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Problem1.But a di «lecgron system

1. But adi ene -plectsorse sses 4

2.

Anti-bonding

Anti-bonding
ot — il

% W Bonding
NI

Bonding

3. gEi=2E1+ 26,7 4U=4.48b

4, qEc=2F1+ 25,7 2x2(U+b)=0.480<0
Correct statemenButadiene

5. 1==03=g@=0etq:=q4=0

6. 112=0.8943

l23=0.4473

l34=0.8943

Strongest doubleond character: bondsC; and GCa.
2 NN HC Ay *HZC\/\CHz_
8.
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9. ci2=cC13=Cc14=0.5
C2=C24=0; C23=10.707
C31=C33=0; c34=10.707
Ca2=0C44=170.5;c43=0.5

10.qE:0= 2E1 + 26,7 4U=4D 5
qEO=2E:1+2E,12x2 (U + b) = 0
Correct answeBoth are equally stable

11. gqE+ (butadienek qE:Gcyclobutadiene)
Correct statemenButadiene

12.Correct statements
This deformation stabilizes C=C double bon@fortening of the double bonds, stronger
overlap of the2p; orbitals)
This deformation does not affect the stability due to electromigugation (qE.0= 0 so
there was no stabilization due to delocalization in the square geometry. Hence, localizing
the double bonds does notedt the electronic conjugation)

13. Correct statement
More stable thathesquare cyclobutadiene

Problem 2. Localization and delocalization in benzene

=

3 CGH2 = GsHe

© (K1)
g,

4. E=2

5. Exi=3x2t=6t

D

7. EK2: EK1: 6t

6.
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9. Usingci?+c?=1,
&) P
HenceO O 0O O o ¢ p O

10.Ex(H12=0) = (1T &?) Exz + ¢1? Exa
DE;=T7ti 6t=t

11.t < 0, soDE; < 0: electronic delocatiation contributsto stabilizethe benzene molecule.

12.Seeanswer 13.

13.

x 1 H

14.Emo=2x2+4t=8tandDE;= (2 x 2+ 4t)T 6t = 2
15.Sincet< 0,DE2 = 2t <t=DE;

16. Correct answelgaHp’| < 3 |JgaH|

Problem 3. Study of liquid benzene hydrogenation

1. 6 C(graphite) + Hz(g) = GHs(l)
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_ rHACsH,(1))
6 C(graphite) + 3 Hx(g) » CgHg(D)
; . T i Cp/apH'é(CGHG)
6 gpupHA9sk (C(graphite))
+3 DAH,(9)) |
6 C(g) + 6 H(g) >
i ogHACIH)1 3gyHACIC) " "9
T CQHA'(C:C) H

aaH(CeHe( | ) ) sut¥°(C(Graphite)) + B°(Hx(g)) i 6 al°(C-H) 3 al°(C-C)
3 al°(C=C) amapH*(CeHe(l))

aaH°(CeHs(l)) = 6 % 716.7 + 3x 436.0i 6x 414.8 3 x 346.9i 3 x 614.5i 33.9
aaH°(CeHe(l)) = 201.3kJI moli.

3. a@aH°(CeHs( | ) )comH°(Chgeaphite))i 3 a@mH°(H2(9)) T a@omH®(CeHs(l))
aaH°(CoHe(l)) = 16 x 393.51 3 x 285.6 + 3268.0
a@H°(CeHs(l)) = 50.2kIJmol't

4, Eresonance: 50.27 201.3 =i 151.1kJ m0|'|.1
Correct statement:
The methodiused at question @es not take intaccount the nature of bondskienzene.

5. CsHe(l) + 3H2(g) = GHa2(l)
aeH°(hydrogenation) ¥ aaH°(CeHe(l)) T 3 l°(H2( g ) YH°(@sH128))
a@H° =750.2i 3x 0.07 156.4 = 206.6kJmol'?

6. eeH°(hydrogenation) = X 112.17 119.7 = 206.6
x = 25.2kJ mol'?

7. Correct statement:
The breaking of benzers@omaticity

2 H2 @ @
2H © O ‘ Eres = 7.6 kJ mol?

119.7 + 112.1 kJ mol*

2T 119.7 kJ mol?
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- OO
Too o=

206.6 kJ mol !

37 119,7 kJ mol?

OO0

Problem 4. Use of dihydrogen: fuel cells

1. Atthe anode: Hx(g)=2H'(ag)+2¢&
At the cathode: 1/20.(g) + 2 H'(aq) + 2 & = HO(l)
Global reaction: Hz(g) + 1/202(g) = HO(l)

N

U = E°(O2(g)/H20(1)) i E°(H*(aq)/F(g)) =1.23V

3. The temperature and the pressure of the system are fixed. Hence, the maximum energy that
can be recovered from a system is computed from Gibbs free energy.
®RomtG°208k(H2(Q)) =TnF U =72 x 96485x 1.23 = 237 kJmol'*

4. E being the energy to be produced:

n(H2A9) = y—— =3.0-1¢ mol

V= =8 8 =75md

RombHAask (H2(9))
H»(g) (298 K) + 1/2 O5(g) (298 K) H20y (298 K)

RHAgsk(H20(9)) CA(H,0) T (2981 373)

HZO(g) (298 K) HZO(g) (373 K) H20(|) (373 K)
CA(H20(9)) T (3731 298) T QRapHA73K(H20)

a&®omtH 208k(H2( g ) ) tHsssx(Ha®(g)) + C°™2°@ ( 37 3 &2pt9°&3)k(H20)
C°pH200) (298 373)

aomiH 208k(H2(Q)) = 241.8 + 33.610 3 x (3737 298) 40.66 + 75.310 3 x (29871 373)
&omH 208k(H2(g)) = 286kJ mol 1

+

Thus, the thermodynami@eeiency of the dihydrogen fuel cell is:

‘ = s =—=0.83
J

e

<
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6. &omfG°208(H2( g ) komd+'208@H2(Q)) TeRombS’208K(H2(g)) with T =298 K

&RombS 208k(H2(Q)) = z ! d J =

®ombS’208k(H2(g)) = 164 Jmol K 1

7. The difference between the stoichiometric coefficients of the gaseous compounds in the
balanced chemical equation for the reaction is:
01 (1+1/2)=3/12<0
This is consistent with a decrease of the disorder.

8. in methanol: os@C) =1l
in COp: OSC) = +IV

9. Atthe anode: CHsOH(l) + H:O(l) = COx(g) + 6 H(aq) + 6 &
At the cathode: 3/2 Ox(g) + 6 H(aq) + 6 &= 3 HO(l)
Global reaction: CH3OH(l) + 3/2 Q(g) = CO(g) + 2H20(I)

10. &omiG°208K(CHsOH()) =  NF [E°(Ox(g)Hz0(1)) E°(CH:OH()/CO2(g))]
RomdG°208k(CH3OH()) = 6x96485% ( 1 . P.33)
aRomiG°208k(CH3OH(I)) = 695kJmol't

&RomH 208k(CH3OH(I)) = a8H°208k(CH3O H ( | )tH°20s€COgE g ) ) tH Hosk(l228K]1))
a@H°208k(H20(1)) = aomH 208k(H2(g)) = 286kJImol  (question 5). Hence:

&omH 208k(CH3OH(I)) = ( 239) + (394) + 2x ( 286)

aRombH208«(CH3O H ( | )737kJmol'!

I —=0.96
11.¢ g - =1.04-16 mol
V= = 4.2-10 mL < V(gaseous dihydrogen)

8

12.E being the energy to be produced:

¢ g - = 3.04-10* mol

8 8

P= =1.810° Pa

Problem 5. Hydrogen storage

1. 0m &Y — -—
” 8

— - T kgm'3

2. Correct statements:
16K, 25K

3. Usingthe ClausiusClapeyron relatiomnd the boiling point under a pressure atrhx

= I — sob 4 0 Agb— —

8
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RagHm = 448.6%J kg'?, sothatagapH® = 897.38J mol'?

Prrix=p8t p TA @B~ — — =0.380MPa=3.75atm

4. Dehydrogenated comple¥/(COX(P(Prk).=WC210sP;Hs2 M =588.4 gmol'?

5.
6.

518t IChO T Preparatory problems i Solutions

Each complexan storenemolecule of dihydrogerin 1 kg of dihydrogen, there a&00

mol of dihydrogenHence m=2%.2 kg of dehydrogenatedomplexare needetb store
1 kg of dihydrogen.

Once bound to kg of Hp, the complex thus weighmaubas= 295.2kg

hence ” 6.6-10° kg(H2) m'3

[Xe] (692(4f)*4(5d)* so6 valence electrons (4f layer is full)

V4 V4 Z
y y y
X X X
S d22 dyz
Z V4 Z
y y y
X X X
dXZ dxy dxz_yz
A E A E
| @
o .
/r o) (H 2) \\
7 Y
/ N
s N
4 A
// \\\
1s —$( }— 1s
\
AN K
\ 7
\ 7
\\ ’l
\ 7
\ ’
AN S
\ ’
AN K
o(H,)
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8. xz and yz planes

yZ%

QPLP

CcO

OoC—Ww

(iPr) 4P

9. An orbital is symmetriovith respect t@ symmetry element if remains the same&hen the
symmetry operatiorns applied An orbital is antisymmetrievith respect to a symmetry
element ifit changes tats oppositewhen the symmetry operation is appliddhe results
are gatheredh the diagram below

10.As a general rule, interactions between two orbitals implying two electrons with the same
symmetry lead to a stabilization inversely proportional to the difference of energy between
the two orbitals. On the contrary, an interactionwieen two orbitals implying four
electrons destabilizes the complex. Two orbitals have the same symmetry if all the
symmetry elements are the same for each of the fragments. Moreover, all valence electrons
have to be considered for tungsten to fill therkitals. Thus, 6 electrons for the metallic
core and 2 electrons for hydrogen molecules are considered. One has to use Aufbau and
Pauli principlesThe result is depicted on the diagram below.

11.For all conformationsg,> andds.y- interacts withliH>.
For conformation (1), onlyk; interacts with* Ho.
For conformation (2), onlg interacts withd* H..

AE E 4

Cd

o*H)| S A AS

Xy yz

S S |dx?-y?)—
S S dz2
S A dxz

A S dyz j,i
A A axy 4+

4 | ss S S
o(H,)

In conformation (1){1* is SA (symmetric for xz plane and antisymmetric for yz plane) and
in conformation (2)0* is AS. So in conformation (1)J* interacts withdy; (same symmetry
SA), while in conformation (2)t interacs with dyz. In conformation (1), the energies of the
two interacting parts are the closest, thus leading to an enhanced stabilization.
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12.” —

" — 28 —530kgm?

The hydrogen ensity is highem formic acid than for higlpressure (500ars) dihydrogen
(31 kg m 3) but lower than for iyogenic liquid hydrogen (70.8&g m 3). If one can extract
efficiently H, molecule from formic acid, it constitutes a good alteweato pureH:
storage.
13.

yo ' Yo’
a@H° =1 (1 425.09)+ (1 393.51)+ 0= 31.58kJ mol *

S'/ “\) , “Yﬁ J
&S =7 (131.89 +213.79+ 130.68=212.63IJmol 1K !

14.20G°(T) = gH° 1 T-S°
G°(T) = 31.58i 0.213x 293 = 30.8kJ mol 1
J

o) AT
So:K°=3.1-16
15.¢ E 5 —
. 8 8 88  _
€ 5 5 = 0.04mol
HCOOH() CO2(9) H2(9)
Initial € € £ .
Intermediate & , £ ., € n
Final 0 E . & € n £
£ =
0
€ FEoE —88 T3t umol
Due to its high equilibrium constarthe reaction can be considered as tatatle
¢ Tl T,lso atequilibriunt & & ¢ i

16.LaNisHe: j1=118kgm 3
Mg2NiH4: Jn=95kgm 3

171 - — - -
Fromthe slope of the curge
11 ol

0 Y
We find:

LaNisHe: Qags= 31.9 kdmol *
Mg2NiH4: Qags= 83.0 kdmol *
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Problem 6. Deacidification and desulfurization of natural
gas

1. CiHon2+ NH2O0=nCO + (21+1) H

2. qH° = 205.9kJmol ; S’ = 214.7JK *mol }; @G° = 46kImol * = RTIn(K°) then
°=112

3. pH>7: HCOs; and CQ@? can be encountered in solution
(i) with amine:

A+CO2+ H:O=AH"+ HCO; 107-°
A+ HS=HS + AH" 10%°
(ii) with NaOH:

if, for kinetic reasons, C£and/or BHS donotreact with the amine:
CO;+2HO =COs2 +H,0 (HO inexcess) 1043

H2S + 2 HO =S? + H.0 (idem) 1080
in all cases:
CHsSH + HO = CHsS + H.O 1037

4. With MEA, case (i) of question 5:
HCQOs : m; HS: n; MEA: no (M + n2); MEAH™: n1 + np

5. CHsSH

6. A1F1, titration by H first:
Veq= 24mL hence24mmol =no (N1 + ny)
so:n1+ Nz = 26 mmol

AlF2:
betweerlVi andV, (4 mL): titration of CHS (ng) Y nz=4mmol

7. A2F1, titration by H first:
Veg=36mL so36mmol =np ni (i =1 ori = 2)
so:n; = 14mmol

8. Two possibilities:
- at halfequivalenceof last step of A2F2pH = 6.4 Hencegas 2 contains COso BS
has reacted.
ny = 12mmol etnz = 14mmol
- more complete, considering both hypotheses:

COxi H2ST CHsS Gasl COxi H2ST CH3S
CO2 has reacted with MDEA hypothesis H2Shas reacted with MDEA
MDEA T MDEAH"T HCGs F1 MDEA i MDEAH" 1 HS
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CHsSH (4mmol) 1 HS (12mmol) Gas 2 CH3SH (4mmol)i CO; (12 mmol)
HO (22mmol)T CHsS (4 mmol) 2 HO (22mmol)T CHsS (4 mmol)
S? (12mmol) COs2 (12mmol)
pKa=14.0; 13.0; 10.3; 7.0 v pKa= 14.0; 10.3; 10.3; 6.4
S0 VeqShould be 34 387 50mL ed S0Veqshould be 22 387 50 mL
validity
22 mL is lackingY false of the 22 mL is presentY true
hypothesis

Problem 7. Lavoisierd &xperiment

1.

2.

3.

4.

5.

Correct statemenfl00JK'! mol ?

SinceHg:0 is a solid, itsSm° should be smaller than thaftgases like @(200J Kt mol?).
In addition, the standard molar entropy of a compound card & bmol ! onlyin a perfect
crystalline state at B, which is not the case here (2R3

HgO formation: Hg(l) + 1/20(g) = HgQ(s)
Hg.O formation: 2 Hg(l) + 1/2 Ox(g) = Hg20(s)

a) HgO (red)

Calculation:

@HA  #H°(ldgO(s)) = 90kImol 1 ( b e ¢ aHPHIg)) qi)kJ mol 1)
@S’ = S’m(HgO(s))i Sm(Hg(1)) i 1/2 S°m(O2(g)) = 105IK *mol *
MGA H° @ 98 ,Sf= §8.7-10% Inol .

K= e xB%(RT)®1.95-16°

b) HgO (yellow)

Calculation:

@HA  fH°(ldgO(s)) = 87 kmol *

@S’ = S’m(HgO(s))1 S’m(Hg(l)) I 1/2S°m(O2(g)) = 105 JK 1mol?
@GA #H° 2 98 St= §5.7-103 mol ?

K° =5.83-10

c) HpO

Calculation:

@HA  #H°(idoO(s)) = 90kImol *

NS = Sm(Hg0(8))T 2 xS’ m(Hg(1)) T 1/2 S’m(02(g)) = 150JK mol !
@GA H° 2 98 (ST= 45.3-103 Jmol ?

Ke =8.7210’

HgO (red): Hg(NOs)2(s) = HgO(s) + 2 NQ(g) + O(9)
HgO (yellow): Hg?*(aq) + 2 HO(aq)= HgO(s) + HO(l)

n(Hg,i) =122/ 200.6 = 6.08-1G mol

At 25°C, Vm = 24 Lmol 1 so 0.80L of air corresponds to 0.03380l of gas molecules.
O2 constitutes 20% of air, so:

n(O2) = 0.0333x 0.20 = 6.710 * mol

The reaction is quantitative and @ the limiting reagent therefoBax = 6.7-10 3 mol.
n(Hg) =n(Hg,i) 7 2 3max=6.081017 (2x6.7-10 %) =5.9510 * mol
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6.

7.

n(O2) = 0mol (limiting)
N(HgO) = 23max= 1.310 2 mol

M(HgO) = 200.6 + 16.0 = 216@mol !
m(HgO) =n(HgO) xM(HgO) = 2.8g

Correct statement®he yield is nomaximum.

Relative difference: (2.8 2.3) / 2.8 = 18%, which is a rather high discrepaheyoisier

did not reach the maximum yield (maybe for kinetic reasons?).

The other stateents are not satisfactory as they would explain an apparent yield higher
thanexpected.

Problem 8. Which wine is it? Blind tasting challenge

1.

Half-reactions

CsH1206(S) + 12 H(aq) + 12 &= 3 GHsO(l) + 3 HO (1)
C2oHsO(l) + 3 HO(l) =2 COy(g) + 12H*(aq) + 12 &

Hence:

CeH1206(S) = 2 GHeO(l) + 2 CQ(Q)

No, this reaction does not require the presence of dioxygen.

qH°(298K) = 2 qaH°(C2HesO(l)) + 2 pH°(CO2(g)) T cpH°(CsH1206(S))
=167.0kJ mol?

RS’ (298K) = 2 Sm(CoHeO(l)) + 2S°m (COx(Q))T S’m (CeH1206(S))
=536.5JmofK !

PG°(298K) = pH°(298K) i T pS°(298K) =1 226.9kJ mol*

Yes this reaction generates heat becapsg < 0.

CeH1206(s) + 6 Q(g) = 6 CQ(g) + 6 HO(l)
Yes this reaction requires the presence of dioxygen.

Half-readions:

(1) GHsO(l) + H20 (1) = GH4O(l) + 4 H*(aq) +4 €

(2) Cr,07% (aq) + 14 H(aq) + 6 &= 2 CP*(aq) + 7 HO(l)

Hence:

2%x(2) +3x%(1):

2 Cr,077 (aq) + 3 GHeO(l) + 16 H(aq) = 4 C#*(aq) + 3 GH4O2(l) + 11 HO(l)

PG°(Cr:07/Cr*") =1 6FE°(Cr.077 /Cr*Y)

RG°(CaH402/CoHe0) =1 4FE°(C2H402/CoH60)

HenceqG® = 12F(E°(CoH402/CoHs0) i E°(Cr072 /CrPY)) =1 RTINK®

AndKe = 1073

K° >> 1,so the reaction can be used to determine the concentration of alcohol in wine.

pH =i log[H30"] = ilog(c(H2SQ)) = 1

At the equivalence poinh(HzO") = no(H30") i 8Vo X[Cr207%] =1-1027 8 x 1.00-10* x
5.10°%=6-10° mol.

Hence pH =Tlog[Hz0"] = 1.3 takinginto account the dilution.

No, because the pH does not change significantly along the reaction course.
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8. At the equivalence point , l.e.

Wherec(C2HsO) is the concentration of alcohol in the diluted wine.
c(C2He0) =0.05mol L ! so the concatration of ethanol inthe nonrdiluted wine is
2.5molL 1.

In terms of mass concentratiani(C2HsO) = ¢(C2HsO) x M(C2HgO) = 115g L ..
Thepercentage ddlcohol per volume of this winis thus

P — p MALL.6%
Wine X isthusa Chateauneuf du Pape.

Problem 9. Nitrophenols: synthesis and physical properties
1.

7\

/
S0,
Cle. @E — L
TN NO; NO, NO, NO,

O

N7 Wheland intermediate

.y
Cpn = O
= NOZ

®H

2. 2,6dinitrophenol, 2,4initrophenol, 2,4@rinitrophenol are possible products due to
polynitration. 3nitrophenol is also a possible sigeduct but it is not favored because the
corresponding Wheland intermediate is less stable.

3. A: 2-nitrophenol, B: 4-nitrophenol
The easiesassignments for the 4nitrophenolB. Indeed, due to the symmetry of the
molecule, ifpresents two doublets with an integration of 2 protonasbmrthe shifts, we
have to keep in mind that the OH group is an eledtnoathg group and increases the
density in ortho position, which explains a lowéift. On the contrary, N&is an electron
withdrawing group, which explains a higtsdift.
For A, the hydrogens will all have a differeshift. The two singles correspond to
hydrogens in ortho position of O&hdNO- groups. Thassignmentan be explained using
the same argument as before. Other protons areasssgnedising the electronic effects
too. In para position of the OH (NDgroup, the density is more (less) impoitt, which
decreases (increases) IR displacement of the corresponding proton.

8.1 ppm
I 8.1 ppm -, -
(H NO, PP /A H\ 0 ppm
7:0ppm /g, el%) O,N: @ \GH) 11.1 ppm
106ppm Y .‘
7.6 ppm G) HO
7.2 ppm
B

4. Correct answer
Intermolecular hydrogen bonds
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B can develogydrogen bonslwith watermoleculeswhich increases its solubility, while
A develops more intramolecular hydrogen bonds.

5. Correct statements
A has ahigherretardation factorR) thanB on the TLC because:
A develops an intramolecular hydrogen bond.
B develops intermolecular hydrogen bonds with the silica.
Due toits intramolecuar hydrogen bond, the-@itrophenolexhibitsa higher migration
becausefewer interactionsare developedvith the silica.On the contraryB develos
hydrogen bonds with the silica arsdetained.

6. Correct answer
Yellow
At pH=7, the absorbance in thésible light is important around 39tn, which
corresponds to purple. The complementary color is yellow.

7. Correct answer
4-nitrophenolhas a shorter absorption wavelentitan its conjugatethasebecause its
conjugation is less important.

8. Assignment oBpectra on figure:
12 ——— 100
N -
4-nitrophenefate

RS . 4-nitrophenol

arejouaydoaiu-7 pue
jouaydoaniu-¥ Jo o4

0 0.02 0.04 0.06 0.08 0.1 0.12
V (mL)

9. pH=pKawhen[acid] = [basis]. Using the figurabove we find Ka= 7.2

10. Correct answers
UV-Visible spectroscopy, NMRsonductometry

Problem 10. French stone flower

1. Todetermineghe stoichiometrpf crystallized watey, the molamassof laumontite needs
first to be calculated

"= ande — —ie.d —then:

L7 0 ool QT co

U 5 Txa ||

In dry air the crystallized watés removed: we can then deduteorresponds t&5.3%o0f
the total masasafurther heat treatmeioes not makéhe mas®f the sample vary
15.3% corresponds to gmol * and thery = 72/18 = 4.
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According to the laumontite formula, tmsimbercorresponds also to the stoichiometdfy
theoxideA.

2. The mass of the residue can be calculateteadifference omasses of the crucible before
and after the calcination. A mass@255g is obtained: itorrespond$o a molar mass for
the binary compound of 4700.255/ 0.500 = 240y mol ..

This binary compound is either the oxiéleor B.

Knowing thaty = 4 we obtairVia = 60 g mol * whichis univocally SiQ (ScO and C@are
not relevant the addition of HCI yielded &i0,-nH2O precipitate which ldsits water
moleculesduringcalcination.

Thehypothesighat precipitate i8 with possible values &f=1, 2, 3, 5etc does not lead
to satisying results.

Theunknown part (CaQ(B). still needs to be elucidated. it®larmass can be calculated
as:Mcaox@®)z = (470 72 240 =158gmol L. It can then be deduced that traueof x
camot ex@ed2. If x =2, B, has a molar masd = 46 g mol %, which is not possible, since
thereis no oxidewith this molarmass So,x = 1 andthe molar massf B; is 1@ g mol 1.
Forz=1, we findB = Al Oa.

3. Fromthe qualitative datgformation of a FeSCHN red complex)we can deduce th& is
Fe (Fé* when oxidizedand Fé*in the crystal.

4. Fe**(aq)+ SCN (aq)= Fe(SCNj*(aq)
Fe**(aq)+ 3 NHs(aq) + 3H20(I) = FgOH)s(s) + 3 NH4*(aq)
2 Fe(OHY)(s) + 6 H(aq) + Zn(s) = 2 F&(aq) + Zrt*(aq) + 6 HO(l)
Fe*'(aq)+ Ce*(ag)= Ce*(aq)+ Fe'*(aq)
(severalanswers anchotations are acceptable)

5. Using the titration reaction Fgaq)+ Ce*(aq)= Ce*(aq)+ Fe*(aq)we find that:
n(Fe**) =5.1510 3x 2.0010 3= 1.0310 ® mol in the titraed solution and thus
n(Fe**) = 1.0310 °x 100.0/20.0= 5.1510 ° mol in the initial solutiorwhich corresponds
to n(FeY) =5.1510°mol in 0.500g of the solid. In 0.500g of the pure crystal,
n(C&*) = 0.500/ 471=1.0610 3 mol, sothe molar percentagsf the impuritycompared
to calciumis 5.1510°/ 1.06 10 3 = 4.86%.

6. The titration reaction i€&*(aq)+ C&*'(aq)= Ce*(aq)+ Fe*(aq) Then,atthe equivaleoe
point, Fe* and C&** have been introduceah iequivalent quantities. When the reaction
occurs, equal quantities &+ and Ceé** are consumed and equal quantitieg et and
Ce** are produced. Thus, at equilibrium, the following relationships can be written:
[FE'] = [C&] and [Fe'] = [Ce™.

At equilibrium, the potentiake p. of the solution can be expressed as a function of each of
the redox couples:

, , YY . &A ‘ YY . #A
Ogg QAW&AT&A T)l '&—A Q# A A T)l e
The combination of these two expressions leads to:
P YY . &A ?( # A

D D i !Y"
Ogs c Q& AT&A - | Q# AT A -5

& A
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Q& AT&A Q# AT A E'i"?(A&A # A
C

88 q 0O  &A #A
Q& A7T8 A Q# AT A
C
then:
' ™ o P8t w R
Ogs < T YO O

Note such a formula WILL NOT bexpected to be known by heart for the competition
exam but the simple use of Nernst equation as it is demonstrated here could be required.

7. According to the value of the potential at the equivalence point Y0/&CE), we can use

the following indicatorghat exhibitthe standard potentiahe closesto this value 5,6-
dimethyl,10-phenanthrolin@nd4-ethoxychrysoidine hydrochloride.

CH3COCI
PhCH, — HSCOC@ +
AICI,
F G

COCH,

9. According to the values of the diameters given in the text of the problem, the pFoduct
seems to be smaller th@ F is then the main one that can be synthesizéalimonite.

Problem 11. The mineral of winners

1. Todeterminehe formula of pyromorphite, itwolarmassneeds first to be calculated

ande — —i.e.a —then:

. 0 OOd Q& A
) R poup I |
The ationA can badentified from the reaction with potassiuodide. Using the problem
data andhe molar masef the mineralthe number of moles of the mineral in soluteam
be calculated: irl.000g of solid, there isl/ 1356 = 7.3758L0 * mol of pyromorphite
1.224g of K, that is1.224/1 66 =7.37-10 * mol. Hence, he ratio betweeboth reagents
is 7.3710 4 x 5/7.37510 3 = 0.500andthe reaction between both reads:

A% +21 =Al;
The molar masef the precipitate is theh.700/ 3.68810 ° mol = 461g mol ! and we can
finally calculate the molar mass &f M(A) =461 (2 x M(I)) =207gmol 1. We can
deduceA = Pb.
To determineB: M(B) = 1356 5x 207 3x95=36gmol . ThereforeB = Cl andthe
formula of pyromorphite i®bs(PQu)sCl.

2. Pbk(s)+ 2l (aq)= Pblk? (aq)
3. M(C) =207/ 3.98 = 52g mol *. ThereforeC = Cr.

PIP*(aq)+ SQ2 (ag)= PbSQ (s)
Cr*(aq)+ 3NHs(aqg)+ 3 HO(l) = Cr(OH)(s) + 3NH4*(aq)
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Cr(OH)(s)+ 3H*(aqg)= Cr*(aq)+ 3 HxO()

2 Cr**(aq)+ 3 S0¢? (aqg)+ 7 H20(l) = Cr07 (ag)+ 6 SQ? (ag)+ 14H*(aq)
Cr,07 (aq)+ 6 Fe#*(aq) + 14H*(aq)= 2 Cr¥*(aq)+ 6 Fe**(aq) + 7 H2O(l)

5 Fe*(ag)+ MnOs (aqg)+ 8 H*(aq)= Mn?*(aq)+ 5 Fe**(aq)+ 4 H20(l)
(several notations are acceptable)

4. The methodlescribed here is a batiitation. Indeed, aftethefollowing reaction
Cr.07 (aq)+ 6 Fe*(aq)+ 14H*(aq) 2 Cr¥*(aq)+ 6 Fe*(aq) + 7 H20(I)
theexcess irorfll) is titrated bya soldion of potassium permanganate:
5 F&*(aq)+ MnOy (ag)+ 8 H*(aq)= Mn?*(aq) + 5 Fe¥*(aq) + 4 H20(l)
According to the last reaction, the amount of iron titrated by potassium permanganate:
Nexces{FE’) = 5x ¢(MNnO4 ) X V(MnO4 ) = 7.08-10* mol
We can then deduce that, in the 10.0 mL aliquif,0103x 0.100 7.0810% =
2.92.10 * mol of F&* reacted with GO . In the aliquot:
ma(Cr) = (2.9210 4 x 2 x M(Cr))/ 6 = 5.1mg
For 1.00g of the mineral, we find them(Cr) =ma(Cr) x Vyoi11. / Va. = 51 mg
Hence, he weight content of chromium in the mineral is&dgo: 0.057 1.00 = 5.1 w.%

5. 5F&*(aq)+ MnOs (ag)+ 8 H(aq)= Mn?*(aq) + 5 Fe¥*(aq)+ 4 H20(l)
@G® = 5x FE°(MnO4 /IMn?*) 5 x ( FE°(FE*/Fe))
Ke° = exp( pG° / RT) = exp( 5F(E°(FE*'/Fe") E°(MnQO4 /IMNn?Y)) / RT)) = 3.8-162

6. 2Mn?*(aq)+ 5S05? (aq)+ 8 H20(l) = 2MnO 4 (aqg)+ 10 SQ:2 (aqg)+ 16 H*(aq)
Mn?* is oxidized only after the complete oxidation of Tr(E°(MnQOs /Mn?") >
E°(C(+m)/C(+n))).
Thesolution will then turn pink.

7. Correctanswer
FeSQ is not stable and get quickly oxidized by the oxygen in the air.
4 Fe*(aq)+ Ox(aq)+ 4H*(aq) = 4 Fe*(aq) + 2 H20(I)

Problem 12. Reaction progress kinetics
1. r=k[2][5]
2. [Alor=[4] +[5]

3. Steady state approximation fairk 1[5] + k2[2][5] = ki[1][4]

Q1 p
'O M
With resut from question 3, one obtains B
Q1 p Qu p

) 0 0 C £9) 0 q
This allows writing _ .
Qp QO Q¢ Qt p

"7 ac T 0c
Finally using result from question 2 one obtains:
QQp gt

' 'O qp Qc
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4. Repl ace [2] in the advodle 2mdathenr dlyafildn +i

NMQp p c¢cABAAOOe
T 0p Qp QABAADLOE

It is easy to show that o
w QQ
P wp Q© MQp Qp QecABAAOOc

5. The rate of the reaction is expressedad / V x (dn/ dt) where ahis the amount of matter
that has been transformed in the reaction with molar Bdatduring the time t
Consequentlythe heat flow during timetds dq = dnDH =DH Vr dt.

6. Correct answerExperiment Abecause the initial concentration in reactant was higher.

7. Correct answerExperiment Abecause if more product has been formed, ilisaghat
more catalyst turnovers have been achieved.

8. Correct answefTrue because in the case of product inhibition, the formation of the product
would hamper the reaction and thus the more product the less efficient the reaction.

9. Correct answerTrue beause catalyst deactivation is occurring with time and therefore the
more turnovers have been achieved the more likely catalyst deactivation is to happen.
Moreover, catalyst deactivation implies that less catalyst is present and thus the rate
decreases.

10. Correct answerTrue because the rates of the two reactions with same excess but different
initial concentration do overlap.

11.Correct answerTrue; n that casethe reaction oExperimentC with the same excess but
larger initial concentration has a rate lower rate thahofExperimentD. Thereforeeither
catalyst deactivation or product inhibition is taking place. If product inhibition is the reason
for the observed behavior, then sggtan experiment fagxperimentD where more product
is present right from the start would create a situation similar to that obseEqueinment
C and thus the curves should overlap. If the curve obtained remains similar to that observed
for ExperimentD then product inhibition is not the investigated factor and catalyst
deactivation is.

Problem 13. Nylon 6

1. The initial initiator concentration is equal to the sum of the concentrations of the remaining
initiator in solution and of @ initiator in the ionic or neutral polymer chain:

© 0 0 0

2. If we apply the steady state approximation to all thevéobtain
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Q 00 Q 06 NMO0H
Q0 0 foXs) NMO00b
E
Q0 0 0o M0O0ob

. The rateof disappearance of the mononidH is:

Qb0

a5 Q0O o
From the previous question, we have:
T Q- ( ! Q - ) 0
hence from the relation obtained at question 1:
| Q- )
! . T Q- (
The concentrationfdM] is related to the ion pair [MNa] via the equilibrium constant
0J ——— . If we neglect the concentration of the intermediaes the
electroneutrality condition imposes [Na [M]. Hence:
- 0J- . A
Finally, thedisappearanceate ofmonomerH is:
A- ( Q- ( 0J- . A

A Q0J-.ATQ Q-

. If we assume that the acid base reachietweenA1 andMH is the rate determing step,
thenkz >> ks[MH] and™Q 0J- . Al Q - (, so the rate expression can be simplified
as:
A- ( nQ 0J- . A
B Qo Aal !
In this case,hte monomer reaction order is equal to 1 and thevexsion rate of the
monomer is

- - Q0 0vJ- . A
T ( ( p ADD - 0 _

- ( N 0J- . A Q

) O

On the contraryif we assume that << ksfMH] and™Q@ 0J- . AL Q - (, the rate
can be rewritten as: )
A- (. ——
T Q vJ- . A)
The monomer reaction ordertileenequal to 0 and the owersion rate of the monomer is
. b0 b0 @ 0Nbe,
00 00

. The conversion of monomer versus time of the two limiting castsis
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t/ Arbitrary unit

6. Correct answexr An autocatalytic procesé catalyzed reaction
The sigmoid curve stressout that the polymerizatioreaction is an autocatalyficocess.

7. The structures of thimtermediates are the following

O@
(0]
(0] (0] N (0]
H
B° N%NWNPLNVNPK
51m H 5 /n-m-1
O9
(0]
0]
C N ‘P‘L(\/VN}/U\
WH 5 In-m-1
o O
(0] (0]
o |O
PJ\M"N%NH- Q %NH%NHZ
S 5 E 5
D NT ™G d 5 Jmer
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0.05

0 0.2 0.4 0.6 0.8 1
[MH] / mol.L™

The disappearance rate of the monoiét increass until the monomer concentration
reactes[MH] o/ 2 and then decreasé& he rate is then the highest for [MH[MH] o/ 2.

It means that the conversion versusdicurve of the monomer slowilycreass (induction
time), then the conversion chasgapidly and then slowly increaseThis degradation
mechanism can explain the sigmoid curve observed by Macosco.

Problem 14. Synthesis of block copolymers followed by
size-exclusion chromatography

1. Correct answem-Butyllithium (n-BuLi)

2.

3. ka>>kp

4. The rate of disappearanoéthe monomer corresponds td[M]/dt, and M is consumed at
each polymerization stepTherefore:
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5. The active species concentration is constant and eqGakim

I - o]
Therefore, — Q - 6.
6. - 0 - o mA
The halftime isthusad | I¢ ¥ Q06
7.
N -
Initiation: 2pPh® + 2cO
Ph)kO—O Ph 2

Ph ° Ph Ph
Propagation: ~">pPh+ Z“>Ph —» Ph °
Ph .+ /\Ph ——» Ph [ ]
/ i+
Ph Ph
Ph Ph Ph Ph Ph
Termination: Ph e +Ph o — Ph
j j " Ph Ph’

8. Correct answerYes, because of thpreferetial formation of one product over another (the

reaction selectively generates one constitutional isaventhe other)Radicals add to the
terminal carbon atom of styrene to form a berigpke radical.
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10.

N/ \ \/ \/ \/ |
N Qi M . P _— \N\Sl\ + Sl—o
SI\O,SI\O<SI\O>SI\Q| 0° |

11.
\ A\ sl S
am S|<8/S|\OM —_— a SI\O/SI c /\Si_
b o of
\ / b
¢ Sigp

12.Mn is more sensitive to molecules lofv molecular mass whil#y is more sensitive to
molecules ofhigh molecular mass. Therefqréhe more the polymer chains approach
uniform chain length, the motgis close to 1.

13.Curve (b)(the shorter the polymer, timgher the elution volume)

14. Thefull width half maximumof the SEC signak related to thé, value the closer to the
lp, the thinner theSEC curve. Curves (a) and (b) correspond then to simijavalues,
whereas curves (c) corresponds to a larger 8imece sample (II) was prepared at a low
temperature, starting from (1), are likely to display similar polydispersities and then we can
stae: (DY (@)Y, bjand (DY cf.

15. PSPDMS-O(CHs)2SiCH2CH:Si-(CHz)2-O-PDMS-PS or in a more condensed folP%
PDMS-PS (as the linkage hemically close to PDMS)

16.PSY 3 (because it is the shortest molecule of the list)
PS-PDMS precursorY 2 (because it is a molecule that is bigger than PS, but smaller than
the final product)
unfractionated product Y 1 (becase we observe that theasetwo SEC curves that reach
the lowest elution volume, therefore they could be the final product. But as we suggest an
unfractionatd product, it should correspotmthe curve with 2 signals i.2 products with
thedesiredandtheunwanted product)
fractionated product Y 4

Problem 15. Radical polymerization

1. The initiatoris benzoyl peroxide.

ey

0]
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The monomer used is styrene.

2. The ralf-life is the time required to consurb®% ofthe reactants

[Az]-10°* mol L™

1.2

1 D,

0.8 -

0.6
[A2)/2:

0.4

0.2

0 t T T T T T

t ()

We can graphically determirtgas roughlyl h.
3. A:zis a unimolecular initiatorandits decomposition follows frst order kinetic
In this case thaalf-life is: L
. I
o

Q
Given tre haltlife estimate frorquestion 2ks =1.9104s?

4. Self-combination
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By substituting the provided data in the following equation
o v, . . O
WE & Ut
v Q ¢
we obtain ]
n=5.10*mol
m(ALK1) = n x M(ALK1) = 0.112g

When the pyridine is protonated, the block copolymer is fully soluble in wate~sB5.
When the pyridine is not protonated the block copolymer is amphighiliater, the block
copolymer thus selbrganizes as a micell&he core is composed the hydrophobic block
(P4VP). The outside of the micelle is composédhe hydrophilic PHEA blockHence
B =P4.

2 signals (tripletfor the two norequivalent CHgroups, 1 signal (singlet) for OH.

Contrary to a conventional radical polymerization, RDRP teghes limit the occurrence
of irreversible termination reactions of the propagating radical cHdewlly, all the chains
are created and grow at the same tiNerowmolecular weight distributionsre obtained,
hence the following answer.

Intensity
N

C=P6

. D=P7

>

Elution time

Problem 16. Biodegradable polyesters

1.

Correct answer:
A polymer transformable by microorganisms into less polluting molecules.

The ester function can be easily degraded (hydrolyzed) by enzymatic processes

Xn = (Mn T Mend chaiy/Mo With Mo the molecular weight of the monomer (= average number
of monomer unit)Mn its numberaveraged molecular weight, aWnd chainthe molar mass
of the chain end.
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4. Peaks from benzyl (j) and methyl @)oupswere chosen because these peaks are isolated
and well defined. The first oneorrespongd to 5 protons, the second one to 3. If the
polymerization degree was equal to 1 then the r§i®)/(I/3) should be also equal to 1,
with Ij andla the integration value gfanda peaks.

Therefore Xnnmr = (1i/5)/(14/3) = 29

5. Mn,NMR = Xn,NMR X MO + Mend chain— 29 x278 + 88 = 815@ mol 1

6. DeterminingMn thanks to NMR spectroscopy requires to measure accurately integration
value of peaks related to the end group and to the monomer. When the size of the polymer
increases, the relative intensity of the peak from the end group decreases. In addition, peaks
are broadened due to relaxation issues. Therdfteeorrect statementse
The peaks at the ends of the chains are not sufficiently resolved comparedeaakhefp
the main chain.

The integration of the different peaks observed may be distorted due to the observed peak
broadening for high mass polymers

7. Here Mnsec (8950g mol 1) is larger tharMnnmr (8150g mol ) so the value oM, is
overestimated by SEC therefore the polystyrene used for calibration has not the same
hydrodynamic radius than polyBED. More precisely,means that a polystyrene of
8950 g mol ! has the same hydrodynamic radass polyBED of 850g md 1. Therefore
thecorrect statemens:

Polystyrene has a smaller hydrodynamic volume thanhofpolyBED.

8. Mass average molecular weigWii, or dispersity which is the ratidw / Mn.

Problem 17. Vitrimers

1. Qis an acid:
O

N

H (CHy)7 (CH,); OH

(CH,); .OH

I

(o]
CgHis

CeH1z CeHia
(Other acceptable answers possiblg,Q can be an ester)

2. Each epoxy group il reacts with two reactive groups fro®) thus forming two esters.
Since there are 2 epoxy groups, there can be at most 4 esters formed by a mokeddle of
theconversions g, it follows thatnea = 46.

3. Each reactive group iB can form one ester. Since there are three reactive groufs per
molecule, & molecule can form three ester bonds at most. Therefexe, 3e.

4. EveryA molecule forms on averagea ester bonds, eve molecule forms on average
neg ester bonds. Since these bonds are shared, we find for the total number of formed esters
. P . . P. .
0 -0 € -0 ¢
C S
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. The number of attached ester groups counts every ester bond twice (oncacbenexit).
Consequently, we hav

S VI 0 .

€ — —=—& -—¢&

0 0 0

A andB are mixed in a 3:4 ratio. So 3 out of 7 molecw@ssan A molecule  -) and
4 out of 7 moleculearea B molecule ~ -).
Therefore, per molecule, the numbefainedester bonds can be expressed as

€ -1- -0- —-
. To obtain a crosslinked network, a molecule should on average have moterdHarks

to a neighbarThen,é ¢, which meanss —.

H

CH3 4+
+H o
— |
PN v N
o 0 CHy -H  Hc A< CH,
Tl HO—CH,

H

A ) o
+H
/\
H3C#\O/\CH3 (T HyC 0 CH,
+
o
o} AU~
“CH, H™ "CH,
A +
_H +H
O/H
Q EtOH +
/—‘
Hc/\ e (_ (_
3 ~ Ha +ETOH
H O—CH, O—CHy
N
CH,

U, W are protonated intermediates, given in above figure
V = methanolHOCHs), X = H* see alsdhe above figure.

. —-"Y® - —A@B hence
I - — - 6 whereCis a constant.
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Then, a linear regression of the plot gives:

y =9.65xT 1.54
r2=0.994

1.8 20 22 24 26 28
1000/T (K1)
From which we estimatéa = R x 1000 x 9.65 = 80.2 kdol' 1.

9. CorrectanswersAnything thatmakes k increasemakes als@| decreasgeso:
I) d decreasegTransesterification catalyst increasgs
II) dincreases(Lower temperature decreadesee Arrhenius)
[Il) d decreasegTransesterification can be basatalyzed or acitatalyzed)

Problem 18. A kinetic study of the Maillard reaction

1.

(only the intermediates are required)

2. The rate equations can be written:

N A~

ALOO N&od
Ao
) N&00 O
5 )
3. Correct answers

Equilibrium constantsan depend on temperature.

Rate constants can depend on pH.

Rate constants can depend on temperature.

4. (1 V) iI's known to react with EIIl matmands r ec
absorbance maximum at 4@&h. Hence, 412m is anappropriate wavelength to work at
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as S(IV) reacts completely and quickly with the intermediatélhus, no melnoidin is
likely to be formed.

5. Reaction (2) is hindered by thasterreaction(3) between and$(1V), thus, reaction (1)
gives [l] = [Fru]o T [Fru].
Reaction (3petween andS(1V) is fast and complet&nowingwhat remains o$(IV) in
t he presence em,ftheddrcénmation @fs at a tima tgcan be deduced:
[l =[S(IM)]oT [S(V)].
It can thus be shown thdEru] = [Frulo T [S(IV)]o + [S(IV)].

6. According to questiod: —— Q& 0O

As noM is produced, the reaction can be followed by a kinetic order analysis.
CaseU= 0: [Fru] = [Frulo i kit
CaseU= 1: In[Fru] = In[Frup T kit
~ 1 1 ¥,
= — = +
CaseU 2'[&qo F i ]
Thefollowing plot is a straight line: the assumptids O is the correct one.

7. By graphical calculation of the slope:

0.025
0.020 y=-7.30-10"x + 1.93-102 ——
ey R?=0.995
-
3 0.015 ~
£ \'\0\
S 0.010 s
E \\
0.005 .\.\.
0.000
0 50 100 150 200 250
Time (h)

ki=7.310°molL tht

8. By graphicalmeasurementf the slope:

2.0
18 2
1.6 -
1.4
8., /
c .
£ 10 7
o
208
<<
0.6
04 y=0.0195x-0.607
0‘2 \X/
0.0 M/
0 50 100 150
Time (h)
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9. The following function can be plotted verduse:
p ™

T "Qc
- aQ Qo °

a ep

k2=9.99103h?

Problem 19. Glycosidases and inhibitors

1. Structure of the transition state of the first step of the mechanism with retention of
configuration:

— —Of%

2. Carbonl

OH OH

OH . OH on oH
OH OH(
“or” WY _o-H _OH " ~OH
-H* HO
HO — . HO - Ho ~— HO H
HO = HO = HO |
OH GQH @O\H

(only thetautomeric formsre required)
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