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General instructions

=A = =4 =4

This theoretical exam booklet contaB®pages.
You may begin writing as soon as the Starnhmand is given.
You have 5 hours to complete the exam.

All results and answers must be clearly written in pen in their respective designed areas on the
exam papers. Answers written outside the answer boxes will not be graded.

If you need scratch papersaithe backside of the exam sheets. Remember that nothing outside the
designed areas will be graded.

Use only the pen and calculator provided.

The official English version of the exam booklet is available upon request and serves for
clarification only.

If you need to leave the exam room (to use the toilet or have a snack), wave the corresponding
IChO card. An exam supervisor will come to accompany you.

For multiplechoice questions: if you want to change your answer, fill the answer box completely
and thermake a new empty answer box next to it.

The supervisor will announce a-gtinute warning before the Stop command.

You must stop your work immediately when the Stop command is announced. Failure to stop
writing by ¥ minute or longer will lead to nullificaim of your theoretical exam.

After the Stop command has been given, place your exam booklet back in your exam envelope,
then wait at your seat. The exam supervisor will come to seal the envelope in front of you and
collect it.

GOOD LUCK!
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Physical constants and equations

In these tasks, we assume the activities of all aqueous species to be well approximated by their
respective concentration in miol'. To further simplify formulas and expressions, the standard
concentratiore® = 1 mol L' is omitted.

Avogadro's constant: Na = 6.02280”° mol'*
Universal gas constant: R=8.314 Jmdl'K'*
Standard pressure: p°=1 bar = 10Pa
Atmospheric pressure: Pam=1atm=1.013bar= 1.01340° Pa
Zero of the Celsius scale: 273.15K
Faraday constant: F = 9.648%0" C mof*
Watt: 1wW=1Js"
Kilowatt hour: 1 kWh = 3.610°J
Planck constant:; h=6.6261A03Js
Speed of light in vacuum: c=2.9984¢° ms*
Elementary charge: e=1.602A0%C
Electronvolt 1 eV =1.602A40"J
Electrical power: P=qExI
Power efficiency: d = PobtainedPappiied
PlanckEinstein relation: E=hde=he
Ideal gas equation: pV=nRT
Gibbs free energy: G=HT TS
QRG° =1 RTInK®
RG° =1n FEce®
PG = PG° + RTINQ
Reaction quotien® for a reaction . cepd
aA(aq)+ bB(aq)= c C(aq)+ d D(aq): v Aapgb
[
Henderson Hasselbalch equation: pH K+p I[[—I'ezg
Nernst Peterson equation: E=FE° ':—FTI t)

where Q is the reaction quotier _ RT
of the reduction halfeaction atT = 298K, Fl n105& 0.0

Beeii Lambert law: A=Ul ¢

Rate laws in integrated form:

- Zero order: [A] =[A]oT kt
- First order: In[A] =In[A]oT kt
- Second order: 1/[A] = 1/[A]o + kt
Half-life for a first order process: %
. BOO

Number average molar masl: U B G

B G0
Mass average molar mas;: 0 L

BOVU

: L My
Polydispersity index,: lp = IR
n
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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| AlI|Si|P|S|Cl|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

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 |[NbMo|Tc | Ru|/Rh|Pd|Ag|Cd|In |Sn|Sb|Te| I |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|Bafszn|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 |Ralis | 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|Tb |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

e T,

201 9!&%§

TYPT-
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Chemical shifts of hydrogen (in ppm / TMS)

phenols:
alcohols:

alkenes:

arsnides NHS CQR'

carboxyllc aC|ds
- aldehyd o
aromatlcs m

amines:

bienzylic ané C6H5

Candidate: AAA

alkynes: [l CH:5 CR;: Il

R(’S CH26 OR 0

CH36 S|R3

:ketoryes

11.0 100 910 ~ 80 7.0

H-H coupling constants (in Hz)

6.0

20 30 20 10 00

Hydrogen type

|Jab| (HZ)

R.CH-Hp

4-20

R:H.Cd CR:H,

2-12
if free rotation: 68
ax-ax (cyclohexane):-82
ax-eq or egeq (cyclohexane):-3

RH.Cd CR0 CR:H,

if free rotation: < 0.1
otherwise (rigid): 18

RH.C=CRH,

cis: 7-12
trans 12-18

R,C=CH.H,

0.53

Ha(CO)d CR:H,

1-3

RH.C=CR3 CR:H,

0.52.5

51st IChO i Theoretical Exam
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Vibrational mode a(em'h Intensity
alcohol @ H (stretching) 36003200 strong
carboxylic acid @ H (stretching) 36002500 strong
N& H (stretching) 35003350 strong

[ Cd H (stretching) 3300 strong
=Cd H (stretching) 31063000 weak
Cd H (stretching) 29502840 weak

i (COY H (stretching) 29002800 weak
C [ Nstretching) 2250 strong

C [ GCstretching) 22602100 variable
aldehyde C=0 (stretching) 17401720 strong

anhydride C=0 (stretching) 18401800; 178601740 weak; strong

ester C=0 (stretching) 17501720 strong
ketone C=0 (stretching) 17451715 strong
amide C=0 (stretching) 17001500 strong
alkene C=C (stretching) 16801600 weak
aromatic C=C (stretching) 16001400 weak
CH; (bending) 14801440 medium

CHs (bending) 14651440; 13901365 medium

Co 0o C (stretching) 125061050 strong
Cd OH (stretching) 12001020 strong
NO (stretching) 1600-1500; 14061300 strong

51st IChO T Theoretical Exam
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Question | 1 | 2| 3|4 |5|6/|7]| 8 9 | 10| 11 | Total
Problem
T1 Points 314142 |3|2|2|45|25|] 3| 3 33

6%

Score

Problem T1: Infinite well and butadiene

The butal,3-diene molecule is often written GECHi CH=CH,, with alternating single and double
bonds. Neverthel ess, its chemical reactivity 1is
are better described by a distribution along the three bonds:

C—=—=C=—=—=C=—==C

1 2 3 4

This system can be modeled as a 1D hexiffinite well) where the electrons are free. The energy of

an electron in an infinite well of lengthis:'O  ——, wheren is anon-zero positive integer.

1. Two different models are studie@ketch at least the three loweshergy levelsE, for_each
model in the respective diagrams, showing how the relative energy levels differ within and

between models

w w
04 —— —— 0 4
0 d 2d 3d 0 d 2d 3d
Model 1 («localized»): The ’ e | Model 2 («delocalized»): The ° e
localized on the extremal bonds and evolve in 1 delocalized on the whole molecule and evolve
separate infinite potential wells of length a single infinite potential well of lengthd3

51st IChO T Theoretical Exam 8
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2. Placet he °~ el ectrons f or modeipreskt hien ttohtea lp reerve roguys
system in model 1, as a functionlpfm, andd.

E(1) =

3. Placet he °~ el ectrons f or modeipres®t hien ttohtealp reernve roguys
system in model 2, as a functionlpim, andd.

Oc

Theconjugation energy is the total energy of the
ethylene molecules involving the same number of electrons.

4. Expresst he ¢ onj ug &bfibuadiene,rmearfungtion dpfm, andd.

YO

Models 1 an® are too simplistic. A new model will be detailed in the following.

5. Draw three other resonance structures of butadiene using Lewis notation.

CH,
HZCN

To take into account the size of carbon atoms, model 2 is now modified into model 3, as follows:
- the new length of the well isand is located between the abscissa OLand

- the carbon atoms are located at the abscig8a8l/8; 5./8 and 1./8.

Foreach éveln, the wavefunction i s:

s
s

LY W
OB+~

51st IChO T Theoretical Exam 9
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and the ~ el ectronN'deenlsecttyr ofmostr ias:system with

T
®w ¢ §$ ws

The four " wavefunctions, which correspond to t
below @rbitrary order) .

W(x)
W(x)

L3 s 1L L3t s 1L
8 8 8 8 8 8 8 8
C D
% < ANVA
> > \/ \/
L 3L 5L 1L L 3L 5L 7L
8 8 8 8 8 8 8 8
6. Sortt he ener gies of tH,d&Eauwk). "~ wavefunctions (
< < <

7. Givethelabels (A, B, C or D) of the orbitals that are filled with electrons in butadiene

8. Within model 3givethe valuesof he °~ wa Vv efbrwetupied levelssat positions 04
andL/2, forn=1 andn = 2, as a function df.

[ T

51st IChO T Theoretical Exam 10



Candidate: AAA

5
! T
: 0
G
[ Tt
5
|' —_
T
|' —_
9. Within model 3givet he val ue of the °~ eldandt/2. on density a
”.r[
” 0
T

51st IChO T Theoretical Exam 11
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10. Drawt he ~ el ectron density between 0 and
B
L
[T Y I W
L
L Y I
L
2 Y I I
L
0 f--------- * . . -
L 3L 5L 7L
8 8 8 8
11. Sort the following CC bonds (B1, B2, , B5) by increasing |l ength,
B1: C1C2 in thebutadiene molecule
B2: C2C3 in the butadiene molecule
B3: C3C4 in the butadiene molecule
B4: CC in the ethane molecule
B5: CC in the ethene molecule
51st IChO T Theoretical Exam 12
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Problem Question 1 2 3 4 5 6 7 8 9 10 | Total
T2 Points 1 4 2 3 3 6 4 1 8 2 34
7% Score

Problem T2: Hydrogen production by water-splitting

Data:

Compound H(9) HO(l) | HO(9) | O9)
a&H° (kJmol'%) 0 1285.8| 1241.8| 0
S° (@moll*K'™) | 130.6 | 69.9 188.7 | 205.2

Molecular hydrogen (k) can be used as an alternative to carbon diesiditing fuels. Hence,
lowering the cost and the environmental impact of its production is a major challenge. In this field,
watersplitting is a promising candidate technology.

1. Write down the balanced eation of liquid water splittingreaction using a stoichiometric
coefficient of 1 for water

2. Using only the provided thermodynamic dajastify numerically whether this reaction is
thermodynamically favorable at 298 K.

Calculations:

Reactionthermodynamically favorable?
A Yes A No

Water splitting can be performed electrochemically using two electrodes in an acidic water bath,
connected by a generator (Fig. 1). Gas bubbles are formed at both electrodes.

51st IChO T Theoretical Exam 13
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(1) (2)

Fig. 17 Watersplitting electrochemical cell.

3. Write down thebalanced net electrochemidsllf reactions occurring at each electrode.

On electrode (1):

On electrode (2):

4. Using only the provided thermodynamic data (or questiodét)ye the condition on the applied
voltageDE,ppics DEtWEEN electrodesompared to valuBE, (to determine), for the process to be
thermodynamically favorable at 288 when all reactants and products are in their standard state.
Tick the right condition andive the numerical value with 3 decimal places.

Calculation:

>

DEappIied: DEth
A DEappIied> DEth ,Where DEthé eé.V
A

DEapplied< DEin (give the result with 3 decimal places)

If you could not calculat®Ey, the valuel.200V
can beused in the rest of the problem.

Experimentally, a higher voltage is needed to observe water splitting. For a given Pt cathode, the
minimum voltage necessary to observe water splitig,,, depends on the nature of the anode, as
displayed in the table below:

Anode DEqin (V)
IrO, 1.6
NiO, 1.7
CoQ, 1.7

Fe.0Os; 1.9

51st IChO T Theoretical Exam 14
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The difference betweddE,;, andDEy, is responsible for losses in the device.

5. Give the expression of the device power efficiengy. (fraction of the power used for water
splitting) as a function oDEy, and DE;». Assuming an identical current valliecalculate the
water electrolysis power efficiency when a Pt cathode and@; Beode are usedsive the most
efficient anode.

Helec=

Power efficiency when a Pt and aBgelectrodes are used:

helecz %

Most efficient anode:

If you could not calculatéee, the valuefiee.= 75%
can be used in the rest of theoblem.

An alternative to water electrolysis is direct photocatalytic wspéitting. It uses a semiconductor that
can be activated by absorbing light.

2.0 1
ZnS SiC
202 T
1.0 195
KTaO3 SrTiO3 s MOSCC'SE :
—_—7N0 == 102 2 =
D_,_______________,__e_—____WDS___F_e2(_)3____:; _i_-" - H+er2
- —_ > —
Ll o I ] I e B e B B A B
T 104 =2 Tl Y o o @ @] T ~l <
) : | Dl o D) o] o e e N M= 02/H20
0 1 | L
> 2.0 1
3.0 1 L L-- -
¥ =—  Name of semiconductor
40 o —— .. POtential of equivalent cathode
:q:’_,"'_ e: Minimal light energy to activate
> . )
... POteNtial of equivalent anode

Fig. 27 Activation condition and equivalent electrode potentials of different semiconductors. Dashed
lines correspond to water oxidation and reduction potentaidE = Standard Hydrogen Electrode

51st IChO T Theoretical Exam 15
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5 100

¢ (x1018m'25'1nm'1)
(%) &f

IIIIIIIII]IIIIlIIII

| |
500 1000 1500 2000 2500

A (nm)

Fig. 31 Left axis: Spectral distribution of the solar photon ffuxrhe photon flux is the number of
photons per unit area per unit time arriving on the semiconduBlight axis and dashed line:
cumulative photonfix (i.e. fraction of the photon flux with smaller wavelength).

6. Estimate the fraction of the solar photon flux that can activate the following semiconductors:
TiO,, CdS, SiStateexplicitly the equations and unigsed for the computation.

Explanation talculation:

51st IChO T Theoretical Exam 16
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Approximate
fraction
TiO, %
CdS %
Si %

The activation of the sengionductor results in a modification of the surface potentials, so that it can
be seen as two electrodes of different potentials.

7. Using the data ifrig 2,choosethe semiconductor(s) in the following list that, once activated, can
play both roles of anode and cathode for waitting reaction.

A ZrO, A ZnO A TiO, A WO,
A CdS A Fe0; A CdSe A Si

8. Give the semiconductadhat, used as both cathode and anode, is expected to be the most efficient
for water splittingupon a given solar shining.

The evolution of Hand Q when a semiconductor is irradiated by simulated solar lighit=a25 °C at
PamWas recently studiedJsing an incident power light & = 1.0kW m'? and a photoelectrode with a
S=16mn¥ surface, the production of =0.37cn® of H,(g) was measured aftddt =1 hour of
reaction.

9. Calculate the power efficiencyigiec Of the conversion.

Calculation:

51st IChO T Theoretical Exam 17
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hdirect = %

If you could not calculat@giec, the value/igiec:= 10%
can be used in the rest of the problem.

Two modes of converting solar energy to hydrogen can thus be compared: direct photocatalysis
indirect photeelectrolysis combining a photovoltaic panel with an electrolyzer. The efficiency of
photovoltaic panels on the market is arodigges= 20%.

10. Compare the power efficiencies of the two mode&yiee and Aingiee, USINg FeO; and Pt
electrodes for the electrolysis.

Calculation:

A hdirect> hindirect A hdirecté- hindirect A hdirect< hindirect

51st IChO T Theoretical Exam 18
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Problem |_Question | 1 2 3 4 5 6 7 8 9 | 10 | 11 | 12 | Total
T3 Points 1 3 3 3 4 2 7 2 2 3 4 6 40
>% Score

Problem T3: About silver chloride

Data at 298 K:

PKsi(AGCI) = 9.7; K AAg,CrO,) = 12

Formation constant of the complex [Ag(§H": b, = 102

Potentials against the standard hydrogen electrode:

Standard potential gkg*/Ag(s): E°(Ag*/Ag(s)) = 0.80V

Apparent potential oD,(aq)/HO (aq) (in seawaterE'(O,(aq)/HO (aq)) = 075V

Part A: Quotes from a chemistry lesson by Louis Joseph Gayussac

The following quotes from a chemistry lesson by Louis JosephlL@ssac (French chemist and
physicist, 17781850) deal with some properties of silver chloride.

Quote A: fi | wi || now tal k a bwhitetsolics It it easily obtaimet lmyaping e |, a n
hydrochloricacidint@n aqueous solution of silver nitrate.ad
QuoteB:AThi s salt has no taste since it is insolubl
QuoteC: AThi s compound i s compl etely insol ubl e i n

concentrated hydrochloric acid which dissolves i
QuoteD:iOn t he ot her hand, silver chloride is highl
QuoteE: A T h e n ,an make sitver chloride appear again by adding an acid which reacts with
ammoni a. o

QuoteF:Aal f you take a bowl made of silver to evapo
chloride, mixed withamibwh i t e sol i d. 0

1. Quote A: Write the balanced clmical equation of AgCI(s) synthesis.

2. Quote B: Calculate the solubilitys of AgCI(s) in water at 29& in mol L' ™.

Calculation:

s= mol L't

51st IChO T Theoretical Exam 19
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3. Quote C: In a highly concentrated solution of chloride ipres welldefined complexof
stoichiometry 1:2 is formed. On the following qualitative axis (with pCl increasing from left to
right), place in each domain the silvaontaining species that is predominant (or exists, for
solids). pCl values at frontiers are not expected.

"N EEEEER = EEEEEEE " E N EEEEEN
.
o

pCl = —log[CI—]

Quote D: When ammonia is added to silvehloride, a weldefined complexof stoichiometryn is
formed.

4. Write the balanced equation corresponding to the synthesis of the complex [Ag{Nkdm
silver chloride andtalculatethe corresponding equilibriugonstant.

Equation:

Calculation:

K=

If you could not calculate K, the following value
can be used in the rest of the problem: K 2810

5. Ammonia is added to Orhol of silver chloride in 1L of water until the last grain of solid
disappears. At this moment, [NH= 1.78mol L'*. Determine the stoichiometry of the complex
neglecting dilution effects.

Calculation:

51st IChO T Theoretical Exam 20
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6. Write the balanced chemical equation correspondirgutie E

7. Assuming thaseawater is slightly basic and rich in dioxygen, and thaersitvetal can reduce

dioxygen insuch conditionswrite a balanced chemical equation corresponding to the formation

of the solid mentioned iquote F.A stoichiometric coefficient of 1 will be chosen for dioxygen
Calculateits equilibrium constant at 298.

Equation:

Calculation:

Part B: The Mohr method

The Mohr method is based on the colorimetric titration fb§l Ag" in the presence of potassium
chromate (2K, CrQ” ). Three drops (9.5mL) of a K,CrO, solution at about 7.760° mol L'* are
added to Y= 20.00mL of a sodium chloride solution of unknown concentrattan This solution is
then titrated by silver nitrate (AgNO,') at Cag = 0.050mol L'*, which immediately leads to the
formation of solidA. A red precipitate (soli@) appears a/aq = 4.30mL.

8. Write the balanced equations of the two reactions occudiming the experimen€alculate the
corresponding equilibrium constants.

51st IChO T Theoretical Exam 21
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K°1 =

K°2 =

9. Identify the solids.

Solid A:

Solid B:

10. Calculate the unknown concentratid®, of chloride ions in the sodium chloride solution.

Calculation

Cal = mol L'?
If you could not calculat€, the value G = 0.010 molL"*
can be used in the rest of theoblem.
11. Calculate the minimal volumé/sg(min) for which AgCI(s) precipitates.
Calculation
Vag(min) = mL
22

51st IChO T Theoretical Exam
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12. Calculate the residual concentration [§Ls of chloride ions when silver chromate begins to
precipitate Justify why CrO,?"is a good titration endpoint indicator by comparing two values.

Calculation:

[Cl Jres= mol L *

CrO4? 'is agoodtitration endpoint indicator because:

51st IChO T Theoretical Exam 23
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Problem
T4
7%

Question 7 8 Total
Points 2 12 50
Score

Problem T4: From gunpowder to the discovery of iodine

In the 19 century, the French entrepreneur B. Courtois specialized in the production of Aitrate

(MA(NGOs),), used for gunpowder. Initially imported from Asia,was later produced from nitrai
(M(NOs),) using exchange reaction witbmpoundC, obtained from algae.

1. FEind the formulas of nitrate®\ and B knowing that they are anhydrous salts of alkaline or

alkalineearth metaljl » andMg). One of the nitrates ctains ho more than % of norrmetallic
impurities while the other contains 9 #8%6 of impurities. The content of metdi$, andMg in

the samples is 38.4 w% and 22.4 w% respectivBlypport your answer with calculations.

andB:

51st IChO T Theoretical Exam
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To obtainA, 262.2g of solid compoundC were added to the solution containing 44@.8f B. B is
known to be in exces#\s a result, 190.9 of white precipitateD were formed and removed by
filtration. The filtrate was evaporated, and tigained solid mixtur& was heated until the mass of
the sample (containing only nitrites, BiPwas constant. The only gaseous product was dioxygen:
60.48L at 0°C at 1atm (dioxygen can be considered as an ideal gas).

2. Calculate the composition (in w%df mixture E considering that it contained only compourds
andB and no other impurities, and thHatwas taken in pure anhydrous state.

w% of A: and of B:

51st IChO T Theoretical Exam 25
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3. Determine the formulas of compound€ and D and write the balanced reaction equation
betweerB andC.

C: andD:

Reaction betweeB andC:

51st IChO T Theoretical Exam 26
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In 1811, when working with algae ashes, Courtois observed that copper vessels were worn out faster
than usual. While he wastudying this phenomenon, his cat entered the laboratory and spilled the
solution of concentrated sulfuric acid on the dry algae ashes: violet vapors instantly came out of the
vessel {, sulfuric acid is the oxidizing agent): ioding)(had just been diswered! lodine was the

cause of the copper corrosi(®). However, because of the medicinal applications of iodine, Courtois
opened a new manufacture to produce it by reaction of algae with chi®rine (

Nowadays, iodine is prepared from the set of reast@O;', I', HY) (4) or (105, I', HY) (5).

4. Write balanced equations for reactidlis.

1

The solubility of iodine is very low in water but significantly increases when iodide ions are added.
Together they form ions such godide, k' :

I'(aqg) + k(aqg) = k' (aq) (6) _ _
Equilibrium (6) can be studied through the extraction,ofith dichloromethane. Indeed,dnd k' do
not dissolve in organic solvents bytdoes and, when extracted, it is 15 times more concentrated in
dichloromethane than in water.
The following experiment was performed. To prepare the initial solution, a few crystals of solid iodine
were dissolved in 50.0L of an aqueous solution of potassium iodide (0.1d)1Zhen, 50.0nL of
dichloromethane were adileand the mixture was vigorously shaken until equilibration. After phase
separation, each phase was titrated by 1&R{organic phase) and by 8.61. (aqueous phase) of
the standard aqueous solution of sodium thiosulphate pentahydrate (1gi@0BO® L of solution
in the presence of starch. The process is schematically represented below:

- dd
82032 a
2 4 starch 6 titration
until near \urltil end
phase endpoint 8
+CH,CI i aq
initial 2Ll2 separation
solution
org 9
S,04% add
3 ) sare 7 titration
until near until end
endpoint
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9 ( ‘| [ S S| [ S 7 g| [ < 7
Blue Dark Brown Yellowish Yello- CLess
Brown L Pink J Blue ka purpls Dk Purple CLess LPink J wish LCLGSS )

a b c d e f g h i

CLess = coulourless Dk = dark

5. FEind the correspondence between the stages on the schiéB)ea(d the schematic pictures
representing thena(i).

Stages Picture
1

O N OB lWDN

6. Write balanced equations for the two possible chemical reactions in the aqueous phase during the
titration involving iodine species and sodium thiosulphate.

7. Calculatethe mass of iodine used to prepare the initial solution.
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m(l,) = g

8. Calculatethe equilibrium constari® for equilibrium of reactiong).

KO
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Problem Question 1 2 3 4 5 6 7 8 9 | 10| 11 | 12 | Total
T5 Points 3 4 4 2 5 5 4 3 5 2 2 2 41
8% Score

Problem T5: Azobenzene i b-cyclodextrin complexes for
the formation of nanomachines
Nanomachines are molecular assemblies that enable the transformation of an energy source into a

nanoemovement for applications such as drug delivery. Numerous nanomachines make use of the
isomerization of azo compoundsif®= NT R6) wupon irradiation.

1. Draw the stereocisomers of azobenzehkQgl N=Ni C¢Hs) and draw a line between the two
carbon atoms that are the furthest agaosmpare these two distancesg.sandd.s).

trans cis
Comparison Chrans Ceis
NH,
COOH
/ \\N N \ N O
HOOC COOH
M
\
N
P Q

Fig. 17 Possible reactants for the synthesisvbf

2. M can be synthesized in two steps from simpiactants (Fig. 1)Chooseamong the suggested
reactants | to Q) the ones that can providé with very highregioselectivity. Sodiunmitrite
(NaNG,) in cold aqueous hydrochloric acid is used as reagent for the first step of the synthesis.
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Reactants: and

Determination of the association constant K;

b-cyclodextrin C, Fig. 2) is a cyclic heptamer of glucose, which can form inclusion complexes
with azo compounds. In tasks 3 to 6, we will determine by spectroscopy the association égnstant
corresponding tthe formation of the inclusion complex GMsas depicted in Fig. 2.

\ K
Oy K N
/ NQ \

HOOC

C Mtrans CMtranS

Fig. 27 Formation of theCM y4ns inclusion complex.

Several solutions are prepared by mixi6gand M.ns in different proportions to reach initial
concentrations@]o and M yans]o. While [Myans]o is identical for all solutions,(], varies. We follow,

at a fixed wavelength, the evolution of the difference in absorbBAdeetween the absorbance of
each solutiorand the purév..s solution. We note the molar absorption coefficientf,,s and

M yans; @mirans @nd Uhwans  respectively L is the path length of the beam through the sample. The
absorbance of (&) is negligible.

3. DemonstratethatoA= a [CM yans] andexpressUin terms of known constant(s).

Demonstration:
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4. Demonstrate that, whenC is in largeexcess with respect M ans (i.€. [Clo >> [Myans]o), the
concentration o€ may be considered as consta@f ¢ [Co.

Demonstration

5. Demonstrate that, whenC is in large excess with respect kyans (i.€. [Clo >> [Muyanslo)s
o | O%andexgressbin terms of constant(s) and initial concentratipn(s

Demonstration:
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6. DetermineK; using the following experimental curve (Fig. 3).

20

‘ ‘ - | - p ,,,/,, -
‘ ‘ - P ,,.,‘,,,, P
2 ‘ ,, et s -

10 | -

1/AA

, TNY (100, 4.2)

T T T
600 800 1000

1/[C], (L/mol)
Fig. 31 Evolution of YA as a function of 1¢f] ,.

T T
0 200 400

Calculations:
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Determination of the association constant K

In tasks 7 to 9, we will determine by kinetic studies the association coRgtaatrresponding téhe
formation of the inclusion complex withl s CMs. A sample containing onlil.,s is irradiated,

thus producing a known amount bf s, [Mgo. M¢s (free or within the inclusion complex) then
thermally isomerizes intM.ns. In the absence o, the isomerization follows a first order kinetics
with a rate constark;. All complexation equilibria are faster than the isomerization processes. The
kinetic scheme corresponding to this experimemptravided in Fig. 4.

\
O &
. / \N : N\
- (
C

COOH
M CMjs
KC
C+ Mcis - = Cl\/Icis
kl r’(z
Ky
C+ Mtrans - CMtrans

Fig. 41 Kinetic scheme for the isomerization\d§;s in the presence .

The rate of disappearancéor the total amount d¥1 s (free and complexed) is defined as
r= kl[M cis] + kZ[CM cis]

Experimentallyy follows an apparent first order kinetic law with an apparent rate corkgtant
r= kobi[Mcis] + [CM cis])

7. Demonstratethat™Q 2 ,,/;A andexpressaandtiin terms of known constant(s).

Demonstration:
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[l
1

9= and

8. Choose in which condition(s) the halffe ty, corresponding tok,,s can be expressed as

Oy — p U A given that C]o>> [Mso. Mathematicallyj ustify your answer.

Very slow isomerization dfl ¢s within cyclodextrin
Very slow isomerization of frell s

CMs very stable

CMans Very stable

Tt >

Demonstration:

9. Assuming the condition(s) in task 8 satisfiddtermine K. by a linear regression using the data
below. You may use a calculator or plot a graph.

[Clo (mol L' ti (S) [Clo (mol L' ty (S)
0 3.0 3.0-10° 5.9
1.0-10* 3.2 5.0-10° 7.7
5.0-10* 3.6 7.5-10° 9.9
1.0-10° 4.1 1.0-10° 12.6
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Equation othe linear regression:
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Formation of nanomachines
i i (00
N\ S g i o0

T 12)) C) ;0006 S
j:: L0© g & i

*7_, azobenzene (trans)

*) azobenzene (cis) O:O

Fi giCleavage of an azobenzene g cycltigdeeedt r i n
isomerization, which allows delivery ofdge(greycircles).

Anotherazobenzeneompound(for which K. << Ky), initially in the transform, is covalently grafted

on silica (Fig. 5). The silica pores are filled with a dye (rhodamine B, grey circles in Fig. 5). Upon
addition ofC, an inclusion complex is formed, which blodke pores and prevents the release of the
dye.

10. Choosethe most appropriate condition (one choice only) so that the pores are initially blocked in
the presence df, and the dye can be released upon irradiation.

Ki>>1
Ki>>1andK;<< 1
Ki/ Kc<<1
Ki>>1andK;>> 1
Ke<<1

1

This azobenzensilica powder loaded with a dye is placed in the corner of a cuvette (Fig. 6) so that
the powder cannot move into solution. The powder is irradiated at a wavelendih trigger the
release of the dye from the pores (Fig. 5). To monitor this releasdsorbance spectroscopy we
measure the absorbance of the solution at waveleagth

270 nm 330 nm 550 nm

| J‘

=
e | (e
hv §
1 veseee,
4&‘ 00 T T T T—rhasy T T \
250 300 350 400 450 500 550 600 650
A (nm)

Fig. 61 Left: experimental setup used to monitor the release of theidie; absorption spectra of
trans-azobenzene (full line), eazobenzene (dotted line) and rhodamine B (dashed line).

11. Determine a.

or= nm
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12. Determine a.

= nm
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Problem Question 1 2 3 4 5 6 7 8 9 | Total
T6 Points 4 | 4|5 |3 |10]2]9]|6]5 48
8% Score

Problem T6: Characterization of a block-copolymer

Block-copolymers, obtained by linking different polymers (blockeve unique properties, such as
the ability to seHassemble. In this problem, thsynthesis andcharacterization of such a
macromolecul@restudied.

Study of the first block

o)
H2N/\’< \/>OCH3
n
1

In this first part, we will study the water soluble homopolymer 1 ( dthethoxy¥-
aminopolyethyleneglycol).
The'H NMR spectrum ofl (DMSO-ds, 60 °C, 500MHz) includes the following signals:

Index d (pp Peak Area
a 2.7 0.6
b 3.3 0.9
c 3.4 0.6
d ~3.5 1337

Table 1,*in thepresencef D,O, the signal at 2.ppm disappeats

1. Match theH NMR signals (a, b, c, d) from Tablendth each of the corresponding protons.

2. Expressthe average degree of polymerizatioas a function of the are&c.ns 0f the NMR peak
of the repeating unit and the ash3 of the NMR peak of the methyl end gro@alculate n.
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