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General Instruction

You are allowed to use only pen to write the answer.

Your calculator must be non-programmable.

This examination has 9 problems.

You can solve the problems in any order.

You will have 5 hours to solve all problems.

You can begin working only after the START command is given.

All results must be written in the appropriate answer boxes with pen on the answer sheets. Use
the back of the question sheets if you need scratch paper. Remember that answers written outside
the answer boxes will not be graded.

Write relevant calculations in the appropriate boxes when necessary. Full marks will be given for
correct answers only when your work is shown.

The invigilator will announce a 30-minute warning before the STOP command.

You must stop working when the STOP command is given. Failure to stop writing will lead to the
nullification of your examination.

The official English version of this examination is available on request only for clarification.

You are not allowed to leave your working place without permission. If you need any assistance
(broken calculator, need to visit a restroom, etc), raise your hand and wait until an invigilator arrives.

GOOD LUCK!
Problems and Grading Information

Title Total Score | Percentage

1 | Hydrogen at a Metal Surface 24 1
2 | Isotope Time Capsule 35 1
3 | Lambert-Beer Law? 22 8
4 | The Redox Chemistry of Zinc 32 1
5 | Mysterious Silicon 60 12
6 | The Solid-State Chemistry of Transition Metals 45 13
7 | Playing with Non-benzenoid Aromaticity 36 13
8 | Dynamic Organic Molecules and Their Chirality 26 1
9 | Likes and Dislikes of Capsules 23 10
Total 100




IChO

F
£y
¥
Choz0™

Q,\GS

MKD-3 C-0 G-3

English (Official)

Physical Constants and Equations

Constants

Speed of light in vacuum

c = 2.99792458 x 10°m s~

Planck constant

h = 6.62607015 x 10734 s

Elementary charge

e = 1.602176634 x 10719 C

Electron mass

me = 9.10938370 x 103! kg

Electric constant
(permittivity of vacuum)

gy = 8.85418781 x 107 2F m~"

Avogadro constant

N, = 6.02214076 x 102 mol~"

Boltzmann constant

kg = 1.380649 x 10723 K

Faraday constant

F = N, x e = 9.64853321233100184 x 10* C mol~"

Gas constant

R = N, x kg = 8.31446261815324 ) K~" mol~"
= 8.2057366081 x 10~2L atm K~' mol~’

Unified atomic mass unit

u=1Da = 1.66053907 x 10~27 kg

Standard pressure

p = 1bar = 10° Pa

Atmospheric pressure

Patm = 1.01325 x 10° Pa

Zero degree Celsius

0°C=1273.15K

Angstrom

1A=10"1m

Picometer

lpm=10""m

Electronvolt

1eV = 1.602176634 x 1071

Part-per-million 1ppm =10-6
Part-per-billion Lppb =107°
Part-per-trillion lppt=1012

pi

T = 3.141592653589793

The base of the natural logarithm

(Euler's number)

e = 2.718281828459045
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Equations

The ideal gas law

PV =nRT
, Where P is the pressure, V is the volume, n is the amount of substance,
T is the absolute temperature of ideal gas.

Coulomb's law

F =k L;gz

, Where F is the electrostatic force, ko(=~ 9.0 x 10° Nm? C2) is Coulomb's
constant, ¢; and ¢, are the magnitudes of the charges, and r is the distance
between the charges.

The first law of thermo-
dynamics

AU =g+ w
, where AU is the change in the internal energy, ¢ is the heat supplied, w
is the work done.

Enthalpy H H=U+PV

Entropy based on Boltz- S =kzgInW

mann's principle S , where W is the number of microstates.

The change of entropy AS = Jrev

AS , where ¢, is the heat for the reversible process.
Gibbs free energy G G=H-TS

AG° = —-RTINK = —2FE°
, where K is the equilibrium constant, z is the number of electrons, E° is
the standard electrode potential.

Reaction quotient @

AG=AG +RTInQ
For a reaction
aA+bB = 2C +dD
Q= [C°[D]
- a b
[A]"[B] _
, where [A] is the concentration of A.
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Heat change Aq Ag = ne, AT
, Where ¢, is the temperature-independent molar heat capacity.
. RT
Nernst equation for re- FE =FE°+ — In COX
dox reaction z red

, Where C,, is the concentration of oxidized substance, C\q is the concen-
tration of reduced substance.

Arrhenius equation

E

k= Aexp|—=2

° (7

, Where k is the rate constant, A is the pre-exponential factor, E, is the
activation energy.

exp(z) =e*

Lambert-Beer equation

A=clc
, Wwhere A is the absorbance, ¢ is the molar absorption coefficient, [ is the
optical path length, ¢ is the concentration of the solution.

Henderson-Hasselbalch
equation

For an equilibrium
HA=H" + A~
, Where equilibrium constant is K,

pH = pK, + log ([[':;AD

Energy of a photon

C
E=hv=hs
Y

The sum of a geometric
series

, Where v is the frequency, ) is the wavelength of the light.
When z + 1,
n ; 1— In+1

l+o4a? 4 Fa" =3 o'= e

Approximation equation
that can be used to solve
problems

When z « 1,

1 1+
-~ x
11—z
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Periodic Table
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A for one alkyl group-substitution: ca. +0.4 ppm
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OonwTn ynaTtcTea
+ [103BO/IEHO € fja KOPUCTULL CaMo NeHKano 3a NuLlyBake Ha OA4roBopuTe.
+ KankynatopoT He cMee a MMa MOXHOCT 3a NporpamMmparse.
+ TecToT coap>xu 9 npo6nemu.
* Moxe aa peluaBall rno 6110 Koj pegocnes.
* MImaw 5 yaca 3a pelwaBate Ha npobaemuTe.
* Moxe fa nouHeLl co paboTa Kora Ke 6uje 3agajeHa KoMaHaa 3a noyeTtok - CTAPT.

+ C/Te OAroBOpY 1 pesynTati Mopa Aa buzat BHeCeHV BO COOABETHUTE NMpa3HM MecTa CO NeHKano
BO JiIncTaTa 3a ogroBopu. KopucTu ja 3ajHata CTpaHa Ha /MCTOBUTE ako TW e MnoTpebHo
AOMONHUTENIHO MecTO 3a npecmeTkn. OAroBopuTe 3aNuLLIAHN HaABOP Of NpeABUAEHUTE MecTa,
HeMa Ja ce BpejHyBaaT.

 MNMocTankaTa nMpu NpecMeTKUTe, 3a Aoarakbe A0 PEeLleHMEeTO HanuwK ja BO MpasHuUTe MecTa.
LlenocHM noeHu Ke 61aaT foZeNyBaHM CaMo ako e NpuKaxaHa pesieBaHTHaTa nocranka.

« OAroBOPHOTO NULe Ke Aafe n3BecTyBarbe 30 MUHYTU Mpej 3aBpLUyBarbe Ha MpeaBUAEHOTO
Bpeme.

* Mopa pa 3aBpmLl co paboTa Kora Ke buje gaseHa koMaHzaTta 3a kpaj - CTOI, Bo cnpoTMBHO,
TeCToT Ke 61Ae NOHULLTEH.

« OduupmjanHaTa aHrAncka Bep3nja o4 TecToT Ke 6uge AocTanHa Ha TBoe 6aparbe, caMo 3a
rnojacHyBak€e Ha MpaLlareTo.

* He cMeell ga ro HanywTuw paboTHOTO MecTo 6e3 f03BoNa. AKO TU e NoTpe6Ha NoMoL (pacunaH
KasikynaTop, naysa 3a ToaneT, UTH.), KpeH paka.

CPEKHO!

Mpo6nemun n nipopmaLmm 3a oLeHyBake

Hacnos BkynHo noeHwu | Yaen

1 | Bogopog Ha MeTasiHa NOBPLUMHA 24 1
2 | N3oToncka BpemeHcka Karcyna 35 1
3 | Jlambep-bepos 3akoH? 22 8
4 | Pepokc xemmja Ha LIVHKOT 32 1
5 | MucteprnoseH cunnumym 60 12
6 | XeMunja Ha UBpCTa COCTOjba Kaj MpPeoHUTE MeTanu 45 13
7 | Nrpa co HebeH3omMaHaTa apoOMaTUYHOCT 36 13
8 | AMHaMNYHM OpraHcky Monekyn v HUBHaTa XpanaHoCT 26 1
9 | Ja caka/ He ja caka karicynara 23 10
BKynHo 100
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®N3NYKN KOHCTAHTU U paBeHKU
KoHcTaHTN

Bp3uHa Ha cBeT/IHaTa BO BakyyM c = 2,99792458 x 108 m s~

MnaHKoBa KOHCTaHTa h = 6,62607015 x 10734 s

EnemeHTapeH nonHex e =1,602176634 x 10712 C

Maca Ha eNneKkTpoHoT me = 9,10938370 x 10~3! kg

AnenekTpryHa KOHCTAHTa Ha BakyyM g9 = 8,85418781 x 10712F m~"

ABOrazpoBa KOHCTaHTa N, = 6,02214076 x 102> mol~!

BonuMaHOBa KOHCTaHTa kg = 1,380649 x 10723 K~'

PapageeBa KOHCTaHTA F = N, x e =9,64853321233100184 x 10* C mol~’

R = N, x kg = 8,31446261815324 ] K~ mol~!

yHI/IBep3aJ'IHa FraCHa KOHCTaHTa
= 8,2057366081 x 10~2L atm K" mol~’

ATOMCKa eANHMLA 3a Maca u = 1Da = 1,66053907 x 10~2" kg
CTaHAapAeH NpUTUCOK p = 1bar = 10° Pa
ATMOChepCKn MPUTUCOK Patm = 1,01325 x 10° Pa
Hyna Ha uensuycosarta ckasna 0°C=273,15K

AHrcTpem 1A=10""m

MukomeTap 1pm=10"1m
EnexkTpoHBONT 1eV =1,602176634 x 10719
Part-per-million (aenoBv oa MUANOH) 1ppm =10-6
Part-per-billion (aenosn oa Munnjapaa) 1ppb =10"°
Part-per-trillion (aenoBu og 6vnunjapaa) 1ppt =102

BpojoT ,nn*” m = 3,141592653589793
OcHoBa Ha NpUPOAHMNOT IorapuUTam e = 2,718281828459045

(OjnepoB 6poj)
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PaBeHKM

PaBeHka 3a cocTojbaTa
Ha ngeaneH rac

PV =nRT
, kage P e nputucok, V e BONYMeH, n € KONMYecTBO cynctaHua, T
anconyTHaTa TemrepaTypa, kaj aeaneH rac.

KynoHoB 3aKoH

_ . 4%
F = kT2
, Kage F e cvna Ha npusiekyBame, ko(~ 9,0 x 10° Nm? C?) e KynoHoBa
KOHCTaHTa, ¢; U ¢, CE MOJIHEXWTE, a 7 € PACTOjaHNETO Mery MoHEeXMTE.

Mps 3aKOH Ha AU =q+w

TepMoAMHaMumKaTa , Kage AU e npomMeHaTa Ha BHaTpellHaTa eHepruvja, ¢ € pa3sMeHeToTo
KONNYeCTBO TOM/IMHA, w € U3BpLUeHaTa paboTa.

EHTannnja H H=U+PV

EHTponja cnopes S =kgInW

NPUHUMNOT Ha , Kage W e 6pojoT Ha MUKPOCOCTOj6W.

bonuymaH, S

MpomeHa Ha AS= q&fv

eHTponujata, AS , KaJie gy € PEBEP3NBUIHO pa3MeHeTaTa TOMINHA.

'mbcoBa eHepruja, G G=H-TS

AG = —RTINK = —2FE"°
, kajle K e KOHCTaHTaTa Ha pamMHoTexa, z € 6pojoT Ha enekTpoHwu, E° e
CTaHAAPAHMOT eIeKTPOAEH NOTeHLMjan.

PeakUMOHEH KBOLMEHT,

Q

AG=AG+RTINQ
3a peakumjaTa
aA+0B = fiC +dD
[€°[D]
[A]"[B] ,
, kage [A] e paMHOTeXHaTa KOHLeHTpauuja Ha A.

b
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NMpoMeHa Ha ToMAVHa, Ag = nc,AT
Agq , Kage c,, € TeMnepaTypHO He3aBMCHMOT MOsIapeH TOMJIMHCKM KanayuTeT.
RT
HepHcToBa paBeHka 3a FE = E° + — In =%
2F Creg

peaoKkc peakunn

, kage C,, € KOHUeHTpauujaTa Ha oKcmauMpaHata ¢opma, Ci.y €
KOHLIEHTpaLujaTa Ha pegyumpaHaTa ¢opma.

ApeHunycoBa paBeHka

E
k=Aexp | —=%
p( RT)
, Kaje k e KOHCTaHTaTa Ha 6p3|/|HaTa, A e I'Ipeﬂ,-eKCI'IOHEHLI,I/IjafIHVIOT
dakTop, E, e eHeprujata Ha akTnBaLuja.

exp(z) = e*

Nambep-bepos 3akoH

A=c¢lc
, Ka,qu e arlcop6aHL|,a, € € MOJlapeH ancopnuymnoHeH KOGCI)I/ILI,I/IGHT, le
onTMYKaTa AO/IKMHA Ha MaToT, ¢ € MoMlapHaTa KOHLUEeHTpaLvja.

XeHAepcoH- 3a paMHoTexaTa
Xa3enbaxoBa paBeHKa HA= HT + A~
, Kafile KOHCTaHTaTa Ha pamHoTexa e K,
(A7]
H=pK,+log | —
EHepruja Ha ¢oToOH E=hw= h%

, Kajgev e CIDDEKBGHLI,I/IjaTa, e 6paHOBaTa AO0J/DKMHAa Ha CBET/IMHATa.

Cyma Ha reoMeTpmcku

Kage = # 1,

1
peaoBm 9 o ; Ll—art
Lbo+altotat =Fi,al = -
Anpokcumanmn kon Koraz <1,
Moxe aa ce uckopuctat _ L 1+
1—2z

npyv  peliaBawe  Ha
npo6nemuTe
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Ad 3a 3aMeHa Ha efiHa ankun rpyna: ca. +0,4 ppm
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Hydrogen at a Metal Surface

11 % of the total
Question A1 A.2 B.1 B.2 B.3 B.4 Total
Points 6 4 5 3 3 3 24
Score

Hydrogen is expected to be a future energy source that does not depend on fossil fuels. Here, we will
consider the hydrogen-storage process in a metal, which is related to hydrogen-transport and -storage
technology.

Part A

As hydrogen is absorbed into the bulk of a metal via its surface, let us first consider the adsorption
process of hydrogen at the metal surface, H,(g) — 2H(ad), where the gaseous and adsorbed states of
hydrogen are represented as (g) and (ad), respectively. Hydrogen molecules (H,) that reach the metal
surface (M) dissociate at the surface and are adsorbed as H atoms (Fig. 1). Here, the potential energy
of H, is represented by two variables: the interatomic distance, d, and the height relative to the surface
metal atom, z. It is assumed that the axis along the two H atoms is parallel to the surface and that the
center of gravity is always on the vertical dotted line in Fig. 1. Fig. 2 shows the potential energy contour
plot for the dissociation at the surface. The numerical values represent the potential energy in units of
k) per mole of H,. The solid line spacing is 20 kj mol~", the dashed line spacing is 100 k] mol~', and the
spacing between solid and dashed lines is 80 k] mol~". The zero-point vibration energy is ignored.
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A.1 For each of the following items (i)-(iii), select the closest value from A-G. 6pt
(i) The interatomic distance for a gaseous H, molecule
(ii) The interatomic distance between metal atoms (d,, in Fig. 1)
(iii) The distance of adsorbed H atoms from the surface (4 in Fig. 1)
A.0.03nm B.0.07nm C.011Tnm D.0.15nm
E.019nm F.0.23nm G.0.27 nm
A.2 For each of the following items (i)-(ii), select the closest value from A-H. 4pt

(i) the energy required for the dissociation of gaseous H, to gaseous H

[H2(9) — 2H(g)]
(i) the energy released during the adsorption of a gaseous H, [H,(g) — 2H(ad)]

A.20Kklmol~"  B.40kJmol~"  C.60kJmol~’ D. 100 k] mol—!
E. 150 kjmol~" F. 200 kjmol~' G. 300 k/mol~" H. 400 k] mol~'
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PartB

The adsorbed hydrogen atoms are then either absorbed into the bulk, or recombine and desorb back
into the gas phase, as shown in the reactions (1a) and (1b). H(ab) represents a hydrogen atom absorbed
in the bulk.

k4

H,(g) = 2H(ad) (1a)
k;
k3

H(ad) — H(ab) (1b)

The reaction rates per surface site for adsorption, desorption, and absorption are r,[s™'],,[s~'] and
r3[s7'], respectively. They are expressed as:

= k'1PH2(1 —0)? (2)
Tg = k2‘92 (3)

where k, [s™'Pa~'],k,[s7"] and k; [s~'] are the reaction rate constants and Py, is the pressure of H,.
Among the sites available on the surface, 8 (0 < 8 < 1) is the fraction occupied by H atoms. It is assumed
that adsorption and desorption are fast compared to absorption (r,, , > r3) and that § remains constant.

B.1 r4 can be expressed as: 5pt

ry= ——— (5)

Express C using k; and k.
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A metal sample with a surface area of S = 1.0 x 1072 m? was placed in a container (1L = 1.0 x 1073 m3)
with H, (Py, = 1.0 x 10> Pa ). The density of hydrogen-atom adsorption sites on the surface was N =

1.3 x 10 m~2, The surface temperature was kept at 7 = 400K. As the reaction (1) proceeded, By,

decreased at a constant rate of v = 4.0 x 10~* Pa s~'. Assume that H, is an ideal gas and that the volume
of the metal sample is negligible.

B.2 Calculate the amount of H atoms in moles absorbed per unit area of the surface  3pt
per unit time, A[mol s~"m—2].

B.3 At T = 400K, C equals 1.0 x 102 Pa~". Calculate the value of k; at 400 K. If you  3pt
did not obtain the answer to B.2, use A = 3.6 x 10" mol s ' m~2.

B4  AtadifferentT, C = 2.5 x 103Pa~" and k; = 4.8 x 102s 'are given. Forr; asa  3pt
function of By, at this temperature, select the correct plot from (a)-(h).

x 1073 x 1073 h (@
(d)

6.0 6.0
n / © n /
75] 75]
n 40 (b) n 4.0
~ _— ~ / ©
| /
2.0 - () 2.0
// T / "
7 y =
0 1.0 2.0 x 107¢ 0 1.0 2.0 x 1076
P /Pa P /Pa

H2 H2
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BoaopoAa Ha MeTasiHa NOBpPLUMHA

11 % opg BKYNHO
Mpaware | A.1 A2 B.1 B.2 B.3 B.4 | BKynHo
[MoeHn 6 4 5 3 3 3 24
Pesyntat

BogopozoT ce ovekyBa Aa 6ue M3BOP Ha eHepruja Ha UAHWHATA, He3aBuCeH o GOCUIHNTE ropurBa.
Tyka Ke 6uae pasrnesaHa MOXHOCTA 3a CKJaAMpare BOAOPOJ Ha MeTanu, npouec MoBp3aH Co
TEXHO/IOrnjaTa Ha HeroBo CKNaAMparbe N TPAHCMOPT.

Aen A

Kako pe3yntaT Ha Toa LUTO BOAOPOAOT Ce ajcopbupa BO METaNoT rnpeky HerosaTa NoBpLUMHa, NPBO Aa
ro pasrnegamMe npoLecoT Ha Heroea aacopnuuja Ha noepwmHaTta: H,(g) — 2H(ad), kage racoBuTmnoT
N aacopbupaHnoT BOAOPOZ ce o3HaueHW co (g) u (ad), coogseTHo. Monekynute Bogopos (H,) kom
Joaraat fo0 MeTanHaTa nosplvHa (M), gucoumpaaT Ha NoBpLUMHATA U ce agcopbrpaat kako H-atomu
(Cn. 1). Tyka, noTeHUMjanHaTa eHepruja Ha H, e npeTcTaBeHa Npeky ABe NPOMEHANBU: MefyaToMCKOTO
pacTojaHne d N BUCMHAaTa BO OAHOC Ha MOBPLUMHCKMTE aTOMU Ha MeTasorT, z. CMeTaj Aeka ockaTta A0S
ABata H-aTomu e napanesiHa co NOBPLUVHATA Ha METasoT U AeKa LLeHTapoT Ha rpaBuTalyja e cekoratl
Ha mncnpekMHaTaTa BepTMKanHa AvHWja Ha Cn.1. Ha Cn. 2 e npukaxaH rpadpuk Ha noTteHUMSHaTa
eHepruja 3a gncoumjaunjata Ha nospLlVHaTa. bpojHuTe BpeAHOCTU M1 NpeTcTaByBaaT NOTeHUMjaHUTe
eHeprum Bo k] Ha Mon og H,. PactojaHuneto mery ABe MofHW AnHWK ogroBapa Ha 20 kjmol~', mery
ncnpeknHatuTe, Ha 100 k) mol~', a mefy nonHa n ncnpeknHara, Ha 80 k) mol~'. HyntaTta Bu6paymoHa
eHepruvja e 3aHeMapeHa.
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Cn.1 fedvHMpare Ha NPOMeHAMBUTE. LIpTeXoT He e BO pa3mep.
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A1 3a cekoe og, cnegHUTe baparba (i)-(iii), oabepun ja HajonnckaTta BpegHocT og A 6pt
Ao G.
(i) MefyaTomckoTO pactojaHue Bo H, Monekynu 06 racor.
(i) MefyaToMcKOTO pacTojaHne Mery aTomuTe o4 MeTanoT (dy Bo Cn. 1).
(iii) PacTojaHneTo Ha agcopbupaHn H-atomum og nospLumHaTta (h,y Ba Cn. 1)
A.0,03nm B.0,07nm C.0,71Tnm D.0,15nm
E.0,19n"m F.0,23nm G.0,27 nm
A.2 3a cekoe og cnegHuTe bapatsa (i)-(ii), op6epu ja HajonnckaTa BpegHocT o4 A 4pt

4o H.
(i) EHeprumjaTa noTpebHa 3a gncoumjaumja Ha racoBut H, Bo racoBut H

[H2(9) — 2H(g)]
(ii) OcnobopeHaTa eHeprumja Npuv agcopnuuja ga racosut H, [H,(g) — 2H(ad)]

A.20kjmol~"  B.40kJmol~"  C.60 k/mol’ D. 100 k) mol~"
E. 150 kjmol~" F. 200 kjmol~"  G. 300 kjmol~"  H. 400 k] mol~’
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Aden B

AacopbupaHuTe BOAOPOAHN aTOMM, MOTOA Ce ancopbrpaHm BO BHATPELLHOCTa UKW Ce PeKOMBUHMPaHW
1 gecopbmpaHn NOBTOPHO BO racoBuTa ¢aza, cnopeg paBeHkuTe (1a) n (1b). H(ab) o3HauyBa BogoposeH
aToOM ancopbupaH BO BHaTpeLUHOCTa.

k4

H,(g) = 2H(ad) (1a)
k;
k3

H(ad) — H(ab) (1b)

Bp3vHUTE Ha peakuun Ha eaVHMUA MNOBPLUMHA 3a ajcopnuuja, Aecopnumja uM ancoprumja ce
r,[s7",r5[s7"] and r;[s~"], coogBeTHO. Tvie ce gedpUHMPaHK KaKo:

T = klsz(l —0)? 2)
ry = ky6? 3)

Kage ki[s7'Pa~'],ky[s7] M ky[sT'] ce KOHCTaHTWTe Ha 6p3vHWTE, @ Py € MpUTUCOKOT Ha H,. O4
cuTe Mo3nuum JocTanHW 3a ajgcopnumja Ha nosplimnHaTa, 0 (0 < 6 < 1) e ygenot Ha no3numm co
agcopbupaHun H-atomu. Ce cmeTa geka agcoprnumjata 1 gecopnuyujaTta ce 3Ha4nTeHO No6pP3m BO OAHOC
Ha ancopnumujaTa (r,, 7, > r3) N fieKa 6 ocTaHyBa KOHCTaHTHa.

B.1 T3 MOXeE Jla Ce 3anuLle Kako: 5pt

ry— —— 3 (5)
1+

P.C

N3pa3u ro C npeky k; U ks.
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MeTan co nospluvHa S = 1,0 x 107* m? e noctaBeH Bo cag (1L =1,0 x 1072 m3) co H, (Py, = 1,0 x 10* Pa).
FycTvHaTa Ha AOCTanHUTe No3nuUMKM 3a aacopnumja Ha H-aTomu Ha nospwmnHatae N = 1,3 x 10" m~2,
TemnepaTypaTa Ha NoBpLUMHaTa 6una oapxyBaHa Ha T' = 400 K. Mpw npoTekyBake Ha peakuuuTe (1a),
(1b), (1), PHZ ornara co KOHCTaHTHa 6p3nHa v = 4,0 x 1074 Pa s . Cmertaj aeka H, e ngeaneH rac n geka
BOJIYMEHOT Ha MeTanoT € 3aHeMap/MBO MaJl.

B.2 MpecmeTajro konu4ectBOTo Ha H-aTomMu, M3paseHo Kako ancopbupaHu  3pt
MOJIOBYM Ha eAVHMLIA MOBPLUMHA 33 egnHMLA Bpeme, A [mol s m~2].

B.3 Mpu T = 400K, C e 1,0 x 102 Pa~". NpecmeTaj ja BpegHocTa Ha k; npu 400 K. 3pt
AKO He ro oarosopu genot B.2, kopuctn A = 3,6 x 107" mol s~ m—2,

B4  MMpupasnnuHa T, pageHn ce C =2,5x 10°Pa~'nk; = 4,8 x 1072s7'.3ar,; kako  3pt
$yHKUWja og Py, Npy oBaa Temnepatypa, oA6epur 60 TouHnoT rpaduik (a)-(h).

x 1073 x 1073 (h) 63)
(d)

6.0 )
- / ¢ 0 /
95] w2
n 40 (b) en 4.0
N . N / ©
Vi
2.0 e 2.0
// L (a) / =
7 y =
0 1.0 20  x107° 0 1.0 2.0 x 1076
P /Pa P.__ /Pa

H2 H2



§ MKD-3 C-1 A-1

Macedonian (North Macedonia)

Boaopopa Ha meTasiHa NOBpPLUMHA

Aen A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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Aden B

B.2 (3 pt)

mol s T m—2
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Isotope Time Capsule

11 % of the total
Question A1 A2 A3 A4 | Total
Points 8 8 10 9 35

Score

Molecular entities that differ only in isotopic composition, such as CH, and CH;D, are called isotopo-
logues. Isotopologues are considered to have the same chemical characteristics. In nature, however,
there exists a slight difference.

Assume that all of the substances shown in this Question are in a gas phase.

Let us consider the following equilibrium:

[12C1601SO]2

[12C1602][12C1802] (1)

12c1602 +12 C1802 = 212¢c160180 K =

The entropy, S, increases with increasing the number of possible microscopic states of a system, W
S =kglnw (2)

W = 1for 12C"0, and '2C'80,. In contrast, W = 2 for a 2C'*0'80 molecule because the oxygen atoms
are distinguishable in this molecule. As the right-hand side of the equilibrium shown in eq. 1 has two
12C'*0"™0 molecules, W = 22 = 4.
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A1 The enthalpy change, AH, of eq. 3 is positive regardless of the temperature. 8pt
H, + DI = HD + HI (3)

Calculate the equilibrium constants, K, for eq. 3 atvery low (think of T — 0)and
very high (think of T' — +00) temperatures. Assume that the reaction remains
unchanged at these temperatures and that AH converges to a constant value
for high temperatures.

The AH of the following process can be explained by molecular vibrations.

- _ [H2][Dy]
2HD = H; + D, K= "op “)

At T = 0K, the vibrational energy of a diatomic molecule whose vibration frequency is v [s~'] is expressed
as:

E = %hu (5)
1 [k
v=5:1ln (6)

Wherein k is the force constant and . the reduced mass, which is expressed in terms of the mass of the
two atoms in the diatomic molecule, m, and m,, according to:

mym
= D) (7)

my + mgy

A2 The vibration of H, is at 4161.0 cm~' when reported as a wavenumber. 8pt
Calculate the AH of the following equation at 7' = 0 K in units of ] mol~".

Assume that:
+ only the vibrational energy contributes to the AH.
* the k values for H,, HD, and D, are identical.
* the mass of H to be 1 Da and the mass of D to be 2 Da.
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The molar ratio of H,, HD, and D, depends on the temperature in a system in equilibrium. Here, Ap_ is
defined as the change of the molar ratio of D,.

Ap, = or 9

D= R 9)
2
D,| . D

Here, Rp, refers to M in the sample and Ry to M at T — +o0. It should be noted here that the
2 2

distribution of isotopes becomes random at 7' — +cc.

A3 Calculate Ap, with natural D abundance when the isotopic exchange is in equi- ~ 10pt
librium at the temperature where K in eq. 4 is 0.300. Assume that the natural
abundance ratios of D and H are 1.5576 x 104 and 1 —1.5576 x 104, respectively.
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In general, the molar ratio of the doubly substituted isotopologue, which contains two heavy isotope
atoms in one molecule, increases with decreasing temperature. Let us consider the molar ratio of CO,
molecules with molecular weights of 44 and 47, which are described as CO,[44] and CO,[47] below. The
quantity A, is defined as:

_ Ry
Ay = R 1 (10)
[CO,[47]] . [CO,[47]]
R, refersto —=——- inthe sample and R}, to —=——- at T — +o0o. The natural abundances of carbon
i [CO,[44] P 1770 [C0,[44)

and oxygen atoms are shown below; ignore isotopes that are not shown here.

12C 13C
natural abundance | 0.988888 | 0.011112

160 170 180
natural abundance | 0.997621 | 0.0003790 | 0.0020000

The temperature dependence of A, is determined as follows, where T is given as the absolute temper-
ature in units of K:

36.2
T2

AYEES +2.920 x 1074 (11)

A4 The R, of fossil plankton obtained from the Antarctic seabed was 4.50865x 10 °.  9pt
Estimate the temperature using this R,;. This temperature is interpreted as the
air temperature during the era in which the plankton lived. Consider only the
most common isotopologue of CO,[47] for the calculation.
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VI3oToncka BpeMeHcCKa KancyJsa

11 % opg BKYNHO
Mpawame | A.1 A2 A3 A.4 | BKynHo
MoeHun 8 8 10 9 35

Pesyntat

Monekynckute eHTUTETN KOW Ce pas/ivKyBaaT CcaMoO MO M30TOMCKMOT cocTas, Kako CH, n CH3D, ce
HapekyBaaT m3otornonosn. Ce cmeTa geka Tue MMaaT UCTU XEMUCKN KapakKTepucTUKW, HO Mery HUB
nocTojaTt 1 pasfnKK.

CMeTaj A€Ka cnTe CyncTtaHUM BO OBa NpallaH€e ce BO raCHa q>a3a.

[a ja pasrnegame pamHoTexara:

[12c1 60180]2
= [12C160,][12C"80,)]

12c1602 +12 C1802 = 212c16o180 K (1)

EHTponujaTa, S, ce 3rosieMyBa €O 3rojieMyBare Ha 6p0joT Ha MOXHU MUKPOCOCTOj6U Ha cucTeMoT, W:

W = 13a'2C'®0, n '2C'80,, gogeka W = 2 3a '2C'®0'80 3aT0a LWITO KNCNOPOAHMTE aTOMU CE PA3NINYHM
BO 0Baa MoJiekyna. Kako pesyntat Ha Toa LUTO JecHaTa CTpaHa o4 paMHoTexara nprikaxaHa co paBeHka
(1) uma gge 2C'%0'80 monekynu, W = 22 = 4,
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A1 MNpomeHaTa Ha eHTponujaTa, AH, o paBeHkaTa (3) e N03nTUBHa, 6e3 pasnvka  8pt
Ha TeMnepartypara.
H, + DI = HD + HI (3)
MpecmeTajja KoHCTaHTaTa Ha pamHoTexa, K, 3a paseHkaTa (3) npu
MHOIy HWUCKM (cMmeTaj T — 0) M MHOry BUCOKW (cmeTaj T —  +00)
TemnepaTtypu. lpeTnoctaBn Aeka peakuujaTa ocTaHyBa HenpoMeHeTa npw
oBMe Temnepatypu U feka AH KOHBeprvpa A0 KOHCTaHTHa BPeAHOCT npu
BNCOKM TeMnepaTypu.
AH 3a cnegHVOT nMpoLec MoxXe Ja ce 06jacHM NpeKy MOAeKY/ICK1 BUOpauunm.
2HD = H, + D, i = [H2lDa] (4)

Mpu T = 0 K, BUGpaLumoHaTa eHeprija Ha ABoaToMcka MoJsieKyia unja BubpauvoHa ¢pekseHurjae v [s7]
ce 1N3pasyBa Kako:

E=—-hv (5)
1 |k

Kage k e cunoBaTa KOHCTaHTa, a 1 € peAyLiMpaHaTa Maca, koja ce 13pasyBa Npeky MacaTa Ha ABaTa aToMma
BO ABOATOMCKAaTa MoJsieKy/a m, U m,, Copes;

mqim
= 172 (7)

my + my

A.2 BpaHoBMOT 6poj Ha BMbGpauujaTa kaj H, e 4161,0 cm~'. MpecmeTajja 8pt
BpeAHOCTa 3a AH 3a ciegHaTa peakumja npu T = 0 K 1 n3pasu ja Bo | mol—".

CmerTaj geka:
* yaen Bo AH mMa caMo BnbpaumoHaTa eHepruja.
* k BpeaHoctuTe 3@ H,, HD 1 D, ce nctn.
* MacataHa He 1 Da, amacataHaD e 2 Da.
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KonnyectseHnoT ogHoc Ha H,, HD 1 D, 3aBucK oa TeMnepaTypaTa Ha CMCTeMOT BO paMHoTexa. Tyka,
Ap, € AedUHNPAHO KaKO MPOMEHA BO KOIMYECTBEHNOT O4HOC Ha D,.

A, — T 9)
DZ - RB
2
Rp, ce oAHecyBa Ha m BO MPUMEPOKOT, a Ry Ha m npu T — +oo. Pacnpegen6ata Ha nsotonuTe
2 2

npun T — +oo CTaHyBa NMPOV3BOJIHa.

A3 MNpecmertaj ja BpeaHOCTa 33 Ap, MpU MpUpOAHa 3acTaneHoctT Ha D kora  10pt
M30TOMNCKaTa 3aMeHa e BO paMHOTEXHa COoCToj6a Npu TeMnepaTypa 3a Koja K
BO paBeHkaTa (4) e 0,300. CmeTaj Aeka O4HOCOT Ha NpUpOAHaTa 3acTarneHocT
HaDuMHe1,5576 x 10 n1—1,5576 x 1074, cooaBeTHO.
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OnLwITo, KONMYECTBEHNOT OAHOC Kaj ABOJHO CYMNCTUTYMPAHUTE M30TOMOJI03M KOW COAPXaT ABa TeLuku
n3otona BO eAHa MOAeKyna, ce 3rosieMyBa CO HaMajyBare Ha Temnepatypata. [la ro pasriegame
KOJINYeCTBEHNOT 04HOC Ha Monekynute CO, co penatuBHa MoseKy/ncka Maca 44 1 47, 03HaYeHU Kako
CO,[44] n CO,[47] . BennunHaTa A, e gedHUpPaHa Kako:

Ryr
Ry

Ay = 1 (10)

[CO,[47]] [CO,[47]]
(€O, [44]] [CO,[44]] _
3aCTaneHoCT Ha jarnepojHn M KUCIOPOAHW aToMWU e MpukaxaHa nogosny. He ru 3emaj npeasuj
N30TOMUTE KOW He ce NMpuKaXaHu Tyka.

R,; Ce oAHecyBa Ha BO MpPUMepPOKOT, a R}, Ha npu T — +oo. MNpupogHaTa

12C 13c
npupogHa 3acraneHoct | 0,988888 | 0,011112

160 170 180
npupogHa 3acraneHocrt | 0,997621 | 0,0003790 | 0,0020000

TemnepaTypHaTa 3aBUCHOCT Ha A,, e 3ajajeHa CO paBeHKaTa nogony, kage T e anconyTHaTta
Temreparypa BO KeJIBUHW:

36.2
AYEES Tz +2.920 x 1074 (11)

A4 R,; BpeAHocTa 3a GOCUIEH MAAHKTOH 0f AHTapKTMKOT e 4,50865 x 107°. 9pt
MpoueHn ja TemnepaTypata KOpWUCTejKM ja OBaa BpejHOCT 3a R,,. OBaa
Temnepatypa Cce CMeTa 3a TemnepaTpaTa Ha BO3A4yxXOT BO BpeMeTo Kora
XWBeen NAaHKTOHOT. Mpy npecmeTknTe, 3eMU o NpeaBui CaMmo HajuecTuoT
n3oTtononor Ha CO,[47].
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8 % of the total
Question A1 B.1 B.2 | Total
Points 10 6 6 22

Score

In this problem, ignore the absorption of the cell and the solvent. The temperatures of all solutions and
gases are kept constant at 25 °C.

Part A

An aqueous solution X was prepared using HA and NaA. The concentrations [A~], [HA], and [HT] in so-
lution X are 1.00 x 10~2 mol L7, 1.00 x 10~3 mol L', and 1.00 x 10~* mol L™, respectively, which are
correlated via the following acid-base equilibrium:

(AT][H"]

HA = A~ +H* K=
- HA]

(M

The optical path length is [ in Part A. Ignore the density change upon dilution. Assume that no chemical
reactions other than eq 1 occur.

A1 The absorbance of Xwas A, at a wavelength of \,. Then, solution Xwas diluted  10pt
to twice its initial volume using hydrochloric acid with pH = 2.500. After the
dilution, the absorbance was still A; at A,. Determine the ratio ey5/ca-. Where
eya @nd e4- represent the absorption coefficients of HA and of A-, respectively,
at ;.
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PartB
Let us consider the following equilibrium in the gas phase.
D=2M (2)

Pure gas D is filled into a cuboid container that has a transparent movable wall with a cross-section of .S
(see the figure below) at a pressure P, and equilibrium is established while the total pressure is kept at P.
The absorbance of the gas is A = e(n/V)l, where ¢, n, V, and [ are the absorption coefficient, amount of
the gas in moles, volume of the gas, and optical path length, respectively. Assume that all components
of the gas mixture behave as ideal gases.

l
> )
Use the following definitions if necessary.
Initial state After equilibrium
D M D M
Partial pressure P 0 Db DM
Amount in moles g 0 np oy
Volume Vo Vv

B.1 The absorbance of the gas at A\g; measured from direction = (I = [,) was Ag; 6pt
both at the initial state and after the equilibrium. Determine the ratio ey /ey
at \g;, where ¢ and ¢, represent the absorption coefficients of D and of M,
respectively.

B.2 The absorbance of the gas at A5, measured from direction y was Ag, both at  6pt
the initial state (I = Lyo) and after the equilibrium (I = L) Determine the ratio
ED/EM at )\BZ'
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Jlam6ep-bepoB 3aKOH?

8 % of BKYMHO
Mpawawe | A.1 B.1 B.2 | BKynHo
MoeHwn 10 6 6 22

PesyntaTtun

Bo 0Boj npo6nem, 3aHeMapu rv ancopnunjata o4 Kenvjata u pactBopyBayoT. TeMnepaTypaTta Ha cuTe
pacTBOpW 1 racoBu e ogpxyBaHa Ha 25 °C.

Aen A

BogeH pactBop X e nogroteseH og HA n NaA. KoHueHTpauuuTe [A~], [HA] n [H] Bo pactBopoT X ce
1,00 x 1072 mol L=", 1,00 x 103 mol L™" 1 1,00 x 10~* mol L=, coozBeTHO 1 ce MoBp3aHu Mpeky
KWNCeNnnHCKo-6asHaTa paMHoTexa:

HA = A=+ H* K= [A“mﬂ (M

OnTunykmoT nat Bo ,Jen A" e [. 3aHemMapu ja NnpoMeHaTa Ha ryctmHaTa npu paspegyBare. CMeTaj geka
He ce OZBVBaaT APYrv XeMUCKN peakLun OCBeH OHaa AajieHa co paseHkKa (1).

A1 AncopbaHuata Ha X e A, npun 6paHoBa Jo/mMKMHa ;. lNoToa, pactBopoT X  10pt
e [BOjHO paspejeH BO OAHOC Ha MOYEeTHOT BOJIYMEH CO XJIOPOBOAOPOAHA
kncenuHa co pH=2,500. /I no paspeayBahT0, ancopbaHuaTa bunamncra, A, npu
A;. Onpeaenmn ro oHOCOT ey /ep-, KAAE eyp W €4~ CE MOJIAPHUTE ancoprumoHn
KoeduLmeHTn Ha HA n A~, cooaBeTHO, Npu ;.
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Aden B
Ja ja pa3rnegame pamHoTexara Bo racHa ¢asa:
D=2M (2)

Yunct rac D e BHeceH BO caj co 06/1MK Ha KBajap CO TPaHCMapeHTeH NoABVXXeEH SUA 1 HanpeyeH rnpecek S
(BUAM CNviKa) Npy NPUTUCOK P. PaMHOTeXaTa e BOCMoCcTaBeHa Npu NpUTMUCOK P. AncopbaHLaTa Ha racoT
e A=¢(n/V)l, kage e, n, V, Nl ce MONApPHNOT ancoprnumoHeH KoepuLMeHT, KONNYECTBOTO rac, BolyMeH
Ha racoT 1 ONMTUYKMOT NarT, coogBeTHO. CMeTaj Aeka c1Te KOMMOHEHTW O/, racHaTta cMeca ce oJHecyBaar
KaKo naeanHu racosu.

AKO € NoTPe6HO, KOPUCTU TV OBUE BENNUNHN 33 AebUHMpPaHUTE COCTOj6M:

MNMouyeTHa cocTojba Mo pamHoTEXa
D M D M
MapumnjaneH NpUTLUCOK P 0 Pp Pm
Konnyectso BoO MoNnoBK ng 0 np oy,
BonymeH Vo Vv
B.1 AncopbaHuarta Ha racot npu \g; U3MepeHa Bo npasey z (I = 1[,) e Ag, 6pt

Kako 3a MnoyeTHaTa, Taka WM 3a KpajHaTa cocTojba Mo BOCMOCTaByBake Ha
paMHoTexaTta. OnpeAaenn ro OAHOCOT ep/ey MPU Mg, Kafde ep U gy Ce
MoOnapHUTe ancopnunoHn koedpuumeHTn 3a D n M, coogseTHO.

B.2 AncopbaHuaTa Ha racoT npu \g, M3MepeHa BO npasey y e Ag,, Kako 3a 6pt
noueTHaTa cocTojba (I = [, ), Taka 1 No BOCMOTaByBake Ha pamMHoTexaTa
(l=1,). ONpeAenu ro oAHoOCOT &p /ey NP Ag,.
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Aen A

A.1 (10 pt)

(Mpoaonxysa Ha cefHaTa CTpaHa)
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Aden B

B.1 (6 pt)

€p/em =
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The Redox Chemistry of Zinc

11 % of the total

Question A1 A2 B.1 B.2 B.3 B.4 Total
Points 6 5 4 3 5 9 32
Score

Zinc has long been used as alloys for brass and steel materials. The zinc contained in industrial wastewa-
ter is separated by precipitation to detoxify the water, and the obtained precipitate is reduced to recover

and reuse it as metallic zinc.

Part A

The dissolution equilibrium of zinc hydroxide Zn(OH),(s) at 25 °C and the relevant equilibrium constants

are given in eq. 1-4.

Zn(OH),(s) = Zn?*(aq) + 20H(aq)

Zn(OH),(s) = Zn

(OH)(aq)

Zn(OH),(s) + 20H"(aq) = Zn(OH)Z (aq)

H,O(l) = H*(aq) + OH™(aq)

Koo =1.74x 1077 )

K, =262x10°¢ (2)
Ky =6.47 x 1072 3)

K, =1.00 x 10714 (4)
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The solubility, S, of zinc (concentration of zinc in a saturated aqueous solution) is given in eq. 5.

S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH);~(aq)] (5)

A.1 When the equilibria in eq. 1-4 are established, calculate the pH range 6pt
in which [Zn(OH),(aq)] is the greatest among [Zn?*(aq)], [Zn(OH),(aq)] and
[Zn(OH);~(aq)]-

A2 A saturated aqueous solution of Zn(OH),(s) with pH = 7.00 was prepared and  5pt
filtered. NaOH was added to this filtrate to increase its pH to 12.00. Calculate
the molar percentage of zinc that precipitates when increasing the pH from 7.00
to 12.00. Ignore the volume and temperature changes.

Part B

Next, the recovered zinc hydroxide is heated to obtain zinc oxide according to the reaction below:

Zn(OH),(s) — ZnO(s) + H,0(1) 6)

The zinc oxide is then reduced to metallic zinc by reaction with hydrogen:

ZnO(s) + H,(g) — Zn(s) + H,0(g) (7)

B.1 In order for reaction (7) to proceed at a hydrogen pressure kept at 1 bar, itisnec-  4pt
essary to reduce the partial pressure of the generated water vapor. Calculate
the upper limit for the partial pressure of water vapor to allow reaction (7)
to proceed at 300 °C. Here, the Gibbs formation energies of zinc oxide and
water vapor at 300 °C and 1 bar for all gaseous species are AGz,o(300°C) =
—2.90 x 10> kJmol~! and AGy, (300°C) = —2.20 x 10% k) mol~", respectively.

Metallic zinc is used as a negative electrode (anode) material for metal-air batteries. The electrode con-
sists of Zn and ZnO. It uses the following redox reaction to generate electricity with the electromotive
force (e.m.f.) at 25 °C and pressure of 1 bar, E".

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

B.2 A zinc-air battery was discharged at 20 mA for 24 hours. Calculate the change  3pt
in mass of the negative electrode (anode) of the battery.
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Mt. Fuji

B.3

Consider the change of e.m.f. of a zinc-air battery depending on the environ-
ment. Calculate the e.m.f. at the summit of Mt. Fuji, where the temperature
and altitude are —38°C (February) and 3776 m, respectively. The atmospheric
pressure is represented by

5.257

P [bar] =1.013 x (1 0.0065% )

T +0.0065h + 273.15 2
at altitude h [m] and temperature T [°C]. The molar ratio of oxygen in the at-
mosphere is 21%. The Gibbs energy change of reaction (8) is AGz,0(—38°C) =
—3.26 x 102k mol~" at —38°C and 1 bar.

5pt

B.4

Calculate the Gibbs energy change for reaction (6) at 25 °C. Note that the stan-

dard reduction potentials, £°(Zn?*/Zn) and E°(0,/H,0) at 25°C and 1 bar are
given as (10) and (11), respectively.

Zn*t +2e- —» Zn E°(Zn?*t/Zn) = —0.77V (10)

O, +4H* +4e~ — 2H,0 E°(0,/H,0) =1.23V (11)

Ipt
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Pepokc xemuja Ha LUUHK

11 % og BKYNHO
Mpawame | A.1 A2 B.1 B.2 B.3 B.4 | BKynHo
MNoeHun 6 5 4 3 5 9 32

Pesyntar

LimHkOT gonro BpemMe ce KopucTten 3a nerypun, Kako MeCUHr n pasinyHn dyennun. Oa NHAYCTPUCKNTE
OoTnagHn BOoAN, UMHKOT Ce oAAesiyBa CO TalloXeHe 1 Ta/loroT ce pegyunmpa 3a NOBTOPHO Aa ce Aobune
MeTaneH LUnHK.

Aen A

PaMHOTeXHUTe peakunm Npm pacTBOPaHeTo Ha LMHK XMAPOKCnAoT Zn(OH),(s) npu 25°Cn coogBeTHUTE
KOHCTaHTK, Ce gaZeHun co paseHkuTe (1)-(4).

Zn(OH),(s) = Zn?*(aq) + 20H~(aq) Koo =1.74 %1077 (1
Zn(OH),(s) = Zn(OH),(aq) K, =262x107° (2)
Zn(OH),(s) + 20H"(aq) = Zn(OH)Z (aq) Ky =6.47 x 1072 3)

H,O(l) = H"(aq) + OH (aq) K, =1.00 x 10~ (4)
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PacTBOpanBOCTa, S, Ha LMHK (KOHLIEHTpaLMja Ha LMHK BO 3aCUTEH BOAEH PacTBOp) e AaZleHa Co paBeHKa

(5).

S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH)Z~(aq)]

)

A1 Kora ke ce BocnoctaBaT pamMHoTexmTe onuwaHu co (1)-(4), npecmetajro  6pt
nogpadjeto Ha pH BO KOe BpefHOCTa 3a KOHUeHTpauwnjata Ha [Zn(OH),(aq)] e
Hajronema nomery [Zn?*(aq)], [Zn(OH),(aq)] n [Zn(OH)3~(aq)].
A.2 Bun nogrotBeH 3acuTeH BojdeH pactBop o4 Zn(OH),(s) co pH = 7,00 n 5pt
ncountpupaH. Ha édmntpatot 6un gogaseH NaOH 3a pa ce 3ronemu pH go
12,00. MpecmeTaj ro KoIMYeCTBEHNOT YA/ Ha NCTaNIOXEH LIMHK, BO MPOLEHTH,
npwn sronemyearwe Ha pH oz 7,00 Ha 12,00. 3aHemapu ja NpomMmeHaTa Ha
BOJIYMEHOT 1 TeMnepaTtypara.
Aden B
NcTanoxeHnoT UWMHK XMAPOKCUA Ce 3arpeBa 3a Aa ce Aobue LUMHK OKCUZ cropes paBeHKaTa:
Zn(OH),(s) — ZnO(s) + H,0(l) (6)
MoToa LMHK OKCUAOT Ce peayumpa A0 MeTajeH LHK CO BOAOPOA:
ZnO(s) + Hy(g) — Zn(s) + H,0(q) (7)
B.1 3a fa ce ofBuBa peakuujata (7) Nnpy NPUTUCOK Ha BogopoAdoT of 1 bar, 4pt

NoTpebHO e ja ce HaManu napumjanHMOT NPUTUCOK Ha BOAHAaTa napa LUTo
ce pobusa. MpecmeTaj ja BpegHOCTa 3a ropHaTa rpaHuua Ha napuujaaHuoT
MPUTNCOK Ha BOAHATa Nnapa 3a Ja MoXe fa ce oABuBa peakumnjata (7) npm 300
°C. TmncosunTe eHeprum Ha obpasyBare LMHK OKCuA 1 BogHa napa npw 300 °C
1 1 bar 3a racoButuTe yuecHUUM ce: AGz,o(300°C) = —2,90 x 102k mol~" n
AGy o(300°C) = —2,20 x 10? kjmol~', cooaseTHo.

MeTanHNOT UMHK Ce KOPWUCTW Kako HeraTuMBHa efnekTpoja (aHoda) kaj baTepumuTe meTan-BO3AyX.
EnekTpogaTa ce coctou o4 Zn 1 ZnO. EnekTpryecTBoTO Ce A06MBa Kako pe3ynTaT Ha OABMBaHETO Ha
pefoKC peakumjaTa, 3a Koja enektpomoTopHaTa cuna (EMF) npu 25 °Cwu 1 bar e E*:

n(s) + %Oz(g) — Zn0O(s) E°=1.65V
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B.2

BaTepuvja UMHK-BO3gyX 6una npasHeTa npy 20 MA BO TekoT Ha 24 vaca.
MpecmeTaj ja NpoMeHaTa Ha MacaTa Ha HeraTMBHaTa efnekTpoja (aHoga) Kaj
6aTtepunjaTa.

3pt

MnaHnHa dyun

B.3

3emu npegBug Aeka npomeHaTa Ha EMF Ha 6aTepujata LMHK-BO34yX 3aBUCK
o4, HagaBopewHuTe ycnosu. NMpecmeTaj ja EMF Ha BpBOT o4 nnaHnHaTa dyun,
Kaje TemnepaTtypaTa 1 BucuHaTta ce —38°C (peBpyapu) n 3776 m, COOABETHO.
ATMOCHEpPCKMOT NPUTMCOK € JajeH COo:

5.257

9)

Plbar] = 1.013 x (1 00065k )

T +0.0065h + 273.15

Ha BUCMHa h[m] n Temnepatypa T [°C]. Konn4yecTBeHMOT yaen Ha KUCI0pPoa
BO aTMocdepaTa e 21%. [MpoMeHaTa Ha l'mncosBaTa eHeprunja 3a paBeHKaTa (8)
eAG7,0(—38°C) = —3,26 x 102 k) mol~" npn —38°C n 1 bar.

5pt

B.4

MpecmeTaj ja npomeHaTta Ha l'mncoBaTa eHepruja 3a peakumjata (6) npw 25°C.

CTaHzapAHUTe peAoKc noTeHumjanu 3a E°(Zn?*/Zn) n E°(0,/H,0) npn 25°C n
1 bar ce gageHn co (10) n (11), coogBeTHO.

Zn%*t +2e- - Zn E°(Zn?*t/Zn) = —0.77V (10)

0, + 4H* + 4e~ — 2H,0 E°(0,/H,0) = 1.23V (11)

9pt
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Aden B

B.1 (4 pt)

DH,0= bar

B.2 (3 pt)
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AG° = Jmol~!
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Mysterious Silicon

12 % of the total
Question | A.1 A2 A3 A4 B.1 B.2 B.3 | Total
Points 9 7 6 10 5 15 8 60

Score

Although silicon is also a group 14 element like carbon, their properties differ significantly.

Part A

Unlike the carbon-carbon triple bond, the silicon-silicon triple bond in a compound formulated as
R'-Si = Si-R" (R: organic substituent) is extremely reactive. For example, it reacts with ethylene to form
a cyclic product that contains a four-membered ring.

—

R'-Si=Si—R' + H,C=CH, — _Si=Si
R! \R1

When R'-Si = Si-R' is treated with an alkyne (R>-C = C-R?), the four-membered-ring compound A is
formed as an initial intermediate. Further reaction of another molecule of R2-C = C-R? with A affords
isomers B and C, both of which have benzene-like cyclic conjugated structures, so-called ‘disilabenzenes’
that contain a six-membered ring and can be formulated as (R'-Si),(R?>-C),.
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R2—C=C—R?
R'—Si=Si—R! + RE-C=C—R2 — A > B + C

The '3C NMR analysis of the corresponding six-membered ring skeletons Si,C, shows two signals for B
and one signal for C.

A1 Draw the structural formulae of A, B, and C using R, R?, Si, and C, with one of ~ 9pt
the possible resonance structures.

A.2 Calculate the aromatic stabilization energy (ASE) for benzene and C (inthe case  7pt
of R" = R? = H) as positive values, considering the enthalpy change in some
hydrogenation reactions of unsaturated systems shown below (Fig. 1).

H,C—=CH, + Ho - H,C—CH, AH=-135kJ mol" (1)
H,Si—CH, + Ho > H,Si— CH, AH=-213 kJmol" (2)
H,Si=—SiH, + Hz — H3Si— SiH; AH=-206 kJ mol”"  (3)

®
9

3 Hp — AH=-173kJ mol”!  (4)
HSi—SiH H,Si— SiH,
<\ /> + 3 Hp — ¢ ) AH=-326 kJ mol”!  (5)

/—SiH2

HSi 3 Hz H,Si AH=-368 kJ mol-'  (6)

e
|

HSi SiH + 3 Ho — > H,Si SiH, AH=-389kJmol! (7)

_/

L

Fig. 1
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When a xylene solution of C is heated, it undergoes isomerization to give an equilibrium mixture of
compounds D and E. The molar ratioisD: E=1:40.0at50.0 "Cand D:E=1:20.0 at 120.0 °C.

A3 Calculate AH for the transformation of D to E. Assume that AH does not de-  6pt
pend on temperature.

The isomerization from C to D and to E proceeds via transformations of m-bonds into o-bonds without
breaking any o-bonds. A '3C NMR analysis revealed one signal for the Si, C, skeleton of D and two signals
for that of E. The skeleton of D does not contain any three-membered rings, while E has two three-
membered rings that share an edge.

A4 Draw the structural formulae of D and E using R', R?, Si, and C. 10pt

Part B

Silicon is able to form highly coordinated compounds (> four substituents) with electronegative elements
such as fluorine. As metal fluorides are often used as fluorination reagents, highly coordinated silicon
fluorides also act as fluorination reagents.

The fluorination reaction of CCl, using Na,SiFg was carried out as follows.

+ Standardization of Na,SiF; solution :
- Preparation
Aqueous solution F: 0.855 g of Na,SiF, (188.053 gmol ') dissolved in water (total volume: 200 mL).
Aqueous solution G: 6.86 g of Ce,(SO,); (568.424 gmol") dissolved in water (total volume: 200 mL).
- Procedure

Precipitation titration of a solution F (50.0 mL) by dropwise adding solution G in the presence of xylenol
orange, which coordinates to Ce3*, as an indicator. After adding 18.8 mL of solution G, the color of the
solution changes from yellow to magenta. The generated precipitate is a binary compound that contains
Ce3*, and the only resulting silicon compound is Si(OH),.

B.1 Write the balanced equation for the reaction of Na,SiF; with Ce,(SO,)s. 5pt

+ Reaction of CCl,with Na,SiFg:
(Substance losses by e.g. evaporation are negligible during the following operations.)

Na,SiFg(z [g]) was added to CCl, (500.0 g) and heated to 300°C in a sealed pressure-resistant reaction
vessel. The unreacted Na,SiFs and generated NaCl were removed by filtration. The filtrate was diluted
to a total volume of 1.00 L with CCl, (solution H). The 2°Si and "°F NMR spectra of solution H showed SiF,
as the only silicon compound. In the "°F NMR spectrum, in addition to SiF,, signals corresponding to
CFCl, CF,Cl,, CF5Cl, and CF, were observed (cf. Table 1). The integration ratios in the '°F NMR spectrum
are proportional to the number of fluorine nuclei.

Table 1
9F NMR data CFCl; CF,Cl, CF5Cl CF,
Integration ratio 45.0 65.0 18.0 2.0
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SiF, is hydrolyzed to form H,SiFg according to the following eq. 8:
3SiF, + 2H,0 — SiO, + 2H,SiFg (8)

Solution H (10 mL) was added to an excess amount of water, which resulted in the complete hydrolysis of
SiF,. After separation, the H,SiF; generated from the hydrolysis in the aqueous solution was neutralized
and completely converted to Na,SiFg (aqueous solution J).

The precipitate of unreacted Na,SiF, and NaCl, which was removed by filtration in the initial step (under-
lined), was completely dissolved in water to give an aqueous solution (solution K; 10.0 L).

Then, additional precipitation titrations using solution G were carried out, and the endpoints of the titra-
tions with G were as follows:

-For solution J (entire amount): 61.6 mL.
‘For 100 mL of solution K: 44.4 mL.

It should be noted here that the coexistence of NaCl or SiO, has no effect on the precipitation titration.

B.2 Calculate the mass of the NaCl produced in the reaction vessel (information  15pt
underlined), and calculate the mass (z [g]) of the Na,SiF; used as a starting
material.

B.3 77.8% of the CCl, used as a starting material was unreacted. Calculatethemass  8pt
of CF;Cl generated.




IChO
||
% 5 MKD-3 C-5 Q-1
Cho 207 Macedonian (North Macedonia)

MucTtepmnoseH cmunmyumnym

12% op BKYNHO
Mpawame | A.1 A2 A3 A4 B.1 B.2 B.3 | BkynHo
MoeHw 9 7 6 10 5 15 8 60

Pesyntat

MaKko cunnumymoT e eneMeHT og 14-Ta rpyna 1UcTo Kako jarneposoT, HUBHUTE CBOjCTBA 3HAUUTENHO Ce
pasnunkyBaar.

Aen A

3a pasnuka oj jarnepoj-jarnepos TpojHaTa Bpcka, CUANLUYM-CUANLMYM TPOjHaTa BPCKa BO COeANHEHNETO
co onwrTa ¢opmyna R'-Si=Si-R' (R: opraHcku cymncTUTyeHT) e eKCTPEMHO peakTvBHAa. Ha mpumep,
pearupa co eTeH 1 GOpMUMPa LMKANYEH NPOAYKT LUTO COAPXUN YeTUPUUNEH NPCTEH.

—

R'-Si=Si—R! + H,C—=CH, — _Si=si
R1 \R1
Mpu TpetmaH Ha R'-Si=Si-R' co ankmH R?>-C=C-R? ce popMmupa UYETMPUYNEHOTO LMKINYHO

coegnHeHve A , Kako nodveteH WHTepMegujap. Co nMoHaTamMoOLWlHaTa peakumja Ha A ” ywTe ejHa
mosnekyna R?*>-C=CR? ce gobusaat m3omepute B n C. [lBeTe coeavHEHMVja VMAAT LMKIVYHN



IChO

™

Q,\GS

5 MKD-3 C-5 Q-2
Cho 207N Macedonian (North Macedonia)

KOHjyrmpaHn CTPYKTYpPWU CAUYHW Ha 6eH3eH, T.H. ,AncunabeHseHn” Kou coapXaTt LuecTysieH npcTeH
1 MOXe Za ce 3anuwiart co onwTata popmyna (R'-Si),(R2-C),

R2—-C=C—R?

R'-Si=Si—R'+ R?-C=C—R2 — A B + C

13C NMR aHanmsaTa Ha COOABETHUTE LLECTUIeHN NPCTEHECTN CKeNeTHU CTPYKTypu Si,C, Nokaxysa A8a
curHanu 3a B 1 egeH curHan 3a C.

A1 HaupTtajru crtpyktypHute ¢dopmynn Ha A, B u C co egHa o mMoxHuUTe  9pt
PE30HaHTHU CTPYKTYpU, Kopuctejkn R', R Sin C.

A.2 MpecmeTaj ja eHeprujata Ha apomaTtnyHa ctabunmsauuja (ASE) 3a 6eHseH 1 7pt
C (Bo cnyuaj kora R' = R? = H) koja MMa Mo3UTUBHA BPeAHOCT, MMajKN ja
npeABnA NpoMeHaTa Ha eHTannmjaTa Kaj Hekou peakumn Ha XMAporeHnpame
Ha He3acuTeHUTe cncTteMu npukaxaHu nogony (Cn. 1).

H,C =CH, + Ho —_— H,C—CH, AH=-135kJ mol”! (1)
H,Si—CH, + Hz — > H;Si— CH,4 AH=-213kJmol" (2)
H,Si—SiH, + Ho — > H;Si— SiHj AH=-206 kJ mol™"  (3)
@ + 3 H» — <:> AH=-173 kI mol™"  (4)
HSi—SiH H,Si— SiH,

<\ /> + 3Hz — < ) AH=-326 kJ mol"!  (5)

/—SiH2

HSi 3 H2 H,Si AH=-368 kJ mol"!  (6)

e
|

SiH  + 3 H, . H,Si SiH, AH=-389 kJmol! (7)

/

HSi

<

Cn. 1
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Mpw 3arpeBarbe Ha KCMeHCkM pacTBop o4 C, goafa 4o Herosa 13omMepuaLmja 1 ce 4obMBa paMHOTEXHa
cMmeca Ha coeanHeHunjata D 1 E. MonapHuoT ogHoc e D: E = 1: 40,0 Ha 50,0 °C » D: E = 1: 20,0 Ha 120,0
°C.

A3 MpecmeTaj ja AH 3a TpaHcpopmaumjata Ha D Bo E. MNpeTtnoctasn geka AH He  6pt
3aBuUCK OA TemnepaTtypara.

M3omepumsaunjata og C go D n go E ce ogBmBa npeky TpaHchopmaumja Ha m-BPCKU BO o-BPCKW 6e3
packuHyBakbe Ha o-BpckmTe. '3C NMR aHanv3arta nokaxysa eAeH curHan 3a Si,C,ckenetot Ha D v aBa
curHanu 3a oHoj Ha E. CkeneTHaTta cTpykTypa Ha D He cogpxXu TpnuneHu npcteHn, jogeka E vmva aBa
TPUYNEeHW NPCTEHM KOV UMaaT 3aeH1NYKa BPCKa.

A4  Haupraj rm ctpykTypHuTe dopmynu Ha D n E, kopuctejkn R', R?, Sin C. 10pt

Aen B

CUANLNYMOT MMa CNMOCOBHOCT Aa GopMMPa BUCOKO KOOPANHUPAHW COeANHEHM]a (> YeTUPW CYyNCTUTYEHTI)
CO efleKTPOHEeraTMBHU eNleMeHTU Kako WTo e ¢payopoT. MeTanHUTe Gayopmnam 4ecTo ce KOpUCTaT Kako
peareHcn 3a Gpnyopmpare, Kako 1 BUCOKO KOOPANHUPAHUTE CUNMLIMYMOBU GNyopUAM KO UCTO Taka
AenyBaaT Kako peareHcu 3a payopupamse.

PeakuwnjaTta Ha ¢nyopupame Ha CCl, co ynoTpeba Ha Na,SiF; e n3BeseHa Ha ciefHMOB HaUVH.

+ CTaHgapavsupatse Ha pactBop of, Na,SiFg :
- MoprotoBka
BoaeH pacteop F: 0,855 g Na,SiF (188,053 gmol ') ce pactBopa Bo Boza (BKyreH BonymeH: 200 mL).
BoaeH pactsop G: 6,86 g Ce,(SO,); (568,424 gmol~") ce pactBopa Bo BoAa (BKyrneH BonymeH: 200 mL).
- MocTanka

Ce n3BegyBa TanoxHa TUTpaumja Ha pactesopoT F (50,0 mL) co sosaBarse Karka no Karka of pactsopot G
BO NPMWCYCTBO Ha UHAMKATOP KCUNEHOJ OPaHX, NpW LLTO ce KoopAvHupa co Ce3*. Mo gogaBarbe Ha 18,8
mL pactBop G, 60jaTa Ha PacTBOPOT Ce MeHYyBa O/ >XO0J1Ta BO BNOJIeTOBO-LpBeHa. [lobneHnoT Tanor e
61HaPHO coeaunHeHe Koe coapxu Ce3*, a eAMHCTBEH MPOAYKT LUTO COAPXKM CUMNLIMYM € COEANHEHMNETO
Si(OH),.

B.1 Hanwuwin n nspamHu ja paBeHkaTa 3a peakumjata Ha Na,SiFg co Ce,(S0,);. 5pt

* Peakumja Ha CCl, co Na,SiFg:

(3arybuTe Ha cyncTaHumTe CO ncnapyBame Ha NpuMep, ce 3aHeMapanBU NMpu N3BedyBakse Ha clejHuTe
onepaunn.)

Na,SiFg (x [g]) e aopaseH Bo CCl, (500,0 g) n ce 3arpesa Ao 300 ° C BO 3aTBOpeH peakUMOHEeH Caj
OTNOpeH Ha NpuTUcok. HenspearnpaHuot Na,SiFg 1 co3gaaeHnoT NaCl ce oTcTpaHeTV co punTpupamse.
dUNTpaToT e paspeseH Ao BKyrneH BonymeH oz 1,00 L co CCl, (pacteop H). 2°Si 1 "°F NMR criektpuTe Ha
pacTBopoT H nokaxyBsaaTt npucycTBo Ha SiF, Kako efUHCTBEHO CoefnHeHVe Ha cunnumym. Bo'’FNMR
cnekTapoT, nokpaj SiF,, ce 3abenexaHn cirHanu WTo oarosapaat Ha CFCl;, CF,Cl,, CF;Cl n CF, (cn.
Ta6ena 1). OZHOCOT Ha UHTerpvpaHnTe noBpwnHKY Bo '"FNMR CnekTapoT ce npornopuyoHanHy Ha
6pojoT Ha jagpa o4 dnyop.
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Tabena 1
9F NMR nogatoum CFCl5 CF,Cl, CF5Cl CF,
OpaHoC Ha MHTerpupanu | 45,0 65,0 18,0 2,0
NOBPLUVHN

SiF, xngponusmpa n ce popmumpa H,SiFg criopeg cnegHaBa paBeHka 8:

3SiF, + 2H,0 — SiO, + 2H,SiF,

(8)

Pactsop H (10 mL) e fogazeH BO NOroseMo Konm4yecTeo Boga, npu wo SiF, LenocHo xugponunsumpa. Mo
pa3genyBameTo, JobmneHnoT H,SiFg npn xuaponnsaTa BO BOAEH PacTBOp e HeyTpanaun3npaH 1 LenocHo

npetsopeH Bo Na,SiF (BogeH pacTsop J).

Tanorot oA HeuspearupaHute Na,SiFg n NaCl, koj e oTcTpaHeT co dunTpmparbe BO NOYETHNOT YeKkop
(noaBneveHo), LENoCHO e pacTBOPEH BO BOAA U ce AobKBa BogeH pacTBop (pacteop K; 10,0 L).

[MoToa, n3BeseHU ce AOMNOHUTENHW TalOXHW TUTPaLMN CO yn0Tpe6a Ha pPacTBOpPOT G, a 3aBpLWHNTE

TOUKWM Ha TUTpaumuTe co G ce:
-3a pactBop J (Leno konnyectso): 61,6 mL.

-3a 100 mL og pactsoporT K: 44,4 mL.

Tpeba fa ce HarnoMmeHe geka ncrospeMeHoTo npucycteo Ha NaCl nnum SiO, Hema H1UKaKBO BAVjaHVEe BP3

TanoXHara TuTpaumja.

Heun3pearvpanu. NMpecmeTaj ja MmacaTa Ha obpasyBaHnoT CF5Cl.

B.2 MpecmeTaj ja macata Ha NaCl gobreHa BO peakuMoHWOT caa (MHPopmaumjata  15pt
e noggnedveHa) n npecmetaj ja macata (x [g]) Ha Na,SiF; wTo e ynotpebeHa
KaKo no4veTeH martepujarn.

B.3 Oa ynotpebeHuor CCl, kako nodyeTeH Matepwjan, 77,8 % octaHane 8pt
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MucTtepmnoseH cmunmyumnym

Aen A

A.1 (9 pt)

A (3 noeHn)

B (3 noeHn)

C (3 noeHn)

A.2 (7 pt)

CeHs :

kJmol~',C :

k) mol~!
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A.3 (6 pt)
AH = k] mol™!
A.4 (10 pt)
D (5 noeHwn) E (5 noeHn)
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Aden B
B.1 (5 pt)
B.2 (15 pt)

(Mpoaonxysa Ha cnefHaTa CTpaHa)




AS5-4

?2; § MKD-3 C-5 A-4
Cho 207N Macedonian (North Macedonia)
B.2 (cont.)
Nacl : g, Na25|F6 : g
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The Solid-State Chemistry of Transition Metals

13 % of the total
Question | A1 A2 A3 B.1 B.2 B.3 B.4 C.1 Cc.2 C.3 | Total
Points 6 3 3 6 4 4 4 5 5 5 45
Score
Volcano at Sakurajima island
Part A

Japan is one of the countries with the highest numbers of volcanos worldwide. When silicate minerals
crystallize from magma, a part of the transition-metal ions (M"*) in the magma is incorporated into the
silicate minerals. The M"* studied in the problem are coordinated by oxide ions (0%>~) and adopt a four-
coordinate tetrahedral (Ty) geometry in the magma and six-coordinate octahedral (Oy,) geometry in the
silicate minerals, both of which exhibit a high-spin electron configuration. The distribution coefficient of

M"* between the silicate minerals and magma, D, can be expressed by:

M,
M

where [M]; and [M], are the concentrations of M"* in the silicate minerals and the magma, respectively.
The table below shows the D values of Cr?*and Mn?* as examples.

Cre+

MnZ+

D 72

1.1
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Let Ay and CFSE® be the energy separation of the d-orbitals of M"* and the crystal-field stabilization
energy in a O, field, respectively. Let A; and CFSET be those in a Ty field.

A1 Calculate |CFSEC—CFSE'| = ACFSE in terms of Aq for Cr?*, Mn?*, and Co%*; 6pt
assume Ap = 4/9A,.

A2 Alinear relationship is observed by plotting InD against ACFSE / A in the Carte-  3pt
sian coordinate system shown below.
Estimate D for Co?*.

2.0

0 01 02 03 04 05
ACFSE 7 Aq

Metal oxides MO (M: Ca, Ti, V, Mn, or Co) crystallize in a rock-salt structure wherein the M"* adopts an Oy,
geometry with a high-spin electron configuration. The lattice enthalpy of these oxides is mainly governed
by the Coulomb interactions based on the radius and charge of the ions and some contributions from
the CFSE of M"™* in the Oyfield.

A3 Choose the appropriate set of lattice enthalpies [k] mol~'] from one of the op-  3pt
tions (a) to (f).

CaO TiO \'[e] MnO CoO
(a) 3460 3878 3913 3810 3916
(b) 3460 3916 3878 3810 3913
(c) 3460 3913 3916 3810 3878
(d) 3810 3878 3913 3460 3916
(e) 3810 3916 3878 3460 3913
(f) 3810 3913 3916 3460 3878




IChO

MKD-3 C-6 Q-3

=z
$
Choz English (Official)

Q,\ES

Part B

A mixed oxide A, which contains La3* and Cu?*, crystallizes in a tetragonal unit cell shown in Fig.1. In the
[CuQg] octahedron, the Cu-0 length along the z-axis (I,) is longer than that of the x-axis (), and [CuOg]
is distorted from the regular O, geometry. This distortion removes the degeneracy of the e, orbitals
(dxz_ » and dzz).

Y

D - La3+

@ : Cu*

O 0+
0.2520 nmI
1.3313nm

CuOq

1 ", _ASSSSnm
‘-
% 0.3833nm
Fig. 1

A can be synthesized by thermal decomposition (pyrolysis) of complex B, which is formed by mixing metal
chlorides in dilute aqueous ammonia solution containing squaric acid C,H,0,, i.e., a diacid. The pyrolysis
behavior of B in dry air shows a weight loss of 29.1% up to 200 °C due to the loss of crystallization water,
followed by another weight loss up to 700 °C due to the release of CO,. The total weight loss during the
formation of A from B is 63.6%. It should be noted that only water and CO, are released in the pyrolysis
reaction.

B.1 Write the chemical formulae for A and B. 6pt

B.2 Calculate /,, and [, using Fig. 1. 4pt

B.3 For Cu?* inthe distorted [CuOg4] octahedronin A of Fig. 1, write the namesofthe  4pt
split €q orbitals (dzz,yz andd..)in (i) and (ii), and draw the electron configuration
in the dotted box in your answer sheet.
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Ais an insulator. When one La3* is substituted with one Sr*, one hole is generated in the crystal lattice
that can conduct electricity. As a result, the Sr>*-doped A shows superconductivity below 38 K. When a
substitution reaction took place for A, 2.05 x 10?7 holes m~3 were generated.

B.4 Calculate the percentage of Sr>* substituted for La3* based on the mole ratio  4pt
in the substitution reaction. Note that the valences of the constituent ions and
the crystal structure are not altered by the substitution reaction.

Part C

Cu,(CH5CO,), is composed of four CH;CO, coordinated to two Cu®" (Fig. 2A). Cu,(CH5CO,), exhibits
high levels of structural symmetry, with two axes passing through the carbon atoms of the four CH;CO,
and an axis passing through the two Cu*", all of which are oriented orthogonal relative to each other.
When a dicarboxylate ligand is used instead of CH;CO, , a “cage complex” is formed. The cage com-
plex Cu,(L1), is composed of planar dicarboxylate L1 (Fig. 2B) and cu*t (Fig. 2C). The angle 6 between
the coordination directions of the two carboxylates, indicated by the arrows in Fig. 2B, determines the
structure of the cage complex. The 8 is 0° for L1. Note that hydrogen atoms are not shown in Fig. 2.

A ( B
C
//\\
& ® ®
/e' 0“0 0“0
 SEETEEN |
d 6=0°
Bc.@oOc

Fig. 2
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C1

The 6 of the planar dicarboxylate L2 below is fixed to 90°. If the composition
of the cage complex formed from L2 and Cu*" is Cu,(L2), , give the smallest

integer combination of n and m. Assume that only the CO, groups of L2 form
a coordination bond to Cu®" ions.

N

L2
0 =90°

5pt
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A zinc complex, Zn,0(CH;3CO,),, contains four tetrahedral Zn’*, six CH3CO, , and one 0% (Fig. 3A). In
Zn,0O(CH5CO,),, the O*~ is located at the origin, and the three axes passing through the carbon atoms of
CH5CO, are oriented orthogonal relative to each other. When p-benzenedicarboxylate (Fig. 3B, L3, 8 =
180°) is used instead of CH;CO, , the Zn’" clusters are linked to each other to form a crystalline solid (X)
that is called a “porous coordination polymer” (Fig. 3C). The composition of X is [Zn,O(L3)3],,, and it has
a cubic crystal structure with nano-sized pores. One pore is represented as a sphere in Fig. 3D, and each

tetrahedral Zn>" cluster is represented as a dark gray polyhedron in Fig. 3C and 3D. Note that hydrogen
atoms are not shown in Fig. 3.

o )
L3, 6=180°

Fig. 3

C.2 X has a cubic unit cell with a side length of a (Fig. 3C) and a density of 0.592  5pt
gcm—3. Calculate a in [cm].

c3 X contains a considerable number of pores, and 1 g of X can accommodate 5pt
3.0 x 102 mL of CO,, gas in the pores at 1 bar and 25 °C. Calculate the average
number of CO, molecules per pore.
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XemMuja Ha UBpCTa cOCTOj6a Kaj NnpeoAHUN MeTanu

13 % o4, BKYNHO

Mpaware | A.1 A2 A3 B.1 B.2 B.3 B.4 C.1 C.2 C3 BkynHo

MoeHn 6 3 3 6 4 4 4 5 5 5 45

Pe3syntat

BynkaH Ha octpoBoT CakypayvmMa

Aen A

JanoHuja e egHa og 3emjuTe o Hajronem 6poj BykaHM BO CBeTOT. Kora of marmaTa kpuctanmsupaar
CUANKATHUTE MUHEepanu, Aen of joHuTe Ha npeogHuTe metaam (M) og marmaTa ce nHKoprnopwupaaT
BO CU/IMKATHUTE MUHepanu. M joHnTe o4 0BOj NPo6aeM ce KOOPANHMPAHW CO KUCNOPOAHM joHM (0%7)
N NMaaT YeTUPU-KOOPANHUPaHa TeTpaegapcka (Ty) reomeTpuvja BO MarMata U LUeCT-KOOPAMHUPaHa
okTaegapcka (O,) reomeTpuja BO CUAVKATHUTE MUHepann, ABeTe MOKaXyBajku BMCOKO-CMWHCKA
efleKTPOHCKa KoHpurypaumja. KoedmumeHToT Ha pacnpegenba 3a M™ mery cunvkaTHUTE MUHepann n
mMarmara, D, MOXe ja ce n3pasu npeky:

M,
M

kage [M]s n [M], ce koHUeHTpauumTe Ha M""BO cMAMKaTHUTE MUHeEpanu U MarmaTta, coojseTHo. Bo
TabenaTa gajeHu ce BpegHocTMTe Ha D 3a Cr?* i Mn?*, kako npumepu.
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Cr*  Mn?
D 172 1.1

Heka Ag yn CFSEC ce eHepruvte Ha pacuenysake Ha d-op6uTtanmute Ha M"™ ©n eHeprvjata Ha
cTabunvsaumja Bo Oy, IMraHAHo none, cooABeTHO. Heka A; 1 CFSET ce oHve BO Ty IMraHAHO none.

A1 NMpecmeTaj | CFSEC—CFSET | = ACFSE Bo oaHOC Ha Ag 3a Cr2*, Mn?+ n Co?t; 6pt
cMeTaj Aeka Ay = 4/94.

A.2 YTBpAeHa e nnHeapHa 3aBUCHOCT Ha InD kako ¢yHkuuwja og ACFSE / Ag Bo  3pt
JlekapToBMOT KOOPAMHATEH CUCTEM MPUKaXKaH NoAoNY.
MpoueHn ja BpegHocTa Ha D 3a Co?*,

2.0

1.5

0 01 02 03 04 05
ACFSE /Aq

MeTanHute okcuam MO (M: Ca, Ti, V, Mn nnun Co) kpnctanmusmpaaT BO CTPYKTYPEHMOT TUM Ha KaMeHa Cofl
- XanuT, kage Mt nmaat O,, reomeTpuja co BUCOKO-CMMHCKA eNeKTPOoHCKa KoHdurypaumja. EHTannmjarta
Ha peLlueTKaTa Kaj OBMe OKCUAM e rnaBHO pe3ynTtaTt Ha KylIOHOBCKM MHTepaKuum 6asnpaHn Ha pagunycoT
1 NONHEXOT Ha joHuTe 1 Man npuaoHec og CFSE og M Bo Oy, none.

A3 Op6epu ro COOABETHMOT CeT Ha eHTannuu 3a peweTkute [kJmol~'] og 3pt
AajeHnTe MOXHOCTW o (a) aa (f).

CaO Tio VO MnO CoO
(a) 3460 3878 3913 3810 3916
(b) 3460 3916 3878 3810 3913
(c) 3460 3913 3916 3810 3878
(d) 3810 3878 3913 3460 3916
(e) 3810 3916 3878 3460 3913
(f) 3810 3913 3916 3460 3878
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Aden B

MewaH okcva A, Koj coapxm La3* n Cu?*, kpuctanusmpa BO TeTparoHasHa enemMeHTapHa Kenuja
npukaxaHa Ha Cn.1. Bo [CuQg4] okTaegapoT, go/mkKMHaTa Ha Cu-O gonx z-ockaTa (I,) e noronema BO
0AHOC Ha OHaa fonx x-ockaTa (I,), a [CuOg4] e gedopmmpaH BO OAHOC Ha HopManHaTta Oy reomeTpuja.
OBaa gedopmMauyja ja oTCTpaHyBa AereHepauujaTa Ha €4 opbutanute (d,. . 1 d..2).

z2—y

b

D« La3+
@ : Cu*
O 0+

1.3313nm

1 ", ﬁsesa nm
‘-
% 0.3833nm

Cn. 1

A Moxe fia ce obume CO TEPMUUKO pasNioxyBakse (MMponur3a) Ha KoMNekcoT B, koj ce gobmBa co meLLake
Ha MeTasIHX XN0pUAM BO paspeseH aMOHMjavyeH pacTBop KOj coap>Xun kBagpaTHa kucenmHa C4H,0,, T.e.
AvkucenuHa. Mpu nuponmsa Ha B, Ha cyB BO3ayX, Aoara Ao rybuTok Ha maca og 29,1 % ce’ go 200 °C,
KaKo pe3ynTaT Ha rybeme Ha KpuCTanHaTa Boga, npociefeHa co ryberse Ha macaTa ce’ go 700 °C 3apagu
ocnobogysare Ha CO,. BKynHMOT ry6uToK Ha Maca npu obpasysamne Ha A of B e 63,6 %. Mpwn npouecoT
Ha nNuponun3a ce ocnobogysaat camo Boga un CO,.

B.1 3anuwun ru xemmckute dopmynm Ha A n B. 6pt

B.2 MpecmeTajrmn i, ni, cnopea Cn. 1. 4pt

B.3 3a Cu?* Bo gedopmupanmot [CuOg] okTaegap Bo A og Cn. 1, HanuwmM rm ~ 4pt
MMUNHbaTa Ha pacueneHnTe eg opbutanu (d,2_,»nd.)Bo () n(ii) M npeTcTaBum ja
eneKTpoHcKaTa KOHpUrypaumja Bo KBaApaTyeTo CO UCMPEKNUHATL NHUM BO
NNCTOT 3a O4roBOPMU.
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A e v3onatop. Kora eseH joH Ha La3* e 3ameHeT co ezeH joH Ha Sr?*, ce fobu1Ba efHa NpasHUHA BO
KpuMCTanHaTa peLueTka npeky Koja Moxe Aa ce cnpoBeAyBa cTpyja. Kako pe3ynTaT Ha Toa, A JONNHIYBaH
o Sr?* mokaxyBa CynepcrnpoBoAAnBOCT Nog 38 K. Mpw peakuwja Ha cynctutyumja Bo A, 6une go6reHu
2,05 x 10%” npasHuHM m—3,

B.4 NMpecmeTaj ro yaenoT, BO MPOLIEHTH, Ha Sr?t Kou rv 3ameHune La3t joHnte Bp3  4pt
OCHOBA Ha KO/IMYEeCTBEHMOT OAHOC Of, peakuujata Ha 3ameHa. Boan cmeTtka
[leKa MoJIHeXOT Ha joOHUTe U Ha KpucTanHaTa pelleTka He ce MeHyBaaT npu
peakumjaTta.

Part C

Cu,(CH3CO,), e coctaBeH o yetvpu CH3;CO, jOHM KOOpAMHMPAHW 3a fABa cu®” joHn (Cn. 2A).
Cu,(CH5CO,), NnocepyBa BMCOKA CUMeTPUja, Taka LUTO ABe OCKN MUHYBAaaT HW3 jarfiepoAHMTe aTOMU Ha
vetupute CH;CO, jOoHM N efHa HU3 ABaTa cu®* joHn. CnTe ockKM ce HoOpManHW egHa Ha gpyra. Kora ce
KopucTn ankapbokcmnateH avraHg Hamecto CH;CO, , ce obpa3syBa KOMMIeKc Kako ,kades”. TakBnoT
komnnekc Cu,(Ll), ce cocton of nnaaHapHu gukapbokcmnatHu nvradam L1 (Ch. 2B) n cu® joHm (Cn.
2C). AronoT 8 mefy KOOpAMHALMOHUTE NPaBLM Ha ABaTa KapboKcmMnath, O3HaYeHW CO CTPenkuTe Ha
Cn. 2B, ja onpegenyBa CTpyKTypaTa Ha ,kades” komnnekcot. 8 e 0° 3a L1. Ha Cn. 2, He ce npukaxaHu
BOJOPOAHUTE aTOMW.

A d
-
s
¢ o
Bc.@oOc dop

Cn.2
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CA1 BpeaHocTa Ha 6 3a nnaHapHWOT ankapbokcuaeH nuraHa L2 e 90°. Ako kades-  5pt

2
KOMMAeKCOT, cocTaBeH o4 L2 u Cu”", e co popmyna Cu,(L2), , onpeaenn rm
HajManuTe 6pojHN BpeAHOCTM 3@ KOMBUMHaLWjaTa Ha n u m. MNpeTnocTaeu geka
camo CO, rpynuTe o4 L2 obpasyBaaT KOOPAVNHALNOHW BPCKM CO cu®* joHuTe.

Z° N
L2
6 =90°
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Komnnekc Ha uwvHkoT, Zn,O(CH;CO,),, COApXM YeTupn TeTpaeAapcku Zn** joHun, wect CH;CO,
joHM 1 egeH 02~ (Cn. 3A). Bo Zn,0O(CH;CO;),, 02~ e nocTaBeH BO KOOPAWHATHMOT MOYETOK, a TpUTe
OCKW LUTO MWHYBaaT HU3 jarnepogHute atomun of CH3;CO, ce HopManHu efHa Ha jpyra. Kora p-
b6eH3eHankapbokcmnat (Cn. 3B, L3, 8 = 180 °) ce kopuctn Hamecto CH;CO, , Zn*t Knacrtepute ce
nosp3aHn mery cebe obpasyBajkm KpucTanHa cynctaHua (X) HapeyeHa ,MOpo3eH KOOpAMHALVOHEH
nonnmep” (Cn. 3C). CoctaBoT Ha X e[Zn,O(L3)5],, ” MMa KybM4YHa KpWUCTanHa CTPYKTypa CO HaHo-
ronemuHa Ha nopuTe. EfHa nopa e npurikaxaHa kako cdepa Ha Cn. 3D, a cekoj TeTpaeaapckut Zn”" joH e
npeTcTaBeH Kako TeMHocmB nosvegap Ha Cn. 3C n 3D. Ha Ch. 3. He ce npuKaXaHn BOAOPOAHUTE aTOMMU.

o )
L3, 6=180°

Cn. 3

C.2 X ce KapakTepusmpa co KybuuyHa enemMmeHTapHa Kenuja co ctpaHa a (Cn. 3C) m 5pt
ryctvHa og 0,592 g cm~—3. NpecmeTaj ja a Bo [cm].

c3 X coapxmn 3HaumTeneH 6poj nopu 1 1 g o4 X moxe ga npumu 3,0 x 10> mL  5pt

racosut CO, npu 1 bar n 25 °C. MpecmeTaj ro cpegHnoT 6poj monekynn CO,
no nopa.
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XemMuja Ha UBpCTa cOCTOj6a Kaj NnpeoAHUN MeTanu

Aen A

A.1 (6 pt)

Cra+ . An, M2t : A, , Co?t: A
(0] (0] (0]
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A.2 (3 pt)
2.0
1.5
Q
c 1.0
0.5
0
0 0.1 02 03 04 05
ACFSE / Aq
D:
A.3 (3 pt)
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Aden B
B.1 (6 pt)
A: ,B:
B.2 (4 pt)
l, = nm, [, = nm




oo NO=4

2\ &
"'l'om\‘v Macedonian (North Macedonia)
B.3 (4 pt)
(i) : , (i) -
Energy TSR T PR
i 0
€ | |
i ! (i)
B.4 (4 pt)
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Aen C

C.1 (5 pt)

C.2 (5pt)
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Playing with Non-benzenoid Aromaticity

13 % of the total
Question A1 A2 A3 B.1 Total
Points 5 2 19 10 36

Score

Prof. Nozoe (1902-1996) opened the research field of non-benzenoid aromatic compounds, which are
now ubiquitous in organic chemistry.

Photo courtesy: Tohoku Univ.

Part A

Lineariifolianone is a natural product with a unique structure, which was isolated from Inula linariifolia.
From valencene (1), a one-step conversion yields 2, before a three-step conversion via 3 yields ketone 4.
Eremophilene (5) is converted into 6 by performing the same four-step conversion.
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eremophilene (5)

Inula linariifolia

X
»
N
NaIO4
0304 2
THF, H,0
C14H22O
\ H
—/Si—N—Si—
\S' |
—gi— _
/ Crl @i)\(
CH3CN THF : - . THF
80°C —78°C o, ou ~78°C
B \ H / (ii) 0
P —Si-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
THF, H,O CH5CN THF
80 °C -78°C

A1 Draw the structures of 2 and 6 and clearly identify the stereochemistry where  5pt
necessary.

Then, ketone 4 is converted into ester 15. Compound 8 (molecular weight: 188) retains all the stereocen-
ters in 7. Compounds 9 and 10 have five stereocenters and no carbon-carbon double bonds. Assume
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that H,"80 is used instead of H,'®0 for the synthesis of '®0-labelled-lineariifolianones 13 and 14 from 11
and 12, respectively. Compounds 13 and 14 are '®0-labelled isotopomers. Ignoring isotopic labelling,
both 13 and 14 provide the same product 15 with identical stereochemistry.

\ K /
—Si-N-Si—
/ \ .
(KHMDS) Li
H N
(e L2 T N
- E o : i ~ o~ F
: S THF, —78 °C O//S\\C 3
4 7
0
Cl _OH
o)
(mCPBA)
8 NaHCO, 9 + 10
MW: 188 C14H000 C14H200
CH,Cly, 0 °C 1420 1420
\ Q
—/Si—CFzBr @—s—OH
I
Nal O 13
THF, 80 °C 11 H,'80, THF
C15H», 180,160
9 C H F O 151122 n 3-n
15M202 (n=0-3)
\ Q
—Si-CF,Br @S—OH
/ 1
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C15H0,'80,,10;,_
Cy5HaF20 15(r122= O—nS) 3-n
N ‘D
N~

160-13/160-14
(C15H22'%03) CH3OH
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A2 Choose the appropriate structure for A. 2pt
0] 0]
9 .C.) O:\§/CF3 O:\$,CF3
| F3C-S-OH Il FsC-S—NH, m N.g-CFs v HN. o -CF3
O O 77\ 77\
A3 Draw the structures of 8-14 and clearly identify the stereochemistry where nec-  19pt

essary. Also, indicate the introduced '80 atoms for 13 and 14 as shown in the
example below.
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Part B

Compound 19 is synthesized as shown below. In relation to non-benzenoid aromaticity, 19 can be used
as an activator for alcohols, and 20 was converted to 22 via ion-pair intermediate 21. Although the
formation of 21 was observed by NMR, 21 gradually decomposes to give 18 and 22.

16 C15H12Br.0
Q
S\
EtsN 18 clI > cl 19
CH,Cl,
C15H100 C15H10Cl2

OH Cl
20 —HCI 22

TH NMR (CD4CN, ppm)  20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

B.1 Draw the structures of 17-19 and 21. Identifying the stereochemistry is not  10pt
necessary.
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Wrpa co He6beH30MAHaTa apOMaTUYHOCT

13 % of, BKYNHO

Mpawawe | A.1 A2 A3

B.1

BkynHo

[MoeHn 5 2 19

10

36

Pesyntat

Mpod. Nozoe (1902-1996) e OCHOBOMONOXHWK Ha MOAETO Ha WCTPaxyBake He-b6eH3eHOWAHU
apoMaTUYHK CoeanHeHWja, KOW cera ce CenpucyTHM BO OpraHckaTa xemuja.

doTorpaduja bnarogapeHune Ha: Tohoku Univ.

Oen A

Lineariifolianone e npupoaeH Npoun3Bog CO eANHCTBEHA CTPYKTypa, nusonmpaH o4 Inula linariifolia. Co
KOHBep3uja Ha BaneHceH (1) BO eaeH Yekop ce AobMBa 2, a NOTOa CO KOHBEpP3Mja BO TPU YeKopu Npeky
nHTepmMeanjapoT 3 ce gobrBa keToHOT 4. EpemoduneH (5) ce npeTBopa BO 6 npeky ncrata KoHBep3uja

BO YETNPWU YeKOopN.
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Inula linariifolia
X
L
N
NaIO4
0304 2
THF, H,0
C14H20
\ H / 0]
—/Si—N—Si\—
\S. | OH
—Si— .
> — o GQ\( = @O{(
CH5CN THF :C , THF D
80 °C ~78°C ) ou -78°C - 0
3 4
B \ H / (i) 0
Z —Si-N-Si—
N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH
6
THF, H,O CH5CN THF
80 °C -78 °C
eremophilene (5)
A1 HaupTaj ru cTpykTypuTe Ha 2 1 6 CO jacHO oabenexaHa ctepeoxemuja kage  5pt

LITO € NoTpe6bHo.

MoTtoa, kKeTOHOT 4 e npesegeH Bo ectep 15. CoeanHeHneTo 8 (Mosiekyncka maca: 188) rm saapxysa cute



IChO

|
§ MKD-3 C-7 Q-3
Cho 207N Macedonian (North Macedonia)

Q,\GS

cTepeoueHTpu og 7. CoegnHeHnjata 9 1 10 nMaaT neT cTepeoLeHTPU WU HemaaT jarnepoj-jarnepos
ABOjHN Bpckn. CMeTaj geka 3a cvHTe3a Ha '80-o3HaueHu-nnHeapudonvjaHoHn 13 n 14 og 11 n 12
cooaBeTHo, ce kopucth H,'80 HamecTo H,'°0 . CoeanHeHnjaTa 13 1 14 ce M30TOMOMEPU O3HAYEHN CO
180. AKo ce 3aHeMapu U30TOMCKOTO obenexyBare, ABeTe coeanHeHnja 13 1 14 gaBaat UCT NPOM3BOZ,
15 co ngeHTn4YHa cTepeoxemuija.



| Q7-4

% 5 MKD-3 C-7 Q-4
Cho 207 Macedonian (North Macedonia)
\ K /
—Si—-N-Si—
/ \ _
(KHMDS) >7L|4<
H N
<EO<F/ ‘ A ‘ C:
- i THF, -78 °C ; 0.4-CFs
4 7 xS
(0]
Cl _OH
o
(mCPBA)
8 NaHCO; 9 + 10
MW: 188 Cq4H500 C14H500
CH2C|2, 0°C 141120 141120
\ Q
—Si-CF,Br @S—OH
/ 11
Nal O 13
THF, 80 °C 1 H,'80, THF
’ C+=H 180 160
9 C15H20F20 151122 n 3-n
(n=0—3)
\ Q
—Si-CF,Br —@—S—OH
/ I
Nal o O
THF, 80 °C 12 H,'80, THF 14
10 Cy5H,,'80,,1605.
C15HaF20 15(r122= O—nS) 3n

160-13/160-14
(C15H22"%03) CH30OH
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A.2 N36epwm ja cooaBeTHaTa CTpyKTypa 3a A. 2pt
O\ O\
9 9 O£§’CF3 O:\$,CF3
I F3;C-S-OH Il F3C-S—NH, ] N. .. CFj IV HN___CF;
1l 1 S S
O O 77\ 77\
A3 HaupTaj ru ctpyktypute of 8-14 co jacHO ofbenexaHa cTepeoxemMuja kage  19pt

LITO e NoTpe6Ho. VICTo Taka, 03HauYM rm BoBejeHuTe aToMu Ha 80 3a 13 n 14
KaKo LUTO e NPpUKaXxKaHo Ha NpUMepoT NoAoy.

o

KeN
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Aden B

CoesvHeHMeTO 19 ce CMHTETM3MPA KaKo LITO e NMpuKaxaHo nogony. Bo Bpcka co apoMaTnyHOCTa Ha
He-6eH3eHonANTe, 19 MOXe Jla ce KOPUCTU KaKo aKTMBATOp 3a ankoxonu, a 20 ce TpaHcbopmmpa Bo 22
npeky joHCKNOT NHTepmegunjap 21. Mako popmmparseTo Ha 21 e 3abenexaHo co NMR, 21 nocteneHo ce

pacnara zo 18 u 22,

9o ¥e

16

EtsN

CH,Cl,

OH
20

"H NMR (CD4CN, ppm)

Br,

CH3COOH

18

C15H100

-HClI

17

wn=0

Cl” ~cl

19

C15H1oCl2

21

20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

Cl
s
22

B.1 HaupTaj ru ctpyktypute o 17-19 n 21. He e noTpebHO npeTcTaByBake Ha
CTepeoxemujaTa.

10pt
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Wrpa co He6eH30MAHaTa apoOMaTUYHOCT

Aen A

A.1 (5 pt)

2 (2 noeHn)

6 (3 noeHn)

A.2 (2 pt)
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A.3 (19 pt)
8 (3 pt)
9 (2 pt) 10 (2 pt)
11 (2 pt) 12 (2 pt)
13 (4 pt) 14 (4 pt)
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Aden B

B.1 (10 pt)

17 (2 noeHwn)

18 (2 noeHwn)

19 (3 noeHn)

21 (3 noeHn)
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Dynamic Organic Molecules and Their Chirality

11 % of the total
Question A1 A2 A3 B.1 B.2 | Total
Points 9 3 7 3 4 26

Score

Part A

Polycyclic aromatic hydrocarbons with successive ortho-connections are called [n]carbohelicenes (here,
n represents the number of six-membered rings) (see below). [4]Carbohelicene ([4]C) is efficiently pre-
pared by a route using a photoreaction as shown below, via an intermediate (Int.) that is readily oxidized

by iodine.
®
gppha B

NaOEt
A EtOH B * ¢
B
hv

w [ LI .2 CT
c |10V )/ TU

Int.
[4]carbohelicene ([4]C)
CigH14

C18H12

The photoreaction proceeds in a manner similar to the following example.

hv

= \hV
. — L —— O
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Note: For all of Question 8, please draw alternating single and double bonds in your answers to
the problems as depicted in the examples of carbohelicene. Do not use circles for conjugated =
systems.

A1 Draw the structures of A-C. Stereoisomers should be distinguished. 9pt

A2 Attempts to synthesize [5]carbohelicene from the same phosphonium saltand  3pt
an appropriate starting compound resulted in the formation of only a trace
amount of [5]carbohelicene, instead affording product D whose molecular
weight was 2 Da lower than that of [5]carbohelicene. The "H NMR chemical
shifts of D are listed below. Draw the structure of D.

[D (6, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

[5]-and larger [n]carbohelicenes have helical chirality and interconversion between enantiomers of these
helicenes is significantly slow at room temperature. The chirality of [n]Jcarbohelicenes is defined as (M)

7o
O T

[n]Carbohelicenes with n larger than 4 can be enantiomerically separated by a chiral column chromatog-
raphy, which was developed by Prof. Yoshio Okamoto.

Photo courtesy: The Japan Prize Foundation
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Multiple helicenes are molecules that contain two or more helicene-like structures. If its helical chirality
is considered, several sterecisomers exist in a multiple helicene. For example, compound E contains
three [5]carbohelicene-like moieties in one molecule. One of the stereoisomers is described as (P, P, P)
as shown below.

(1,2,3) = (R, FP)

A3 The nickel-mediated trimerization of 1,2-dibromobenzene generates tripheny-  7pt
lene. When the same reaction is applied to an enantiomer of F, (P)-F, multiple
helicene G (C¢Hsg) is obtained. Given that interconversion between stereoiso-
mers does not occur during the reaction, identify all the possible stereoiso-
mers of G formed in this process, without duplication. As a reference, one iso-
mer should be drawn completely with the chirality defined as in the example
above, with numerical labels; the other stereoisomers should be listed with lo-
cation numbers and M and P labels according to the same numbering. For in-
stance, the other stereoisomers of E should be listed as (1, 2, 3) = (P, M, P), (P,

M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), and (M, P, M).

Ni(COd)2
Br _ \
- QO = ()
Br . .

7 N\ o
@ G0
Br (CeeHas)
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Part B

Sumanene is a bowl-shaped hydrocarbon that was first reported in Japan in 2003. The name "sumanene"
derives from a Sanskrit-Hindi word "suman" that means sunflower. The synthesis of sumanene was
achieved by a reaction sequence that consists of a ring-opening and a ring-closing metathesis.

_______________________

Representative metathesis reactions catalyzed by a ruthenium catalyst (Ru*) are shown below.

Ru*
Z R \/(j\/\
] R
R R
X Ru*
! +
R X

Ru* |
(Ca1H1g)

B.1

Draw the structure of intermediate I (its stereochemistry is not required).

3pt
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0}

Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

B.2

Starting from the optically active precursor ), the same reaction sequence gives
the optically active sumanene derivative K. The stereocenters in J suffer no in-
version during the metathesis reaction. Draw the structure of K with the ap-

propriate stereochemistry.

4pt
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AnHaMnyHm OPraHCKM MoneKkysim n HUBHATa XNPaJIHOCT

11 % opg BKYNHO
Mpaware | A.1 A2 A3 B.1 B.2 | BKynHo
MNoeHun 9 3 7 3 4 26

Pesyntat

Aen A

OpTO- KOHAEH3MPAHUTE NOAVNLMKANYHM apOMaTUYHW jarneBOAOPOAM Ce HapeKyBaaT [n]kapboxennueHun
(kage, n npeTcTaByBa 6poj Ha LLeCTUIeHN NpcTeHn) (Buam nogony). [4]JKapboxenvueH ([4] C) edukacHo

ce CMHTeTMU3Mpa No naT Ha oTopeakLmja Kako LLUTO e MpUKaxaHo Nojoy, npeky nHTepmMeanjapor (Int.)
KOj IeCHO Ce oKCuAampa co joa.

®
(jﬁpph3 B

NaOEt
A EtOH B * ¢

hv

w | LI .2 (T
c | U0V TU

Int.
[4]carbohelicene ([4]C)
CigH14

C18H12

¢0Topea|<u,v1jaTa ce ogBMBa Ha HaylH CJINYEH Ha cnegHNOT npurmMmep.

hv

4 \h’l/
. — L —— O
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3a6enewka: Bo oaroBopmte Ha cuTe npaiwlame og NMpobnemoT 8, NnuLIyBaj rM HaU3MeHUYHUTe
eANHEYHU M ABOjHU BPCKW, KakKo LUTO € NpUKakaHo BO Npmmepute Ha Kap6oxenuueH. He
ynoTpebyBaj KpyroBu 3a LpTake Ha KOHjyrupaHute m CUCTEMW.

A1

HaupTaj ru ctpykTypute Ha A - C. Tpeba ga ce pa3nnkysaaT cTepeonsomepute.  9Ipt

A.2

ObuanTte pa ce cuHTeTmsupa [SlkapboxenvueH og wctata docdoHmymoBa  3pt
COM 1N COOABETHOTO MOYETHO COEAMHEHME pesynTupano co dopmMupame Ha
[S]lkapboxenunueH Bo Tparn. Hamecto Toa, fobueH e npomussog D umjawto
MoOneky/cka Maca e nomana 3a 2 Da og oHaa Ha [5]kapboxennueH. XeMuckuTe
nomectyBaka Ha '"H NMR 3a D ce HaBegeHW nogony. HaupTaj ja ctpykTypaTta

Ha D.

[D (6, ppm BO CS, , r.t.), 8,85 (2H), 8,23 (2H), 8,07 (2H), 8,01 (2H), 7,97 (2H), 7,91

(2H)]

[5]- n noronemute [n]kapboxennueHn MMaaT CrnMpasiHa XMPaAHOCT U UHTEPKOHBEpP3MjaTa Momery
€HaHTUOMepUTe Ha OBUE XeNULEHW e 3HAaYUTEeNHO 6aBHa Ha CobHa TemnepaTypa. XMpasHoCTa Ha
[n]kapboxenuvueHnTe e geduHmMpaHa kako (M) nnu (P), Kako LUTO e NpMKaXxaHo NoAony.

&<

Kaj [n]kapboxenviLeHnTe co n norosemo oj 4, Moxe Aa ce pasjenat eHaHTMoMepuTe CO MOMOLL Ha
XMpanHa KONoHCKa XxpomaTtorpaduja, passreHa og npod. Yoshio Okamoto.

®oTtorpaduja 6bnarogapeHve Ha: The Japan Prize Foundation
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MNoBeKeKpaTHUTE XeNULLEHN Ce MOJIEKYIN KOV COAPXKAT ABe UK NoBeKe CTPYKTYPU CAIMYHN Ha XeNULEH.
AKO ce 3eMe NpeaBUJ Hej3nHaTa CnpanHa XMpanHoCT, Kaj NoBeKekpaTHUTE XenuLeH NocTojaT HeKOIKY
cTepeounsomepun. Ha npumep, coeanHeHmeTo E cogpxin Tpu [S5]kapboxennueH-onaHm cermeHT Bo efHa
Monekyna. EaeH oz ctepeovizoMepuTe e onuilaH kKako (P, P, P), Kako LUTO e NprKaXaHo noAony.

E

(1.2,3) = (R, FP)

A3 Mpu TprMepusaumjaTa Ha 1,2-4M6pPOMO6EH3eH CO NOCPeACTBO Ha HuKen ce  7pt
fobuBa TpudeHnneH. Kora ce nprmMeHyBa ncraTta peakuyja Ha eHaHTUOMEpPOT
Ha F, (P)-F, ce pgobuBa noseKkekpateH xenuumeH G (CggHszg). Co orneg Ha
TOa LUTO BO TEKOT Ha peakuumjata He ce CydyBa MHTepKOHBep3uja nomery
cTepeonsoMepuTe, UAGHTUPUKYBAj MM CNTE MOXHU CTepeomsomepn Ha G
LITO ce fo6MBaaT BO OBaa peakuuja, 6e3 yasojyBake. Kako npumep, cekoj
n3omep Tpeba fa buae HaupTaH LeIoCHO CO XMPANHOCT AedrHMPaHa Kako BO
FrOPHNOT NpUMep, CO HYMEePUYKM O3HaKW. VICTOTO HyMepupare co 6poeBu 3a
nonoxoarta n o3Hakmte M n P Tpeba ga 6upat HaBeAeHW W Kaj ocTaHaTuTe
cTepeonsomMepun. Ha npumep, apyrute ctepeonsomepun Ha E Tpeba ga 6bugat
HaBegeHu Kako (1, 2, 3) = (P, M, P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P,

Pyn (M, P, M).
Ni(COd)2
Br _ N
- O, = ()
Br . .

7\ o
@ GO
Br (CeeHas)
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Aden B

CymaHeH e jarnesogopo Bo $opmMa Ha YnHMja, NpB naTt objaBeH BO JanoHmja Bo 2003 rogmHa. NmeTo
~CYMaHeH" NOTeKHYBa O/ CAHCKPUT-XNHAM 360pOT ,,CyMaH" LLUTO 3HaUM COHYOr/Ies.

3a cMHTe3aTa Ha CyMaHeH e noTpebHa HM3a peakLMn KoW ce CoCTojaT 04 MeTaTe3a Ha OTBOpaHe U
3aTBOpak-e Ha NPCTEHOT.

g A\l
sumanene BN

: : 4

: : A

,

MpuMepnTe 3a peakuMn Ha MeTaTe3a KaTanv3npaHu of pPyTeHWYM KaTanmsaTop (Ru*) ce npukaxaHu

noAoy.
Ru*
+ 7R \)\/j\/A
o R
R
R X Ru*
1, D - -
R X R
' ) Ru* |
‘ (C21Hyg)
H
B.1 HaupTajja cTpykTypata Ha uHTepmegujapoT I (He e noTpebHa Hej3uHaTa  3pt

CTepeoxemuja).
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(0]
G Cl CN
Ru* (o) K
O') (Co4H1g)
‘ Me
Me

B.2 MouHyBajkn Of ONTUYKN aKTUBHWOT Mpekypcop J, CO wucTata cekBeHua 4pt
Ha peakumn ce fO6VBaA ONTUYKW aKTUBHUOT JepuBaT Ha cymaHeHoT K.
CrepeoueHTepuTe BO J He NpeTpryBaaTt VHBep3Vja 3a BpeMe Ha peakuujata Ha
MeTaTe3a. HauyprTaj ja ctpyktypaTta Ha K co cooaBeTHaTa cTepeoxemMuja.
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AnHaMnyHm OPraHCKM MoneKkysim n HUBHATa XNPaJIHOCT

Aen A

A.1 (9 pt)

A (3 noeHn) B (3 noeHn) C (3 noeHn)

A.2 (3 pt)
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A.3 (7 pt)
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Aden B

B.1 (3 pt)

B.2 (4 pt)
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Likes and Dislikes of Capsule

10 % of the total
Question A1 A.2 A3 A4 A5 | Total
Points 13 2 2 3 3 23

Score

Good kids don't do this, but if you unseam a tennis ball, you can disassemble it into two U-shaped pieces.

)>€f,

Based on this idea, compounds 1 and 2 were synthesized as U-shaped molecules with different sizes.

Compound 3 was prepared as a comparison of 1 and the encapsulation behavior of these compounds
was investigated.

0 0 " H
N O H N
)L Ph H/ \N )y Ph
HN™ °N N~ NH N /
Ph Ph ph->/€—Ph = \Z 026‘
HN N N NH Ph NwN Ph
(0] 1 (0]
P OH (0] (0] OH 2
HN/[(N N)kNH
R R E | | E R R
HN\[rN N\H/NH
o OH (0] (0] OH o
2
o)
HNJ(N CHj
Ph-—)\<—Ph
HN\er CHs
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The synthetic route to 2 is shown below. The element
and O; 17.98% by mass.

al composition of compound 9: C; 40.49%, H; 1.70%,

CH,OH =
o 9 " QO
>\—Z + 2x - - 4
HO OH A
C20H1806
OCH,
CO,PMB
s |- s | (T
Pd/C, H, CoaHosO- TiCI4/LiAIH, CO,PMB
(=T
OCHs
CO,PMB
S R
COo.PMB C20H1506 A
OCH,3
| e
4 +| 8 |—H
H3CO OCH,3
o]
A OCH,
HN N
o 2x R R NH
HN_ N NH
cl N
Cl 5 OCH;

0]

_ =

C:40.49%, H: 1.70%
0: 17.98%

i OH O 0 OH j\
HN™ N N~ NH
O RO
HNYN NYNH
0 OH 0] ) 0] OH o
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A1 Draw the structures of 4-9; the stereochemistry can be neglected. Use "PMB"  13pt
as a substituent instead of drawing the whole structure of p-methoxybenzyl
group shown in the scheme above.

In the mass spectrum of 1, the ion peak corresponding to its dimer (1,) was clearly observed, whereas
an ion peak for 3, was not observed in the spectrum of 3. In the 'H NMR spectra of a solution of 1,,
all the NH protons derived from 1 were observed to be chemically equivalent, and their chemical shift
was significantly different from that of the NH protons of 3. These data indicate that hydrogen bonds
are formed between the NH moieties of 1 and atoms X of another molecule of 1 to form the dimeric
capsule.

A.2 Circle all the appropriate atom(s) X in 1. 2pt

A3 Give the number of the hydrogen bonds in the dimeric capsule (1,). 2pt




IChO

Q,\GS

\ § MKD-3 C-9 Q-4
Chozo1™ English (Official)

The dimeric capsule of 1 (1,) has an internal space wherein an appropriate small molecule Z can be
encapsulated. This phenomenon is expressed by the following equation:

Z+1,—2@1, (M
The equilibrium constant of the encapsulation of Z into 1, is given as below:

_ [z@1,]

K =z,

(2)

Encapsulation of a molecule into a capsule could be monitored by NMR spectroscopy. For example, 1,
in C¢D¢ gave different signals in the 'H NMR spectra before and after addition of CH,.

Compound 2 also forms a rigid and larger dimeric capsule (2,). The 'H NMR spectrum of 2, was measured
in CgDg, CgDsF, and a CyDg/C,DsF solvent mixture, with all other conditions being kept constant. The
chemical shifts for the H? proton of 2 in the above solvents are summarized below, and no other signals
from the H? in 2, except for the listed, were observed. Assume that the interior of the capsule is always
filled with the largest possible number of solvent molecules and that each signal corresponds to one
species of the filled capsule.

o] 0
HNJLN OH O H O OH N)LNH
I OH O H O OH E
2
solvent d (ppm) of H?

CsDg 4.60
C¢D<F 4.71
CgDg / CsDsF 4.60,4.71,4.82

A4 Determine the number of C,Dg and C,DsF molecules encapsulated in 2, giving  3pt
each H? signal.
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'H NMR measurements in C4Dg¢ revealed that 2, can incorporate one molecule of 1-adamantanecarboxylic
acid (AdA), and the association constants (K,) which are expressed below were determined for various
temperatures. [solvent@2,] denotes a species containing one or more solvent molecules.

__ [2@2)]
@ [Z][solvent@2,]

3)

Similarly, the K, values of CH, and 1, given as eq (2) at various temperatures in C;Dg were also deter-
mined by 'H NMR measurements. The plots of the two association constants (as In K, vs 1/T) are shown
below.

InK5
| CO,H
0 —=" e T
.. (KT
|/
AdA

No C;Dg molecule is encapsulated in 1,. In line II, the entropy change (AS) is ( 1) and enthalpy change
(AH) is ( 2), indicating that the driving force for the encapsulation in line IT'is ( 3 ). Therefore, line I
corresponds to (4 ), and line II corresponds to ( 5).

A5 Choose the correct options in gaps (1)-(5) in the following paragraph from A 3pt
and B.
A B

(1) positive negative

(2) positive negative

(3) AS AH

(4) 1, and CH, 2, and AdA

(5) 1, and CH, 2, and AdA
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Ja caka / He ja caka KancynaTta

10 % og BKYNHO
Mpaware | A.1 A2 A3 A4 A.5 | BKynHo
MoeHn 13 2 2 3 3 23

Pesyntat

JlobpuTe geua He ro NpaBaT 0Ba, HO ako ro 04 Bp3eTe TEHNCKOTO ToMNYe, MOXeTe Jja ro pa3jenunTte Ha jBe
napunma Bo dpopma Ha byksaTa U.

-

2 '

Bp3 ocHoBa Ha OBaa uieja, CMHTETM3MpaHU ce coeamHeHMjaTa 1 1 2 Kako Monekynn Bo U-0611mK
CO pas3nnyHN ronemuHu. CoeaMHEHMETO 3 e CUMHTETU3MPaAHO 3a cropesba co 1 U U3yyyBaHO e
OZHeCyBaHETO Ha KarncynauuvjaTa Kaj oBue CoeanHeHuja.
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Q,\ES
PN

H H
O o H N O H o)\,l\i
/ .
HNJ(N N/\LNH " N\f "
Ph-é\é-ph ph—>+Ph = \Z 056‘
HN\”/N NT]/NH PH Nw"‘ Ph
(0] (0]
1
P OH (0] (0] OH 2
HNJ(N N N N)S\NH
R R
\ér OH (0] O OH I
2
(0]
oD
HN_ N CHs
L

CNHTEeTUYKMOT NaT 3a J0bMBare Ha 2 e NpuKaxaH nogony. EnemeHTapHMOT coCTaB Ha coegViHEHMETO 9
e: C; 40,49 %, H; 1,70 % n O; 17,98 % (maceH yaen).
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CH,OH =
. ) -
>—<: + 2 x - o 4
HO OH A
C20H180s
OCH,
CO,PMB
I e Ot
Pd/C, H, CoaHpsOr TiCI4/Li§\IH4 CO,PMB
(=T1)

OCHg;
CO,PMB
SunbI TR
CO.PMB C20H1506 A
OCHj;
ey
4 v 8 | —
HsCO OCHj,

Py OCH,
HN N
2x R R NH
Q HN_ N NH
Cl N
5 o)
8 _— 9
C:40.49%, H: 1.70%
0: 17.98%

o OH o) o) OH Q
HNJ(N N)LNH
R R T AT N R R
HN\”/N N N N\[(NH
5 OH o) o) OH o

A1 HaupTaj ru cTpyktypute o 4-9; cTepeoxeMumjaTa MOXe fa ce 3aHemapu. 13pt
Kopuctn ,PMB" HamecTo ga ja upTawl uenata CTPyKTypa Ha p-MeTOKC1Mb6eH3unn
rpynarta npmkaxaHa BO ropHaTta Luema.
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Bo MaceHunoT cnektap Ha 1, jacHO ce 3abenexyBa MWK Ha MONEKYNapPHWOT jOH LITO OAroBapa Ha
HeroBunoT gumep (1,), AoAeka BakoB NMuK 3a 3,He e 3abenexaH Bo cnekTapoT Ha 3. Bo 'HNMR cnektapot
Ha pactBopoT o4 1,, cute NH npoToHn ce XeMUCKN eKBMBaNIeHTHN CO OHWe OJ cTpykTypaTata 1, a
HVBHOTO XE€MMCKO MOMEeCTyBare€ 3Ha4YNTe/IHO Ce pasfnkyBa of oHa Ha NH npoToHuTte o 3. Osune
nogatoum nokaxysaart geka nomery NH cTpyktypHute dpparmeHTn o4 1 n atommte X o Apyra Mosiekyna
1 ce co3gaBaaT BOAOPOAHM BPCKK, O4HOCHO ce opmMupa ArMepHa Kancyna.

A.2 3aoKpy>Xu ru coozseTHUTe atom(n) X Bo 1. 2pt

A3 HaBepwu ro 6pojoT Ha BOAOPOAHW BPCKWX BO AVMepHAaTa kancyna (1,). 2pt
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JvmepHaTa kancyna Ha 1 (1,) MMa BHaTpeLleH MPOCTOp Kaje LWTO MOXe ja ce Karncyaupa manaTa
mMosnekyna Z. OBoj peHOoMeH ce n3pasysa Co cnejHaTa paBeHKa:

Z+1, - Z@1, 1)
PamHOTeXHaTa KOHCTAHTa 3a KancynaumjaTa Ha Z BO 12 € Jad€eHa nojony:

_ [z@1y)

K=z,

(2)

KancynaumjaTta Ha Monekyna BO KancynaTta moxe fa ce cneam co NMR crniektpockonuja. Ha npumep, 1,
B0 CzD¢ AaBa pa3nuuHu curHanm Bo 'H NMR cnekTpuTe, npea 1 no goAaBareTo Ha CH,.

CoeZVHEHMETO 2, UCTO Taka, popMuMpa KpyTa 1 norosiema gumepHa kancyna (2,). 'H NMR cnekTapoT Ha
2, e cHuMeH Bo CgDg, CgDsF 1 cMeca Ha pactBopyBay CgDg/CDsF, Mpy KOHCTAHTHY YC/IOBU. XeMUCKUTE
nomMectyBama 3a H? NPOTOHOT Ha 2 BO ropeHaBefleHnTe pacTBOpPyBayn ce CyMUpPaHW NoAONY, U He ce
3abenexaHu apyru curHanm og H? Bo 2, ocBeH HaBegeHuTe. CMeTaj Aeka BHaTpeLLIHOCTa Ha KancynaTta e
ceKorall MCMoJIHeTa COo HajrosieM MOXeH 6poj Ha MOIeKy/IN pacTBOPYBaY U fileka Cekoj CMrHan ofroeapa
Ha efleH BW/ Ha 1UcrnosiHeTaTta Kancyna.

7 OH ¢ OH i

HNJLN N)kNH
R R E | | E R R
HN_ N N.__NH

N . i

5 OH O H O OH o

2

pacTBopyBauy d (ppm) Ha H?
C¢Dg 4,60
CeDsF 4,71
CgDg / CgDsF 4,60; 4,71, 4,82

A4 Oapepum ro 6pojot Ha CgDg 1 C;DsF Monekynn kancynmpaHu Bo 2, 3a cekoj H®  3pt
cuUrHan.
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Cnopeg mepenaTta Ha 'H NMR Bo CgDg 2, MOXe Aa MHKOpMopupa efHa Monekyna Ha 1-agamMaHTaH
KapbokcunHa kucenvHa (AdA). KoHcTaHTUTe Ha acoumjaumja (K,) KOU ce n3paseHun nogony, ce
onpejesieHn 3a pasndHN TemnepaTtypu. [solvent@2,] o3HauyBa BUJ LUTO COAPXN €AHa WUIW rnoseke
MOJIEKY/IN Ha pacTBOpyBau.

__ [2@2,]
@ [Z][solvent@2,]

3)

CnnyHo, BpegHocTnTe Ha K, 3a CH, v 1, gaZileHn Kako BO paBeHKaTa (2) ce onpejeneHn Ha pasanydHin
Temnepatypu Bo C¢Dg, co 'H NMR. MpadumumTe Ha ABETE KOHCTAHTW Ha acouujaumja (kako In K, kako
dyHKUMja og 1/T) ce npuKaxaHW NoAony.

InK,
| COzH
0 .-'.. — .. 1T
Lo .... (K—1)
Il
AdA

Huty eaHa monekyna CgDg He e KancynvpaHa 8o 1,. Bo pegot II, npoMeHaTa Ha eHTponujaTta (AS) e (1),
a NpomMeHaTa Ha eHTannumjaTa (AH) e (2), LWUTO yKaxyBa Ha Toa JeKa ABuxXeukaTa cmia Ha Kancynaumjata
Bo pegort II e (3). 3aToa, peaot I ogrosapa Ha (4), a pegot II ogrosapa Ha (5).

A.5 N36epu rm TouHMTe onummn Bo npasHmot npoctop (1) - (5) Bo cnegHmoT nacyc  3pt

3aAnB.
A B
M no3nTmBeH HeraTmeeH
(2) no3nTmBeH HeraTuBeH
(3 AS AH
(4) 1, CH, 2, 1 AdA
(5) 1,1 CH, 2, n AdA
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Ja caka / He ja caka KancynaTta

A.1 (13 pt)
4 (2 pt) 5 (3 noeHw)
6 (2 noeHn) 7 (2 noeHn)

8 (2 noeHn) 9 (2 noeHn)
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A.2 (2 pt)
O O
HNJ(N N)X\NH
HN\[(N N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
§ (ppm) Ha H? 6poj Ha CgDg 6poj Ha CzDsF
4,60 ppm
4,71 ppm
4,82 ppm
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