic chromium is a body-centered cubic (bcc)
structure.

513  Prove this by means of a calculation using data from the data booklet. 7
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l Problem 4 Methyl isocyanide 15 points

The compound methyl isocyanide can be converted to acetonitrile via an isomerization
reaction according to:
kexp

CH;NC(g) —> CH;CN(g)

From experiments, it is evident that this reaction is a first-order reaction at high pressure
and a second-order reaction at low pressure.

The mechanism of this isomerization reaction consists of two steps.

In a first step, a molecule of methyl isocyanide is activated to CH3NC* by collision with
another molecule of methyl isocyanide. With this activated molecule, the following can

occur:
1. it is converted back to the original molecule of methyl isocyanide by collision with an
inactivated molecule of methyl isocyanide;
2. itreactsin a second step to form a molecule of the isomer acetonitrile.
ks
CH3NC(g) + CH3NC(g) 2 CH3NC*(g) + CH3NC(g) (1)
k4
vy K2
CH;NC* (g) —> CH;CN(g) )

Using the ‘steady-state’ approximation, it can be derived that the rate equation for the
formation of acetonitrile according to this mechanism is equal to:

d[CH,CN] kK, [CH,NC]?

dt  k,[CH,NC]+k,
o14  Give this derivation. 7
o015 Derive the expression for ke using the rate equation given above question 14. 2

With the help of the above rate equation, it can be derived that the conversion of
methyl isocyanide to acetonitrile is a first-order reaction at high pressure and a second-
order reaction at low pressure. This is because at high pressure s_¢ >>s;, and at low
pressure s_q << s;. Here, s_4 represents the rate of the reaction to the left in

equilibrium (1), and s; represents the rate of reaction (2).

016 Explain that at high pressure s_1>>s; and at low pressure s_4 << s. 2

017 Explain, based on the above data, that the conversion of methyl isocyanide to acetonitrile
is a first-order reaction at high pressure and a second-order reaction at low pressure. 4

NSO 2024 Maastricht University Theory test Problems 51



] Problem 5 Electrochemical cell 15 points

018

o19

020

We construct the following electrochemical cell at 298 K:

salt bridge

This cell consists of:
- half-cell I: asilver plate of 15.00 g in 1.00 L of 0.150 M AgNOs solution;
- half-cell Il: a copper plate of 30.00 g in 1.00 L of 0.300 M CuSO, solution.

Calculate the electromotive force (EMF) of this cell. 3

The cell is allowed to deliver a current of 0.200 A until the mass of the silver electrode is
equal to the mass of the copper electrode.

Calculate the number of seconds the cell supplies this current until that point is reached. 6

With the original electrochemical cell, the following actions are performed:
1. Adding a sodium carbonate solution to half-cell I.

2. Adding a sodium carbonate solution to half-cell Il.

3. Adding a sodium chloride solution to half-cell II.

Explain for each of these actions whether it lowers or raises or whether that action has no
effect on the electromotive force. 6
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] Problem 6 Barbituric acid 13 points

Barbituric acid is a monoprotic weak acid, denoted as HZ in this problem. The value of K,
of HZ at 298 K has been determined spectrophotometrically. The fact that that both HZ
and Z" absorb ultraviolet light is used in this determination.

To determine the value of K, of HZ, three buffer solutions were prepared with pH values of
2.00, 3.60, and 7.20, respectively. Equal amounts of these three buffer solutions were
added to equal amounts of a very dilute solution of HZ.

It can be assumed that:

— in the solution with pH = 7.20, all HZ is converted to Z;

— in the solution with pH = 3.60, a part of the HZ is converted to Z-;

— in the solution with pH = 2.00, none of the HZ has dissociated into ions.

The obtained solutions were measured (at 298 K) for their absorbance (extinction) A with
ultraviolet light of different wavelengths between 200 and 280 nm.

The same cuvette was used for all measurements.

In the diagram on the information sheet, the results of the measurements on the three
solutions are shown. Using the Lambert-Beer law, the measured absorbances were
converted to the absorbances that would apply if the (total) concentration of HZ and/or Z~
were 1.00 mol L™ in each of the three solutions.

The absorbances in the diagram therefore apply in the following cases:

— [Z7] in the solution with pH = 7.20 would be equal to 1.00 mol L™";

—  [HZ] + [Z7] in the solution with pH = 3.60 (together) would be equal to 1.00 mol L™";
—  [HZ] in the solution with pH = 2.00 would be equal to 1.00 mol L™.

An absorbance measured from a solution with pH = 3.60 is the sum of the absorbances
caused by Z™ and HZ separately. The graphs corresponding to pH = 7.20 and pH = 2.00
intersect at point A (at wavelength 221 nm). The graph corresponding to pH = 3.60 is not
fully displayed: the part of the graph at wavelengths less than 235 nm has been omitted.

021 Explain whether the fully displayed graph corresponding to pH = 3.60 also passes through
point A. 3

With the help of the three absorbances (from the diagram) at a certain wavelength, one
can calculate the ratio between [Z7] and [HZ] in the solution with pH = 3.60.

022 Provide the values of the three absorbances in the diagram at 257 nm (at pH values of

2.00, 3.60, and 7.20, respectively). 2
023 Calculate, based on the values of the three absorbances, the ratio [Z7] : [HZ] in the

solution with pH = 3.60. 5
024 Calculate the value of K, (298 K) of barbituric acid (HZ). 3

If you couldn't calculate the requested ratio in question 23, take the answer to
question 23 as [Z7] : [HZ] = 0.55 : 1.0. This is not the correct answer to question 23.
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l Problem 7 Melphalan 25 points

025

026

027

Melphalan (as shown below) is a medication used in the treatment of various types of
cancer.

10 12
11 13
7
6 8
5 9
4 Ok
2
3 [T OH
NH,
In the above structural formula of Melphalan, the carbon atoms are numbered. Melphalan

exists as two enantiomers, that are both used. The enantiomer depicted above exhibits the
highest activity.

Give the number of the stereocenter of the depicted enantiomer and explain its absolute
configuration (R/S). 4

In the "H— NMR-spectrum of Melphalan, the following signals of protons bound to
carbon atoms are observed:

chemical shift | multiplicity | integral | number(s) of C atom(s)
(ppm)
2.8 doublet 2H
3.5 triplet 4 H
3.6 triplet 1H
3.9 triplet 4H
6.7 doublet 2H
6.8 doublet 2H

The same table is provided on the answer sheet.

Fill in, on the answer sheet, the numbers of the carbon atoms corresponding to the listed
signals. Use NMR data from the data booklet. 4

On the information sheet the synthesis route of Melphalan, starting from phenylalanine is
given.

Provide the structural formulas of A and B. 2

In step 1, the aromatic part of phenylalanine molecules is primarily nitrated at the
para-position. During this nitration, the ortho-positions are also nitrated, but to a much
lesser extent than would be expected based on statistical and electronic factors that
control the regioselectivity of this nitration.

The meta-positions are hardly nitrated.
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028
029

030

031

032

Why are the meta-positions hardly nitrated?
Why are the ortho-positions nitrated to a much lesser extent than would be expected
based on statistical and electronic factors that control the regioselectivity of this nitration?

The reaction in step 5, where D is converted to E, can be understood as an acid-catalyzed
nucleophilic substitution. The mechanism of the reaction of a molecule of D with one
molecule epoxyethane starts with the protonation of a molecule of epoxyethane.

Present the mechanism of the reaction of a molecule of D with one molecule of

epoxyethane by:

using the structural formulas, shown below, for D and epoxyethane, respectively;
H

R-N  and H,C—CH,;
H 0

— depicting lone pairs;

— using curly arrows ( /~ "\) to indicate how electron pairs shift during formation and
breaking of bonds;

— placing formal charges at the correct positions;

— drawing the structural formula of the product formed by the reaction of a molecule D
with one molecule of epoxyethane.

The conversion that occurs in step 4 can be termed selective.
Explain this.

In the synthesis route, the introducing and afterwards removing of a protecting group is
used twice.

For each protection, indicate:
— in which step the protection is introduced and in which step it is removed;
— the reason why the protection in question is necessary.
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Melphalan

synthesis route
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Directions/resources

This practical test consists of two parts:

o The determination of the amount of crystal water (x) in a mixture of
Na,C0s.xH,0 and NaHCO:s.

o Kinetic study of the decomposition of tris-(oxalato)-manganate(lll) ions.

The practical test ends after 4 hours. During this time:
o the attached answer sheets need to be completed;
o all questions must be answered.

After the practical test, when you have handed in everything, the glassware still needs
to be cleaned and tidied up.

The maximum score for the practical test is 80 points.
The score is determined by:
o practical skills, working clean, safety maximum 20 points

o results of the determinations and answers to the questions maximum 60 points

Required tools: (graphic) calculator, ruler/protractor triangle and Binas or
ScienceData.

First read the introduction and all assignments before you start working.

Write the answers to the questions in the boxes on the answer sheets provided. If you
don't have enough space, you can ask for extra paper.

Additional:

This is a test; it is not permitted to consult with other participants.

If you have a question, you can ask the supervisor.

If something is wrong with your glassware or equipment, report it to the supervisor as
soon as you discover it. Don't borrow someone else's things!
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l Experiment 1 The determination of the amount of crystal water (x) in a
mixture of Na;C0s3.xH20 and NaHCO3 40 points
Introduction

Sodium carbonate is mined mostly from a mineral named Trona. It is a mixture of hydrated
sodium carbonate (Na,C0s.xH;0) and sodium hydrogen carbonate (NaHCOs).

The goal of this task is to determine the amount of crystal water bound to
sodium carbonate in a solid mixture containing hydrated sodium carbonate (Na,COs.xH;0)
and sodium hydrogen carbonate (NaHCO3).

In this determination two separate titrations with a solution of hydrochloric acid are
performed:

— atitration with methyl orange as the indicator

— atitration with phenolphthalein as the indicator.

Each titration is executed in duplicate. In advance, you have to execute a test titration.

Chemicals

— a weighed mixture of Na,COs.xH,0 and NaHCO3
— 0.1000 M hydrochloric acid

— asolution of methyl orange

— asolution of phenolphthalein

— demineralized water

Safety
— wear safety glasses
— if your skin comes into contact with any of the chemicals, rinse it immediately
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Equipment and glassware

250 mL volumetric flask
funnel for the volumetric flask
50 mL burette

funnel for the burette

four beakers

four small plastic pipettes
pipette-balloon

25 mL pipette

50 mL Erlenmeyer flask for the titrations
marker

magnetic stirrer

magnetic stir bar

Procedure

o1
)

o3

Prepare a solution of your solid sample in the 250 mL volumetric flask.

Fill the burette with the 0.1000 M hydrochloric acid.

Note: Probably you have to refill the burette a few times during the determination.
With each of the titrations below, first perform a test titration. Afterwards perform
each titration in duplicate.

Titration in presence of phenolphthalein

n4

o5
o6
o7
o8

Add 25.00 mL of the solution that is in the volumetric flask to the 50 mL Erlenmeyer
flask.

Add three drops of the phenolphthalein solution.

Put the magnetic stir bar in the solution and start stirring (don’t heat).

Titrate until the pink colour disappears totally.

Repeat steps 4 to 7.

Titration in presence of methyl orange

o9

Add 25.00 mL of the solution that is in the volumetric flask, to the 50 mL Erlenmeyer
flask.

010 Add three drops of the methyl orange solution.
o11 Titrate until the colour becomes red.
012 Repeat steps 9 to 11.

NSO 2024 Maastricht University Practical test Assignment booklet

67



Questions - write the answers on the answer sheets

Write down:
- the mass of the sample
- the molarity of the hydrochloric acid
- all burette readings
Give the equations of the reactions that occur during the titrations.
Calculate the amount of mmoles of Na,COs.xH,0 and the amount of mmoles of NaHCOs in
your sample.
Calculate the value of x in Na,C0Os.xH0.
It is also possible to perform the determination by using a precipitation reaction (and
weighing the precipitate) instead of one of the titrations.
Explain which solution could be used and which titration does not have to be executed in
that case.
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l Experiment 2 Kinetic study of the decomposition of tris-(oxalato)-
manganate(lll) ion 40 points

Introduction

When solutions of manganese(ll) sulfate, potassium permanganate and oxalic acid are
poured together, so called tris-(oxalato)-manganate(lll) ions, {Mn(C,04);}*~ are formed
according the reaction equation below:

MnO4s + 4 Mn?* + 15 H,C204 — 5 {Mn(C204)33 + 22 H" + 4 H,0 reaction 1

As soon as these ions are formed, they begin to decompose and Mn**, C;04* and CO; are
formed:

2 {Mn(C204)33* — 2 Mn* + 5C04 + 2CO; reaction 2
The rate equation of reaction 2 can be given as:

3 d[{Mn(C204 )3 }3_]
dt

S =

= K[{Mn(C,0,4);}>T"

The goal of this experiment is:
— to show that reaction 2 is a first order reaction;
— to determine the value of the rate constant k.

Because the ions {Mn(C204)3}*~ give the solution a light brown colour (Amax = 440 nm) and
the reaction products are colourless, the course of the reaction can be followed
spectrophotometrically by measuring regularly the absorbance (extinction) A of the

solution.
The average reaction rate in a time interval At can be calculated by using the expression
below:
AA 3-1n
s=—— = k[{Mn(C,0
At x g x [{ (€ 4)3} ]

In this expression AA is the change in the absorbance (extinction) in the time interval At
and is [{Mn(C204)3}*"] the concentration of the complex at the beginning of that

time interval.

Further applies that ¢=70 Lmol'cm~" and (=1.00 cm.

The experiment is executed in two variants, with two sets of solutions that differ in
concentration.

To execute the measurements with the spectrophotometer you can get help from the lab
assistant.
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Chemicals

solutions of MnSO4: 0.20 M and 0.075 M
solutions of H,C;04: 0.20 M and 0.075 M
solutions of KMnO4: 0.020 M and 0.0075 M

Safety

wear safety glasses
if your skin comes into contact with any of the chemicals, rinse it immediately.

Materials

a 2 mL pipette

a 10 mL pipette

a 25 mL pipette
three plastic pipettes
three UV cuvettes
pipette-balloon

two 50 mL Erlenmeyer flasks
four beakers
magnetic stirrer
magnetic stir bar
stopwatch

Procedure

Variant |

o1
)
o3
o4
o5
06
o7

o8
o9

Introduce successively into the 50 mL Erlenmeyer flask: 2.0 mL of 0.20 M solution of
MnSO4 and 14.0 mL of 0.20 M solution of H2C;04.

Put the magnetic stir bar into the solution and start stirring (don’t heat).

Add 4.0 mL 0.020 M solution of KMnO4 and start timing.

Immediately after starting timing, take a sample from the reaction vessel with the
plastic pipette, bring it into a cuvette and measure the absorbance .

Write down, in the designated table of your answer sheet, the measured absorbance
and the time of the measurement.

Pour back the solution from the cuvette into the reaction vessel.

After about 60 s, take another sample from the solution and measure the absorbance.
Write down, in the table of your answer sheet, the absorbance and the time of the
measurement.

Pour back the solution from the cuvette into the reaction vessel.

Repeat steps 7 and 8 three times approximately every 60 s.

Variant Il
010 Repeat steps 1 to 7 of the procedure of variant |, but now use 0.075 M solution of

MnSO4, 0.075 M solution of H,C;04 and 0.0075 M solution of KMnO..
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10

11

12

Questions - write the answers on the answer sheets

Write down, in the designated tables of your answer sheet, all measured absorbances and
the times of the measurements of the absorbances.

Calculate the reaction rate in the first time interval for both variants.

Write down your calculation in the designated tables of your answer sheet.

The order of the reaction can be calculated by means of the formula below:
logs —logs,

n=
log[{Mn(C;0,4); 71}, — log[{Mn(C,0,);33 71,

In this formula s; and s are the reaction rates in the first time interval of variant | and
variant I, respectively. [{Mn(C204)3}* ] and [{Mn(C204)3}3> 1 are the initial
concentrations of the complex ion in the first time interval of both variants. These
approximately equal the concentrations of the complex ion on t = 0:

[{Mn(C204)33*11 = 0.020 mol L" and [{Mn(C204)3}*-] = 0.0075 mol L.

Calculate n using your measurements.

Does it follow from your measurements that reaction 2 is a first order reaction? Motivate
your answer.

Calculate the reaction rates in the second, third and fourth time interval of variant I.
Write down your calculations in the designated table of your answer sheet.

Calculate the average rate constant k that follows from this, assuming that reaction 2 is a
first order reaction.

Write down your calculations in the designated table of your answer sheet.

Show, by means of a calculation, that the initial concentration of {Mn(C204)3}*~ in variant |
equals 0.020 mol L.
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Name:

Practical test answer sheets
Experiment 1

Question 1

mass of the sample:

molarity of the hydrochloric acid:

burette readings for the titration with phenolphthalein

titration initial final used average used volume
reading reading volume (V1)
test
titration
1
2

burette readings for the tit

ration with methyl orange

titration initial final used average used volume
reading reading volume (V2)
test
titration
1
2
Question 2

with phenolphthalein:

with methyl orange:

Question 3
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Question 4
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Name:

Question 5
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Name:

Practical test answer sheets

Experiment 2

Questions 6, 7, 10 and 11

Variant |
t(s) A At (s) AA S
kaverage =
Variant Il
t(s) A At (s) AA S
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Name:

Question 8

Question 9

Question 12
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MARKING SCHEME PRELIMINARY ROUND 1
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OLYMPIADE < Maastricht University

= This preliminary round consists of 25 multiple choice questions divided over
9 topics and 2 problems with a total of 8 open questions as well as an answer
sheet for the multiple choice questions.

» Use the answer sheet to answer the multiple choice questions.

= Use for each problem with open questions a separate answer sheet. Don’t forget
to put your name on it.

*» The maximum score for this work is 77 points.
* The preliminary round lasts up to two full hours.

= Required materials: (graphic) calculator and BINAS 6" or 7*" edition,
ScienceData 1 edition or BINAS 5™ edition, English version.

* For each question the number of points you can score are given.
» Unless otherwise stated, standard conditions apply: T = 298 K and p = po.



l Problem 1 Multiple choice questions total 50 points

For every correct answer: 2 points

Carbon chemistry

1 D | Instep 1, an addition of HBr takes place to the double bond.
In step 2, Br is substituted by OH.

2 | B CH; CH,4
1 I
The polymer was created by addition polymerization of C = C
I |

Cl CH;

3 B | At B, the chlorine atom can replace an H atom on C atom 1 or on C atom 2. The
following monochloro substitution products are formed:

CH; CHs CH; CH;,
| 1 1 1
H)C-"CH-CH-CH; and H;C-C -CH-CH,
I 1
Cl Cl

When the chlorine atom is placed on C atom 1, C atom 2 becomes an asymmetric
C atom, indicated with an asterisk. There are therefore two mirror image isomers of
that structure that have the same boiling point.

The other compounds produce more than three isomers.

4 B | The electron pair from the bond between the O atom and the C atom becomes a
lone pair on the O atom. The arrow must therefore point in the direction of the
O atom.

Reaction rate and equilibrium

5 D | When the solution is diluted, the equilibrium shifts to the right. The number of moles
of H30" increases. However, [H30*] becomes smaller. So the pH increases.

6 | A | 0.98x1.0-10°

mol CsH¢;0 is converted in 4.0 x 60 sec.

88
0.98x1.0-10°
So the reaction rate is 88 =4.6-10° mol s™.
4.0 x 60

7 | C | K=[Ba¥][IOs ]
0.2000 - 0.1513
487.1

0.2000 — 0.1513 g Ba(l03); has been dissolved, that is mol Ba(l0,), .

0.2000 - 0.1513

[Ba*] = 487.1 =9.998.10* molL™" and [10, ] = 2x9.998-10"* molL".
0.100 3

SoK =9.998-10’4x(2><9.998-10’4)2 = 4.00-10°.

8 C | The reaction rate depends on the degree of distribution of the zinc, the concentration
of H;0" and the temperature. These have all remained the same at C.
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Thermochemistry

9 For reaction 1 applies AH = —0.133-10° + 2 x0.332-10° = 0.531-10° J per mol N;Os.
For reaction 2 applies AH = —0.332:10° + 0.913-10° = 0.581-10° J per mol NO,.
For the total conversion, 0.725-10° J per mol N,Os was needed.
The number of moles of NO; that still has to be converted is therefore
5 105
0.725-10° -0.531-10 —0.334 mol.
0.581-10°
. . 0.334
Per mole of N20Os, 2 moles of NO; are formed, so in reaction 2, x100=16.7 % of
the generated NO; is further converted.
Structures and formulas
10 In structure A, the charges on the nitrogen atoms are incorrect.
In structures B and C the structures do not have enough electrons and the charges are
also incorrect.
11 In COCl;, the C has a double bond to the O and a single bond to the Cl atoms. There are
no lone pairs on the C atom. In the other answers, the indicated atoms have an
electron domain geometry of 4.
12 Hg' has 79 electrons. I~ has 54. Cu* and Zn?* have 28. Ni?* has 26.
pH / acid-base
13 B + HHO == HB" + OH"
pOH = 14.00 — pH = 1.50
[OH]=10"°°=0.032 mol L™
[B] [HB’] [OH]
initial 0.15 0 0
change — 0.032 + 0.032 + 0.032
equilibrium 0.12 0.032 0.032
- 0.032x0.032 _ 8.4-10°
0.12
14 The sodium hydroxide solution contains 150 x 0.150 = 22.5 mmol OH™

and the hydrochloric acid contains 250 x 0.100 = 25.0 mmol H3O".
Therefore there is 25.0 — 22.5 = 2.5 mmol H;0" in excess.
2.5 2.5

The total volume is 150 + 250 = 400 mL, so [H3O*] =200 pH = —log 200" 2.20.
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HPO/~ + H,0 = H,PO, + OH~

pOH = 14.00 — 7.41 = 6.59; [OH] = 107%*°
K —1.6107 — [HPO, |x[OH ] [HPO, ]x10¥
i . I:HPO427:| [HPO“Z*:'

[HPO, | 1.6-107
[HPOItzf] - 10-%5°

=0.62

The mole ratio is therefore
0.62 mol NaH,PO4 (M = 120 gmol™") : 1.0 mol Na;HPO4 (M = 142 gmol™).

The mass ratio is
74.7 g NaH,PO4 : 142 g Na;HPO4 = 1.0 g NaH,PO4 : 1.9 g Na;HPO..

Redox and electrolysis

16

For the production of 1.0 g Li % mol electrons are required.

1.0

For the production of 1.0 g Al
26.98

x 3 mol electrons are required.

1.0
= %3
Therefore the production of 1.0 g Al takes % = 0.77 times longer than the

6.941
production of 1.0 g Li with the same current.

17

The standard electrode potentials of the redox couples are:

Cr,0/4/Cr** +1.36V

MnO4s /Mn** +1.51V

Therefore the oxidizing agent Cr,07*~ cannot react with the reducing agent Mn?*.
NO;"/NO, +0.80V

S04#7/S0, +0.17V

Therefore the oxidizing agent NO3;™ can react with the reducing agent SO,.

Analysis

18

8.5 mL hydrochloric acid is required for 1.0 mL of the undiluted ammonia solution.

25.00x 8.5 = 212.5 mL hydrochloric acid is required for 25.00 mL of the undiluted
ammonia solution.

Between 12 mL and 25 mL hydrochloric acid should be used, therefore the dilution

212.5 212.5

factor must be between =8.5 and —~7 = 18.

The dilution factors of A, B, C, D and E are respectively 25, 50, 4, 10 and 20.
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During the titration 14.36 x 0.00850 = 0.122 mmol of AgNOs was used.

Because Ag® + Cl” — AgCl, this also makes 0.122 mmol Cl™ in the 10.00 mL of the
diluted sodium chloride solution. Which means that 10.00 mL of the diluted NaCl
solution contained 0.122 mmol NacCl.

In 10.00 mL undiluted solution 0.122x250.0 = 3.05 mmol NaClwas present.

10.00

3.05

The molarity of the undiluted NaCl solution was: 0 =3.05-10" molL™.

20 Fragmentation of the molecules | en Il will cause C3H;* fragments that peak around
m/z = 43.

Fragmentation of the molecule Il will cause fragments of CH3CO" that peak around
m/z = 43.

21 At the first equivalence point at 6 mL sodium hydroxide solution only the stronger acid
has completely reacted. At the second equivalence point, which is at 10 mL (so 4 mL
later), the weaker acid has also completely reacted. Therefore, to completely convert
a strong acid one needs more of the base, and the molarity of the strong acid is larger.
This means that statement | is incorrect.

Methyl yellow has a colour change range that lies between 2.9 and 4.0. It changes

colour too early, which causes the first equivalence point to be imprecisely

determined. Statement Il is also wrong.

Chemical calculations

22 16.0 mol Fe reacts; this has a volume of 16.0 =2.03cm’.

55.85 7.87
16.0 2 ﬂxzx159.7

This creates ——x—x159.7 g Fe,0, with a volume of 25.85 4 =4.36 cm’.
55.85 4 5.25

Increase in volume = 4.36 — 2.03 = 2.33 cm’.

23 The hydrocarbon with the highest mass percentage of carbon yields the largest amount
of CO, upon combustion. This is C¢He.
Green chemistry and industry

24 The reaction remains the same, so the atom economy stays the same.

With a higher percentage yield more of the wanted product is formed. The E-factor
will decrease.

25 15 x 0.98

15 g of powder contains ETRTE mol ZnO. This will create a maximum of

15x0.98 1 Zn. This method producesﬂ mol Zn.
81.38 65.38

8.0

: : 65.38 200 — 9%
The percentage yield is 152098 x10°% = 68%.

81.38
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Open questions total 27 points

l Problem 2 Determining manganese levels in tea leaves 11 points

o1

o2

Maximum score 3
107 + 2H" + 2e- — 105 + H,0

- 104 and H* before the arrow and 105~ and H;0 after the arrow 1
- e~ before the arrow 1
- correct coefficients 1

Maximum score 4
Examples of a correct answer are:

0.1 voo

=2 «3 g Mn?in 3 g of tea, which is 199_ mol Mn%". This reacts with
100 54.94

0.1 0.1

——x3 %3
Lxé mol |04 . Therefore, a minimum of &xéxB0.00 =3.107 g KlO4 is
54.94 2 54.94 2

needed.
This is substantially less than the 0.5 g which is added.

- calculation of the number of g of Mn?* in 3 g tea leaves: divide 0.1(%) by 100(%) and

multiply by 3 (g) 1
- calculation of the number of moles of Mn?*: divide the number of g Mn** in 3 g tea by

54.94 (gmol™") 1
- calculation of number of moles of 104~ needed: multiply the number of moles of Mn** by g 1
- calculation of the minimum number of g of KIO4 needed: multiply the number of moles of

104~ needed by 230.00 (g mol™") and conclusion 1

and

. . . 0.5 Tl . 0.5 2 2+.
0.5 g potassium periodate contains mol |04 . This reacts with o mol Mn*;
whichis —92 2,54 94 0.048 g Mn?".
230.00 5

3 g tea leaves contain 107(1) x3=0,003 g Mn?.

This is substantially less than the 0.048 g Mn?* with which 0.5 g potassium periodate can
react.

- calculation of the number of moles of 104~ in 0.5 g potassium periodate: divide 0.5 (g) by

230.00 (g mol™") 1

- calculation of the number of moles of Mn?* that can react with it: multiply the number of

moles of 104 in 0.5 g potassium periodate by % 1

- calculation of the number of g of Mn** that can react with 0.5 g potassium periodate:

multiply the number of moles of Mn** that can react with it by 54.94 (g mol™") 1

- calculation of the number of g of Mn** in 3 g tea leaves: divide 0.1(%) by 100(%) and

multiply with 3 (g) and conclusion 1
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Maximum score 4
An example of a correct answer is:

The MnO4 content was 0.290 mmol L', so there was 50.00 x 103 x 0.290 mmol MnO4 in
50.00 mL solution. Therefore, there was 50.00 x 10-3 x 0.290 mmol Mn*" in the 2.580 g tea
leaves; that is 50.00 x 10~ x 0.290 x 54.94 mg. Therefore the Mn?* mass percentage is
50.00 x 10°% x 0.290 x 54.94

x 10%% = 0.0309% .
2.580 x 10°

- reading the MnO4~ content: 0.290 + 0.005 (mmol L™")
- calculation of the number of mmoles of Mn*" in the 2.580 g tea leaves (is equal to the

number of mmoles of MnO4 in the 50.00 mL solution): multiply the read MnO4 content
by 103 (LmL"") and by 50.00 (mL)

- calculation of the number of mg of Mn*" in the 2.580 g tea leaves: multiply the number of

mmoles of Mn** in the 2.580 g tea leaves by 54.94 (mg mmol™")

- rest of the calculation

Note

When, in an otherwise correct answer, the MnO4 content was read as 0.29 mmol L™,
award full marks.
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Jl Problem 3 Vasa 16 points

o4

o5

Maximum score 3
A correct answer can be expressed as follows:

H H H H H H H
1 1 | I I 1 1 1
HO-C-C-0° + H-C-C-H —> HO-C-C-0-C-C-0°
| 1 A 1 1 1 1
H H 0 H H H H
and
H H H H H H H H H H H
1 1 I I I | I ] I | | I
HO-C-C-0-C-C-0°+H-C-C-H —> HO-C-C-0-C-C-0-C-C-0°
1 1 I | 4 | I | I | I
H H H H 0 H H H H H H
- correct structural formulas of ion A and of a molecule of epoxyethane before the arrow in
the first reaction equation 1
- correct structural formula of the coupling product after the arrow in the first reaction 1
- correct coupling of the particle that is formed in the first reaction with a molecule of
epoxyethane, depicted in structural formulas 1
Note:
When the following answer is given, award full marks:
H H H H H H H H H
1 1 1 | 1 ] I | | }
HO-C-C-0°+ 2H-C-C-H —>» HO-C-C-0-C-C-0-C-C-0°
| | A I | | 1 I I
H H Y H H H H H H

Maximum score 3
Examples of a correct answer are:

H o H H H H H

| | |
'\f\mc'—c—o—cl—cl—o—c'—C—o«m

| |

H H HC H HC H

and
~vwCH - CH;- 0-CH - CH,- 0-CH - CH; - O v
CIH3 (IZH3 (IZH3
-main chain correctly represented 1
- methyl groups correctly represented 1
- start and end of the fragment indicated with ~~ —or 1

If the following answer is given:

BRI E N

MWV C—C—C—0—C—C—C—0—C—C—C—0ww 0
LT T

Note

When in contradiction to the above correct structural formula a 1,2-epoxypropane unit is
‘reversed’ linked, do not penalize.
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Maximum score 3
A correct answer can be expressed as follows:

H {0 - CH,- CHz}noe + HO0 —> H {o - CH,- CHZ}DOH + OH®

“H{0-CHy- CH,},0° before the arrow

- H,0 before the arrow
- correct formulas after the arrow

Maximum score 4
An example of a correct calculation is:
92-88

% mol epoxyethane reacts. And 92 —88 g H,0 reacts, that is

mol.
88
Therefore 921_888 mol polyepoxyethane forms. Thus n= 924—488 =9.
18

- calculation of the number of moles of epoxyethane that have reacted: divide 88 (g) by the

molar mass of epoxyethane

- calculation of the number of grams of water that has reacted: 92 — 88
- calculation of the number of moles of polyepoxyethane that has been formed (is equal to

the number of moles of water that have reacted): divide the number of grams of water
by the molar mass of water

- calculation of n: divide the number of moles of epoxyethane that have reacted, by the

number of moles of polyepoxyethane that has been formed

Maximum score 3

An example of a correct answer is:

Polyepoxyethane with (on average) longer molecules has a higher melting range due to
stronger van der Waals forces. The less water reacts, (the fewer termination reactions
occur and) the longer the chains that are formed. So, in experiment 2 (with the smallest
amount of water), polyepoxyethane with the highest melting range is formed.

- polyepoxyethane with longer molecules has a higher melting range because the van der

Waals forces are stronger

- the less water reacts, the longer the molecules that are formed
- 50: in experiment 2, polyepoxyethane with the highest melting range is formed

If an answer is given as: ,,With more water, more OH groups are formed, causing stronger
molecular attachment through hydrogen bonds. Therefore, in experiment 1,
polyepoxyethane with the highest melting range is formed.”
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l Problem 1 Multiple-choice questions total 40 points

For every correct answer: 2 points
Carbon chemistry

—~_H __H ~_H __H ~_H
10 10 10 10 10
O/ O O/ 101 101

2 | A | Below the absolute configurations of both molecules are given.

Br PH, H CH,
A\ ) Br\ ) .
R \"H R \"H

H  CH, CL PH,

One stereocenter is different, so they are diastereomers.

3 B | The five-membered ring with O and N contains a chiral C atom, indicated below with
an asterisk. The P atom and the N atom are not chiral.

Tt
)r o=
O

Reaction rate and equilibrium

4 C | The second step determines the rate, for which the following applies:
s =k[HOOBr][HBr].

The equilibrium constant expression of step 1is K = [HOOBr]. .
[O,][HBr]
So [HOOBr] = K[O; ][HBr].

The rate expression becomes s = kK[O2][HBr][HBr] = k' [02][HBr]>.
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The following applies:
K = PvxP;

and
px+ py+ pz=pand py= pz

- 3
SOpY:pZ:p p)( :7

5 p
ipxip
7 7 9
andK =+——-+"—=—p

1 7
7P

Structures and formulas

In the molecule Cl-N=C=0, the N atom also has a non-bonding electron pair.
N therefore has 3 electron domains and 2z CINC will be (approximately) 120°.
C has 2 electron domains and 2« NCO is therefore 180°.

The electron configuration of 3,Ge in the ground state is

1s% 25? 2p° 3s? 3p° 3d" 4s 4p?.

The set of quantum numbersn=4,(=1, m=1, ms=+Y% corresponds to an electron
in a 4p orbital.

The first three quantum numbers at C indicate that this electron would be in the same
4p orbital as the mentioned electron. This is not possible because the second electron
must be in a different 4p orbital

A corresponds to an electron in a 3d orbital.

B corresponds to an electron in the 4s orbital.

D corresponds to the second electron in the 4p level, which is in another 4p orbital.

The bond between the two C atoms is a 6-bond and each of the triple bonds consists
of one s-bond and two n-bonds.

pH / acid-base

The graph shows a titration of a weak base with a strong acid (the initial pH is higher
than 7 and the pH at the equivalence point is lower than 7).

10

The following reaction occurs: H,POs~ + OH- — HPO/ + H,0.
For the buffer solution that is created:

bH = pK. — log moles of HZPO;: or 6.90 =7.21 - log moles of HZPO;:
moles of HPO, moles of HPO,
moles of HZPO;: =7.21-6.90 = 0.31 or moles of HZPO;: - 10°3 = 2 0.
moles of HPO, moles of HPO,

Suppose that a mL of 1.0 M NaOH solution was added,

N 500x0.200 — ax1.0
ax1.0

the

= 2.0; solving this equation gives a = 33 (mL).
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Redox and electrochemistry

11 Zn* is a stronger oxidising agent than H;0. Zn is a stronger reducing agent than H,0.
12 In the Nernst equation for half-reaction | [H*] is present, and in the Nernst equation for
half-reaction Il [OH"] is present. Both concentrations are determined by the pH of the
solution.
13 The half-reaction at the negative electrode can be represented as:

CO;, + 6H" + 6 e — CH;OH + H,O.

The maximum amount that can be formed is:
-1 . =1

0.370(Cs™) x 200(4m1n) x fO(smm ) 8 1 _ 0.0767 mol CH,OH..
9.649-10" (Cmol™) 6

0.0530 2 . . .
o 0.0767 x 10°% = 69.1% of the current is used for the conversion of CO; into
CH3OH.
Analysis
14 A" and SO4* are both oxidising agents. (I-, H2C204 and Sn** are reducing agents and
can be oxidised by dichromate, forming Cr**.)
1
> In the resulting solution, [Mn04‘]=% x 3.00-10 = 5.00-10° mol L.

The volume of the resulting solution is 100.0 mL.

So, 50.0x 3.00-10~* — 100.0 x 5.00-10~> = 1.00-102 mmol MnO4~ was converted.

This has reacted with % x 1.00-107 = 2.50-102 mmol SO5*.

Therefore, the molarity of the sodium sulphite solution was
-2

2:50-107 5.00-10* mol L™,

50.0
Chemical calculations
16 900 °C is 1173 K, 2.00 atm is 2.02-10° Pa and 0.826 gdm3is 0.826-10°gm.

1 3 . 0.826-10°
Let the molar mass be M gmol™, then 1.00 m” of the gas contains — moles.

_0.826-10°

According to the ideal gas law, pV = nRT or 2.02-10° x 1.00 x8.314x1173

3
or M=—0:826:10" g 314 % 1173 239.9 gmol~".

2.02-10° x 1.00
That is the molar mass of Ar.
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17

Part of the Zn has been converted into Zn(OH); in the block . The extra mass is all
27.2
17.008

OH™: 140.2 g — 113.0 g =27.2 g OH", and that is =1.60 mol OH". That

corresponds to % =0.800 moles of Zn?* and that much Zn(0) has also been

converted.

There were originally % =1.728 moles of Zn(0); in the final block the amount of
Zn(0) is therefore 1.728 — 0.800 = 0.928 mol Zn(0).

The ratio Zn(0) : Zn(ll) is therefore 0.928 : 0.800 = 1.16 : 1.00.

Thermochemistry and Green Chemistry

18

total mass of all reactants —mass of desired product
mass of desired product

E-factor = 6.5

If the percentage yield is 7, then:

~ 2x183.52 + 5% 32.00 + 2 x 60.09 — 2 x 63.55 x 1
2x63.55x%xn '

This results in 7 = 0.68, so the percentage yield is 68%.

6.5

19

2H,S + 30 » 250; + 2H,0
CSz + 2 Hzo - 2 HzS + COz
-2—Hz§—+ 3 Oz + CSz + Z—HZO - 2 SOz + 2—H;Q—+ 2—st—+ COz

So AHs = 2 x AcH® — AH% = 2% (—518.2) —67.8 = —1104.2 kJ mol~".

20

AG® = AH® —TAS°

At B, 2 moles of gas are formed from 2 moles of gas. In the other reactions the amount

of moles of gas increases. So for B, AS°will be much closer to zero than for the other
reactions.
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[l Problem 2 Hydrogen for a fuel cell

o1

o3

Open questions total 55 points

Maximum score 3
An example of a correct calculation is:
0.100 1

Y % —x101.1.103 = 4.5
245 927 (mg)

- conversion from 0.100 dm* H, to moles: divide 0.100 (dm?®) by 24.5 (dm*mol™")
- calculation of the amount of moles of Ru: divide the amount of moles of H,

by 92 (mol mol™")

- conversion from the amount of moles of Ru to mg: multiply the amount of moles of Ru by

101.1 (gmol™") and by 10° (mgg™")

Maximum score 4
An example of a correct calculation is:
(1.0x0.100) x4 x 24.5:0.100 = 98 (min)

- calculation of the amount of moles of NaBH.: multiply 1.0 (mol L-") by 0.100 (L)

- calculation of the amount of moles of H,: multiply the amount of moles of NaBH4 by 4

- conversion from moles of H; to dm?: multiply the amount of moles of H; by 24.5 (dm?mol™)
- calculation of the amount of minutes: divide the amount of dm? of H, by 0.100 (dm*min")

Note
When in the answer to question 1 a wrong value is used for Vi, and in the answer to
question 2 that same wrong value is used for Vm, do not penalize this again.

Maximum score 4
An example of a correct calculation is:
(At the temperature T that is needed, applies that:)

kr = 2 x kaog
k

E, =Rx Txly

Tl_TZ kT2

4.2.10° =8.314 x 298XT | Kew _g 314, 298xT 1
298-T  k, 298—-T 2
4

298xT _ 4.2-10 1 _729.10°

298-T 8.314xIn

T=311K

- Arrhenius equation was written down and potentially filled in (partially)

- notion that by the temperature used for the calculation, T, applies that kr = 2 x ky9s
- Arrhenius equation filled in (almost complete)

- calculation of temperature needed
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o4

l Problem 3 A high-temperature superconductor

o5

o6

o7

Maximum score 4

An example of a correct calculation is:

AE® = E%y — E%eq=+0.40—-(-0.83) = +1.23 V

AG® = —nFAE®° = —2x9.649-10*x 1.23 = —2.37-10 3 J (mol~" H,0)

- calculation of AE°

- notion that n = 2 mol e per mol of H,0
- rest of the calculation correct

- correct unit of AG°

Maximum score 3
2Y2(C03)3 + 8 BaCOs + 12 CuCOs3 + (1—2X) 0 - 4YBazCU30(7_x) + 26 CO;

- all formulas before and after the arrow are correct
- correct coefficients for Y2(COs)2, BaCO3, CuCOs, YBa;CuzO - x) and CO;
- correct coefficient for O,

Note

If the following equation is given:

Yz(CO3)3 + 4 BGCO3 + 6 CUC03 + 1/2(1 —ZX) Oz — 2 YBGzCU30(7_x) + 13 COz
accept it as correct.

Maximum score 4
An example of a correct answer:

Per mol YBCO, 0.20 x 3 = 0.60 mol Cu** is formed, and 3 —0.60 = 2.40 mol Cu®* remains.

The total amount of positive chargesis 3 +2x2 +2.40x2 + 0.60x 3 = 13.6.
This should be equal to the total amount of negative charges: (7 — x) x 2.
From this follows that x = 0.20.

- calculation of the amount of moles of Cu®* that is produced

- calculation of the amount of moles of Cu?* that remains

- calculation of the total amount of moles of positive and negative charges
- calculation of x

Maximum score 2
Cu + e > Cu* x 4
2HO - 0, + 4H + 4¢e x 1

4Cu* + 2H0 - 4Cu* + 0, + 4H"

- the equations of both half-reactions are correct
- correct combination of the equations of both half-reactions
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o8

o9

Maximum score 7
An example of a correct calculation is:
21.8 mL 0.0332 M sodium thiosulfate solution contains 21.8 x 0.0332 mmol S;0:%.

This has reacted with % x 21.8 x 0.0332 mmol I, so the iodide has reacted with

2 x % « 21.8 x 0.0332 mmol Cu?".

This is the total amount of Cu** and Cu®* in the 160 mg YBa;Cu3O - x),
therefore 160 mg YBa;CuzO - ) is % x 2 x % x 21.8 x 0.0332 mmol.
The molar mass of YBa;CuszO - x) is {554.2 + (7 —x) x 16.00} g mol-', therefore 160 mg is
160
554.2+(7 — x) x 16.00
160

Thus = 1
554.2+(7 — x) x 16.00 3

mmol.

x 2 x % x 21.8 x 0.0332 . Consequently x = 0.19.

- calculation of the amount of mmoles of 5;0:*: multiply 21.8 (mL) by 0.0332 (mmolmL™")
- calculation of the amount of mmoles of iodide that reacted: divide the amount of mmoles

of 52032_ by 2

- calculation of the amount of mmoles of Cu®* that reacted: multiply the amount of mmoles

of iodide that reacted by 2

- calculation of the amount of mmoles of YBa,Cu3O - x) that follows from that: divide the

amount of mmoles of Cu?* that reacted by 3

- calculation of the molar mass of YBa;Cu3Op - x: 554.2 + (7 — x) x 16.00 (mg mmol™")
- calculation of the amount of mmoles of YBa;CuzOy_x in 160 mg: divide 160 (mg) by the

molar mass of YBa,Cu3O¢ _ » (in mg mmol™)

- rest of the calculation

Maximum score 4

Examples of a correct answer are:

Suppose there are p oxide ions on the edges and g on exterior faces, then p + g = 20 and
1 1

—_ + — = 7 .

2P+ 54

Solving this system of two equations with two unknowns yields p = 12 en g = 8.

- notion that oxide ions on the edges contribute one fourth each

- notion that oxide ions in the exterior faces count for one half each
- setting up two equations with two unknowns

- solving the system of two equations with two unknowns
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and

Suppose there are p oxide ions on the edges, then there are 20 — p oxide ions on exterior
faces. It follows that

1 1

—-p+-=(20-p)=7.

2P 2( p)
This results in p = 12. Therefore, there are 12 oxide ions on the edges and 8 on exterior
faces.

- notion that oxide ions on the edges count for one fourth each
- notion that oxide ions on the exterior faces count for one half each

1 1
-thus —p + —(20-p)=7
2P 2( p)

- rest of the calculation

If, without calculation or explanation, the answer ,,There are 12 oxide ions on the edges
and 8 oxide ions on exterior faces.” is given

Maximum score 4

An example of a correct answer is:

The mass of the unit cell is 666.2 u; the volume of the unit cell is
0.382x0.389 x 1.168 nm°.

Therefore the density is:

666.2 u 666.2 u x 1.66-10™ gu™

= =6.37 gcm™.
0.382x0.389x1.168 nm’>  0.382x0.389x1.168 nm’ x 10" cm’® nm™® s

- calculation of the mass of the unit cell in u

- calculation of the volume of the unit cell in nm?
- calculation of the density in u nm™

- conversion of the density in unm= into gcm™

Note
When the same mistake is made in the calculation of the unit cell mass as in the
calculation of the molar mass of YBa,CusOs -x) in question 8, do not penalize this again.
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] Problem 4  Penicillin 16 points

11 Maximum score 2
A correct answer may look as follows:
0

CIJK/CI

0
If the answer HO)J\/Cl is given 1

012  Maximum score 4
A correct answer may look as follows:

~

Cl

1\’__\
07\ 'N” ! ‘\ ‘0
\rr’ \W + ™IB — :YK( + H-FB
7 0 O\@

O, 0 At
Q\
-H-B" after the arrow 1
- the shift of electron pairs before the arrow is correctly shown 1
- non-bonding electron pairs before and after the arrow correctly shown 1
- correct structural formula including formal charges of the product after the arrow 1
Note
If the following answer is given:
e -
! }
& .
SN, L
ﬁ]//()\\ﬂsj\(/ + IBe : W + H-B
(0] N
O, Oy \A Qe
o
mark this as being correct.
013 Maximum score 3
A correct answer may look as follows:
(H has priority @)
-a correct drawing 1
- correct prioritization 1
- correct indication of the configuration 1
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o014

o15

Maximum score 4
A correct answer may look as follows:

O, -OH S h
H;:—éH HQJ-CHZ—CHZ—CHZ—CHZ—éH
N - H C=0
-0 N - H
CH - CHy= CHy- CHy- CHy = N - C - CH
- i

:

- beginning and end of the structural formula shown with
- the terminal alanine group correctly shown

- the peptide bonds correctly shown

- the rest groups correctly shown

If in an otherwise correct answer the beginning and/or end of the structural formula is
0] 0 0

1 1 1
shown with C~~ or with C - or with C-

Maximum score 3
A correct answer may look as follows:

R—NH R—NH
S Cl)H > =S
N . _ GHy O=c" N
0 6H
OH OH
0 CH, O
—_ =

- the peptide bond in the four-membered ring is broken
- the formed ester bond correctly shown
- the formed NH group correctly shown
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Jj Problem 1 NF

o1 Maximum score 7
A correct answer can look as follows:

A // P \\
1 1

L4 A e TEe Ny

2p

energy
/
/

/g
I#
N

o

\

N (AO's) NF (MO's) F (AO's)

- the energy levels of the fluorine atom are drawn lower than the energy levels of the

nitrogen atom

- one electron pair in the 1s and 2s levels of the nitrogen atom and the oxygen atom

- three unpaired electrons the 2p level of the nitrogen atom

- two electron pairs and one unpaired electron in the 2p level of the fluorine atom

12 points

- the levels of all molecular orbitals are correctly represented with the correct notations
- electron pairs in o1s, 615, 025, 0 2s and in 62, and in both 1y,’s of the nitrogen monofluoride

molecule

-in each 1, of the nitrogen monofluoride molecule an unpaired electron

If in an otherwise correct answer the unpaired electrons in the 2p level of the nitrogen

atom and/or the unpaired electrons in the 5, levels of the nitrogen monofluoride

molecule are not parallel drawn
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02

o3

Maximum score 2
An example of a correct answer is:
10-6

There are ten electrons in BMO’s and six electrons in ABMO’s, so bond order = = 2.

- ten electrons in BMO’s and six electrons in ABMO’s
- rest of the calculation

Notes

— When an incorrect answer to question 2 is consequently due to an incorrect answer to

question 1, accept this answer to question 2 as correct.

—  When the answer bond order = 874 =2 is given,accept this as correct.

Maximum score 3
A correct answer can be shown as follows:

-N= E
- double bond

- double radical
- rest of the structure

. . N . .
If the answer to question 1 is correct and here the answer e’ N= Fe is given

AN

If the answer to question 1 is correct and here the answer :N = F: is given

Note
When an incorrect answer to question 3 is consequently due to an incorrect answer to
question 1 and/or question 2, accept this answer to question 3 as correct.
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] Problem 2 Dinitrogen pentoxide

o4

a7

Maximum score 3
A correct Lewis structure can be represented as follows:

- single bonds and double bonds between the N atoms and O atoms correct
- lone pairs correct
- formal charges correct

Maximum score 3

A correct answer can be formulated as follows:

Each N atom with the attached O atoms lie in one plane. There is free rotation around the
bonds between the central O atom and the N atoms. So it is possible that all seven atoms
lie in one plane.

-each N atom with the attached O atoms lie in one plane
- there is free rotation around the bonds between the central O atom and the N atoms
- correct conclusion

Maximum score 3

An example of a correct answer is:

(By multiplying the first and third reaction equation by two and adding these to the second
reaction equation, one obtains 2 Nz(g) + 5 02(g8) — 2 N,0s(g):)

2x(-116.2) + (- 106.2) + 2 x (+ 182.6) = (+) 26.6 kJ per 2 moles of N,0Os
AH of NOs = (+) 26.6 : 2 = (+) 13.3 (kJmol™)

- AHy AH®, and AHC; are used in the summation
- multiplication factors are correctly used in the summation
- rest of the calculation is correct

Maximum score 5
An example of a correct calculation is:

AG = AH — TAS = + 94.83-10° — 600 x (269 + 293 — 426) = (+) 13.23-10° (Jmol™)
AG = — RTnK,

3 _13.2310°
__AG _ 13.23-10 K — e 8.314x600 — (0.0705
P RT 8.314 x 600 P

- calculation of AS

- calculation of AG

-AG = — RT ln K, possibly already partly completed
- calculation of InK,

- calculation of K
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o8

Pno, *Prno,

X
" Pno, = Po, =(

X 2
‘ 1+ x X Ptotal

- solving of the equation

Maximum score 5
An example of a correct calculation is:

Pno, y Pno,

Pop—Po =Koy, because the pressure is given in bar, this can be written as
NZOS

Po

Pno, *Pno, K,
pNZOS

In the equilibrium are (1 —x) moles of N,Os, x moles of NO2, x moles of NO; present per
original mole of N;Os. So there are in total (1 +x) moles of gas present.

X 1-x
Pno, = Pno, = (1 n Xj X Ptotal @Nd Py o, = (mj X Ptotal

2 2
X X
e () o

I )

Solving this equation yields x = 0.64 (mol).

=0.0705

Ko

Pnoo,

-in the equilibrium (1 — x) moles of N;Os, x moles of NO; and x moles of NO; are present, so

(1 + x) moles of gas in total

j X Ptotal and Pno, = (

X
X Ptotal

1+ x 1+ x

=Ky, possibly already partly completed

2
(Xj x0.10
1+ x

1 X

When an incorrect answer to question 8 is consequently due to an incorrect answer to
question 7, accept this answer to question 8 as correct.

)

=0.0705
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[ Problem 3 Chromium

o9

o010

o011

012

Maximum score 4
4CrzO3.FeO + 8 N32CO3 + 702 - 8 Na2CrO4 + 2 Fe203 + 8C02

-all formulas correct and at the correct side of the reaction arrow
- chromium balance and iron balance correct

- sodium balance and carbon balance correct

- the oxygen balance correct

Maximum score 3
Add water (and heat or stir). Filter the resulting mixture and evaporate the filtrate.

- add water (and heat or stir)
- filtrate
- evaporate

Maximum score 3
2H + 2CI"O427 - CI’20727 + H,O of 2 H;0" + 2CI’O427 - Cr2072’ + 3 H,0

- H* (or H30%) and CrO4*~ before the arrow
- Cr,074~ and H;0 after the arrow
- correct coefficients

Maximum score 4
In the conversion of Cr,0/* to Cr, 12 moles of electrons per mole of Cr,0/*~ are involved.
In the conversion of Cr,0/4~ to Cr**, 6 moles of electrons per mole of Cr,07*~ are involved.
So, in the conversion of 100 moles of Cr,07*", totally 95.0x 12 + 5.0 x 6 moles of electrons
are involved.
So, the percentage of the electron current that is used for the conversion to Cr is

95.0 x 12
95.0x12+5.0x 6

x 100% = 97.4% .

- notion that in the conversion of Cr,0/*~ to Cr, 12 moles of electrons per mole of Cr,07*~ are

involved

- notion that in the conversion of Cr,0/2~ to Cr**, 6 moles of electrons per mole of Cr,07*~

are involved

- calculation of the total amount of electrons that is involved in the conversion of 100 moles

of Cr2072‘

- rest of the calculation
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o013

Maximum score 7
An example of a correct calculation is:

2 % 51.996 x 1.66-107
(4>< 125-10”}3
NE)

agreement with the value of 7.15-10° kg m~3 that is listed Binas/ScienceData.

The density of chromium is =7.18-10° kgm™ and that is in good

- notion that there are two atoms in a bcc unit cell

- calculation of the mass of the unit cell in u

- calculation of the mass of the unit cell in kg

- notion that the length of the body diagonal is four times the atomic radius
- calculation of the length of the edge of the unit cell

- calculation of the volume of the unit cell

- calculation of the density and conclusion
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l Problem 4 Methyl isocyanide

o014

o15

- [CH,NC*] =

~d[CH,CN]

- notion that for the overall reaction applies

Maximum score 7

An example of a correct answer is:

For the steady state approximation applies:

d[CH,NC*]
dt

CH3NC' is created in the forward reaction of equilibrium (1) and is converted in the

backward reaction of equilibrium (1) as well as in reaction (2). For this applies respectively

s, = k[CH,NCT*, s_, = k ,[CH,NC*][CH,NC] and s, = k,[CH,NC*].

o d[CH,NC*]

0

S p = k,[CH,;NC]* — k_,[CH,NC*][CH,NC] - k,[CH,NC*] =0 .
2
From this it follows that [CH,NC*] = M
k_,[CH,;NC] +k,

k k,[CH,NCT*

So, for the formation of CH3;CN applies .
k ,[CH,NC] +k,

% = k,[CH,NC*] =

-5, = k[CH,NC]?

- 5, = k ,[CH,;NC*][CH,NC]

- 5, = k,[CH,NC*]

- notion that [CH3NC*] does not change in time
_ d[CH,NC*

- ] _ K [CHNCT — k [CHNC*][CH,NC] - k, [CHNC*] = 0

k,[CH,NC]?
k_[CH,NC] + k,

k.k,[CH,NCT*

= k,[CH.NC*] =
[CHNC] k_,[CH,NC] +k,

dt

Maximum score 2

For the overall reaction it applies that

d[C;IZCN] = k., [CH;NC], if we combine this with the

given rate equation, we get k_, = %
—1 3 + 2

d[CH,CN]
T = ke [CHNC]

- correct expression for Kexp

NSO 2024 Maastricht University Theory test Marking scheme 108

15 points

[ U U U



o016

017

Maximum score 2

An example of a correct answer is:

For the backward reaction in equilibrium (1) two molecules have to collide, while in
reaction (2) only one molecule reacts. So the backward reaction in equilibrium (1) is more
favored when the pressure is increased. So s_1 becomes higher than s; at high pressure and
lower than s; at low pressure.

- mentioning that s_s is dependent of two species and s; of one
- rest of the explanation

Maximum score 4

An example of a correct answer is::

When at high pressure s_1 >> s, then k_{[CH3NC] >> k;. In that case k; can be neglected to

k_1[CH3NC]. For the rate equation applies then

d[CH,CN] kK, [CHNCI?  kk,[CHNC]*  kk,[CH,NC]
dt Kk, [CH,NCl+k, Kk, [CHNC] ~  k,

When at low pressure s_1 << sz, then k_1[CH3NC] << k. In that case k_1[CH3NC] can be

neglected to k,. For the rate equation applies then

d[CH,CN]  kKk,[CH,NC]*  kk,[CH,NC]*
dt Kk, [CH,NC]+k, k,

and that is first order in [CH3NC].

and that is second order in [CH3;NC].

- notion that at high pressure k_1{[CH3;NC] >> k;
- rest of the explanation for high pressure

- notion that at low pressure k_1[CH3NC] << k;
- rest of the explanation for low pressure
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] Problem 5 Electrochemical cell 15 points

o018

o019

Maximum score 3

0.059 log[Ag'] = 0.80 + 0.359

0’(2)59 log [Cu™] = 0,34 + 0’(2’59

So EMF =V, —V;;=0.75-0.32 = 0.43 V.

To half-cell | applies V, =0.80 + log0.150 =0.75V .

To half-cell Il applies V, =0,34 + log0,300 =0,32 V.

- calculation of V,
- calculation of Vj
- calculation of Viron

If the answer AV =0.80-0.34 —@log% =0.45V is given
Maximum score 6
. . . 0.200 x t
Let it take t seconds, that is 0.200 x t C and this corresponds to 96485 moles of
electrons.
0.200 x t 0.200 xt

On the silver electrode ————— moles of Ag are formed, that is————x107.9 g.
96485 96485

So, the mass of the silver electrode becomes 15.00 + %MW& g.

From the copper electrode 1xw moles of Cu are dissolved, that is

2 96485

1,020t 355 .
2 96485

So, the mass of the copper electrode is 30.00 —1><M x63.55 g.

2 96485

From 15.00+ 2200 Xt 1079 = 30.00 - 1 2200 X £ 3 55 it follows that t=5.18-10% s.

96485 2 96485

- calculation of the number of C
- calculation of the number of moles of electrons
- calculation of the number of moles of Ag that are formed and of the number of moles of

Cu that are dissolved

- calculation of the number of grams of Ag that are formed and of the number of grams of

Cu that are dissolved

- calculation of the masses of both electrodes
- calculation of t
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o020 Maximum score 6

A correct answer can be formulated as follows:

When a solution of sodium carbonate is added to half-cell I, a precipitate of

silver carbonate is formed. In half-cell | [Ag'] becomes lower and so does V| and (because
Vi does not change) the EMF becomes smaller.

When a solution of sodium carbonate is added to half-cell I, a precipitate of

copper carbonate is formed. In half-cell Il [Cu**] becomes lower and so does V; and
(because V| does not change) the EMF becomes higher.

When a solution of sodium chloride is added to half-cell Il (no reaction takes place, but)
the solution is diluted, so [Cu**] becomes lower and so does Vi and (because Vi does not
change) the EMF becomes higher.

- correct explanation that V| becomes lower on adding a solution of sodium carbonate to
half-cell |

- correct conclusion regarding the effect on the EMF on adding a solution of
sodium carbonate to half-cell |

- correct explanation that Vj becomes lower on adding a solution of sodium carbonate to
half-cell Il

- correct conclusion regarding the effect on the EMF on adding a solution of
sodium carbonate to half-cell Il

- correct explanation that Vj becomes lower on adding a solution of sodium chloride to half-
cell Il

- correct conclusion regarding the effect on the EMF on adding a solution of sodium chloride
to half-cell Il
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[ Problem 6 Barbituric acid

021

022

Maximum score 3

A correct answer can be formulated as follows:

In point A / at 221 nm applies that the absorbance of 1 M HZ solution is equal to the
absorbance of 1 M Z- solution. Because [HZ] + [Z"] equals 1.00 mol L™" the graph
corresponding to pH 3.60 also passes through A.

- (in point A / at 221 nm applies that) the absorbance of 1 M HZ solution is equal to the

absorbance of 1 M Z~ solution

- [HZ] + [Z] equals 1.00 mol L™
- correct conclusion

or

Because [HZ] = [Z] (= 1.00 mol L") and Ey; =E; , inpunt A / at 221 nm the molar

absorptivity of HZ equals the molar absorptivity of Z~. So the graph corresponding to
pH 3.60 also passes through A.

- &yz = &7~ (in point A / at 221 nm)
- correct explanation why &,; = &5~ (in point A / at 221 nm)

- correct conclusion

If an answer is given like: ,,[HZ] + [Z7] at pH=3.60 equals [HZ] at pH = 2.00, so the graph
corresponding to pH 3.60 also passes through A.”

If one of the following answers is given:

»At 221 nm and at pH=3.60 [HZ] equals [Z7], so the graph corresponding to pH 3.60 also
passes through A.”

or

»HZ and Z~ induce both, apart from each other, an absorbance, so the absorbance at
221 nm in the graph corresponding to pH = 3.60 doubles the absorbance of point A.”

If only a conclusion is given

Maximum score 2

At pH =2.00: A=1.010°
At pH = 3.60: A =28.0-10°
At pH =7.20: A=23.010°

If only two readings are correct
If only one reading is correct

Notes
—  The readings may deviate maximum 0.1-10° from the above mentioned readings.

13 points

—  When instead of 1.0-10°, 8.0-10° and 23.0-10° the readings 1-10°, 8-10° and 23-10° are

given, do not penalize.
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024

Maximum score 5

An example of a correct calculation is:

Let [Z7] = a (molL™), then [HZ] = (1 -a) (molL™)
Then applies: ax23-10° + (1-a) x 1,0-10° = 8,0.10°
Solving this equation yields: a = 0.32 mol L-'= [Z"].
So [Z7] : [HZ] = 0.32 : 0.68.

- taking [Z"] = a (mol L") and [HZ] = (1 —a) (molL™)

- notion that A, = ax23-10>and Ay; = (1-a) x1.0-10°

- formulating the equation ax23-10° + (1—a) x1.0-10° = 8.0-10°
- solving of a from the equation

- calculation of theratio [Z7] : [HZ] =a: (1-aq)

When an incorrect answer to question 23 is consequently due to an incorrect answer to
question 22, accept this answer to question 23 as correct.

Maximum score 3
An example of a correct calculation is:

17— -3.60

Kaz—[H Iz ] soKaz—m x0.32 _ 4 5 40
[HZ] 0.68
+ p—

Ky = % , eventually already filled in partially

- calculation of [H] = 10>° from pH = 3.60
- calculation of K, from the calculated [H*] and the calculated ratio [Z7] : [HZ]

10—3.60 %1 0—3.60

0.68
0.32

If the calculation K, = =1.2.10%is given

><1O_3'60

Note
When an incorrect answer to question 24 is a direct consequence of an incorrect answer to
question 23, do not penalize.
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[ Problem 7 Melphalan

025

026

027

Maximum score 4

An example of a correct answer is:
Number 2 (is the steric centre).

The priority order is:

1: NHz; 2: COOH; 3: CHy; 4: H.

(With H facing backwards) 1-2-3 turns counterclockwise, so the S-configuration.

- (steric centre is C) humber 2
- correct priority

- explanation how to look at the surroundings of the steric centre
- correct conclusion

Maximum score 4

chemical shift | multiplicity | integral | number(s) of the C atom(s)
(PPm)

2.8 doublet 2H 3

3.5 triplet 4H 10, 12

3.6 triplet 1H 2

3.9 triplet 4 H 11, 13

6.7 doublet 2H 6,8

6.8 doublet 2H 59

-only number 3 at 2.8 ppm are filled in correctly
-only number 2 at 3.6 ppm are filled in correctly
-only the numbers 10 and 12 at 3.5 ppm are filled in correctly and only the numbers 11 and
13 at 3.9 ppm are filled in correctly
-only the numbers 6 and 8 at 6.7 ppm are filled in correctly and only the numbers 5 and 9
at 6.8 ppm are filled in correctly

Notes

— The numbers 10 and 12 may be interchanged with the numbers 11 and 13.
— The numbers 6 and 8 may be interchanged with the numbers 5 and 9.

Maximum score 2
NO, NO,

0 0
N N

I OH I OC,Hy
NH, NH,
A B

- A correct

- B correct

25 points
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028

029

030

o31

Maximum score 2

A correct answer can be formulated as follows:

(Nitration of an aromatic ring is an electrophilic substitution.) The group that is present
already at the aromatic ring, apparently is a para-director. Such a group cannot be a
meta-director at the same time (but it can be an ortho-director).

- the group that is present already at the aromatic ring, apparently is a para-director
- para-directing effect and meta-directing effect cannot happen together

If only an answer has been given as: ,,The group that is present already at the aromatic
ring, is an ortho-para-director.”

Maximum score 2

A correct answer can be formulated as follows:

(The substitution at the para-position can take place unhindered.) The substitution at the
ortho-positions is steric hindered by the bulky group at the aromatic ring.

- there already is a bulky group at the aromatic ring
- substitution at the ortho-positions is steric hindered by that group

Maximum score 5
A correct answer can be given as follows:

H® 4 HC_CH, — G M
A\ H
R1_N\| + HZC\_,CHZ —> R1—N—H2C_CH2_QH
H <9 H

H
H

| — | —
Ri-N;H,C-CHOH  —>  Ri-N-H,C-CH;OH + H®
H

- the structures of the intermediates correctly drawn
- the structure of the product correctly drawn

- the lone pairs correctly drawn

- the curly arrows correctly drawn

- the formal charges correctly placed

Maximum score 2

A correct answer can be formulated as follows:

In step 4 (only) the nitro group is hydrogenated. The C =0 group(s) is (are) not
hydrogenated.

- the nitro group is hydrogenated
-the C=0 group(s) is (are) not hydrogenated

Note
When an answer has been given as: ,,In step 4 (only) the nitro group is hydrogenated. The
aromatic ring(s) is (are) not hydrogenated.”, give full marks.
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o32

Maximum score 4

A correct answer can be formulated as follows:

In step 2 a protection is introduced, that is removed in step 7.

The reason for this protection is to prevent the COOH group reacting in step 3 / in step 4 /
in step 5 / in step 6 (too).

In step 3 a protection is introduced, that is removed in step 7.

The reason for this protection is to prevent the NH; group reacting in step 5 (too).

-introduction and removal of the first protection correctly indicated

- correct reason for the first protection

-introduction and removal of the second protection correctly indicated
- correct reason for the second protection
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l Experiment 1 The determination of the amount of crystal water (x) in a
mixture of Na;C0O3.xH20 and NaHCO;

Maximum score 10

The following practical skills are assessed:
- safety, working clean and independence
- handling of the glassware

o1 Maximum score 8
- mass of the sample and the molarity of the hydrochloric acid
- burette readings read in two decimals
- difference between the two duplicates of the titrations

40 points

The score points for the differences between the two duplicates for each titration are

determined as follows:

If the difference in the used volume between the duplicates < 0.10 mL

If 0.10 mL < the difference in the used volume between the duplicates < 0.20 mL
If 0.20 mL < the difference in the used volume between the duplicates < 0.30 mL
If 0.30 mL < the difference in the used volume between the duplicates < 0.50 mL
If 0.50 mL < the difference in the used volume between the duplicates < 0.70 mL
If the difference in the used volume between the duplicates > 0.70 mL

The final score is the average of the scores for both titrations.

o2 Maximum score 4
Titration with phenolphthalein:
C032_ + H30* — HCO; + H;0
Titration with methyl orange:
C032_ + 2 H30+ - COz + 3 Hzo and HCO3_ + H3O+ —> COz + 2 Hzo

- correct reaction equation for the titration with phenolphthalein

- for the titration with methyl orange, correct reaction equation with the carbonate

- for the titration with methyl orange, correct reaction equation with the
hydrogen carbonate

Notes

O = N W M U

— When H' is used instead of H;0", in an otherwise correct equation, accept this as

correct.
—  When for the titration with methyl orange the equations

COs* + H;0' — HCOs;~ + H;0 and HCO;~ + H;0' — CO; + 2 H.0 are given,

accept this as correct.

— When H,COs is written after the arrow in the equations for the titration with methyl

orange, do not penalize this.
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o3

o4

Maximum score 10
From the titration with phenolphthalein follows that Vi x 0.1000 mmoles of Na,COs.xH,0
were present in 25.00 mL of the solution from the volumetric flask,

vV, x0.1000

25.00

V2 x0.1000 mmoles of H3O" reacted in the titration with methyl orange. Of this amount
2 x V41 x0.1000 mmoles reacted with Na;C0O3.xH;0, so the amount of mmoles of NaHCO; in
25.00 mL of the solution of the sample from the volumetric flask was
V, x 0.1000-2 x V; x 0.1000

25.00

x 250.00 mmoles of Na,C0s.xH,0 were present in the sample.

V2x0.1000 -2 x V4 x0.1000, so x 250.00 mmoles of NaHCO;

were present in the sample.

- calculation of the amount of mmoles of H30" that reacted in both titrations:

V1 x0.1000 and V, x0.1000, respectively

- calculation of the amount of mmoles of Na,C0Os.xH;0 in the 25.00 mL solution:.

equals V4 x0.1000

- notion that in the titration with methyl orange 2 x V; x 0.1000 mmoles of Na,CO;.xH,0

reacted

- calculation of the amount of mmoles of NaHCOs; in the 25.00 mL solution
- conversion from the amount of mmoles of Na;C0Os.xH,0 and NaHCOs in the 25.00 mL

solution to the amount of mmoles of Na,C0Os.xH;0 and NaHCO; in the sample: divide by
25.00 and multiply by 250.00

- results

Maximum score 4
The amount of mg of H;0 in the sample is

Mample ~MNa,cO, ~MNaHCO, = Msample ~ mmoles of Na,CO3 x105.99 — mmoles of NaHCO; x 84.007

Thus, the amount of mmoles of H;O in the sample is:
m —mmol Na,C0O5 x105.99 —mmol NaHCO; x 84.007
18.015 '
amount of mmoles of H,0
amount of mmoles of Na,CO;

sample

And x =

- calculation of the amount of mg of Na,COs in the sample and of the amount of mg of

NaHCOs in the sample

- calculation of the amount of mg of H;0 in the sample
- calculation of the amount of mmoles of H;0 in the sample
- calculation of x
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Maximum score 4

An example of a correct answer is:

A solution of barium hydroxide can be used. Then HCOs~ from the NaHCO; as well as COs%
from the Na;COs.xH,0 will react to BaCOs. In that case the titration with methyl orange
does not have to be executed.

- use of a solution of barium hydroxide

- COs* from NayC0;.xH,0 reacts to BaCOs
- HCO;™ from NaHCO; reacts to BaCO;

- conclusion

If an answer is given as: ,,A solution of barium chloride can be used. Then, COs* from
Na,C0s.xH;0 reacts to BaCOs. The titration with phenolphthalein does not have to be
executed.”

Note

When an answer is given as: ,,A solution of barium chloride can be used. Then, COs*~ from
Na;COs.xH;0 reacts to form BaCO;s. Therefore the equilibrium of HCOs™ will completely
shift into the direction of COs*-, that will be converted into BaCO; thereafter. Thus, the
titration with methyl orange does not have to be executed.”, do not penalize this.
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l Experiment 2 Kinetic study of the decomposition of tris-(oxalato)-
manganese(lll) ion 40 points

o6

o7

010

o11

012

Maximum score 10
The following practical skills are assessed:

- safety, working clean and independence
- handling of the glassware

Maximum score 2

- times noted in sec
- absorbances noted

Maximum score 2

- calculation of AA and At in both variants
- calculation of s, and s

Maximum score 8

- calculation of log si and log s;

- calculation of log [fMNn(C204)33}*-1i and log [{Mn(C204)33* i
- calculation of n

- result

Maximum score 2

- answer in accordance with the calculated value of n
- motivation

Maximum score 3

- calculation of AA, three times
- calculation of At, three times
- calculation of s, three times

Maximum score 9

- calculation of the concentration of the complex ion at the start of each time interval
- calculation of the value of k, four times

- calculation of the average k

- correct unit for k

- result

Maximum score 4

An example of a correct answer is:

(4.0x0.020 =) 0.080 mmoles of MnO4™ and (2.0 x0.20 =) 0.40 mmoles of Mn** and
(14.0x0.20 =) 28 mmoles of H,C,04 are added together.

So the amount of MnO4™ (is the limiting factor and) determines the amount of the complex
ion that is formed.

So 5x0.080 = 0.40 mmol complex is formed in (4.0 + 2.0 + 14.0 =) 20.0 mL solution.

The concentration is % =0.020 mol L™,

- calculation of the amount of mmoles of MnO4~, Mn** and H,C204
- conclusion that the amount of mmoles of MnO4 determines the amount of mmoles of

complex ion that is formed

- calculation of the amount of mmoles of complex ion that is formed
- calculation of the concentration of the complexionat t=0
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