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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
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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.
. T
Nernst equation for re- FE =FE°+ R—F 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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A for one alkyl group-substitution: ca. +0.4 ppm
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OnwTa ynyTcTBa
+ MoxeTe KOpPUCTUTY CaMO XEMUjCKY OJIOBKY 3a Micakbe CBOjUX 0AroBopa.
+ Kankynatop Koju KopuctuTe He cMe UMaT MOryRHOCTK nporpaMmpansa.
* OBaj TecT MMa 9 3apaTaka.
« MoxeTe pellaBaTV 334aTke OHMM pesioM KOju Bama oArosapa.
* Ha pacnonarawy Bam je 5 caTm 3a peluaBambe 3ajaTaka.
+ MoxeTe fa noYHeTe ca pajoM Tek kaja Bam ce Aa KoMaHAa 3a rnoyetak - START.

« CBWN pe3syntaTu/pellera ce MOpajy ynucatM XeMmjckOM ON0BKOM Ha ojrosapajyha mecTta 3a
faBarbe OAroBopa M TO Ha ANCTOBMMA 3a oparosope (answer sheets). Kopuctute nonefuHy
JINCTOBA Ca TEeKCTOBMMaA 3ajaTaka, ako BaM je NoTpebHo, Kao MecTo 3a BexXby. MmajTe Ha yMy ja
Ce pellera HanucaHa BaH ogroepajyhux mecta 3a ogrosope Hehe ouerMBaTy.

* HanuwuTe n3payyHaBara/MocTynak pellaBara y ogrospajyha Mecta TaMo rae je To noTpe6Ho.
CBe noeHe fo6ujaTe 3a TayaH OAroBOP CaMO aKo CTe MpUKa3anmn 1 NOoCTynak peLlaBakba.

+ JexypHu (Hag3opHMK) he Bac obaBecTnTK Aa je ocTano 30 MUHYTA A0 3aBpLUeTKa U3paje 3ajartaka,
Tj. faBarkba KOMaHZAe 3a npecrtaHak paga - STOP.

* MopaTe ctaTtu ca pajomMm kaga ce fa komaHga STOP. Ako Tasja He cTaHeTe ca pagom buhete
ANCKBaNNPMKOBaHWN.

* 3BaHMYHa eHrnecka Bep3uja TecTa je 4OCTyMNHa Ha 3aXTeB CaMo 3a pasjalltbaBatbe.

* He cmeTe fa HanycTute pagHo MecTto 6e3 go3Bosie. AKO BaMm je noTpe6bHa nomoh (MokBapeH
KasikynaTop, ako je NoTpe6bHO Aa oAeTe y ToaneT UTA,.), MOAUTHUTE PyKy U cadekajTe ga Bam npuhe

AeXYpPHW.
CPERHO!
3agaum n 6pojeBun noeHa
Hacnos YKynaH 6poj noeHa | MpoueHaT
1 | BogoHMWK Ha MoBpLUNHK MeTana 24 1
2 | M3oToncka BpeMeHcKa Karncyna 35 1
3 | lambep-bepoB 3akoH? 22 8
4 | Pepokc xemmja LMHKa 32 11
5 | TajaHCcTBEHU CUNNLMjYM 60 12
6 | XeMmnja uBpCTOr CTara npenasHMx Metana 45 13
7 | Urparbe ca HebeH3eHOMAHOM apoMaTnyHoLhy 36 13
8 | IMHaMNYHM OpraHCcKy Monekyn 1 HxXoBa X1paaHoCT 26 1
9 | J/lene v pyxHe cTpaHe Kancyna 23 10
YKynHo 100
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®dun3mnuKe KOHCTaHTe U jeaHauYNHe
KoHcTaHTe
6p3vHa CBETNOCTM Y BaKyymy c = 2.99792458 x 10°m s~
MnaHKoBa KOHCTaHTa h = 6.62607015 x 10734 s
eneMeHTapHO HaenekTpucare e = 1.602176634 x 10719 C
Maca efieKTpoHa me = 9.10938370 x 103 kg
KOHCTaHTa eNneKkTpuUHe NepmMeabuiHOCTL g, = 8.85418781 x 10712 F m™'
Bakyyma
ABoraapoBa KOHCTaHTa N, = 6.02214076 x 102 mol~"
Bo/siuMaHOBa KOHCTaHTa kg = 1.380649 x 10723 K
dapajejeBa KOHCTaHTa F = N, x e = 9.64853321233100184 x 10* C mol~"

R = Ny x kg = 8.31446261815324 ) K~" mol~!

YHMBEpP3a/Ha racHa KOHCTaHTa
= 8.2057366081 x 10~2L atm K=" mol~"

yHUdUKOBaHa jeANHMLLA aTOMCKe Mace u = 1Da = 1.66053907 x 102" kg
CTaHZapAHW NpUTHCaK p = lbar =10°Pa
aTMocdepcky NpuTUcak Patm = 1.01325 x 10° Pa
Hyna Uenswjycose ckane 0°C=273.15K

aHrcTpem 1A=10"""m

nMKoMeTap I1pm=10"12m
€/1eKTPOHBONT leV = 1.602176634 x 1071
AenoBa Ha MUIVIOH lppm =106

AenoBa Ha Munuvjapay Lppb =107°

AenoBa Ha 6UNMoH lppt=1012

nn m = 3.141592653589793
OCHOBa NpPMPOAHOr NorapnTMa e = 2.718281828459045

(OjnepoB 6poj)
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JepHauuvHe
jeaHaunHa CTaka PV =nRT
naeanHor raca , rae je P npuTtucak, V je 3anpemMuHa, n je KonnYnHa cynctaHue, T je
arcosiyTHa (TepMojmHamMmyKa) TemnepaTtypa naeanHor raca.
— 5 142
KynoHoB 3aKoH F= ker—2
, TAe je F enektpoctatmuka cuna, ke(~ 9.0 x 10°Nm?C-2) je KynoHosa
KOHCTaHTa, ¢; U1 g, CY KOJIMUNHE HaeNeKTpucama, a r je pactojarwe nsmehy
TUX HaefleKTprcama.
npBeun npyuHuun AU =q+w
TepMoAVHamuKe , TAe je AU npomeHa yHyTpallHe eHepruje, ¢ je KonndmHa npeHeceHe
TOM/IoTe, w je N3BPLUEHN Pag,.
eHTannunja H H=U+PV
eHTponuija Ha S=kglnW

, rae je W 6poj MuKpocTama.

npomMeHa eHTponuje AS AS = %
, TAe je ¢, TONJ0Ta peBep3nbuIHOr NpoLeca.

cnobogHa flmécoBa G=H-T8S

eHepruja G AG°=—RTInK = —2FFE°
, rae je K KOHCTaHTa paBHOTeXe, z je 6poj enekTpoHa, E° je cTaHAapAHW
eNeKTPoAHM noTeHunjan.

peakunoHn AG=AG+RTInQ

KoepuumjeHT @Q

3a peakuujy
aA+bB = SC +dD
[C°[D]
a b
Al '[B] ,
, TAe je [A] KoHLUeHTpaumja A.




IChO

o = |
2 & SRB-3 C-0 G-5
% 5 : . ’
Cho 200> Serbian version (Serbia)
pasMereHa Tonsiota Aq  Aq = ne, AT
, TAe je ¢y MOJMIapHM TOMJIOTHW KamnaumTeT KOju je He3aBuCaH Of
TemnepaType.
. RT  C,
HepHcToBa jegHaunHa E:E°+—Fln OOX
i z red
3a PEAOKC peakly , rae je C, KOHUeHTpauuja okcugoBaHe cynictaHue, Cloq je

KOHLIEHTpaLja peAyKoBaHe cyrncTaHue.

ApeHnjycoBa jefHaunHa

Ea
= aewp (1)
, TAe je k KOHCTaHTa 6p3vHe, A je npeaeKkCnoHeHUWjaHU KoedULNjeHT,
E, je eHepruja aktnsauyje.
exp(z) = e*

Nambep-bepos 3akoH

A=clc
, Tae je A ancopbaHumja, € je MONapHW ancopnumoHu koedunumjeHT, [ je
AY>KMHA ONTUYKOT MyTa, ¢ je KOHUeHTpauuja pacteopa.

XeHzAepCoH- 3a paBHOTeXy
XacenbanxoBsa HA = HT + A~
jefHa4nHa , Tl je KOHCTaHTa paBHoTexe K,
Al
H=pK,+lo [

eHepruja ¢oToOHa E=hv= h§

, rAe je v ppekBeHLUMja, A je TanacHa fy>XMHa CBETN0CTU.
cyma reomeTpujckor Kaga x # 1,
HW3a 9 N n ; 1— 513n+1

Ltz +a+ota" =3 o' = 11—z
anpokcumauymija Koja Kagajer <1,
ce MOXe KOpPUCTUTU 1 g
npuInkoM pellaBaka 1-—x

3ajaTaka
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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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BoAOHUK Ha NOBPLUVHWN MeTalla

11 % oA yKyrnHor 6poja noeHa
3agatak | A A2 B.1 B.2 B.3 B.4 | YKynHoO
MNoeHn 6 4 5 3 3 3 24

OcBojeHn
rnoeHwu

Ouekyje ce ga he BOAOHVK 6UTK ropuBo 6yayhHOCTU Koje He 3aBucKh of GOCUAHUX ropuBa. Y OBOM
3ajaTky pasmaTtpaheMo npouece cknajuiuTera BOAOHMKA Y MeTasivMa, noBe3aHe ca TexHosornjama
TpaHcnopTa 1 cKnaguwTersa.

Adeo A

Kako ce BoZloHMK arncopbyje y YHYTpPaLIHOCT MeTana npeko MeTasiHe NoBpLUMHE, PasMOTPMMO MNPBO
npouec agcopnunje BOAOHMKA Ha NoBpLKWHY MeTana, H,(g) — 2H(ad), rae cy racoeuto n agcopboBaHo
CTakbe BOAOHMKa 03HauyeHu ca (g) v (ad). Monekynun BogoHuka (H,) Koju gocneBajy Ha NOBPLUMHY MeTana
(M) ancocyjy Ha noBpLLMHUK 1 aacopbyjy ce kao H aTomu (cnvka 1). OBge je noTeHuMjanHa eHepruja H,
3aBMICHA 04 /iBe NpOMeH/bMBe: MeflyaTOMCKOr pacTojama, d, U BUCUHE Y OAHOCY Ha MOBPLUVHY MeTana,
z. Y3muTe ga je oca u3mMehy ABa atoma H napanenHa ca NoBpLUIMHOM U ja je LieHTap Mace yBek Ha
BEPTUKANHOj TaYKacToj INHUjK Ha camum 1. Camka 2 npeacTaB/ba KOHTYPHU rpaduk noTeHumjanHe
eHepruvje gncoumjaumje Ha NOBPLUNHN. Hymepuyke BpeAHOCTUN NPeACTaB/bajy NOTeHUMjaNHY eHeprujy
y jeanHuuama kj no mony H,. Pactojarbe nsmehy nyHux avHuja nsHocn 20 k) mol~—', pactojarbe nsmehy
ncnpekngaHunx avHmnja nsHocn 100 kj mol=', gok je pactojarbe namehy nyHUX 1 ncnpekMaaHux AnHvja
80 k) mol~'. 3aHemMapuTe BMGPALMOHY eHeprujy HyaTe Tauke.
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A1 3a cBakm of cnegehumx HaBoga (i)-(iii), opabepuTe Hajbnnxy BpeaHOCT of  6pt
noHyheHunx A-G.
(i) MehyaTomcko pacTojare y racoBuToM Mosiekyny H,
(i) MehyaTtomcko pacTojarbe nsmehy atoma metana (dy, Ha camum 1)
(iii) PacTojarbe agcopboBaHmx atoMa H og nospLuvHe (h,g Ha canum 1)
A.0,03nm B.0,07nm C.0,117nm D.0,15nm
E.0,79nm F.0,23nm G.0,27 nm
A.2 3a cBakm of cneaehux Hasoga (i)-(ii), opabepuTe Hajénnxy BpesHOCT of  4pt

noHyheHunx A-H.

(i) eHeprumja noTpebHa 3a ancouujauujy racosuror H, y racosute H

[Hy(g9) — 2H(9)]

(ii) eHeprumja Koja ce ocnoboam Nnpuankom agcopnumje racosmutor H, [H,(g) —
2H(ad)]

A.20kjmol~"  B.40kJmol~"  C. 60 kJmol~’ D. 100 k) mol~"
E. 150 kfmol~!' F. 200 kjmol~" G. 300 kjmol~" H. 400 k) mol~’
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Adeo B

AacopboBaHM aToOMW BOAOHMKA Ce UK ancopbyjy y YHYTPaLLHOCT MeTana uau ce noHoBo MehycobHo
BeXy 1 fecopbyjy Hazaa y racHy ¢asy, Kao LUTO je NpuKasaHo peakuyuvjama (1a) n (1b). H(ab) npeactasmwa
aToMe BOJOHMKA Y YHYTPaLLHOCTN MeTana.

k4

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

H(ad) — H(ab) (1b)

Bp3vHe agcopnuuje Ha NOBPLUVHY, Aecopruuje ca ke 1 ancopruuvje cy o3HadeHe ca (s~ '], ry[s™1 n
5[5~ , TUM pegoMm. M3pasm 3a oBe 6p3nHe cy AaTu:

™= ]ﬁPHz(l —0)? 2)
ro = kol? 3)
T3 == k30 (4)

rae cy ki [s~'Pa ', ky[s'] n ky[s”'] koHCTaHTe 6p3uHe, a Py je nputncak H,. OA Ha MOBPLUMHM
AOCTYIMHUX MeCTa 3a Be3VBake, Ye0 OHMX Koja Cy 3ay3eTa H atoMmMma je o3HaveH ca 6 (0 < 6 < 1).
Y3munTe ga cy agcopnumja n gecopnuuja 6pxe og ancopnuuje (ry,ro > r3), a 4a 6 0CTaje KOHCTaHTHO.

B.1 r4 C€ MOXEe MU3Pa3nTun Ha cnegehun HauuH: 5pt
k
ry = ————— (5)

1
1
e

UspasuTte C'y dyHKUNjW OA ky W k.
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Y30pak MeTasia nospLunHe S = 1.0x 1073 m? je cTaB/beH y CyA 3anpeMumHe 1L, o4HOCHO 1.0x 1073 m3, caH,
(Py, = 1.0x 102 Pa). l'ycTnHa MecTa 3a aAcopnumjy BOAOHMKA M3HOK N = 1.3 x 10'® m~2. TemnepaTypa Ha
MOBPLUNHY je oApxaBaHa Ha T' = 400 K. Kako ce oasujana peakuuja (1), Py, ce CMar1Bana KOHCTAHTHOM
6p3vHOM o4 v = 4.0 x 107*Pa s~!. Yamute ga je H, ngeanaH rac n aa ce 3anpemurHa mMeTasa Moxe
3aHemapuTw.

B.2 WspaudyHajTe KonnuumHy atoma H koju ce Besyjy 3a jeagmHuuy nospuuvHe y  3pt
jeavHum BpemeHa, A[mol s~'m—2].

B.3 Ha T = 400K, C je jeaHako 1.0 x 102Pa~". W3pauyHajTe BpefHOCT k; Ha  3pt
400 K. AKo HucTe pewmnnu 3agatak B.2, kopuctute BpegHocT A = 3.6 X
10" mol s~ ' m—2.

B.4  HaapyrojTemnepatypu T, gatecy C =2.5x10°Pa~'nk; =4.8x1072s7'.3ar, 3pt
y dyHKUMju o4 P,y Ha 0BOj TemnepaTtypy, ogabepuTte ncnpasaH/oarosapajyhu
rpaduvk og HaBegeHux (a)-(h).

x 1073 x 1073 h  (®
(d)

o0 (©)

/
. —

ry/s’
ry/s’

(b)

/.
2.0 S —— (a) 2.0
L=

AN

0 1.0 2.0 x 1076 0 1.0 2.0 x 1076

Py, /Pa P, /Pa
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BoAOHUK Ha NOBPLUVHWN MeTalla

feo A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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B.2 (3 pt)

mol s T m—2




IChO

s AT=3

Choz0™ Serbian version (Serbia)

Q.\GS
PN

B.3 (3 pt)




SRB-3C-2C
SRB-3 C-2 C-1 Dimitrije Gligorovski

IChO
Problem 2

Cover sheet

Please return this cover sheet together with all the related question sheets.



2\ 5 SRB-3 C-2 Q-1
Choz0™ English (Official)

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.




IChO
|
3’—; 5 SRB-3 C-2 Q-1
Cho 200> Serbian version (Serbia)

VI3oToncka BpeMeHcCKa KancyJsa

11 % oA yKyrnHor 6poja noeHa
3agatak | A A2 A3 A4 | YKynHo
MoeHn 8 8 10 9 35

OcBojeHNn
noeHwu

XeMujcke BpCTe Koje ce pas/unkyjy jeMHO no MU30TOMNCKOM cacTtasy, kao HAp. CH, n CH;D, Ha3uBajy
ce nsotononosn. CmaTpa ce Aa U30TOMOJIO3M UMAjy NCTe XeMnjcke ocobnHe. 3anpaso, NOCToje Mmane
pasnuke.

Y3muTe fa cy cBe CyrncTaHLe Koje ce nojas/byjy y OBOM 3a4aTKy Y racoBuToj dasu.

Pa3moTpurMo cnegehy paBHOTeXYy:

[12C1601SO]2
[12(:1602] [12(:1802]

12C1602 +12 C1802 = 212¢160180 K = )

EHTponuja, S, noBehasa ce ca noeeharem 6poja Moryhx MMKpocTara Hekor cuctema, w:
S=kglnWw )

W = 13a'2C"0, 1 '2C"80,. 3a pasnvky og wux, W = 2 3a monekyn '>C'®0'80 jep cy aTomu kunceoHvika
MeRyco6HO pasnuunTy y oBoM Monekyny. byayhu ga ce gsa monekyna '2C'®0'80 Hanase Ha gecHoj
CTPaHV paBHOTEXE NpurKasaHe jegHaunHoM 1, cneam ga je W = 22 = 4,
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A1 MNpomeHa eHTannuvje, AH, 3a jegHauuHy 3 je no3nTmBHa 6e3 o63mpa Ha  8pt
Temnepartypy.
H, + DI = HD + HI (3)
MN3pauyHajTe KOHCTaHTYy paBHoTeXe, K, 3a jejHauuHy 3 Npy BeOMa HUCKUM
(y3amute ga T — 0) 1 BeOMa BMCOKMM (y3muTe ga 1" — +oo) Temnepatypama.
Y3muTe ga ce peakumja He MeHa NMpuv OBUM Temnepatypama u ja AH
KOHBeprmpa Ka HeKoj KOHCTaHTHOj BPeAHOCTY NPV BUCOKMM TemnepaTypama.
AH cnepeher npoueca ce Moxe 06jaCHUTU MONEKYICKUM BUBpaLuvjama.
H,][D
2HD = H, + D, K = [HalD)] (4)

[HD]2

Ha T = 0 K, BubpaumnoHa eHepruja 4BoaTOMCKOr MoJiekyna 4vja je BubpaumoHa ¢ppekeeHumja v [s7']
n3paxeHa je ca:

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

rae je k KOHCTaHTa cune, a p je pefykoBaHa Maca Koja je u3paxeHa y OyHKLMjU Maca atoma y
ABOATOMCKOM MOJIEeKYNyY , my N m,, NPeEMa jefHaunHu:

TrLl’rrLQ
| = —— 7
7 my 4 my (7)

A.2 Bubpaumja H, je Ha 4161.0 cm~' kaga ce wu3pasu kao TanacHM 6poj. 8pt
WN3pauyHajTe AH 3a cnegehy jegHaunHy npu 7 =0 Ky J mol~".

Y3muTe aa.
* CaMo BUbGpaLMOHa eHeprija gonpuHocn AH.
* cy BpegHocTtu k 3a H,, HD n D, naeHTn4He.
* jemacaH 1 Da, amacaD 2 Da.
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Moncku ogHocn Hy, HD 1 D, 3aB1cK o Temnepatype cuctema y pasHotexun. OBge, Ap, ce AedrHuiLie
Kao rnpomeHa y Moackom ogHocy D,.

Ap = oy ©)
2 REZ
D D
OBge, Rp, Ce 0AHOCH Ha M y y30pKy, a Rj, Ha M npu T — +oo. Tpeba y3eTn Aa pacnogena nsorona
2 2

nocTaje HacyMnyHa Ha T' — +oc.

A3 WspauyHajTe A, 3a npupoAHy 3acTyrmsbeHocT D, no ycnoctaemaky  10pt
paBHOTEXe KM30TOMCKe M3MeHe Ha TeMnepaTtypu Ha Kojoj K 3a jegHaynHy
4 n3Hocu 0,300. Y3eTun ga mosncku yaenn D n H y npupoaun nsHoce 1.5576 x 104
n1—1.5576 x 104, pegom.
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YonwTeHo, MOACKN O4HOC ABOCTPYKO M3MeHEHOI M30TOMNOJIOra KOju CaApXn ABa Texa atoMa nsortona
y jeAHOM Monekyny, pacTe ca CMakereM Temrnepatype. PasmoTpmmo Monckn ogHoc monekyna CO, ca
penaTMBHUM MONEKyICKUM Macama 44 n 47, koju cy gone o3HayeHu ca CO,[44] n CO,[47] . BennumHa
A7 ce gedurHMLLE Kao:

Ryq

Ay = R, —1 (10)
[CO,[47]] [CO,[47]]
R,, ce 0HOCN Ha ——=—= Y Y30pKY, a R}- Ha -——=——-npuT — +oo. [NpnpogHe 3aCTyrn/bLEHOCTN aTOMa

YI/bE€HVKA U KMCEOHMKA Cy MpYIKa3aHe AoJe; 3aHEMapUTe N30TOME KOjy OBAE HUCY NMPUKa3aHu.

12C 13C
npupogHa 3actyrnsbeHoct | 0,988888 | 0,011112

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

TemnepaTypHa 3aBUCHOCT A, je AaTa AoJie, rae je T' anconytHa Temnepatypa y K:

Ay = 32—22 +2.920 x 10~ (11)

A4 BpeaHocT R,, 3a $OCUAHWM NNAHKTOH, NPpOHaheH Ha MOPCKOM AHY AHTapkTuka,  9pt
n3Hocn 4.50865 x 107°. W3pauyHajTe TemnepaTypy 3a OBy BPEAHOCT R,..
CmaTtpa ce pa je To 6buna TemnepaTypa Basfyxa TOKOM epe Yy KOjoj je Taj
NAAaHKTOH XMBeO. Y3muTe y 063Mp camo Hajyewhu msotononor CO,[47]
NPUAVIKOM U3padyHaBama.
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VI3oToncka BpeMeHcCKa KancyJsa

A.1 (8 pt)

T—0: K= , T — 4+o00: K =
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A.2 (8 pt)

AH = ] mol—!
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A.3 (10 pt)
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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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Part B
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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8 % op, ykynHor 6poja noeHa
3agatak | A B.1 B.2 | YKynHo
MoeHn 10 6 6 22

OcBojeHn
noeHu

Y oBOM 3ajaTKy 3aHeMapuTe ancopnuujy heamje n pacteapada. TemnepaTtype CBUX pacTBOpa 1 racosa
Cy KOHCTaHTHe 1 n3Hoce 25 °C.

Adeo A

BogeHun pactBop X je npunpemsseH kopuwherwem HA n NaA. KoHueHTpauuje [A7], [HA] u [HT] y
pacteopy X n3Hoce 1.00 x 1072 mol L7, 1.00 x 10-3 mol L~" 1 1.00 x 10~% mol L', peaom, 1 nosesaHe
cy cnesehoM KMCeMHCKO-6a3HOM PaBHOTEXOM:

oA e _ [AT]HT]
HA=A +H K_W 1)

AyxnHa ontuukor nyTa je [y geny A 3agaTka. 3aHeMapuTe MpoMeHe rycTuHe npu pasbnaxuBamy.
Y3mMuTe fa ce He 0ABUjajy ApYre XxeMunjcke peakLmje cem oHe AaTe jeHaumnHOM 1.

A1 AncopbaHumja pactsopa X M3HOCKM A; Ha TanacHoj AyXWHW A;. 3atum je  10pt
pactBop X ABanyT pa3bfaxeH XJIOPOBOAOHWYHOM KUCEANHOM uyuju je pH
= 2,500. HakoH pasbnaxera, ancobaHumja je U Aabe M3HOCMNa A, Ha
A. OApeanTe OfHOC cyp/ea . TAE eyp VI €54 NPEACTaB/bajy ancoprumoHe
KoeduunjeHTe 3a HA 1 A~, pegom, Ha };.
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Adeo B

Pa3moTpurMo cnegehy paBHOTeXy y racHoj dasu.

D=2M (2)

Ynctmm racom D HanymweH je cys 06amKa KBagpa Koju MMma NpoBUAHE MOKpeTHe 31j0Be MonpeyHor
npeceka S (BUAETU CAVIKY JONe), NPU NPUTUCKY P, N yCnocTaB/beHa je paBHOTEXa, NPU Yemy ce YKYMNHU
npuUTMCaK oAp>KaBa KOHCTAHTHUM M M3HOCK P. AncopbaHuuja raca usHocn A = e(n/V)l, raecye, n, V
[ ancopnumoHun KoeduLmjeHT, KONMYMHa raca y MONOBKMa, 3aNpemMrnHa raca u Ay>XmnHa onTUYKor nyTa,
pesoM. Y3MuTe Aia ce CBU CacTojLm racoBmuTe cMeLle NnoHaluajy Kao njeasHu racosu.

ly -
Kopnctntn goneHaseseHo ako je NoTpe6Ho.
NoOYeTHO CTame HaKOH ycnocTaB/baka paBHOTEXe
D M D M
napumjanHn NpuTncak P 0 Db DM
KOZIMYMHa Yy MONI0BUMa ng 0 np ny
3anpemuHa W 14

B.1 AncopbaHumja raca Ha A\g; MepeHa 13 npasua z (I = [,) u3Hocuna je Ag; MHa  6pt
CaMOM MOYeTKY M HaKOH YCNocCTaB/bakba paBHOTeXe. OpapeanTe 04HOC cp /ey
Ha gy, TA€ ep U &y NPeACTaB/bajy ancoprunoHe koedpuumjeHte D n M, pegom.

B.2 AncopbaHumja raca Ha \g, MepeHa 13 npasua y U3Hocuna je Ag, U Ha camoM  6pt
noyetky (I = l,4) ¥ HAKOH ycnocTaB/batba paBHoTexe (I = ). OapeauTe oaHOC
ep/em Ha Ags-
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Aeo A

A.1 (10 pt)

(HactaBak Ha cnegehoj cTpaHunum)
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Adeo B

B.1 (6 pt)
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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 yMHKa

11 % oA yKyrnHor 6poja noeHa
3agatak | A1 A2 B.1 B.2 B.3 B.4 | YKynHo
MoeHun 6 5 4 3 5 9 32

OcBojeHn
MnoeHn

LIMHK ce fyro KopucTu 3a Aobunjare nerype MecuHr 1 3a 3aTuTy JYenuvka. MNpu npeunwhasamy, LMHK
KOjv ce Hanasuy oTnagHUM MHAYCTPUNjCKMM BOAaMa Ce 0/,Baja TaJIoXKeHeM, a J06UjeHV Tanor ce peaykyje
Aa 61 ce NoOHOBHO NCKOPUCTNO METaNHN LUNHK.

Aeo A

PaBHOTeXe Koje ce ycrnocTaB/bajy MNpu pacTBapawy UUMHK-Xxugpokcnga Zn(OH),(s) Ha 25 °C wu
oAroapajyhe KOHCTaHTe paBHOTeXe cy gaTe jejHaunHama 1-4.

Zn(OH),(s) = Zn**(aq) + 20H(aq) Koo =174 %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, =1.00x 10" (4)
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PacTBOp/bMBOCT, S, LMHKa (KOHLUEeHTpaLmja LMHKa y 3acuheHOM BOAeHOM pacTBopY) AaTa je jeAHaUNHOM
5.

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

A1 Kaga ce ycnoctaBe paBHOTeXe gaTte jeiHaumHama 1-4, mapayvyHaTwm orncer 6pt
BpegHocT pH 3a koju je [Zn(OH),(aq)] Bvwa u oa [Zn**(aq)] n oA
[Zn(OH)Z(aq)].

A.2 3acnhenu pacteop Zn(OH),(s) ca pH = 7,00 npunpemsseH je v npopuntpmupaH.  5pt
NaOH je popat y oBaj ¢unTtpaT Tako fa ce weroB pH noseha Ha 12,00.
N3pauyHajTe MOJICKM MPOLLEHAT LiMHKA KOju Ce UCTanoXxmn Kaga BpegHocT pH
rnopacte ca 7,00 Ha 12,00. 3aHeMapuTe NpoMeHe y 3anpemMnHn n TemnepaTypu.

Adeo B

3aTnM, Tako WUCTanoOXeHW UMHK-XUAPOKCUA ce 3arpeBa Aa 6u ce f06MO UMHK-OKCUA npemMa AaToj
jeHauVHW peakuwnje:

Zn(OH),(s) — ZnO(s) + H,0(1) 6)
L|,VIHK-OKCVI,£I, ce 3aTnM pep,yKyje A0 MeTanHOor LMHKa BOAOHNKOM:

ZnO(s) + H,(g) — Zn(s) + H,0(g) (7)

B.1 [Ja 6n ce peakumnja (7) oagBmjana nNnpu KOHCTAHTHOM MPUTUCKY BOAOHMKA of  4pt
1 bar, HEONXOA4HO je CHMU3UTK NapuujanHN NPUTUCAK HacTane BoJeHe nape.
M3padyHajTe ropry rpaHuLy 3a napuuwjaiHu nputmMcak BoAeHe nape npwu
KoMe ce peakuuja (7) ogenja Ha 300 °C. Osge kopuctuTe mbcoBe eHepruje
HacTajakba LUMHK-0KCUAa 1 BogeHe nape Ha 300 °Cwu 1 bar 3a cBe racoBuTe BpCTe
AG7n0(300°C) = —2.90 x 102 kJmol~" 1 AGy, (300°C) = —2.20 x 10% kJmol~".

MeTanHu UMHK ce KOpUCTU Kao HeraTnBHa enekTpoda (aHoaa) 3a 6aTepuje meTan-sasayx. Enekrpoga ce
cacToju o4 Zn n ZnO. Y 6aTepujn ce cTBapa efleKTpnYHa CTpyja Ha ocHoBy cnefehe pefoke peakumje ca
eflekTpomMoTopHOM cunom (e.m.f.) E°Ha 25 °C v npuTmncky og 1 bar.

Zn(s) + %Oz(g) — Zn0O(s) E° =165V (8)

B.2 LunHk-Basgyx 6atepuja ce ucnpasHm npm 20 mA 3a 24 yaca. WM3padyHatm 3pt
npoMeHy Mace HeraTuBHe enekTpoje (aHoze) 6atepuje.
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MnaHnHa Oyun

B.3

PazmoTpute npomeHy e.m.f. LMHK-Ba3fyx 6atepuje y 3aBUCHOCTU Of,
OKpyXeHa y Kome ce Hana3n. UspauvyHatm e.m.f. Ha Bpxy nnaHuHe dyun
rae je temnepartypa —38°C (y pebpyapy) Ha HaAMOPCKOj BUCUHMK o 3776 m.
ATMochepckn NpuTUCak je fat n3pasom

5.257

9)

P bar] = 1.013 x (1 00065k )

T +0.0065h + 273.15

Ha HagMOPCKOj BUCMHW h[m] 1 TemnepaTypu T [°C]. Monckun yaeo KnceoHmka
y atmocdepn unsHocn 21%. TMpomeHa [mnbcoBe eHeprumje peakuuje (8) je
AG7n0(—38°C) = —3.26 x 102k mol~" Ha —38°C 1 npw 1 bar.

5pt

B.4

N3pauyHaTu npomeHy NbcoBe eHepruje peakuuje (6) Ha 25°C. YamuTe aa cy
CTaHAApPAHV peaokc noteHumjanu, £°(Znt/Zn) n E°(0,/H,0) Ha 25°C v npw 1
bar gatn y jeaHaunHama (10) n (11), pegom.

Zn?t 4 2e~ — Zn E°(Zn?*/Zn) = —0.77V (10)

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

Ipt
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DH,0= bar
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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.
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TajaHCTBEeHU cMnuunjym

12 % oA ykyrnHor 6poja noeHa
3agatak | A1 A2 A3 A4 B.1 B.2 B.3 | YkynHo
MoeHun 9 7 6 10 5 15 8 60

OcBojeHn
noeHmn

Mako je cunuumjym enemeHT rpyne 14 kao 1 yr/beHUK, HhIXOBe 0COBMHE ce 3HaYajHO Pasnukyjy.

Aeo A

3a pasinKy of Yr/beHUK-YI/beHNK TPOCTPYKe Be3e, CUINLMjYM-CUANLNYM TPOCTPYKa Be3a, NpukasaHa
Ha cnegehu HaumH R'-Si = Si-R' (R je opraHckm cynctutyeHT) BeoMa je peakTmBHa. Ha npumMep, oBakBa
jeanrbera pearyjy ca eTuneHom rpagehu LMKANYHe Npon3Bo/e KOju cagpike YeTBOpPOUiaHe NpcTeHoBe.

—

R'-Si=Si—R! + H,C—=CH, e Si—Si
4
R’ \R1
Kaga ce R'-Si = Si-R" TpeTupa ankmHom (R2-C = C-R?), kKao NoYeTHM NHTEPMeAMjep HacTaje jeaunbere

A Koje cagpXu yeTBopou/iaHu npcteH. Jlaba peakuuja jow jegHor monekyna R?>-C = C-R? ca A gaje
n3omepe B n C, Koju 1 jeaaH 1 Apyrn cagpxe LUNKANYHE KOHjyroBaHe CTPYKType Hanuk Ha CTPYKTYpy
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6eH3eHa. Pagwm ce o Tako3BaHMM "AucrnnabeH3eHMMA", KOju cafpXKe LIecToYs1aHn NPCTeH 1 Mory ce
npukasati Ha cnegehn HaumH (R1-Si), (R2-C),.

R2—-C=C—R?

R'-Si=Si—R'+ R?-C=C—R2 — A B + C

[Ba cvrHana ogroeapajy LecrousaHoM npcreHy Si,C, y cnyyajy B v jegaH y cnyuajy Cy wumxosum '3C
NMR cnekTprma.

A1 HaupTajte cTpyktypHe ¢opmyne A, B n C kopuctehn R', R?, Si n C. Huje 9pt
NOTPE6HO LIPTaTW BULLE PE30HAHTHUX CTPYKTYpa.

A.2 N3pauyHajTe eHepruje ctabuansaumje apomatnyHor cuctema (ASE) 3a 6eHseH  7pt
njeaniserbe C (y ciyyajy R' = R? = H), nspaxkeHe Kao No3vTUBHE BPeAHOCTH,
y3nmajyhu ga cy npoMeHe eHTannuja peakumja xmaporeHmsaumnje HesacmheHmnx
cuctema gate gone (cavka 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 H2 — <:> AH=-173 kJ mol""  (4)
HSi—SiH H,Si— SiH,

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

/—SiH2

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

e
|

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

S

HSi

C

Cnuka 1
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Kaza ce 3arpeBa pactBop jeankersa Cy KCuneHy, OHO nojanaexe nomepumsaunju gajyhn paBHOTEXHY
cmewly jeantberba D n E. Monckm ogHoc D : E=1:40,0 Ha 50,0 °C,aD:E=1:20,0Ha 120,0 °C.

A3 N3pauyHatn AH 3a TpaHcpopmaumnjy D y E. YamuTte aa AH He 3aBucu o 6pt
Temnepartype.

M3omepumsaunja Cy D ny E ce ogBnja TpaHcdopmaumjom m-Besa y o-Bese 6e3 packngarea o-Besa. JegaH
curHan koju oarosapa Si,C, ckenety ce jaBba y '3C NMR cnekTpy jeavibersa D, a gBa curHana kojm
ogrosapajy Si,C, ckenety y cnyyajy jeanteemna E. Ckenet jegnrersa D He cagpxu TpousiaHe NpCcTeHOoBE,
a jeanmsernse E cagpxu ABa TpounaHa rnpcreHa Koju Aene jefHy cTpaHuuy.

A.4  Hauprajte cTpykTypHe dpopmyne D u E kopuctehim R, R?, Sin C. 10pt

fAeo B

Cnnnumjym mMoxxe fa rpagu jeAntberba ca BUCOKVM KOOPAUHALMOHUM 6pojeM (> YeTupu CyncTUTyeHTa)
Ca eneKTpPOHeraTMBHUM efleMeHTMMa Kao LWTo je nyop. Kako ce meTanHu Gdayopuam 4ecto KOpucTe Kao
peareHcn 3a dbnyopoBakrbe, Tako Ce U jeantberba cuanumjyma n dayopa ca BUCOKMM KOOPAUHALMOHUM
6pojeBMIMa MOry MOHAaLLIATX Kao peareHcu 3a ¢ayopoBakse.

Peakunja pnyoposana CCl, nomohy Na,SiFg je n3segeHa Ha cnegehm HaumH.
+ CtaHaapausaumja pacteopa Na,SiFg :
- Mpunpema

BoaeHu pacteop F: 0,855 g Na,SiF, (188,053 gmol ') pacTBopeHo y Bogu (yKyrnHa 3anpemMmnHa pacTeopa:
200 mL).

BoazeHun pactBop G: 6,86 g Ce,(SO,); (568,424 gmol') pacTBOopeHO y BoAgM (yKyrmHa 3amnpemMuHa
pacTtBopa: 200 mL).

- Moctynak

TanoxHa Tntpayuja pacrteopa F (50,0 mL) nssegeHa je gogaBareM pactsopa G y Kanvma y npucycrey
KCUNEHOI-0paHxa, Koju koopauHyje Ce3* joHe, kao nHgmkaTopa. HakoH gogaTka 18,8 mL pacteopa G,
60ja pacTBoOpa ce Mena 13 XyTe y Jbybuyacty. Hactanm Tanor npeacraB/ba 6MHAPHO jeAnberbe Koje
cagpxu Ce3*, a jeanHo A06UjEHO jesnHbeHE KOje CaaPXN CUnnumjym je Si(OH),.

B.1 HanunwwnTe cpeheny jegHaunHy peakumje namehy Na,SiFg 1 Ce,(SO,);. 5pt

* Peakumja CCl,n Na,SiFg:
(Ty6uruwm cynctaHum HNp. yonea ncnapasakba TOKoM cnegehunx onepauuja cy 3aHeMap/buBi.)

Na,SiFs(z [g]) je gomaT y CCl, (500,0 g) n cmewa je 3arpeBaHa Ha 300°C y 3aTBOPEHOM Cyay Koju je
oTnopaH Ha npomeHe npuTucka. Hemspearosanu Na,SiF; 1 Hactanu NaCl cy yknoweHn dpuntpaumjom.
dunTpart je pasbnaxeH Ha ykynHy 3anpemuHy og 1,00 L ca CCl, (pacteop H). 2°Si n '>F NMR cniektpu
pacteopa H nokasyjy Aa je SiF, jeanHo NpUcyTHO jeantberbe Koje cagpxm cununumjym. '°F NMR crnekTap,
nopej curHana Koju notuyy og SiF,, cagpxu curHane koju ogrosapajy CFCl;, CF,Cl,, CF;Cl n CF,
(norneaatv Tabeny 1). OaHoc nHTerpana curHanay '°F NMR criekTpy je nponopuroHanaH 6pojy jesrapa
dnyopa.
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Tabena 1

9F NMR nogaum CFCl5 CF,Cl, CF5Cl CF,

OaHocC VHTerpana 45,0 65,0 18,0 2,0
SiF, ce xnaponusyje ao H,SiF; Nnpema cnegehoj jegHaunHNM peakumje 8:

3SiF, + 2H,0 — SiO, + 2H,SiFg (8)

Pactsop H (10 mL) je gogat y BULIAK BOAe, LUTO je pe3ynTnpano NoTrnyHoM xuaponmnsom SiF,. HakoH
0/iBajakba, XUAPONM3oM HacTanu H,SiFg je HeyTpanwncaH v noTnyHo npesegeHy Na,SiF, (BogeHn pacTBop

J).

Tanor Heunspearosanor Na,SiF; n NaCl, koju je ogBojeH ¢uaTpaunjom y moUYeTHOM KOpaky (MoaByyeHN
[le0), y NOTNyHOCTW je pacTBopeH Yy Boan aajyhun BogeHun pacteop K (10,0 L).

3aTuM cy n3BedeHe JoAaTHe TasoXHe TUTpauuje kopuctehn pactBop G, a 3aBpLUHe Tauke TUTpauuja ca
G cy 6une:

-3a pactBop J (uenokynHa konu4dmHa): 61,6 mL.
3a 100 mL pacTtBopa K: 44,4 mL.

Tpeba nmaTn Ha ymy ga ncrospemeHo npucyctso NaCl u SiO, Hema yTuUaja Ha TanoXxHy TUTpaumjy.

B.2 N3pauyHajTe macy NaCl koja je HacTana y peakuMoHoM cyay (noasydeHn geo  15pt
TekcTa) 1 nspadyHajre macy (z [g]) Na,SiFg Koju je nckopuwheH Kao NonasH
MaTepwujan.

B.3 77,8% CCl, kopnwheHor Kao NonasHW matepujan je octano HeuspearoBaHo. 8pt
N3pauyHajte macy Hactanor CF;Cl.
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TajaHCTBEHU cUNNLUUjyMm

Aeo A

A.1 (9 pt)

A (3 pt) B (3 pt)

C(3pt)

A.2 (7 pt)

C6H6: k_]m0| 1,C:

k) mol™!
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A.3 (6 pt)

AH = k] mol™!

A.4 (10 pt)

D (5 pt)




IChO

Q.\GS
PN

,Cﬂo zm\\

SRB-3 C-5 A-3

AS-

Serbian version (Serbia)

Adeo B

B.2 (15 pt)

(HactaBak Ha cnegehoj ctpaHu)
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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
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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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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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XeMuja UBpCTOr CTaka NpesiasHUX MeTana

13 % of, yKynHo rnoeHa
3apatak | A1 A2 A3 B.1 B.2 B.3 B.4 C.1 C.2 C.3 | ¥YkynHo
MoeHn 6 3 3 6 4 4 4 5 5 5 45

OcBojeHn
noeHun

BynkaH Ha octpBy CakypaLima

Jeo A

JanaH je jegHa op 3ema/ma ca Hajpehmnm 6pojeM By/nkaHa Ha cBeTy. Kaga cvnmkaTHU MUHepanu
NCKpUCTanuLWy M3 mMarme, Aeo joHa npenasHmx metana (M"") mu3 marme ce yrpafhyje y cunmkatHe
MUHepane. JoHu M"™" Koju ce nmpoy4daBajy Yy OBOM 3a4aTKy Cy KOOPAMHOBAHW Ca OKCUAHWM jOHUMa
(0?7) 1 nMajy YeTUPMKOOPANHATHY TeTpaedapcky (T,) reoMeTpujy y Marmu, a LUECTOKOOPAUHATHY
okTaegapcky (Op) reoMeTpujy y CUANKATHUM MUHEPaanMa, a u jeHn 1 4pyrv nMajy BUCOKOCMIUHCKe

€NeKTpPOoHCKe KoHurypaumje. KoeduumjeHT nogene M namehy cunmkaTHux MuHepana 1 marme, D,
MOXe Ce M3PasunTh Kao:

M
M,

rae cy [M]; u [M], KoHUeHTpauuje joHa Mt y cunMkaTHUM MUHepanuma u Mmarmu, pegom. fone aata
Tabena npukasyje BpegHoctu D 3a Cr2*u Mn?* joHe.
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D 172 1.1

Heka cy Ay 1 CFSEC eHepruja uenarba d-opbutana M™ 1 eHepruja ctabunmnsaumje KpUCTanHor nosba y
Oy, Nosby, pegoMm. Heka cy Ar n CFSET Te BennunHe y Ty nosby.

A1 WN3pauyHaTtn | CFSEC—CFSET | = ACFSE y 3aBucHOCTU 04 A 3a joHe Cr?*, Mn?*  6pt
n Co%*;
y3muTe fa je Ar = 4/9A,.

A.2 JllnHeapHa 3aBMCHOCT ce yo4aBa Kaja ce HaupTa rpaduk InD y 3aBucHocTn o 3pt
ACFSE /Ay y JekapToBOM KOOPANHATHOM CUCTEMY, Kao LUTO je MpuKasaHo Jofe.
NpoueHunTe BpegHocT D 3a Co?*.

2.0

1.5

0 01 02 03 04 05
ACFSE / Aq

MeTtanHn okecuam MO (M: Ca, Ti, V, Mn nan Co) KpucTanumuwy y KpUCTaaHUM CUCTeMUMa KameHe
conn rae je oko M" joHa O, reomeTpuja Ca BUCOKOCMNHCKOM €/IeKTPOHCKOM KOHUrypaLmjom.
EHepruja (eHTannnja) kpuctanHe peluetke OBUX OKCUAA je HajsehuM genoM oapeheHa KynoHoBUM
VHTepakumjama, Koje Cy y Be3u ca MoJIynpeyHKOM 1 HaesieKTpUcameM joHa, 1 AeIMMNYHO AOTMPUHOCOM
CFSE 3a M"* y O}, nosby.
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A.3 Opa6patu oaroBapajyhu pej ca rpyrnom eHepruija KpUcTanHux pelwietku — 3pt
[kl mol~"] mefy nonyheHum og (a) ao (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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MeLwoBuTH okeng A, Koju cagpxu La3t n Cu?t, kpuctanuiie ca TeTparoHaaHOM jegnHUUHOM henvjom
Kao LUTO je NpurKasaHo Ha canum 1. Y [CuOg4] okTaeapy, Be3a Cu-O ayx z-oce (I,) Ay>Ka je o Te Be3e fyX
x-oce (l,), a [CuOg] je sedopmMmcaH y ofgHocy Ha NpasunHy O, reomeTpujy. OBa gedopmMaLinja NOHULWITaBa
AereHepaumjy eg opéutana (d,._,. n d.z).

b

D« La3+
@ : Cu*
O 0+

1.3313nm

1 ", ﬁsesa nm
‘-
% 0.3833nm

Cnunka 1

A ce MOXe CMHTEeTUCATV TePMUYKMM pasfiarakem (NMpoan3om) komrnekca B, Koju HacTaje Mellarem
MeTaJIHNX Xnopuaa y pasbiiaxxeHoOM BOAEHOM pPacTBOPY aMOHMjaka Koju cajpXu T3B. KBaApaTHY
kucennny C,H,0,, Koja je gnkmncennHa. Mpunrukom nuponunse B Ha cyBoM Basgyxy fonasm Ao ryémutka
29,1% y macm po 200 °C, ycneg rybmuTka KpucTanmMsauMoHe BoAe, a WTO je npaheHo jow jegHUM
CMarbeHeM Yy Macu npu 3arpeBamsy 40 700 °C, ycneg ocnobahana CO,. YkynaH rybuTtak y Macu TOKOM
rpahera A 13 B nsHocu 63,6%. TokoM nuponnse ce ocnobanajy camo soga n CO,.

B.1 HanunwwunTte xemujcke popmyne A v B. 6pt

B.2 N3pauyHajte [, 1 [, kopucTtehn nogatke ca cavike 1. 4pt

B.3 3a Cu?* joH y gedopmucaHom [CuOg4] okTaegpy y A Ha civum 1, HanuwmTe  4pt
03Hake pasjBojeHunx/mouenaHnx ey opbutana (d,._,. n d..) y cayyajy (i) n
(i), ¥ NpepcTaBUTE eNeKTPOHCKe KoHbUrypaumje y Kyhuum of ncnpeknaaHmx
JIVHWja Ha INCTY 3a O4roBope.
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A je nsonatop. Kaga ce jeaaH La* joH 3aMeH jeaHMM Sr?* joHOM, reHepuLLE ce jegHa Lyr/biHa (pyna)
Yy KPUCTa/IHOj peLueTkn, Koja MoXe Ja NpoBOAW eNnekKTPUUHYy CTpyjy. Kao pesyntat Tora, A gonumpaH
Sr?* joHMa rnokasyje 0coburHe cyneprnpoBoA/bUBOCTU cnog 38 K. Kaga je y jeAHOM ekcrneprMeHTy oBa
peakuvja 3ameHe n3BeaeHa Koz y3opka A Ao6ujeHo je 2.05 x 10?7 wynmbuHa m—3.

B.4 N3pauyHajTe konvko je npoueHata La3t joHa 3amerbeHO Sr?t joHuma.  4pt
BaneHue joHa 1 KpucTanHa CTPYKTypa HUCY ce NpOMeHu/Ie peakLnjom 3ameHe.

Aeo C

Cu,(CH5CO,), ce cacToju of yetnpu CH3;CO, Koju Cy KOOPAMHOBAHW ca fBa cu® joHa (cnmka 2A).
Cu,(CH5CO,), nocesyje BUCOK CTeneH CTPYKTYpHe CMMeETpMUje ca ABe oce CMMeTpuje Koje nponase
Kpo3 yr/beHukoBe atome yetmpm CH;CO, 1 jejHOM OCOM Koja Mponasuv Kpo3 ABa Cu2+j0Ha, a Koje
cy cBe MehycobHO HopmanHe. Kaga je npucyTaH gukapbokcumnatHn aurang ymecto CH;CO, , rpaau
ce “kaBe3actu komnnekc”. Kasesactn komnnekc Cu,(Ll), ce cactoju of nnaHapHor Avkapbokcunarta
L1 (cavka 2B) u Cu®' (cmka 2C). Yrao 6 n3mehly npaBaua KOOPAMHOBAHUX KapbOKCUAHWX rpyna,
03HayYeHuX cTpenmuama Ha cimum 2B, ogpehyje cTpykTypy KaBesacTor komnaekca. 8 nsHocm 0° 3a L1.
Ha cnnum 2 Hncy npukasaHu BOAOHNKOBW aTOMM.

)
4 0“0
L1
q 0=0°
Bc.@oOc

Cnvuka 2
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CA1 Yrao 6 nnaHapHor gukapbokcunata L2 npukasaHor gone ¢ukcmpaH je Ha 90°.  5pt
AKO cacTaB KaBe3acTor Komnekca HarpaheHor og L2 wu cu*t oArosapa
dopmynn  Cu,(L2) , HaBepguTe KOMOMHAUWjy HajMawUX LEN0bpPojHUX

m.

BpeAHOCTM n n m. Y3muTe ga camo CO, rpyne L2 rpage KOOpANHATUBHY

Be3y ca Cu’" joHnma.
N
o’ "\
L2
6=90°
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LimHkoB komnnekc, Zn,O(CH;5CO,) ., caapxm YeTnpmn TeTpaeAapckin OKpyxeHa Zn2+j0Ha, wect CH3CO,
n jeaaH 0%~ joH (cnuvka 3A). Kog Zn,O(CH3CO,),, 02~ joH ce Hanasn Ha KOOPAMHATHOM MOYETKY, a TpW
mMefycobHO HOopManHe oce Koje nonase of Hera nposase Kpo3 yribeHnkose atome CH;CO, . Kaga
ce p-beHzeHaukapbokcmnaT (cnvka 3B, L3, 8 = 180°) koopauHyje ymecto CH5CO, , Zn** Knacrepu
Cy noBe3aHu jeAHWN 3a gpyre rpagehun KpuctanHy uspcTy cynctaHuy (X) Koja ce HasmBa “MoposHu
KoopAnHaumoHu nonnmep” (canka 3C). Cactas cynctaHue X ogaroeapa ¢opmynu [Zn,O(L3);],, 1 OHa UMa
KyOHY KpUCTanHy CTPYKTypy Ca NopamMa HaHOMeTapcKuX AVIMeH3Mja. JeAHa rnopa je npeAcTaB/beHa Kao
chepa Ha cavum 3D, a cBaku TeTpaegapcku Zn** Knacrep je npeAcTaB/beH Kao TaMHOCMBW nonvejap
Ha cnvkama 3C n 3D. BogOHMKOBY aTOMU HUCY NpPUKa3aHu Ha canum 3.

o (o}
L3,6=180°

Cnuka 3

C.2 X noceayje KybHy jeanHnuHy hennjy ca gy>kuHom meuue a (cnvka 3C) n uma  5pt
ryctvHy og 0,592 gcm—3. UspauyHatu a 'y [cm].

Cc3 X cagp>u 3HaTaH 6poj nopa, na 1 g X Mmoxe ga cmectn 3.0 x 102 mLracaCO,y  5pt
nope npu 1 bar n 25 °C. U3payvyHajte npoceyaH 6poj monekyna CO, y jeaHOj
nopw.
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XeMuja UBpCTOr CTaka NpesiasHUX MeTana

Aeo A

A.1 (6 pt)

Cr2+ :

Ao, Mn2+ :

AO ' C02+ :
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A3 (3 pt)
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B.1 (6 pt)
A: ,B:
B.2 (4 pt)
l, = nm, [, = nm
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Energy

B.4 (4 pt)
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Adeo 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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Urpawe ca He6eH3eHOAHOM apomMmaTUYHoLwhy

13 % og yKynHor 6poj noeHa
3agatak | A1 A2 A3 B.1 YKynHo
MNoeHn 5 2 19 10 36

OcBojeHn
noeHu

MNpodecop Hozoe (1902-1996) je 3anoueo MCTpamMBara Yy MObY HEHEH3EHOUAHUX apPOMaTUYHUX
jeaMHbera Koja Cy faHac yecTa y OpraHckoj Xxemuju.

doTorpaduja goburjeHa og YHMBep3nuTeTa TOXOKY.

[Jeo A

NnHeapundonmjaHoH je NpUpPoaHN NPOMN3BOA jeANHCTBEHE CTPYKTYPE, KOjU je N3010BaH 13 bu/bHe BpCTe
Inula linariifolia. Monasehn og BaneHueHa (1), y je4HOM Kopaky ce gobuja jeaurserse 2, Koje ce y Tpu

Kopaka npeko 3 TpaHcdopmuLLe y KeToH 4. EpemoduneH (5) ce npesoamn y 6 nssogehu ncra yetmpm
Kopaka.
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Inula linariifolia

N

P

N

NaIO4

0304 2

THF, H,0

C14H20
\ H / o]
—Si-N-si—

.- OH
—gi— _
CH5CN THF :C , THF D
80 °C ~78°C ) ot -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 HaupTtaTtm cTpyktype 2 1 6 M jaCcHO npukasaTu cTepeoxemujy rge je 1o  5pt
noTpe6Ho.

3aTuM ce KeToH 4 KOHBepTyje y ectap 15. Jegurere 8 (penaTBHa MoJiekysicka Maca: 188) 3agp>xaBa
CBe cTepeoLeHTpe npucytHe y 7. Jeantera 9 1 10 noceayjy net ctepeoLeHTapa v HNjeaHy yribeHuK-
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YI/bEHMK ABOCTPYKY Be3y. 3amucimnTe aa je H,'®0 kopuwheH ymecto H,'°0 3a cuHTesy 8 0-o6enexeHnx
nnHeapudonvjaHoHa 13 1 14 nonaszehn og 11 n 12, pegom. Jegmmrera 13 n 14 cy '80-o6enexeHn
n3otonomMmepu. AKo 6UCMO 3aHeMapuan NPUCYCTBO N30TOMCKOr obenexasara, jeAntera 13 1 14 6u
Jana uctm npovseog 15 ca UAEHTUYHOM CTepPEeOXeMNjOM.

\ K /
—Si-N-Si—
/ \ .
(KHMDS) Li
H N
H ‘ A ‘ -
o : . _CF
: 5 THF, —78 °C O/,S\\ 3
4 7
0
Cl _OH
o)
(MCPBA)
8 NaHCOj4 9 . 10
MW: 188 C14H200 C14H200
CH,Cly, 0 °C 1420 1420
\ Q
—$i-CF;Br OS—OH
I
Nal O 13
THF, 80 °C 11 H,'80, THF
C+=H 180 160
9 C H F O 151122 n 3-n
15M202 (n=0-3)
\ 0
—Si-CF,Br —@—S—OH
/ 11
Nal (0]
THF, 80 °C 12 H,'%0, THF 14
10 C45H0,180,10;,_
C15H2oF20 15(r122= O—nS) 3
N i)
NN

160-13/160-14
(C15H22'%03) CH3OH
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A.2 OpabepuTe (3a0Kpy>XMUTe) ogroBapajyny CTPyKTypy jeantserba A. 2pt
O\ O\
9 (.? O:\§’0F3 O:\$,CF3
I FzC-S-OH Il F;C-S—NH, n N.__CFs IV HN___CFg
I I ©/ S S
O O 77\ 77\
A3 HaupTajte cTpyktype 8-14 1 jacHO O3HauuTe cTepeoxeMujy rae je 1o  19pt

noTpe6Ho. Takohe, o3HaumuTe yBegeHe '80 aTome y jeantberba 13 1 14 Kao
LUTO je TO MpuKasaHo Ha npumMepy fone.

o

RN
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Adeo B

Jeanmerse 19 je CMHTETMCAHO Kao LUTO je Ao/1e NpMKa3aHo. Y Be3un ca HebeH3eHOMAHOM apoMaTUYHOLLRY,
jeaurbere 19 ce MOXe KOPUCTUTY Kao akTUBATOpP aJIkoxosa, na je jegmerse 20 npeBeseHo y 22 Npeko
nHTepmeanjepa 21 Koju npeacTaB/ba joHCKM nap. Maga je rpahewe 21 getektoBaHo nomohy NMR
cnekTpockonuje, 21 ce nocTeneHo pacnaga Aajyhn 18 n 22,

16 Cy5H12Br.0
Q
FtaN 18 ool 19
CH,Cl,
Cy5H100 C15H1oCl2

OH Cl
20 —HClI 22

TH NMR (CD4CN, ppm)  20: 5 7.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)
21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

B.1 HaupTajTe cTpyktype 17-19 1 21. Huje NoTpebHO Ha3HaUUTK CTEPEOXeMU]Y. 10pt
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Urpamwe ca He6eH3eHOUAHOM apoMaTUYHoLwhy

Aeo A

A.1 (5 pt)

2 (2 pt)

6 (3 pt)

A.2 (2 pt)




IChO

A7-2

g,_; 5 SRB-3 C-7 A-2
Cho 200> Serbian version (Serbia)
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8 (3 pt)
9 (2 pt) 10 (2 pt)
1@py) 12 (2 pt)
13 (4 pt) 14 (4 pt)
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19 (3 pt) 21 (3 pt)
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Dynamic Organic Molecules and Their Chirality
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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




SRB-3 C-8 Q-5

English (Official)

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 MONEKYIN N BUNXOBA XNPAJTHOCT

11 % oA yKyrnHor 6poja noeHa
3agaTtak | A A2 A3 B.1 B.2 | YkynHoO
MoeHwn 9 3 7 3 4 26

OcBojeHn
MnoeHn

[Jeo A

MoANUNKANYHN apOMaTUYHIN YIbOBOAOH ML Ca CYKLIeCMBHM OPTO-Be3aMa Cce HasmBajy [nJkapboxenunueHn
(oBAe, n NpeAcTaB/ba 6poj LWeCcToOUNaHMX NPCTEHOBA, BUAN gone). [4]KapboxenuueH ([4]C) ce moxe
edpurkacHo fobutn nytem doToxemmjcke peakuuje Koja je fone npuikasaHa, a Npeko nHTepmMeanjepa
(Int.) Koju ce nako okcuayje joaoMm.

® ©)
(jﬁpph3 Br

NaOEt
A EtOH B * ¢

hv

hv |2 ‘O
e | UV |/ U

Int.
[4]carbohelicene ([4]C)
CigH1a

CigH12

doToXemumjcka peakuuja ce oABMUja Ha HAYNH CIMYAH OHOM NPUKa3aHOM Ha ciegehem npumMepy.
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Onacka: 3a cBe oAroBope y 3afaTKy 8, Kafla NpMKasyjeTe KOHjyroBaHe m CUCTEMe KOpUcTuTe
Hau3MeHUYHe NMpPocTe U ABOCTPYKe Be3e, a He Kpyrose, 3a NpMKasMBakbe CTPYKTYypa, Kao LUTO
je npykasaHo Ha npMepumMa Kap6oxenuueHa.

Q,\GS
PN

A1 HaupTajte ctpyktype A-C, Bogehu pavyHa o cTepeoxeMuju. Ipt

A.2 Mokywajn aa ce [S]kapboxennueH cuHTeTULWe nonasehn og ncre pocpoHmjym  3pt

conn 1 ogroeapajyher gpyror nonasHor matepujana fosenu cy Ao Aobunjara

caMmo Tparosa [5]kapboxenvueHa, a yMecTo Hera, Kao r1aBHU Npou3Boj,
f06ujeH je Nnpossog D uvja je penatBHa Mmonekyncka maca 3a 2 Da mawa og
Mosekyncke mace [5]kapboxenuvueHa. lone cy HaBeAeHa XxeMujcka NoMeparba

13 "H NMR cnekTpa jeavtersa D. HaupTajre cTpykTypy D.

[D (6, ppmy CS,, cobHa TemnepaTypa), 8,85 (2H), 8,23 (2H), 8,07 (2H), 8,01 (2H),

7,97 (2H), 7,91 (2H)]

[5]- v B [N]kapboxennueHn noceayjy XenMkonaHy (CnmpasHy, 3aBojHY) XMPaIHOCT, @ UHTepKOHBep3uja
n3mehy eHaHTHOMepa OBUX XeuLeHa je crnopa Ha CobHoj TemnepaTypu. XmpanHocT [n]kapboxennueHa
ce geduHunwe kao (M) nnm (P) Kao WITO je TO NpMKa3aHo Aofe.

&2

[n]Kap6oxenuueHun ca n koje je Behe 04 4 ce MOry pa3ABOojuUTY Ha eHaHTUOMepe NoMohy xpomMaTorpaduje
Ha XMpPanHoj KOIOHW, Kojy je pa3smo npodecop Jowro OkaMoTo.
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doTtorpaduja gobujeHa oa JanaHcke doHAaLMje 3a HarpahnBakbe.
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BuLLIeCTpYKM XennLeHn cy Moekynun Koju noceayjy ABa Unu BuLLe AenoBa CTPYKType Koju nogcehajy Ha
xenveHe. Ycnes noctojakba XennKouaHe XmpanHocTn moryhe je nocTojakbe BuiLLe cTepeon3omMepa Koz
BULLECTPYKMX XenunueHa. Ha npumep, jegurbernse E cagpxmn Tpu [S]kapboxennueHcka gena cTpyktype y
jeAHOM Monekyny. JeaaH o4 cTepeonzomepa ca KoHurypaumjom (P, P, P) je nprkasaH gone.

E

(1.2,3) = (R, FP)

A3 Tpumepusaymja 1,2-anbpombeHseHa y MNpucycTBy KOMMJjekca Hukna jgaje  7pt
TpndbeHnneH. Kaga ce wncrta peakumja NpUMeHU Ha jejaH eHaHTMOMep
F. (P)-F, pobuja ce Buwectpykn xenmueH G (CggHszg).  Y3ummajyhu ga ce
VHTepKOHBep3uja n3Mehly cTepeon3omMepa He OfBUWja NPUIMKOM peakuuje,
naeHtTudpunkyjte cee moryhe ctepeonzoMmepe G Koju ce rpaje y 0BOj peakuuju,
6e3 NoHaB/bakba CTPYKTypa. HaupTtajTe CTpyKTypy jeAHOr cTepeon3omMepa ca
MOTMYHOM CTEPEOXeMWjoOM Kao LUTO je TO MPMKa3aHO Ha NpuMepy rope, ca
HYMepMYKMM O3HaKama; OCTajie cTepeon3oMepe HaseguTe Kopuctehu camo
HyMepuuKe o3HaKe 11 03Hake M 1 P Koje ce ogHocCe Ha ux. Ha npumep, octane
cTepeoun3zomepe E 6m Tpebano HaBecTu oBako: (1, 2, 3) = (P, M, P), (P, M, M), (P,
P, M), (M, M, M), (M, M, P), (M, P, P), n (M, P, M).

Ni(cod),
Br _ N ! '
- Qo = ()
Br .

s 1
Br (CeeHas)
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CyMaHeH je yr/bOBOAOHMK Ynja CTPYKTypa nogceha Ha nocyay, a Koju je NpBuv NyT onmcaH y JanaHy 2003.
rognHe. Vime "cymaHeH" noTuye oj CaAHCKPUT-XUHAU peudn "cyMaH" LITO 3Haun cyHuokpeT. CuHTe3a
CyMaHeHa je oCTBapeHa peakLVIOHOM CEeKBEHLMjOM KOja Ce cacCToju Of peakuuja MeTaTtese Kako ca
oTBapaeM, Tako 1 ca 3aTBapeHeM MNpCcTeHoBa.

. O‘O
é sumanene

_______________________

Mpumepn peakumja MeTaTese Koje KaTanusyjy pyTeHnjymoBuY kaTanmsatopu (Ru*) cy npukasaHu gone.

Ru*
. o Y OUR
o R

r ,
g"’ - (CarHse)

B.1 HaupTtaTtu cTpykTypy nHTepmeanjepa I (herosy ctepeoxemMumjy HMje notpebHo  3pt
rnpvkasusaru).
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Me cl CN
G Cl CN
RU O K
(Co4H1g)
| Me
Me

B.2 Monasehu o ONTUYKM aKTUBHOI MpeKypcopa J, NCTa peakLMoHa cekBeHuuja  4pt
Jaje onTUYKY aKTnBaH AepusaT cyMaHeHa K. CTepeoueHTpu y jeantbemny J He
noanexy NHeep3nju Noj ycnosrmMa peakuuje metatese. HaupraTtn cTpykTypy
K ca nprkasaHoM ogroBapajyhoM cTepeoxemMmjom.
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AnHaMnyHm OPraHCKM MONEKYIN N BUNXOBA XNPAJTHOCT

feo A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C(3pt)

A.2 (3 pt)
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Adeo 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
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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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Jlene v py>kHe cTpaHe Kancyna

10 % og ykynHor 6poja noeHa
3agaTtak | A A2 A3 A4 A5 | YkynHo
MoeHwn 13 2 2 3 3 23

OcBojeHn
MnoeHn

AKO rceyeTe TEHUCKY NONTYLY MO WaBOBMMA (LUTO He pase fobpa Aeua!) nonTuua ce pacTaBy Ha ABa
Jena Haank Ha 1aTUHUYHO cioso U,

N\

) Q.

Ha ocHoBy oBe uaeje, jeantsersa 1 1 2 cy cHTeTMCaHa Kao Mmosiekynm U-061rKa, pasnnymnTix BeamymHa.
Jeanmerse 3 je cuHTETUCAHO Aa 61 ce OHO ynopeauso ca jeaurbereM 11 fa 61 ce ucnmtana cnocobHocT
OBUIX jefMHberba 3a VHKancynauujy.
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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
O o
1
7 OH (0] O OH N
HNJ(N N \ NJ\NH
R R
\ér OH O (0] OH I
2
O
oD
HN\mN CHs
°© 3

CnHTeTCKM NyT A0 2 je npuKasaH gose. EnemeHTanHu cactas jeaurera 9: C; 40,49%, H; 1,70%, v O;
17,98% no macw.
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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)

OCH3;
CO,PMB
ool 1T Y ey
CO,PMB C20H1806 A
OCHj3;
ey
HsCO OCHj,

A OCHjs
HN N
2x R R NH
0 HN. N NH
cl N
Cl OCHjs
o 0
8 _— 9
C:40.49%, H: 1.70%
0: 17.98%
o OH 0 0 OH 3
HNJ(N N)LNH
R R N | | N R R
HN\”/N N N N\[(NH
5 OH o) 0 OH S

A1 HaupTtaTtu cTpyktype 4-9; MoXeTe 3aHeMaputu ctepeoxemujy. Kopuctnte  13pt
"PMB" fa o3HauuTe p-MeTOKCMBEH3UA-TPyny Kao CyrncTUTYeHT Ha Ha4ynH Kako
je To NprKasaHo Ha WwemMu rope.
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Y maceHoM cnekTpy 1, N1K joHa Koju oaroBapa Herosom gumepy (1,) je jacHo yousbmB, AOK NUK jOHa 3a
3, Huje yousuB y criekTpy 3. Y 'H NMR cnekTpy pacteopa 1,, cBu NH npoToHu 13 1 cy 6unm xemmjckm
eKBMBA/IEHTHU, a HbXOBO XEMN|CKO NOMepake je 6110 3HaYajHO Pas3INUNTO Of XeMMjCKOr NMoMeparba
NH npoToHa jegnmera 3. OB Nogaum roBope Aa je Aowno Ao rpahera BogOHNYHMX Be3a nsmehy NH
ZAenoBa Monekyna jeanteernsa 1 1 atoma X gpyror monekyna 1, ga 6u ce Harpagmna gumepHa kancyna.

A.2 3aoKpy>xuTe cBe ogrosapajyhe atome Xy 1. 2pt

A3 HaBecTu 6poj BOAOHMNYHMX Be3a y AMMepHOj kancynu (1,). 2pt
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AnmepHa kancyna 1 (1,) noceayje yHyTpaLLb/ NPOCTOpP rAe je Moryhe Aa ce MHKancyauLle Maam Monekyn
Z. OBaKBO NoHallake ce MOXe OnncaTu jeJHa4YMHOM:

Z+1, - Z@1, 1)

KoHcTaHTa paBHOTeXe MHKancynauuvje Zy 1, je gata gone:

_ [z@1y)

K=z,

(2)

WHkancynaumja moniekynay kancyny ce moxe rnpatutii NMR cnekTpockonujoM. Ha npumep, 1, y C¢Dg je
AaBao pasnnuunte curHane y 'H NMR cnekTpy npe v nocne gogaBaka CH,.

Jeanbere 2 Takohe rpagun purngHy, ann sehy gnmepHy kancyny (2,). *H NMR cnekTap 2, je CHUM/beH
y C¢Dg, CgDsF v cmewn pactBapaya CgDg/CgDsF, moa nctmm octanmm yciosmma. Xemmjcka noMepama
npotoHa H? y 2 y rope HaBeJeHNM pacTBapayvMa Cy HaBefeHa Jl01e, @ HUCY YOUeHU APpYrn CUrHanm
Koju ogroeapajy H?y 2. MNpeTnocTtaBuTe Aa je yHyTPaLLHOCT Kancyse yBek ncnykweHa Hajgehum moryhmm
6pojem Mosiekyna pacTBapaya 1 Aa CBakm CUrHan ofrosapa jeHoj BPCTU UCNyHeHe Kancyne.

o] 0
OH 0O H O OH
HN/[LN N)LNH
R R N | | N R R
HN\WN N N N. NH
o OH 0O H O OH o
2
pacTtBapay 0 (ppm) 3a H?@
CDg 4,60
CgDsF 4,71
CgDg / C¢DsF 4,60, 4,71, 4,82

A4 OapepuTe 6poj C,Dg 1 C;DsF Monekyna Koju cy MHKancynnpaHuy 2, 3a caydaj  3pt
CBaKor oJ, oBa TpW curHana Ha.
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'H NMR cHumarbe y CDg je mokasano ga je moryhe nHkancyamcat jeaaH Monekyn 1-ajamaHTaHkapb6okcuaHe
kucennHe (AdA)y 2, , a Aa Cy Bpe4HOCTU KOHCTaHTe acoumjaumje (K,), Koja je fone npukasaHa, ogpeheHe

Ha pasnunTUM TemnepaTtypama. [solvent@2,] o3HauaBa BPCTY Koja Cafp>Xu jelaH Nan BULLIE MOJiekyna
pacTBapaya.

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

3)

CnnuHo, BpegHoctn K, 3a CH, v 1, AaTe jegHaumMHOM (2) Ha pasnnuntnm temnepartypama y CgDg cy
Takofhe ogpefheHe nomohy 'H NMR crnekTpockonuje. 3aBMUCHOCTM OBe ABe KOHCTaHTe acouunjaumje (In K,
y 3aBucHocTu o4 1/T) cy npukasaHe gone.

InK,
| COyH
0 ..-c. °.... 1 /T
‘.. ..o. (K-1)
Il
AdA

Monekynu C¢;Dg ce He MHKancynnwy y 1,. Pasmatpajyhu nuHnjy 3asucHoctu II, npomeHa eHTponuje (AS)
je (1), anpomeHa eHTannvije (AH)je (2), WTo yKasyje Ha ToO Aa je ( 3 ) mokpeTayka cuia nHkaricynagymje
Koja ogrosapa nnHuju II. Tako, nnHunja I ogrosapa ( 4 ), a nvHuja II ogrosapa (5).

A.5 Opa6epuTe TavaH oarosop (A nnm B) koju Tpeba ynucatn Ha mecta (1)-(5)y  3pt
cKnajy ca rnpeTxofHVM nacycom.

A B
(M No3nNTBHA HeraTBHa
(2) Nno3nTMBHA HeraTuBHa
3) AS AH
4) 1, nCH, 2, n AdA
(5) 1, nCH, 2, n AdA
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Jlene v py>kHe cTpaHe Kancyna

A.1 (13 pt)
42 pY) 5(3 pt)
6 (2 pt) 7 (2 pt)

8 (2 pt) 9(2pt)
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A.2 (2 pt)
O O
HNJ(N N)X\NH
HN\[fN N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
5 (ppm) 3a H? 6poj C;Dg 6poj C;DsF
4,60 ppm
4,71 ppm
4,82 ppm
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