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Preface

We are happy to provide Preparatory Problems for the 51% International Chemistry Olympiad.
These problems will be an opportunity for students to train for the Olympiad, but also to
discover numerous topics in both modern and traditional chemistry. These problems should be
solved using the topics covered in high school and some topics of advanced difficulty listed
below (six for the theoretical part and two for the practical one).

This booklet contains 27 theoretical and 6 practical problems. Its length should not be seen as
an indication of its difficulty: it merely reflects our commitment to write these problems in a
spirit as similar as possible to the final problems. An additional theoretical task (Back to 1990)
ends the first section. This problem should not be studied as thoroughly as the others, as it is an
excerpt of the tasks proposed to the candidates during the last Olympiad held in France, in 1990.
The official solutions will be sent to the Head Mentors by the end of February 2019, and will
be published on the IChO 2019 website not earlier than the 1% of June 2019.

We will be happy to read and reply to your comments, corrections and questions about the
problems. Please send them to contact-icho2019@Ilaligue.org

Looking forward to seeing you in Paris to enjoy chemistry and to make science together!

The members of the Scientific Committee in charge of the preparatory problems

Didier Bourissou, CNRS, Toulouse

Aurélien Moncomble, Université de Lille

Elise Duboué-Dijon, CNRS, Paris

Clément Guibert, Sorbonne Université, Paris

Baptiste Haddou, Lycée Darius Milhaud, Le Kremlin-Bicétre
Hakim Lakmini, Lycée Saint Louis, Paris
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We would like to thank all the authors for their efforts in writing these problems. Their hard
work during numerous months resulted in this booklet that will hopefully be useful for the
young chemists involved in this Olympiad. We are also indebted to the reviewers, including the
members of the steering committee, whose precision and thoroughness significantly improved
these problems.
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Fields of advanced difficulty

Theoretical

1.

Thermodynamics: relation between equilibrium constants and standard reaction Gibbs free
energy, relation between thermodynamic and electrochemical data.

2. Kinetics: orders of reaction, half-life, rates defined as time derivatives of concentrations,
use of integrated rate laws, classic approximations.

3. Basic quantum chemistry: notion of wavefunction, expression of simple molecular orbitals,
electronic energy levels, crystal field theory.

4. Spectroscopy: simple IR spectroscopy (identification of chemical groups only), *H NMR
spectroscopy (chemical shifts, integrals, couplings and multiplicity).

5. Polymers: block copolymers, polymerization, polydispersity, simple size exclusion
chromatography (SEC).

6. Stereochemistry: stereoisomers in organic and inorganic chemistry, stereoselectivity in
organic synthesis.

Practical

1. Techniques in organic synthesis (drying of a precipitate, recrystallization, TLC).

2.

Use of a spectrophotometer (mono-wavelength measurements).

Important notes

Theoretical: the following advanced skills or knowledge WILL NOT appear in the exam set:

e Solid state structures;

e Specific notions about catalysis;

e Specific notions about enzymes;

e Specific carbohydrates chemistry (reactivity at the anomeric position, nomenclature,
representation);

e Stereochemical aspects associated with the Diels-Alder reaction (supra-supra and endo
approaches);

e Huckel theory;

e Calculus (differentiation and integration).

Practical: the following techniques WILL NOT be required during the competition:

e Use of a separatory funnel and extraction using immiscible solvents;
Use of a rotary evaporator;

Sublimation;

Use of a melting point apparatus;

Use of a pH-meter.
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Physical constants and equations

In this booklet, we assume the activities of all aqueous species to be well approximated by their
respective concentration in mol L™, To further simplify formulae and expressions, the standard

concentration c® = 1 mol L! is omitted.

Avogadro's constant:
Universal gas constant:
Standard pressure:
Atmospheric pressure:
Zero of the Celsius scale:
Faraday constant:
Kilowatt hour:

Ideal gas equation:
Gibbs free energy:

Reaction quotient Q for a reaction
aA(aq) + b B(aq) = c C(aq) + d D(aq):

Henderson—Hasselbalch equation:

Nernst-Peterson equation:

where Q is the reaction quotient of the
reduction half-reaction
Beer—Lambert law:

Clausius-Clapeyron relation:

Arrhenius equation:

Rate laws in integrated form:
Zero order:
First order:

Second order:

Half-life for a first order process:

Number average molar mass Mn:
Mass average molar mass Mw:

Polydispersity index Ip:

Na = 6.022-10%% mol ™
R=8.314JmoltK*
p° =1 bar = 10° Pa
Pam = 1 atm = 1.013 bar = 1.013-10° Pa
273.15 K
F =9.6485-10* C mol™*
1 kWh = 3.6-108J

pV =nRT
G=H-TS
AG° = -RT InK®

ArGo =nkF Ecello
A/G = AG® +RT InQ

B [C]°[D]¢
~ [A]?[B]
[AT]
H = pK, + log -
E=E°— f—;an
at T =298 K, RFTlnIO:O.059V
A=c¢lc
WPl Bl 11
2 R ‘T, T,
—E,
k=Aerr
[A] = [Ab - kt
In[A] = In[A]o — kt
! = ! + kt
[A] [A]
, _1n2
2=
M, = %i N M;
XiNi ,
M, = i N; M;
AZliNi
w
]p - Vn

The above constants and formulas will be given to the students for the theoretical exam.
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Periodic table

1 18
1 2
H| 2 13 14 15 16 17 |He
1.008 4.003
3 4 5 6 7 8 9 10
Li | Be B|C|N|O|F|Ne
6.94 9.01 10.81 | 12.01 | 14.01 | 16.00 | 19.00 | 20.18
11 12 13 14 15 16 17 18
Na/Mg| 3 4 5 6 7 8 9 10 11 12 Al |[Si|P | S |ClI|Ar
22.99 | 24.31 26.98 | 28.09 | 30.97 | 32.06 | 35.45 | 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|Ca|Sc| Ti|V |[Cr{Mn|Fe|Co| Ni |Cu|Zn |Ga|Ge|As | Se| Br|Kr
39.10 | 40.08 [44.96 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.38 | 69.72 | 72.63 | 74.92 | 78.97 | 79.90 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr|Y |Zr|Nb|Mo|Tc|Ru|Rh|Pd|Ag|Cd|In |[Sn|Sb|Te| | | Xe
85.47 | 87.62 [88.91| 91.22 | 92.91 | 95.95 - 101.1 | 102.9 | 106.4 | 107.9 | 112.4 | 114.8 | 118.7 | 121.8 | 127.6 | 126.9 | 131.3
55 56 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs|Baps7n| Hf | Ta| W |[Re |Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At |Rn
1329 | 137.3 178.5 | 180.9 | 183.8 | 186.2 | 190.2 | 192.2 | 195.1 | 197.0 | 200.6 | 204.4 | 207.2 | 209.0 - - -
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr |[Ra i | Rf |Db|[Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh| Fl |Mc|Lv|Ts|Og
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La|Ce | Pr|Nd|Pm|Sm|Eu|Gd|Th |Dy |Ho| Er |[Tm|Yb | Lu
138.9 | 140.1 | 140.9 | 144.2 - 150.4 | 152.0 | 157.3 | 158.9 | 162.5 | 164.9 | 167.3 | 168.9 | 173.0 | 175.0
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac|Th|Pa| U |[Np|Pu|Am|Cm|Bk | Cf |Es|Fm|Md|No | Lr
- 232.0 | 231.0 | 238.0 - - - - - - - - - - -
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H NMR

Chemical shifts of hydrogen (in ppm /TMS)

phenols

alicohoils

aikene}s

carboxyhc amds

. aldehydes

aromatcs N

alkynes

CH3—NR2 m

CH3—OR . _ ketones
CH3—CR3 -

CH;—SiR3

100 90 80 7.0

20 3.0 2:0

1.0

11.0 6.0 5.0 0.0
H-H coupling constants (in Hz)
Hydrogen type |Jan| (Hz)
R,CH,H, 4-20
2-12
if free rotation: 6-8
ReH.C—CR:H, ax-ax (cyclohexane): 8-12
ax-eq or eq-eq (cyclohexane): 2-5
if free rotation: < 0.1
ReHC—CR—CR:Hy otherwise (rigid): 1-8
_ cis: 7-12
RH.C=CRH, trans: 12-18
R,C=CH.Hy 0.5-3
H.(CO)—CR:H, 1-3
RH.C=CR—CR:H, 0.5-2.5
IR spectroscopy table
Vibrational mode o (cm™) Intensity
alcohol O—H (stretching) 3600-3200 strong
carboxylic acid O—H (stretching) 3600-2500 strong
N—H (stretching) 3500-3350 strong
=C—H (stretching) 3300 strong
=C—H (stretching) 3100-3000 weak
C—H (stretching) 2950-2840 weak
—(CO)—H (stretching) 2900-2800 weak
C=N (stretching) 2250 strong

51%tICh
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C=C (stretching)

aldehyde C=O (stretching)
anhydride C=0 (stretching)
ester C=0 (stretching)
ketone C=0 (stretching)
amide C=0 (stretching)

alkene C=C (stretching)
aromatic C=C (stretching)

CH: (bending)
CH3 (bending)

C—O—=C (stretching)
C—OH (stretching)
NO; (stretching)

2260-2100

1740-1720
1840-1800; 1780-1740
1750-1720
1745-1715
1700-1500

1680-1600
1600-1400

1480-1440
1465-1440; 1390-1365

1250-1050 (several)
1200-1020
1600-1500; 1400-1300

variable

strong
weak; strong
strong
strong
strong

weak
weak

medium
medium

strong
strong
strong

Visible light

400 nm
purple

480 nm
blue

515t IChO - Preparatory problems
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red

530 nm
green

620 nm
orange
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yellow
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Problem 1. Butadiene Tr-electron system

Buta-1,3-diene (simply called butadiene thereafter) is a diene of chemical formula CsHs, which was
isolated for the first time in 1863 by the French chemist E. Caventou and identified in 1886 by the
English chemist H. E. Armstrong. It is a key reagent in the production of synthetic rubber. Over
12.7 million tons of butadiene are produced every year. We will study here the properties of its
n-electron system. We will then compare them to those of the hypothetical cyclobutadiene, which has
never been isolated in its free form.

butadiene cyclobutadiene

N | — [

1. Give the number of n-electrons of butadiene.
The Molecular Orbitals (MO) ¥ of the m-electron system can be written as a weighted sum
(linear combination) of the 2p, atomic orbitals of each carbon atom, ¢j:

4
j=1

We provide below an approximate expression for the MOs together with their associated
energy. The energy of each MO is expressed as a function of two parameters, « and S, both
negative real numbers. o represents the energy of an electron in an isolated 2p; orbital, and f is
the interaction energy between two neighboring 2p; orbitals.

W, = 0.3717 ¢, + 0.6015 ¢, + 0.6015 @5 + 0.3717 @, ; E; = a + 1.62 B
W, = 0.6015 ¢, + 0.3717 ¢, — 0.3717 95 — 0.6015 ¢, ; E, = a + 0.62 B
W, = 0.6015 ¢, — 0.3717 ¢, — 0.3717 5 + 0.6015¢, ; Es = a — 0.62 B
W, = 03717 ¢, — 0.6015 @, + 0.6015 @3 — 0.3717 @, ; E, = a — 1.62 B

2. Draw and fill in the MO diagram of butadiene. Draw schematically each MO and identify
its nature (bonding or anti-bonding).

We consider the formation of the butadiene n-electron system, starting from four carbon atoms,
each bringing an electron in a 2p; orbital of energy o.

3. Calculate the formation energy AEf associated with this transformation.

Here, the conjugation energy is defined as the difference between the total n-energy of the
studied compound and that of two non-interacting ethylene molecules. The n-energy of ethylene
is equal to 2(a + p).

4. Calculate the conjugation energy AE. of butadiene. Give its sign. Which system is the most
stable? Choose the correct answer.

00  Butadiene
O 2 ethylene molecules
[0 Both are equally stable

The net charge g; on each carbon atom (i.e., the charge gained or lost by the atom compared to
its neutral state) can be calculated in the present case as:

515t IChO - Preparatory problems 11



occ
— 2
q] =1- z ny Cij

i=1
where the sum runs over the occupied MOs, nj is the number of electrons in the i MO, and ¢j;
is the coefficient of the j™ carbon atom in the i MO.

5. Calculate the net charges g: and g2 of the butadiene carbon atoms 1 and 2. Deduce the
values of gz and ga.

The bond order | is an estimate of the number of © chemical bonds between two atoms. For
instance, a pure single bond would have a bond order 1 =0, a pure double bond would
correspond to | =1, etc. The bond order Irs between two neighboring atoms r and s can be

obtained from the MOs as:
occ

Is = Z N; Cijr Cis

i=1
where Iis is defined as the sum over the occupied MOs of the product of the number of electrons
in the MO by the coefficient of each of the two atoms r and s in this MO.

6. Calculate for each bond the associated bond order: l12, I23, and lzs. Identify the bond(s)
that has (have) the strongest double-bond character.

7. Draw alternative Lewis structures of butadiene to reflect the previously obtained results
(charges and bond orders).

The MO diagram of the hypothetical cyclobutadiene is provided below. The size of each atomic
orbital is proportional to its coefficient in the considered MO, and its color (grey or white)
reflects the sign of the wavefunction.

l 2
1 3
I 4
2
E;=E;=a 3
4 { ;
1
3
q

9. Using the provided diagram and considering the symmetry of the molecule, determine the
missing coefficients (cijj) in the following MO expressions.

8. Fillin the MO diagram of cyclobutadiene.

VY1 =05¢;+ cia0;, + 1393+ C14 P4
W, =0.707 @1+ Ca2 P2 + Ca3 P3+ Co4 Pu
W3 = c3101+ 0.707 @5 + ¢33 3+ C34 @4

Wy =05¢1+ Cap @z + Ca3 P31+ Caq @y

515t IChO - Preparatory problems 12



10. Calculate the formation and conjugation energies, AEf and AEc’, for cyclobutadiene.
Which system is the most stable? Choose the correct answer.

[0 Cyclobutadiene
[0  Two ethylene molecules
[0  Both are equally stable

11. Compare the formation energy of cyclobutadiene and that of butadiene. Which compound
is the most stable? Choose the correct answer.

0  Butadiene
[0 Cyclobutadiene
[0  Both are equally stable

We now consider a rectangular deformation of cyclobutadiene, with localization and shortening
of the double bonds and elongation of the simple bonds compared to the square geometry.

12. Choose the correct statement(s) among the following:

This deformation stabilizes C=C double bonds.

This deformation weakens C=C double bonds.

This deformation does not affect the stability of C=C double bonds.

This deformation increases the stability due to electronic conjugation.
This deformation diminishes the stability due to electronic conjugation.
This deformation does not affect the stability due to electronic
conjugation.

Oooooono

13. Using your previous answers, choose the correct statement among the following. The
n-system after deformation is:

[0  More stable than the square cyclobutadiene.
[0  Less stable than the square cyclobutadiene.
[0  Asstable as the square cyclobutadiene.

Problem 2. Localization and delocalization in benzene

Historically, benzene was first isolated from benjoin (essence of the “Papier d’Arménie”). It was
then synthesized by the French chemist M. Berthelot in the middle of the 19" century using acetylene
trimerization. In this problem, the objective is to study the electronic properties of this compound, which
is a representative of aromatic molecules. Let us start with benzene by referring to the carbon atoms as
Ci, i =1-6inaclock-wise manner.

1. Write the reaction from acetylene C2H> generating benzene.

2. Draw a structure of benzene using three single bonds and three double bonds between
carbon atoms. It is referred to as Kekulé’s benzene.

3. Draw a structure of benzene holding five single and two double bonds. This structure is
called Dewar’s benzene.

515t IChO - Preparatory problems 13



Let us start with a Kekulé structure K1, holding a double bond between C; and C, atoms. A
simple model to describe the = bond between C; and C» consists of characterizing the
delocalization of a single electron by an energy t < 0.

4. Give the energy E; of the n-system of this bond as a function of t.

5. In K1, double bonds are supposed to be fixed. For this structure K1, calculate the energy
of the n-system Ex as a function of t.

6. Write an analog to K1. It will be called K2.

7. Express the energy Ek of this structure K2,

Mathematically, the benzene molecule is expressed as a mix between K1 and K2,
K =c1 K1 + c2 K2, where ¢; and ¢ are real numbers with ¢1? + ¢2> =1 and ¢1 >0 and ¢z > 0.
This expression stresses that a proper description of benzene cannot be restricted to K1 or K2,

8. On ascheme, show the displacement of the double bond localized between C; and C, and
the movement of the other double bonds. These formulae are the resonance structures of
benzene.

Starting from a localized view K1 or K2, the electronic delocalization over all the carbon atoms
can be accounted for by the introduction of a supplementary energetic term. The energy Ex of
K is thus defined as:

Ex =C1? Ex1 + C2> Ek2 + 2 C1 C2 Hao
where Hi» varies between t and 0, with t < 0. Therefore, Ex is a function of c1 and c».

9. Express Ek as a function of c1 only.

It can be shown that Ex is minimal for c1 = 1/ V2. From now on, we assume that ¢c1 = 1/ V2.

10. If H12 = 0, what is the expression of Ex? The resonance energy is defined as the difference
AE1 = Ex(H12 = t) — Ek(H12 = 0). Evaluate AE; as a function of t.

11. Specify the sign of AE1. Choose the correct statement between:

O electronic delocalization contributes to stabilize the benzene molecule.
O electronic delocalization contributes to destabilize the benzene molecule.

Alternatively, the & energy of a n carbon atom-system can be evaluated from the occupations
of the molecular orbitals (MOs). C. A. Coulson (C. A. Coulson, Proc. Roy Soc., 1939) showed
that the MOs energies & of a cyclic n carbon atom-system, not necessarily in energy order,
read:

2kt
& = 2tcosT ;k €Nk €[0; n- 1]
12. Draw the MOs diagram of the nt-system of benzene (n = 6) and calculate the corresponding
energies for each MO.

13. Eill the MOs diagram.

14. Evaluate the n-system energy of benzene, Emo, from the filling of the MOs in ascending
order. Then, calculate the resonance energy AE2 = Emo —Ex(H12 = 0).
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15. Compare AE> and AE;.

16. From the previous results, choose one expression for the relation between the standard
hydrogenation enthalpy of cyclohexene (ArHc°) and that of benzene (ArHy°).

O
O
O

|ArHL®| < 3 |ArHc°|
|Aer°| > 3 |ArHco|
|Aer°| =3 |ArHco|

Problem 3. Study of liquid benzene hydrogenation

Determination of the standard enthalpy of formation of liquid benzene

1. Write down the balanced chemical equation for the formation of liquid benzene from its
constituent elements in their standard states.

2. Calculate the standard enthalpy of formation of liquid benzene AfH°(CsHs(l)) using
standard bond enthalpies, standard enthalpies of dissociation, and the standard enthalpy of
sublimation of benzene.

3. Calculate the standard enthalpy of formation of liquid benzene AfH°(CeHs(l)) using Hess

law.

4. Calculate the difference between the AfH°(CeHs(l)) values obtained in the two previous
questions. Choose the correct explanation for this difference.

O

O
O
O

The difference is due to experimental errors on the values of standard
enthalpies of combustion reactions.

The method used at question 2 does not take into account the nature of
bonds in benzene.

The Hess law is only rigorously applicable with standard enthalpies of
formation.

The method used in question 3 does not take into account the electronic
delocalization.

Successive hydrogenation reactions of liquid benzene study

5. Calculate the enthalpy of reaction for the full hydrogenation of liquid benzene into liquid

cyclohexane.

The different steps of benzene hydrogenation into cyclohexane are given in the scheme 1.

H, H, H,
—_— —_— —_—
-112.1 kJ mol? -119.7 kJ mol?t

Scheme 1: benzene hydrogenation
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6. Complete this scheme by calculating the standard enthalpy of hydrogenation of benzene
into cyclohexa-1,3-diene.

The sign of the standard enthalpy of this reaction differs from the sign of the other standard
enthalpies of hydrogenation in scheme 1.

7. What is the main reason for such a difference?

[0 All the double bounds are not equivalent in benzene: one is stronger than
the others.

O  The breaking of benzene aromaticity.

[0  The formation of a reaction intermediate (cyclohexa-1,3-diene) with a
constrained geometry.

8. Using only the values given in scheme 1, calculate the resonance energy of cyclohexa-1,3-
diene and the resonance energy of benzene.

Data:
Standard combustion enthalpies AcombH° at 298 K in kJ mol?

Compound C(graphite) H2(g) CeHe(l)
AcombH® -393.5 —285.6 —3268

Standard enthalpies of formation of cyclohexene at 298 K
AfH°(CgH12(l)) = —156.4 kJ mol

Standard bond enthalpies AqH® at 298 K in kJ mol ™

Bond C—H cC—C C=C
AgH® 414.8 346.9 614.5
Standard enthalpies of dissociation D° at 298 K in kJ mol™
Bond 0=0 H—H
D° 498.3 436.0

Standard latent heat at 298 K in kJ mol!
AsubH°(C(graphite)) = 716.70 kJ mol
AvapHo(CBHB) =33.90 kJ mol™

Problem 4. Use of dihydrogen: fuel cells

In order to generate electricity, the heat produced by fuel combustion (dihydrogen, methanol, etc.)
can be used to evaporate liquid water. The produced steam turns a turbine, which drives a generator. In
such a process, the chemical energy is first converted into thermal energy, then into mechanical energy
and finally into electrical energy. Leaks occur at each conversion step (mainly by heat dissipation),
which decreases the yield of the global process. On the contrary, fuel cells directly convert the chemical
energy into electrical energy.

The balanced chemical equation for the combustion of one equivalent of fuel A is:
A +x 02(g) =y CO2(g) + z H0(1) 1)
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AcombH°(A) and AcombG°(A) are respectively the standard enthalpy of reaction and the standard
Gibbs free energy of reaction associated with reaction (1).

The hydrogen fuel cell

The global reaction in the hydrogen fuel cell is the same as that of H, combustion. In this
problem, compounds of the hydrogen fuel cell will be considered in their standard state at
298 K.

1. Write down the redox half-reactions occurring at the anode and the cathode. Write down
the balanced chemical equation for the global reaction, for one equivalent of dihydrogen.

2. Compute the open circuit voltage of such a cell.

3. Compute the theoretical maximum electrical energy recoverable by mole of dihydrogen
consumed.

4. Electric cars consume between 10 and 20 kWh /100 km. Compute the volume of
dihydrogen necessary to produce an electrical energy of 20 kWh at 1.0 bar.

The thermodynamic efficiency of a cell is defined as:
AG°
Vthermo = m
where ArG°® and ArH® are respectively the standard Gibbs free energy of reaction and the
standard enthalpy of reaction associated with the global reaction of the running cell.

5. Calculate the standard enthalpy of the combustion reaction of gaseous dihydrogen

AcombH®208k(H2(Q)) at 298 K. Deduce the thermodynamic efficiency of the dihydrogen fuel
cell.

The thermodynamic efficiency is smaller than 1 because there is a variation of the entropy of
the system.

6. Calculate the standard entropy of the dihydrogen combustion reaction AcombS®208x(H2(Q))
at 298 K.

7. Determine if the sign of this standard entropy is consistent with the balanced chemical
equation for the reaction (Yes/No). Justify it by a short calculation using the stoichiometric
coefficients.

The liquid methanol cell

The low molar volume of dihydrogen and the necessity of a large pressure for its storage have
motivated the development of batteries using other fuels. In a cell using liquid methanol as a
fuel, the global reaction is that of the combustion of liquid methanol.

8. Determine the oxidation state of the carbon atom in methanol and in carbon dioxide.

9. Write down the redox half-reactions occurring at the anode and the cathode. Write down
the balanced chemical equation for the global reaction of the running cell for one equivalent
of liquid methanol.
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10. Calculate the associated thermodynamic efficiency. Compare it to the efficiency of the
dihydrogen fuel cell.

11. Calculate the volume of liquid methanol required to produce 20 kwWh. Compare this value
to the previously calculated volume of gaseous dihydrogen.

12. Assuming H: is an ideal gas, determine the pressure to store the dihydrogen necessary to
produce 20 kWh in the same volume as methanol (question 11).

Data:
Standard enthalpies of formation AH° at 298 K in kJ mol ™

Compound 02(g) CO2(q) H>0(Q) CH3OH(l)
AfH® 0.0 -394.0 -241.8 -239.0

Molar heat capacities at constant pressure C° in J mol* K1, They are supposed to be

independent of the temperature.

Compound H20(Q) H20(1)
C 33.6 75.3

Standard latent heat of water at 373 K
AvapHo(Hzo) = 40.66 kJ mol™

Standard potentials at 25 °C related to the standard hydrogen electrode (SHE)
E°(O2(g)/H20(1)) = 1.23 V /SHE
E°(CO2(g)/CH30H(l)) = 0.03 V /SHE

Liquid methanol density
Pmethanol = 0.79 ¢ cm

Problem 5. Hydrogen storage

Dihydrogen is a promising fuel for the future, notably for power production or mobility purposes.
It is an attractive alternative to the use of fossil fuels (hydrocarbons), which release carbon dioxide
during their combustion, thus contributing to global warming. Unfortunately, storing efficiently large
amounts of H is not easy. Dihydrogen has a low energy per unit volume at room temperature, is highly
flammable and requires several technological advances to be competitive with fossil fuels. In this
problem, we investigate the advantages and disadvantages of some hydrogen storing methods.

Storing Hz as a gas

Compressing dihydrogen is one of the methods commonly used to store it. The gas is stored in
containers at a pressure kept between 350 and 700 bars.

1. Calculate the density of an ideal dihydrogen gas at a pressure of 500 bar and at room
temperature (293 K).

Storing H2 as a liquid
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Dihydrogen gas is liquefied and kept in a Dewar flask (a thermally insulated container) usually
under a relatively low pressure (1 to 4 bar). However, the system needs to be kept at very low
temperatures, because the melting point of H» at a pressure P = 1 atm is Tm =—-259.2 °C and its
boiling point under the same pressure is Ty =-252.78 °C. Its critical point is located at:
Pc = 13.0 bar, Tc = —240.01 °C.

2. At which temperatures can liquid hydrogen be observed?

O 16K
O 25K
O 77K
O 293K

3. Using the Clausius-Clapeyron relation, calculate the pressure needed to liquefy ideal
gaseous dihydrogen at 27.15 K.

Storing dihydrogen as a complex

In 1984, using measurements obtained from neutron diffraction, G.J. Kubas and his
collaborators (G. J. Kubas et al., J. Am. Chem. Soc., 1984) identified a tungsten complex
[W(CO)3(P(iPr)s)2(n?-H2)] that possesses a H—H bond with a length of 0.82 A, close to that of
an isolated H, molecule (0.74 A). ((iPr) = iso-propyl). This complex easily dissociates under
partial vacuum or under argon atmosphere, and it can be regenerated in the presence of
dihydrogen.

CO
OC////, | ‘\\\\\ P(iPr)3

W
(iPr)sP~ | o
H>

4. Calculate the mass of the dehydrogenated complex needed to store 1 kg of dihydrogen.
Calculate pn (the density of hydrogen in the complex, defined as the mass of hydrogen
atoms per volume unit of complex).

The next section will study the binding of a H> molecule to the dehydrogenated complex within
the field of other ligands. The dehydrogenated complex is assumed to be a square-based
pyramid, which the dihydrogen molecule is added to.

Metallic central atom

5. Give the electronic configuration of atomic tungsten. Specify the number of valence
electrons.

6. Fill in the table with the name of each depicted atomic orbital (s, dyz, dz2, dpe -y?), dxz, dxy).
Z Z Z
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Dihydrogen as a ligand

7. Draw and fill the molecular orbital diagram of dihydrogen.

Kubas complex

Since the complex is considered as a square-based pyramid to which the H> molecule is added,

we have to take into account the influence of other ligands. The splitting thus obtained is given
in the diagram below.

A E A E

o*(H,)

— dx2-y?)

— dz2

— dxz

___dyz

— dxy
a(H,)

Figure 1: Simplified diagram of molecular orbitals of the Kubas complex

In order to build the molecular orbital diagram of the Kubas complex, we can study the
interaction of the molecular orbitals of the complex ([W(CO)s(P(iPr)s3)2]) —which will be
merely considered as the d orbitals of the metallic central atom— with the H> molecule orbitals.

co
| \\\\\P(lPr)e,
OC—W——CO
(iPr)sP N v
g x

Figure 2: Kubas complex and reference axes
8. Give the two planes of symmetry of the Kubas complex (using the axes of figure 2).

9. Indicate for each orbital d of the metallic central atom if they are symmetric or
antisymmetric with respect to each of the symmetry planes (using the axes of figure 2).
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Two conformations have been proposed: (1) where H> is parallel to the phosphine ligands
P(iPr)3, and (2) where H: is parallel to the CO ligands. Even if steric effects favor conformation
(2), conformation (1) is actually more stable.

co
PP;

co OC—W"

H (iPr)sP
1) H/ 2) H—H

co
PPD;

CO

N

oC—W

(iPr)sP

10. Fill in the diagram in figure 1 with electrons.

11. Knowing that only orbitals with the same symmetry interact, enumerate the possible
interactions for each conformation. Which conformation is the most stable one?

Storing hydrogen in form of formic acid

In 2006, a research team of EPFL (Switzerland) (C. Fellay et al., Angew. Chem. Int. Ed., 2008)
proposed to store H in form of formic acid. The main idea is to use formic acid as fuel that can
be decomposed on a catalyst made of ruthenium to produce dihydrogen and carbon dioxide
according to the following reaction:

HCOOH(l) — CO2(g) + Ha(q) (R1)

12. Calculate p+ (the density of hydrogen at 25 °C defined as the mass of hydrogen atoms per
volume unit of formic acid). Compare this value to those obtained for gaseous dihydrogen
at 500 bar and for liquid dihydrogen.

13. Calculate the standard enthalpy and entropy of reaction at 20 °C for reaction (R1).

14. Using the Ellingham approximation (that supposes enthalpy and entropy independent of
temperature), calculate the equilibrium constant at 20 °C for reaction (R1).

Formic acid (2.3 g) is added to a 1 L container with 0.1 g of ruthenium catalyst, under constant
atmospheric pressure and at an initial temperature of 25 °C. The container initially contains
dinitrogen.

15. Determine the final composition of the mixture.
Storing hydrogen in metal hydrides

Metal hydrides have also been proposed to store dihydrogen. Compounds with a XxYyHn
formula can store large amounts of hydrogen in a compact way. Moreover, the adsorption-
desorption properties of hydrogen can be tailored by choosing an element X from light elements
(Li, Mg, B,...) or other electropositive elements (lanthanides) that have a good affinity with
hydride ligands, and an element Y from transition metals that have a low affinity with hydride
ligands. Among the numerous existing metal hydrides, two of them will be studied in their
operating conditions: LaNisHe (300 K, 2 bar) and Mg2NiH4 (550 K, 4 bar).

16. Determine pn (the density of hydrogen, which is defined as the mass of hydrogen atoms
per volume for these two compounds in their operating conditions).
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The adsorption-desorption equilibrium can be described as a phase change A(g) — A(ads).
Hence, dihydrogen is considered as an ideal gas and the Clausius-Clapeyron relation for a phase
transformation from an ideal gas is a rather good approximation. The latent heat can be
assimilated, in this case, to the adsorption enthalpy. In the following tables, the pressure (MPa)
is given as a function of the temperature (K).

LaNisHs
P (MPa) 2.15 0.68 0.10 0.07
T (K) 370 333 285 278

Mg2NiH4
P (MPa) 1.94 0.71 0.26 0.10
T (K) 667 625 588 555

Table 1: Van't Hoff plot data (pressure (MPa) as a function of the temperature (K)) of several metal
hydrides (A. Zlttel, Naturwissenschaften, 2004)

17. Using table 1, determine the adsorption enthalpies of LaNisHs and Mg2NiHa.

Data:

Van der Waals gas equation: (p + T;—f) (V — nb) =nRT
Van der Waals coefficients for dihydrogen:

a = 0.2476 L? bar mol

b =0.02661 L mol*

Specific latent heat of fusion (at standard pressure): AfusH°m = 58.089 kJ kgt
Specific latent heat of vaporization (at standard pressure): AvapH°m = 448.69 kJ kg™

Densities
Gaseous dihydrogen, standard conditions: 0.08988 g L
Liquid dihydrogen, —252.78 °C: 70.849 g L!

compound Kubas cplx | formic acid LaNisHe Mg2NiH4
conditions -- 25 °C 300 K 550 K
) 1.94gcm=2 | 1.22kgL? | 8620 kgm™ | 2643 kgm™
Thermodynamic data at normal conditions of temperature and pressure (20 °C, 1 atm)
compound HCOOH(g) | HCOOH(l) | CO(g) H2(g) N2(9)
AfH° kJ mol ™! -378.60 -425.09 | —-393.51 0.00 0.00
Sm® J molt K1 248.70 131.84 213.79 130.68 191.61

Problem 6. Deacidification and desulfurization of natural
gas

95% of dihydrogen is produced by steam reforming from natural gas. The corresponding reaction
is analoguous to the reaction with methane (reaction (1)), which is carried out at about 900 °C in
presence of a catalyst.

t.
CH, + H,0 = CO + 3H, (D
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35% to 40% of the dihydrogen thus obtained is used in ammonia synthesis. However, one sulfur atom
per 1000 nickel atoms is sufficient to poison the nickel-based catalyst. Since acidic gases (H.S and CO)
contained in natural gas can also damage the pipelines, natural gas must be deacidified and desulfurized.

Steam reforming from natural gas
1. Give the chemical reaction of steam reforming for an alkane CnHan+2.

2. Calculate the equilibrium constant K° of reaction (1) at 900 °C.
Removal of acidic gases

A common method to remove acidic gases from natural gas is to use an amine solution. Some
amine solutions can solubilize all the acidic gases, whereas others are selective due to kinetic
differences between H>S and CO». This process is modeled below, replacing the hydrocarbons
by N.. The following experiments aim to study deacidification with two different amines:
monoethanolamine (MEA) and methyl-diethanolamine (MDEA), using the apparatus depicted
below.

Flask F1 initially contains 100 mL of a 0.5 mol L amine solution (no =50 mmol: large
excess).
Flask F2 initially contains 100 mL of a 0.5 mol L~* NaOH solution (large excess t00).

Step. 1: a gas sample (gas 1) is driven by Nz into a flask containing an amine solution; the
outgoing gas (gas 2) bubbles in a second flask containing a NaOH solution; the final gas (gas
3) no longer contains acidic gas.

Step. 2: the liquid contents of each flask are titrated by an HCI solution (Chci = 1.0 mol L™).
Both pH and conductivity are recorded along the titration, so that two curves are obtained for
each experiment (see below).

The sample of gas 1 contains n. mmol of CO2, n. mmol of H.S and n3 mmol of CH3SH. The
first experiment is carried out with the primary amine MEA, the second one with the tertiary
amine MDEA.

3. Write down the thermodynamic quantitative (K°>> 1) reactions between the different
gases and (i) the amine solution and (ii) the NaOH solution.

We first study the experiment with MEA. There is no kinetic blockage with this amine.
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4. Determine the amount of each species in the solution (as a function of ny, n2 and ns) in the
flask F1 before titration.
5. Which chemical species is/are present in gas 2?
6. Using the curves A1F1 and A1F2, determine (i) nz and (ii) a relation between n; and n..
MEA, Flask 2
MEA, Flask 1 H X
107" (A1F1) 14" (A1F2)
9 12
8
7 10 pH
6 8
5
4 & conductivity
3 ! 4
2 conductivity oH 2
1 "'"---_._,
0 0

50 60 70 80

V/mL

0 10

20 30 40 50 60 70 80

V/mL

MDEA reacts with only one of the acid species, the other reaction being kinetically blocked.

7. Determine the amount of the reacting species using curve A2F1.

8. Using curve A2F2, determine if MDEA selectively reacts with CO> or with H,S. Calculate

the two remaining ni and ny.

ol MDEA, Flask 1 oH MDEA, Flask 2
10 (A2F1) 12 (A2F2)
z pH 12
7 conductivity 10 conductivity
6 8
5
4 6
3 4
2
! ? Q
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
V/mL V/mL
Data at 298 K:
CO2(g) | H20(g) | CHa(g) | CsHio(l) | CO(g) | CH3CH3(g) | H2(9)
AH® (kI mol™?) | -3935 | —241.8 | —74.6 | —178.4 | -1105 -84.0 0.0
Sm°(JKtmol?) | 2138 | 188.8 | 186.3 | 260.4 | 197.7 229.2 130.7
pKa
Amines: MEAH"/MEA; MDEAH*/MDEA pKa=9.5
COZ(aq) pKal = 64, pKaZ = 103
H2S pKa1 = 7.0; pKa2 = 13.0
CHsSH pKa =10.3
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Problem 7. Lavoisier’s experiment

In 1775, the French chemist A L de Lavoisier, father of modern chemistry, showed by an
experiment that oxygen is one of the constituents of air.

Lavoisier’s experiment (Bussard and Dubois, Legons élémentaires de chimie, 1897)

The experiment he performed can be summarized as follows:

— he first introduced 122 g of mercury into a retort, the end of which was inside a cloche
(see illustration above) containing 0.80 L of air and placed upside down on a tank
containing mercury,

— he then heated the retort in such a way as to keep the mercury boiling for several days,

— after two days, the surface of the mercury began to get covered with red particles,

— after twelve days, the calcination of mercury seemed to have finished because the
thickness of the particle layer was no longer increasing, he then stopped heating,

— after cooling, he observed the following:

e only 0.66 L of “air” subsisted under the cloche,

e this remaining “air” could extinguish a candle or kill a mouse,

e 2.3 gofred particles had been formed. He called them “rust of mercury”.
The table below shows thermodynamic data at 298 K of some mercury-based compounds and
dioxygen.

Compound AH® (kI mol™) | Sp° (I K1mol?)
HgO(s) (red) -90 70
HgO(s) (yellow) -87 70
Hg20(s) 90
Hg(l) 75
Hg(q) 60 175
02(g) 200
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1. Standard molar entropy Sm° of mercurous oxide Hg>O has not been experimentally
determined. Choose the value that seems closest to reality:

O 0JK!molt

O 100JK*!mol?
O 200JK*!mol?
O 300JK?!mol?

2. Write down equations for the formation of HgO(s) and Hg20(s).

3. Itisassumed that only the liquid state of mercury reacts, and that either red or yellow HgO
can be formed. Using the value chosen in 1, calculate the equilibrium constants K° at 298 K
for a) red HgO, b) yellow HgO and c¢) Hg0.

The red and yellow forms of the mercury (1) oxide have, in particular, very similar standard
potentials and quasi-equal magnetic susceptibilities. However, the yellow form has larger
structural defects than the red form. The red mercury oxide can be obtained by a slow pyrolysis
of Hg(NO:s)., while the yellow oxide can be obtained by precipitation of aqueous mercury (I1)
ions in an alkaline medium.

4. Write the chemical equations of these processes.

Lavoisier’s experiment is similar to pyrolysis because of the use of heating and the absence of
an aqueous medium, which may explain the formation of red oxide. In the following, we will
consider this one as the only product of the reaction.

5. Calculate the theoretical amount of each species in the final state of Lavoisier’s reaction.
6. Calculate the theoretical mass of mercury (I1) oxide in the final state.

7. Choose an explanation to the difference from the mass obtained by Lavoisier.

Other oxides of the type HgOx (x > 1) are obtained.
The yield is not maximum.

Lavoisier measured volumes at T < 25 °C.
Mercury rust also contains nitride HgxNy.

aooao

Problem 8. Which wine is it? Blind tasting challenge

Fermentation of grape juice is a crucial step in the production of wine. During this biochemical
process, sugars accumulated in grapes are converted into ethanol. This process is performed by
microorganisms that are naturally present in the environment, and in particular, on the surface of fruits.
One of the sugars converted by microorganisms is glucose. Action of the microorganisms will not be
considered in the rest of the problem.

1. Write a balanced equation for the transformation of solid glucose (CeH1206(S)) into liquid
ethanol (C2HsO(l)) and gaseous carbon dioxide. Does this reaction require the presence of

dioxygen? (Yes/No)

2. Calculate the standard enthalpy, the standard entropy and the standard Gibbs free energy
associated with this reaction at 298 K. Does this reaction generate heat? (Yes/No)

Conversion of glucose into carbon dioxide and water is called cellular respiration.
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3. Write a balanced equation for the transformation of glucose into carbon dioxide and water.
Does this reaction require the presence of dioxygen? (Yes/No)

The concentration of ethanol can vary a lot from one wine to another. Some Riesling wines
from Germany (named “kabinett”) only contain 7-8% vol of ethanol, while Chateauneuf du
Pape wines (Rhone Valley, France) usually contain about 14% vol of ethanol (“% vol” means
“percent of alcohol by volume” and is defined as the ratio between the volume of ethanol
contained in wine and the total volume of wine, multiplied by 100, at 298 K). It is thus very
important to control the concentration of ethanol in grape juice during fermentation. To
determine the concentration of ethanol in a wine, the following protocol was used: wine X is
diluted 50 times with distilled water. The aqueous solution of wine is added dropwise to a
100 mL aqueous solution of potassium dichromate (5.0-10~ mol L™) containing sulfuric acid
(0.1 mol L™). The volume at the equivalence point V, is 15 mL.

4. Write a balanced equation for the oxidation reaction of ethanol by dichromate anions.

5. Calculate the equilibrium constant of this reaction. Can it be used to determine the
concentration of ethanol in wine? (Yes/No)

6. Calculate the pH of the solution of potassium dichromate and sulfuric acid before starting
the titration. Here, sulfuric acid can be treated as a strong monoacid.

7. Calculate the pH of the solution of potassium dichromate and sulfuric acid at the
equivalence point (sulfuric acid is still considered to be a strong monoacid). Is it possible
to determine the equivalence point using the pH change of the solution? (Yes/No)

8. Calculate the concentration (in % vol) of ethanol contained in wine X. Is this wine a
German Riesling or a French Chéateauneuf du Pape?

Data:
Thermodynamic data (at 298 K):
CO2(g) | Glucose(s) | Ethanol(l)
AfH° (kJ mol™?) -393.5 -1274 -277.0
S°m (J molt K) 213.6 212.1 160.7
Cr,07%/Cr¥* CH3COOH/CH3CH>0OH
E° (V) 1.33 0.19

Density of ethanol at 293 K: 0.79 g cm™3

Problem 9. Nitrophenols: synthesis and physical properties

A multicomponent reaction is a reaction where three or more reactants react together to form a
product involving all the reactants. For instance, the Ugi-Smiles coupling has been studied by the French
duo L. EI-Kaim and L. Grimaud in 2005. During the past decade, this coupling has been used for the
synthesis of various heterocyclic compounds using various post-condensations. This reaction involves
an aldehyde, an amine, an isocyanide, and activated phenols, such as nitrophenols.
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OH

NH2 MeOH Oﬁ)\/
~_CHO + Cy-NC + CI4®—/ + @ oG e T Nn + H,0
siehe:

Cy= O/i{ No,  T2%

In this problem, the synthesis of nitrophenols is examined and some physical properties of the 4-
nitrophenol are studied.

Synthesis of nitrophenols

In a three-neck reaction flask, sodium nitrate (20.0 g, 235 mmol) is dissolved in water
(50.0 mL). After cooling the solution in an ice bath, concentrated sulfuric acid (H2SOs,
14.5mL) is added in small portions. A solution of phenol (12.5g in 5.00 mL of water,
133 mmol) is then added slowly under vigorous stirring. The temperature is kept below 20 °C
and the solution is stirred for 2 hours. The liquor is then distillated and a first yellow compound,
the 2-nitrophenol, is obtained (46.5 mmol). The residue in the distillation flask is cooled and a
2.00 mol L solution of sodium hydroxide (NaOH) is used to adjust the pH to 8-9 and charcoal
is added (2.00 g). The mixture is then warmed to reflux for 5 minutes and immediately filtered.
After distillation of 30 mL of water, the concentrated mixture is cooled down in an iced bath.
The obtained crystals are then dissolved and boiled into 50.0 mL of hydrochloric acid (HCI,
3.7%) before filtration. The 4-nitrophenol is then obtained (20.0 mmol).

1. A partial scheme for the formation of the 2-nitrophenol starting from the nitronium ion
NO:" is proposed below. Draw the missing intermediates and products.

OH (ON
(e = |CL"
O —~—— > >
+ I
||® NO,

Wheland intermediate

OH OH

. +

Ore = (X

= NOZ

o H

2. Give at least two products other than 2-nitrophenol and 4-nitrophenol that could explain
the low yield.

Various characterizations of the 2-nitrophenol and 4-nitrophenol were performed: *H NMR,
and measurement of their melting point, boiling point and solubility. The results were attributed
anonymously with two labels: A and B.

'H NMR of A and B:

A (3, ppm in CDClz3): 10.6 (large s, 1H), 8.1 (d, J = 8.4 Hz, 1H), 7.6 (dd, J = 8.5, 8.4 Hz, 1H),
7.2 (d,J=8.4Hz, 1H), 7.0 (dd, J = 8.5, 8.4 Hz, 1H)

B (5, ppm in DMSO-d®): 11.1 (large s, 1H), 8.1 (d, J = 9.1 Hz, 2H), 7.0 (d, J = 9.1 Hz, 2H)
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Properties m.p. b.p. Solubility in water (298K)
A 44 °C 214 °C 2gLt
B 113-115°C -- 15gL*

3. Using the NMR data, determine which product (2-nitrophenol or 4-nitrophenol)
corresponds to A and B. To justify your answer, interpret the NMR chemical shifts of the
products.

4. Which interaction(s) between B and water can explain the higher solubility in comparison
to A? Choose the correct answer(s).

0 Intermolecular hydrogen bonds
0 Intramolecular hydrogen bond
[0  Electrostatic interaction

[0  Van der Waals interactions

0 Covalent bond

To check the purity of A and B, a Thin Layer Chromatography (TLC) on silica was performed.
The eluent is a mixture of pentane/diethylether (7:3 in volume). After visualization of the TLC
using a UV light, the retention factor was calculated for the two spots (0.4 and 0.9).

5. Choose the correct statement(s).
A has a Olower CIhigher retardation factor (Rr) than B on the TLC because:

[0 A develops intermolecular hydrogen bonds with the silica.
[0  Adevelops an intramolecular hydrogen bond.
[0 B develops intermolecular hydrogen bonds with the silica.
[0 B develops an intramolecular hydrogen bond.

Characterization of the 4-nitrophenol
Absorbance. The absorbance (A) versus the wavelength at various pH is given in the figure

below. Absorbance beyond 450 nm is negligible. The two maxima of the absorbance are at
310 nm and 390 nm, respectively.
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Which is the color of a solution of 4-nitrophenol in neutral water? Choose the correct

anNSWer.

OBlue OGreen OPink OPurple ORed O Yellow

Choose the correct answer.

o 0O 0O O

because its conjugation is less important.

4-nitrophenol has a longer absorption wavelength than its conjugated base
because its conjugation is more important.

4-nitrophenol has a longer absorption wavelength than its conjugated base
because its conjugation is less important.
4-nitrophenol has a shorter absorption wavelength than its conjugated base
because its conjugation is more important.

4-nitrophenol has a shorter absorption wavelength than its conjugated base

Determination of the pKa. A solution of 10 mL of 4-nitrophenol at ¢ = 1.00-10* mol L* was
titrated by a 1.00-102 mol L! solution of sodium hydroxide (NaOH). The variation of the pH
as a function of the volume of NaOH is calculated and given in the figure below. Dashed curves
represent the fraction of 4-nitrophenol and 4-nitrophenolate, expressed in percentage on the
right side. The pH is indicated as a solid line (scale on the left side).
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Assign each curve to 4-nitrophenol or 4-nitrophenolate.

Estimate the pKa of the 4-nitrophenol.

According to the theoretical curve, the pH jump is expected to be small, which makes the

experimental titration data difficult to analyze.

10. Which alternative method(s) can be used for the titration of 4-nitrophenol? Choose the

correct answer(s).

Potentiometry
NMR
Conductivity

oooao
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Problem 10. French stone flower

Laumontite is a natural zeolite, a hydrated
calcium aluminosilicate of formula
(CaO)x(A)y(B)-yH20, where A and B are oxides.
It dehydrates in dry air and becomes then very
brittle. Due to this property, it was first called
zéolithe efflorescente (stone flower). But then the
mineral was named after the French mineralogist
F. Gillet de Laumont who discovered it in 1785.

Laumontite crystallizes into a monoclinic
crystal system of parameters: a=1.49nm,
b=1.37nm, c=0.76 nm, o =y =90°, =112°
Z = 4. Its density is p = 2.17 g cm™3. After heating
in dry air, the mineral loses 15.3% of its mass, and
no further mass change is then observed.

Laumontite from Espira-de-/’Agly deposit,
France (© Christian Berbain)

1. Calculate the stoichiometry y of the

water crystallized in laumontite.
Hint 1: the volume of a monoclinic unit cell is V = abc x sin .
Hint 2: the mass m of 4 (CaO)x(A)y(B).'yH20 in one unit cell is: m = 4 M/Na, where M is the
molar mass of the mineral and Na Avogadro’s constant. Also, m = pV, where p is the density
and V the volume of a unit cell.

To determine the composition of this mineral, 0.500 g of laumontite was placed in a crucible
and 2 mL of concentrated hydrochloric acid were then added to it and heated up to 90 °C. The
sample was then washed with distilled water and dried under 120 °C for a few hours. The
insoluble residue was placed in another crucible (mo =14.375 g). It was then calcined at a
temperature of 900 °C to constant weight. The final mass of the crucible and its content was
found to be m; = 14.630 g. The residue is a pure binary compound that does not contain chlorine
atoms.

2. Determine the nature of A and B and the values of x and z.

Some samples of laumontite are orange. This coloration is caused by the presence of an
impurity, an element E that partly substitutes calcium, yielding the compound of formula:
(EiCaw-)O)x(A)y(B)yH20
The dissolution of a 0.500 g sample in nitric acid led to the formation of the same precipitate
as before. The filtrate was separated. When a few drops of NH4SCN are added to the filtrate,
the solution turns bright red. The filtrate was then neutralized with an excess of a concentrated
aqueous solution of ammonia (NHs) until complete formation of a precipitate. The latter was
filtered, washed with water and redissolved in 1 mol L sulfuric acid (H2S0.) followed by the
addition of an excess of zinc powder. The excess of metallic zinc was removed by filtration and
the solution was then transferred to a 100.0 mL volumetric flask and brought up to volume with
distilled water.
A 20.0 mL aliquot was transferred into a titration flask and potentiometrically titrated (using a
saturated calomel electrode (SCE) as a reference) by 5.15 mL of a 2.00 mmol L solution of
Ce(S04)2 in 1 mol L of HzSOa.

3. Identify the impurity E.

4. Write the equations of the reactions corresponding to the aliquot preparation and titration.
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5. Determine the amount of impurity E (mol. % compared to Ca).

6. Show that the potential at the equivalence point Ee . can be expressed as:
1
Eep = > (E°(Fe3t /Fe?t) + E°(Ce*t/Ce3t))

7. According to the following table, determine which compounds would be the two best
indicators in this titration.

. o Color
Indicator E*(V/SCE) Oxidized form | Reduced form

diphenylamine-4-sulfonic acid, sodium salt 0.60 blue colorless
5,6-dimethyl,10-phenanthroline 0.73 yellow red
3,3’-dimethoxybenzidine 0.54 red colorless
safranin T 0.00 purple colorless
4-ethoxychrysoidine hydrochloride 0.76 red yellow
1,2-benzanthracene 1.00 colorless colorless

Zeolites are widely used as materials in heterogeneous catalysis because of their large specific
surface area, their structural framework and their large number of acid sites. The structured
porous system of zeolites provides a molecular sieve effect. This effect leads to an increase of
the selectivity of some reactions in which the reactants and products have a kinetic diameter
(the typical length under which the corresponding molecule will collide with an obstacle)
similar to the pore size of the zeolite. For laumontite, the largest pores present a diameter
dmax = 0.604 nm. As a comparison, the kinetic diameter of benzene, 1,4-dimethylbenzene and
toluene is 0.585 nm and that of 1,2-dimethylbenzene is d = 0.680 nm.

Let us study the following reaction:

CH; O

M
O Feo
AICI,

8. Draw the two main products F and G.

9. This reaction can also be catalyzed by laumontite. Determine which product will mainly
be formed in the pore system of the mineral.

Data at T = 298 K:

E°(E%*/E2*) = 0.53 V /SCE

E°(NO3/NO2) = 0.56 \VV /SCE

E°(Zn?*/Zn) = ~1.00 V /SCE

E°(Ce**/Ce®) = 1.09 V /SCE

E(SCE) = 0.24 V

E°(Ox/Red) (V /SCE) = E°(Ox/Red)(V /SHE) — E(SCE) (V)
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Problem 11. The mineral of winners

The mineral pyromorphite (from Greek pyro
— fire and morpho — form) has the following
formula: As(POs)3B. It was named after its
property to recrystallize after melting. Therefore,
it is also sometimes called mineral of winners. In
France, deposits of this mineral are found in the
Centre region.

Pyromorphite crystallizes into a hexagonal
crystal system of parameters: a =b =0.999 nm,
c=0.733nm, a=y=90° B=120° Z=2. Its
density is p = 7.111 g cm™.

After complete dissolution of 1.000g of
pyromorphite in concentrated nitric acid, the
solution was neutralized with potassium
hydroxide up to pH = 5. An addition of 1.224 g of Pyromorphite from Chaillac Mine, Centre,
K1 was needed to form 1.700 g of a bright yellow France (© Didier Descouens)
precipitate.

1. Determine the formula of pyromorphite.

Hint 1: the volume of a hexagonal unit cell is V = abc x sin .

Hint 2: the mass m of 2 As(PO4)3B in one unit cell is: m = 2M/Na, where M is the molar mass
of the mineral and Na Avogadro’s constant. Also, m = pV, where p is the density and V the
volume of a unit cell.

2.  Write an equation for a reaction that could occur if the KI was added in excess.

In some cases, A is replaced by the impurity C in a significant proportion. The atomic mass of
A is 3.98 times more than that of C. To determine the amount of the impurity, 1.00 g of the
mineral was dissolved in HNO3z. After addition of Na>SO4 to the solution, a white precipitate
was formed. The precipitate was filtered out and the filtrate was added to an aqueous solution
of ammonia (NHz). Then, C(OH), was separated and dissolved in a sulfuric acid (H2SO4)
solution. To proceed to the titration of C(+n), this impurity should be pre-oxidized into C(+m).
For this purpose, the solution of C(+n) in H.SO4 was heated in the presence of Ag.S20s (Ag*
was used as a catalyst). The solution was then transferred to a 100.0 mL volumetric flask and
brought up to volume with distilled water. A 10.0 mL aliquot was then transferred to a titration
flask. Then, 10.0 mL of a 1.00 mol L! acidic solution of Fe(NH4)2(SO4). were added. The
obtained mixture was finally titrated by 15.0 mL of an aqueous solution of KMnOg solution of
concentration 9.44-103 mol L.

3. Identify the impurity C. Write an equation for each reaction mentioned in the text.
4. Calculate the percentage of C in the studied pyromorphite (w. %).

5. Calculate the equilibrium constant of the titration reaction, for one equivalent of
permanganate ions, at 298 K.

Mn?* can be added to the solution to indicate the completeness of the C(+n) pre-oxidation
reaction.
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6. Write the equation of the reaction that indicates the completeness of the C(+n) pre-
oxidation reaction. Underline the species that allows the detection of the completeness of
the reaction.

7. Why is Fe(NH4)2(SOa)2 often used in redox titrations instead of FeSO4? Choose the correct
answer:

0  FeSOais not stable and get quickly oxidized by the oxygen in the air.
O Fe(NH4)2(SOa4)2 is more soluble than FeSOa.
O  Fe(NH4)2(SO.): is a cheaper reagent than FeSOa.

Data at 298 K:

E°(MnO4/Mn?") = 1.51 V /SHE
E°(Fe®*/Fe?*) = 0.77 VV ISHE
E°(C(+m)/C(+n)) = 1.33 VV /SHE

Problem 12. Reaction progress kinetics

Kinetic investigations of multistep organic reactions are crucial for fundamental mechanistic studies
and are also necessary for practical applications of organic synthesis. Reaction progress kinetic analysis
is a methodology that makes use of the voluminous data sets that are now readily obtained from
continuous monitoring of reactions. The figure below shows a Heck transformation catalyzed by a
palladium complex together with the sequence of steps in a typical catalytic cycle where the substrate 1
reacts with the catalyst 4 to form an intermediate 5 (rate constant k;). The reverse reaction is associated
with a rate constant k 1. Further reaction of this intermediate with a second substrate 2 delivers the
product 3 and regenerates the catalyst 4 (rate constant kz). The exact nature of the palladium complexes
4 and 5 is unknown.

OH OH 1
1r\©\ Pd catalyst P Bu
+ Br NaOAc k k1
By AcNMe; 3 o ko 'y
A(O 140°C + NaBr + AcOH 2 5

o 2

1. Express the rate r of the reaction as a function of the rate constant k. and the instantaneous
concentrations of 2 and 5 ([2] and [5], respectively).

2. Express the total concentration in catalyst [4]twt as a function of [4] and [5].

3. Assuming that intermediate 5 is in a steady-state regime, show that the rate r of the reaction
can be written as:

. k1ka[1112][4] ot
T k_y + ky[1]+ ky[2]

Let us define a parameter called [“excess”], which is equal to the difference in the initial
concentrations of the two substrates:
[“excess”] =[2]o — [1]o
Hence we can write:
[2] = [2]o — [1]o + [1] = [“excess™] + [1]
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4. Show that the rate can now be written as:
["excess"][1] + [1]?

4
T+ b[1] [4]tot
_ . kiky —_ Fatks
where a = k_1+k,["excess"] and b = k_1+k;["excess"]

For a given set of conditions, the values [4]wt and [“excess”] are constant, thus leaving [1] as
the only variable. Hence, there is a direct relationship between the rate of the reaction v and the
instantaneous concentration of one reactant [1], which can be easily accessed, for instance by
absorbance measurements.

Reaction calorimetry is a technique that can also be used. The heat flowing in or out of the
reactor is measured over time, while the temperature is controlled and kept constant. Let us
assume that only one transformation 1 + 2 — 3 is occurring in the reactor.

5. Express the relationship between the heat flow dq(t) at a given time t evaluated during the
period dt, the volume V of the reactor, the reaction enthalpy A:H and the rate r.

By combining the results from these different experimental procedures, it is possible to
construct reaction progress analysis graphs where the rate v is expressed as a function of the
concentration of 1. The figure below shows experimental results for the relation between the
rate v of the Heck reaction as a function of substrate concentration, ArX. Two different initial
conditions with the same total catalyst concentration and [“excess”] values have been

considered.
OH OH
K©\ Pd catalyst K©\/\‘(OBU
Br ——————
+ NaOAc o
/\I(OB

AcNMe,

u
140°C + NaBr + AcOH
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