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06LwWwm yKkasaHus

MoxeTe fa n3rnosi3BaTe CaMO XMMWNKaNKa, 3a Aa 3anmceaTe OTroBopuTe.
BawmaT kankynatop TpsibBa Aa 6bae HenporpamMmpyem.

M3nnTbT cbabpxa 9 3aga4un.

MoxeTe fa pellaBaTe 3aZavnTe B NPON3BOJIEH pes.

Pasnonararte c 5 yaca, 3a Aa peLumTe BCUYKW 3a4a4n.

MoxeTe fa 3ano4vHeTe paboTa, camo c/1es KaTo e gageHa komaHaaTa CTAPT.

Bcnukn pesyntatu TpabBa Aa 6bAaT HaNnMCaHM C XMMUKaN B CbOTBETHUTE No/eTa 3a OTrOBOPU Ha
answer sheets. i3non3eaiTe rbpba Ha NMCTOBETE C BBMPOCUTE, aKO MMaTe HyXAa OT YepHoBa. He
3abpaBsliTe, Ye OTrOBOPUTE, HaMMCaHW U3BBLH MosieTaTa 3a OTFOBOPYU, HIMa Aa 6bAaT OLeHABaHW.

HanvweTte BawnTte n34yncieHnsa B npegocrtaBeHMTE NOseTa, Korato e HeO6XO,£I,VIMO. LLe nonyyuTe
nb/ieH 6p0|7| TOUKWM 3a NpaBnaeH OTroBop, CaMO KOraTo BallnTe N34yncineHna ca HanncaHw.

KBecTop®T We Bu yBegomeam, korato octaHat 30-MUHYTU 0 koMmaHaaTa STOP.

Bre Tpsa6Ba ga cnpeTe pa6oTa, KoraTo e AaZeHa komaHgaTta CTOM. OTkasbT Aa cnpeTe paboTa,
LLle AOoBeZe A0 aHynvpaHe Ha Bawwna nanur.

OduumanHaTa Bepcus Ha aHINIACKA e3KK Lwe Bu 6bae npegocTaeHa Nnpy NoMCcKBaHe camo 3a A0o-
N34CHABaHe.

HamaTte NnpaBoO Aa HanyckaTe pa6OTHOT0 Cn MSICTO 6e3 paspeweHue. AKO nmare HY>4a OT HAKaKBa
rnomoLy (moBpeseH KankynaTtop, HeobXoAMMOCT Aa NOCETUTE TOAJIETHATA U T.H.), BAUTHETE PbKa n
n34akamnTe, JOKaTO NPUCTUTHE KBECTOPBT.

YCREX!

3agaun v |/||-|¢opmau,v|ﬂ 3a oueHdABaHeTo

3arnasue 06, 6poii Toukun | MpoueHT

1 | Bogopog Ha MeTasiHa NOBBLPXHOCT 24 1
2 | N3oTonHa Karicyna 3a BpemMe 35 1
3 | 3akoH Ha Lambert-Beer? 22 8
4 | PefloKC XMMUS HA LMHK 32 1
5 | 3aragbYHUAT cunnumi 60 12
6 | XMVg Ha TBBLPAOTO CbCTOAHVIE Ha MPEexXoAHU MeTanu 45 13
7 | Nrpa c HebeH30MAHA apoMaTHOCT 36 13
8 | AvHaMNYHN MOSIEKYNN N TAXHATa XMUPaSHOCT 26 1
9 | XapecBaHe 1 HexapecBaHe Ha Kancynu 23 10
o6uwo 100
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®N3NYHUN KOHCTAHTW N YpaBHEHUS
KoHcTaHTKn
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 gy = 8.85418781 x 107 2F m~"
(permittivity of vacuum)
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~"

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

Gas constant
= 8.2057366081 x 1072L 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 105 Pa
Zero degree Celsius 0°C=273.15K

Angstrom 1A=10"""m

Picometer I1pm=10"12m
Electronvolt leV = 1.602176634 x 10719}
Part-per-million 1ppm =10-6
Part-per-billion Lppb =107°
Part-per-trillion lppt=1012

pi m = 3.141592653589793

The base of the natural logarithm e = 2.718281828459045

(Euler's number)
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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, %;12
T
, Where F is the electrostatic force, k,(~ 9.0 x 10° Nm? C~2) is Coulomb’s

constant, ¢, and ¢, are the magnitudes of the charges, and r is the distance
between the charges.

The  first law  of
thermodynamics

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 S=kzInW

Boltzmann'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 FE=FE° + R—F In COX
redox reaction z red

, Where C,, is the concentration of oxidized substance, C,4 is the
concentration of reduced substance.

Arrhenius equation

E

k= Aexp|—=2
P ()
, 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
, Where 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 ([[':;A]])

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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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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BoaopoAa Ha mMeTas/iHa MNOBBbPXHOCT

11 % oT 06LLMS BPO TOUKW
Bwnpoc | A.1 A2 B.1 B.2 B.3 B.4 | O6wo
Toukn 6 4 5 3 3 3 24
Pesyntart

OuakBa Ce BOZOPOALT Aa 6bje 6baeL eHepreH N3TOYHUK, KOMTO He 3aBUCK OT U3KOMaeMunTe ropunea.
TyK We pasrinegame rnpoLeca Ha CbXpaHeHne Ha BOAOPOZ B METasl, KOTO e CBbP3aH C TeXHONOrMsiTa 3a
TPAHCMOPT U CbXpaHeHVe Ha BOAOPOS,

YacT A

Tbin KaTO BOJOPOALT ce abcopbupa B obema Ha MeTasna Npes NOBbPXHOCTTA MY, HeKa MbPBO Aa pas-
rnejame npoteca Ha agcopbumsa Ha BOAOPOA Ha MeTasHaTa noBbpXHOCT, H,(g) — 2H(ad), kbaeTo ra-
3006pa3HnTe 1 agcopbrpaHnTe CbCTOSHUA Ha BOAOPOAA Ca MpeAcTaBeHV CbOTBeTHO KaTto (g) u (ad).
BogopogHute monekynu (H,), KOUTO gocTurat MeTanHaTa noBbpXHOCT (M), ce gncounmpar Ha NOBBLPX-
HOCTTa 1 ce aagcopbupat kato H atomu (Pur. 1). Tyk noTeHLManHaTa eHeprmsa Ha H, ce npeAcTass oT Be
NPOMEHNBIN: MEXAYaTOMHOTO Pa3CTosiHNE, d, N BUCOYMHATA CNPSAMO NOBbPXHOCTHUA METaJIeH aToM, z.
Mpeanonara ce, Ye oCTa, CBbP3BalLa ABaTa H-atoma, e ycropejHa Ha MOBbPXHOCTTA, U Ye LeHTbPbT Ha
TeXeCTTa BUHaru e Ha BepTrKaaHaTta NyHKTMpaHa AnHna Ha dur. 1. dur. 2 nokassa KOHTYpHa cxemMa Ha
noTeHLManHaTa eHeprms 3a gucoumanmata Ha NMOBbPXHOCTTa. YncieHnTe CTOMHOCTY NpeacTaBnaBat
noTeHumanHata eHeprus B k] 3a Mon H,. Pa3cTosiHneTo Mexay nabTHUTe nHuy e 20 k) mol~', pascros-
HMETO MeXAyY NYHKTpaHu NuHWUK e 100 kj mol~", n pascTosiHneTo Mexay NAbTHA U NyHKTUPaHa IMHUN
e 80 k) mol~". HyneBaTa BU6paLVOHHa eHepruisi ce UrHopupa.



2\ 5 BGR-4 C-1 Q-2
Choz0™ Bulgarian (Bulgaria)

=

H; o0

|
|

d
@
\
. .z:m
Y

i"l—_

by

d

dur.1 JedHNUNS Ha NPOMEHNBUTE BEMYMHN. YepTexbT He e B MaLLab.
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A.1 3a BcsKka OT cnegHuTe BennuuHu (i)-(iii), ns6epeTe Han-61113KaTa CTOMHOCT OT  6pt
A-G.
(i) MexxayaToMHOTO pa3cTosiH/e 3a razoobpasHa H, monekyna
(ii)) MexayaTOMHOTO pa3CcTosAHME MeXAY MeTaJIHUTe aToMU (dy, BbB Pur. 1)
(iii) Pa3cTosiHMeTO Ha agcopbupaHnTe H aToMuM OT NOBbPXHOCTTA (h,y BB Pur.
1)
A.0.03nm B.0.07nm C.0.117nm D.0.15nm
E.0.19nm F.0.23nm G.0.27 nm
A.2 3a Bcsika oT criegHUTe BeanuuHu (i)-(ii), nsbepeTe Hali-6a113kaTa cToMHOCT OT  4pt

A-H.

(i) eHeprusaTa, HeobxoaMMa 3a AncoumaumsaTa Ha rasoobpaseH H, fo razoobpa-
3eH H

[Hy(g) — 2H(g)]

(ii) eHeprmnarta, otaeneHa npu agcopbuuvaTa Ha rasoobpaseH H, [H,(g) —
2H(ad)]

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

Cneg ToBa aagcopbupaHuTe BOAOPOAHN aTOMU UK ce abcopbupat B obema, Uam ce peKoMeHUpaT 1
AecopbupaTt obpaTHO B rasoBaTa $asa, KakTo e nokasaHo B peakuuuTe (1a) n (1b). H(ab) npeacTtaBnsBa
BOZOPOAEH aToM, abcopbrpaH B obema.

k4

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

H(ad) — H(ab) (1b)

PeakLMOHHINTE CKOPOCTY Ha aAcopbuyisi, 4ecopbums 1 abcopbLms 33 MOBbPXHOCTHO MSICTO Ca CbOTBET-
HO 7,[s7'],7o[s™ 1] M r3[s~"]. Te ce nspassaBsar karo:

r= /ﬁPHz(l —0)? (2)
ro = kol? 3)
T3 = k30 4)

KbAeTo ky [s' Pa "], ky[s'] 1 k3 [s™!] ca peakuyoHHMTE CKOPOCTHU KOHCTaHTUN U Py € HansraHeTo Ha
H,. Cpes HannyHUTE MecTa Ha NOBBLPXHOCTTA, 0 (0 < # < 1) e yacTTa, 3aeTa oT H atomu. MNMpegnonara
ce, ye agcopbumsTa n gecopbunsaTta ca 6bp3n B cpaBHeHMe ¢ abcopbuuaTa (ry, 7, > r5) U Ye § ocTaBa
MOCTOAHHa.

B.1 r3 MOXE /13 Ce U3pasu KaTo: 5pt

rg=——2— (5)

N3paseTe C KaTo nsnonseare k; U k,.
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MeTanHa npoba ¢ NoBbPXHOCTHA naoLy S = 1.0 x 1073 m? e nocTtaBeHa B KoHTelHep (1L = 1.0 x 1073 m?3)
CH, (Py, =1.0x 10% Pa ). MAbTHOCTTa Ha MecTaTa 3a aAcopbumsa Ha BOAOPOAHM aTOMM Ha NMOBbLPXHOCTTA
e N = 1.3 x 10" m~2, TemnepatypaTa Ha NMOBbPXHOCTTa ce noaabpxa 7 = 400K. C npoTUYaHeTo Ha
peakuuaTa (1), Py, Hamanaga € NOCTOAHHA CKOPOCT v = 4.0 X 10~*Pa s '. Npuemere, ue H, e ngeaneH
ras u 4e obemMbT Ha MeTasiHaTa Npoba e He3HaunTeneH.

B.2 N34yucnete konmyectBoto H atomMm B MosioBe, abcopbupaHu 3a eguHuua  3pt
M/I0LL, Ha NOBBLPXHOCTTA 3a eAnHMULa Bpeme, A [mol s~' m~2].
B.3 Mpu T = 400K, C e paBHO Ha 1.0 x 10> Pa~'. U3uncnerte croiiHocTTa Ha k;  3pt
npu 400 K. AKo He cTe noay4uan oTroBopa Ha B.2, nanonseaiite A = 3.6 x
10" mol s~ m—2.
B4  Mpw pa3nuuHa T, ca gageHn C = 2.5 x 10°Pa~' n k; = 48 x 1072s7' . 3ar; 3pt
KaTo GyHKUWs OT Py Npu Tasu TemnepaTtypa, usbepere npasuiHata rpadrika
ot (a)-(h).
x 1073 x 1073 ) (@
(d)
6.0 (©) 6.0 // ®
‘Tm 'Tm
~ ~
L0 4.0 /(b) N 4.0
— ©)
2.0 — )} 2.0
// - — / -
[ y
0 1.0 20  x107° 0 1.0 20  x107°
Py, /Pa P, /Pa
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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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Boaopoa Ha meTasiHa NOBBLPXHOCT

YacT A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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YacT B

B.2 (3 pt)

mol s T m—2
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B.3 (3 pt)
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VisoTonHa Kancysna 3a Bpeme

11 % oT 06LLMS BPO TOUKW
Bbnpoc | A.1 A2 A3 A4 | O6wo
Toukm 8 8 10 9 35

Pesyntar

MonekynHun obpasyBaHNs, KOUTO Ce pa3nyaBaT camo Mo M30TOoMeH CbCTa., KaTto Hanp. CH, 1 CH3D, ce
HapuyaT nsotonosio3n. CunTa ce, Ye N30TOMOJIO3NTE UMAT E4HN U CbLUY XUMUYHUW XapaKTepUCTUKM. B
npupojaTa obaye 1Ma Masika pasnvka.

[ npyiemem, Ye BCUUKM BeLLECTBA B TO3M BbMNPOC ca B ra3osa ¢asa.

Heka pasrnejgame cnegHOTO paBHOBeECKE!:

[12C1601SO]2

12C1602 +12 C1802 = 212¢160180 K = [12C16O ][12c180 ]
2 2

(1

EHTponuATa, S, HapacTBa C yBe/iMyaBaHe Ha 6posi Ha Bb3MOXHUTE MUKPOCHCTOAHNSA Ha cucTemara, W:
S =rkglnw )

W = 13a'2C"®0, n 2C'80,. 3a pasnvika o1 Tsx, W = 2 3a mosiekyna '2C'®0'80, 3awoto kncnopogHuTe
aToOMM Ce pas/inyaBsar B Ta3u Mosnekyna. MoHexe B AACHATa CTpaHa Ha PAaBHOBECMETO, MOKasaHo Byp. 1,
nMa gge monekynu 2C'e080 , W =22 = 4,
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AA Mi3mMeHeHMeTo Ha eHTannuaTta, AH, Ha yp. 3 e NONOXUTENHO, He3aBUCKMMO OT  8pt
TemMnepartypara.
H, + DI = HD + HI (3)
N3umncnerte cTOMHOCTUTE Ha paBHOBECHATa KOHCTaHTa, K,3a yp. 3 Npy MHOro
Hucka (I'" — 0) U MHoro Bucoka (I' — +o0) Temnepatypu. lNpnemete, ye pe-
aKumMATa OCTaBa HernpoMeHeHa npu Te3n Temnepatypu n ye AH KJIIOHU KbM
NOCTOSIHHa CTOMHOCT 3a BUCOKW TeMnepaTypu.
AH Ha cnepHWs npoLec MoXe Ja ce 06CHM C MONEKYNHU BUGpauun.
[H,][Ds]
2HD=H, +D K="= 4
2+ D2 [HD]Z ( )

Mpu T = 0 K, BU6pauMoHHaTa eHeprusa Ha AByaTOMHa MOJIeKY/a, YNATO BUGPaLMOHHA YecToTa e v [s7]
Ce 13pa3sBa KaTo:

E = %hl/ (5)
1 |k

KbAeTo k e cmnoBaTa KOHCTaHTa U p e pejayLpaHaTa Maca, KOATO ce n3passaBa Ypes3 Macata Ha jBaTta
aToMa B AByaTOMHaTa MONeKy/sa, m; N my, B CbOTBETCTBUE CI

mqm
o= 172 (7)

my + My

A.2 BubpauusaTta Ha H, e npn 4161.0 cm~', koraTo ce oT4MTa KaTo Bb/JHOBO UnC1o.  8pt
N3uncnete AH 3a ciegHOTO ypaBHeHue npu T = 0 K B eagnHuium | mol—'.

Mpuemerte, ye:
* camo BMbpaunoHHaTa eHeprusa jonpuHacs 3a AH.
* CTOMHOCTUTE Ha k 3a H,, HD, n D, ca ngeHTnuHn.
* MacataHa H e 1 Dawn macatraHa D e 2 Da.
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MonHaTa yact Ha H,, HD, u D, 3aBncu ot TeMnepartyparta Ha c1cTemMaTa B CbCTOsIH/E Ha paBHoOBecue.
Tyk Ap, ce AeprHVpa KaTo NPoMsiHaTa Ha MONHAaTa YacT Ha Ds.

A, = Jor 4 ©)
2 RI*DZ
Tyk Rp, ce oTHacs Ao m B npob6aTta n Rp, po m npu T — +oco. TpsbBa Aa ce oTbenexu, ye pasnpe-
2 2

AeneHveTo Ha nsotonute Npu ' — +oo € Cny4valiHo.

A3 WNsuncnere Ap cyactTa Ha D B NprpoAaTa, Korato ©30TonHmsT obmeH e Bpas-  10pt
HOBecVe Npu TemnepaTypaTa, 3a kosaTo K B yp. 4 e 0.300. MNprnemeTe, ye yacTTa
Ha D n H B npupogata e CbOoTBETHO 1.5576 x 107% 1 1 — 1.5576 x 104,
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Mo NpuHUMN, MOMHAaTa YacT Ha ABOMHO 3aMeCTeHNS N30TOMOJION, KOMTO CbAbpXa ABa TEXKN N30TOM-
HW aTOMW B eiHa MoJiekyna, HapacTBa C NOHWXaBaHe Ha TeMnepaTtypaTa. Heka pa3riegame MosiHaTa
yacTt Ha monekynute CO, € MOAHU Macn 44 n 47, KOUTO ca onucaHu no-gony kato CO,[44] n CO,[47] .
BennunHata A,; ce gepuHmnpa Kato:

R
Ay, =22 (10)
Ry
€O, [47)] €O, [47)]
R, Ce 0THacA J0 —=——: Bnpobata n R:- 0 —=—— MpN T — +oo0. YacTuTe Ha BbIIePOAHUTE U KUC-
i [CO,[44)) ® P 1749 (o, [aa) P P

JIOPOAHWTE aTOMW B NPMUPOAATa ca nokasaHu no-Aoy; UrHopupaliTe U30TONUTE, KOUTO HE Ca MOoKa3aHu
TYK .

12C 13C
YacT B npupogaata | 0.988888 | 0.011112

160 170 180
YacT B npupogata | 0.997621 | 0.0003790 | 0.0020000

TemnepaTtypHaTa 3aBUCMMOCT Ha A, e AaZeHa No-4ony, kbaeTo T e abcontoTHa TemnepaTtypa B K:

36.2
T2

AYEES +2.920 x 1074 (11)

A4 R,; Ha ¢ocmneH NNaHKTOH, NOJyYeH OT MOPCKOTO ABLHO Ha AHTapkTuka, e  9pt
4.50865 x 10°5. U3umcneTe TemnepaTypaTa, KaTo U3nonssate ToBa R,;. Tasu
Temrepartypa ce TbJ/IKyBa KaTo TemMrepaTypa Ha Bb3/yXa Mnpes epaTa, B KOATO e
XUBAN MNAHKTOHBT. B M3uncneHneTo pasrneganite caMo Hail-4ecTo cpeLlaHng
n3oTtonosnor Ha CO,[47].
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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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VisoTonHa Kancysna 3a Bpeme

A.1 (8 pt)

T—-0:K= T = +o00: K =
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A.2 (8 pt)

AH = ] mol—!
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3aKoH Ha Lambert-Beer?

8 % oT 06LLMs 6PO TOUKW
Bwnpoc A1 B.1 B.2 | O6wo
Toukun 10 6 6 22

Pesyntar

B 1031 npobaem nrHopupainTe abcopbumsaTa Ha kKneTkaTta 1 pasTeopuTens. TemnepaTypuTe Ha BCUYKN
pa3TBOpPW M rasose ce NoAabpKaT NocToaHHW npu 25 °C.

YacT A

BogeH pa3teop X e npuroteeH oT HA 1 NaA. KoHueHTpaunnTe Ha[A™], [HA], n [H*] B pa3TBOp X Ca CbOT-
BeTHO 1.00 x 1072 mol L, 1.00 x 103 mol L=", n 1.00 x 10~* mol L, konTo ca cBbp3aHm upes ciea-
HOTO KVCeNMHHO-OCHOBHO paBHOBecKe:

HA = A~ 4 H* K- [A[A[/':]” (1)

AbmknHaTa Ha oNTUYHWS NbT e [ B YacT A. VirHopupaliTe npoMsiHaTa Ha NABTHOCTTA NpW paspexaaHe.
MpriemeTe, Ye He NPOTUYAT HUKAKBM XUMUUHW PeakLmmn, pa3ainyHm ot yp. 1.

A1 AbcopbumaTa Ha X e A; Npu Ab/KMHA Ha Bb/HaTa A,. Cneg ToBa, pastBop X  10pt
ce paspexga ABYKPaTHO CNpsMO MbPBOHaYanHNSA C1 06eM, KaTo ce U3Mon3ea
CofHa kmcenunHa c pH = 2.500. Cnea paspexaaHeTo abcopbuuaTa e Bce owle A,
npu A;. Onpepenere OTHOLUEHUNETO eyp/ea-, KBAETO eyp U €4~ NPEACTABAABAT
abcopbLUMOHHNTE KoedULMEHTN CbOTBETHO Ha HA 1 A~ npun ;.
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YacTt B
Heka pa3rnezame cnefHOTO paBHOBeCKe B rasosa ¢asa.
D=2M (2)

UncT ra3 D e noctaBeH B KOHTeliHep ¢ dopMa Ha Ky6, KOMNTO MMa Npo3payHa NOABMXHA CTeHa C Hanpey-
HO ceyveHue S (BMXKTe ¢uryparta no-4ony) npyn HansaraHe P, 1 ce yCTaHOBSBa paBHoBecKe, KaTo 06LL0TO
HanaraHe ce noagabpxa P. AbcopbuuaTaHarasae A = e(n/V)l, kbaetoe, n, V, Nl ca CbOTBETHO abcopb-
LVNOHHUAT KoedULMEHT, KOIMYECTBOTO Ha rasa B MOJIOBe, 06eMbT Ha ra3a 1 AbJ/HKMHATa Ha ONTUYHKA
nbT. NpremeTe, Ye BCUYKN KOMMOHEHTM Ha ra3oBaTa CMecC MMaT NoBejeHre Ha naeanHu rasose.

Yy

MN3non3gaiiTe cneaHnte AedUHNLMN, aKo € HEOBXOAMMO.

HavanHo cbcrosiHve Cnep paBHOBecue
D M D M
MNapuvanHo HanaraHe P 0 D DM
Konnuecrtso B MoJioBe ng 0 np M
O6em Vo %4

B.1 AbcopbumaTa Ha rasa npu \g;, M3MepeHa no HanpaeneHneto z (I = 1,), e Ag;,  6pt
KaKkTO B Ha4a/NHOTO CbCTOSIHME, Taka W Cnej yCTaHOBsIBaHe Ha paBHOBecKe.
OnpepeneTe OTHOLLUEHWETO ep /ey MPU Agq, KBAETO £p U &y NPEACTaBAABAT Cb-
OTBEeTHO abcopbunoHHNTe KoeduruneHT Ha D n M.

B.2 AbcopbumaTa Ha rasa npu Ag,, U3MepeHa rno HanpasfeHneTo y, e Ag, KakTo  6pt
B HAaYa/IHOTO CbCTOsIHME (I = [,4), Taka 1 Cnej yCTaHOBsIBaHe Ha paBHOBecKe
(l=1,). OnpeaeneTe OTHOLLEHWETO ep /ey NMPU Ag;.
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APAN

Lambert-Beer Law?

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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3KOH Ha Lambert-Beer?

YacT A

A.1 (10 pt)

(MpoabxaBa Ha cnejBallaTa CTPaHMLA)
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A.1 (cont.)

Ena/En- =
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YacT B

B.1 (6 pt)

€p/em =
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B.2 (6 pt)

ep/em =
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PepokKc XxmmMmma Ha LUHK

11 % oT 06LLMS 6PO TOUKW
Bbnpoc | A.1 A2 B.1 B.2 B.3 B.4 | O6wo
Toukm 6 5 4 3 5 9 32

Pesyntat

LUMHKBT OTAaBHA Ce M3M0A3Ba KaTo KOMMOHEHT Ha CM1aBW 33 MECVMHTOBW 1 CTOMaHeHu maTepuanu. LUnH-
KbT, KOMTO Cce CbAbpXa B MPOMULLIEHNTEe OTNAaAHN BOAW, Ce OTAeNs Ype3 yTasiBaHe 3a AeToKCUKaLums
Ha BoJaTa 1 noJslyyeHaTa yTalika ce peAyumpa, 3a 4a ce n3BfieYye 1 13Mo03Ba MOBTOPHO MeTaNbT LUHK.

YacT A

PaBHOBecMeToO Ha pasTBapsiHe Ha UWHKOB anxugpokcng Zn(OH),(s) npu 25 °C n CbOTBETHUTE paBHO-
BECHW KOHCTaHTM ca gageHun B yp. 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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PasTBOpMMOCTTa, S, Ha UMHK (KOHLEHTpaumsa Ha UMHK B HACUTeH BOZEeH pa3TBop) e AajeHa B yp. 5.

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

A1 Korato paBHOBecusaTa B yp. 1-4 ce ycTaHOBAT, nusuucnere pH nHtepsBana, B 6pt
KOWTO KOoHUeHTpauuaTa [Zn(OH),(aq)] e Hal-BUCOKa cpes KOHUeHTpauuuTe
[Zn?*(aq)], [Zn(OH),(aq)] 1 [Zn(OH);~(aq)].

A.2 MpuroTBeH e HacuTeH pasTBop Ha Zn(OH),(s) c pH = 7.00, cneg koeto e dun-  5pt
TpyBaH. KbM ¢untpata e npnbaseHa NaOH , 3a ga ce nosuwmn pH go 12.00.
N34umncnete MOSHUAT NPOLIEHT Ha LMHK, KOMTO Ce yTasiBa Npu noBuLLIABaHe Ha
pH ot 7,00 Ha 12,00. irHopupaiTe NnpoMeHUTe B obemMa 1 TemnepaTypara.

YacTt B

Cnep TOBa M3BEUEHUST LVHKOB XUAPOKCUA Ce HarpsiBa, 3a A4a Ce Nnojyyun LUHKOB OKCUZ, CbI1acHoO pe-
akuuMaTa no-gony:

Zn(OH),(s) — ZnO(s) + H,0(1) 6)

Cneg ToBa LMHKOBUAT OKCUA Ce peayumpa A0 MeTaNeH LUHK Ype3 B3aIMOAENCTBME C BOAOPOA:

ZnO(s) + H,(g) — Zn(s) + H,0(qg) (7)

B.1 3a ga npoTeye peakums (7) Npy NOCTOAHHO HansaraHe Ha Bogopoaa - 1 bar, e 4pt
HeobXxoAMMO fa ce HaMaau NapLumManHOTO HansraHe Ha obpasyBaHWTe BOAHM
napwv. Usumncnere ropHarta rpaHuUa Ha napumanHoTo HafidaraHe Ha BOAHWUTE
napwu, 3a KoaTo peakuus (7) moxe ga npoteye npu 300 °C. Tyk eHeprumnTe Ha
Mb6c 3a obpasyBaHe Ha LMHKOB OKcuA 1 BogHW napu npw 300 °C 1 1 bar 3a
BCMYKM ra3006pa3Hn XMMUYHN BUAOBE Ca CbOTBETHOAG7,0(300°C) = —2.90 X
102 kJmol~! n AGy, ¢(300°C) = —2.20 x 10? k] mol~".

MeTanHuAT UMHK Ce 1M3Mo3Ba KaTo MaTepuasn 3a oTpuLaTeNneH enekTpos (aHoa) Ha 6aTepun meTan-
Bb3ayX. EnektpoasT ce cbctou ot Zn 1 ZnO. NpoTnya ciejHata oKMCAUTENHO-peayKLIMOHHa peakLns,
3a Jla ce reHepupa eneKkTpUYecTBO C enekTpoasuxella cuna (electromotive force - em.f.) npu 25 °Cn
HandaraHe 1 bar, E-.

1

Zn(s) + 5

0,(g) — Zn0O(s) E° =165V (8)

B.2 Batepus UMHK-BBb3AYX ce pa3pexaa npu 20 mA 3a 24 yaca. Usuncnete npomsa-  3pt
HaTa B MacaTa Ha oTpuLaTeNHNs enekTpog (aHoa) Ha baTepuaTa.
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MnaHnHaTa PypxKu

B.3

Ja pa3srnegame npomsaHaTta Ha e.m.f. Ha 6aTepusATa UMHK-Bb3AYX B 3aBUCMMOCT
OT OKONHaTa cpega. Usuncnerte e.m.f. Ha Bbpxa Ha NnaHnHaTa Pyaxu, Kbae-
TO TemrepaTyparta U HagMopcKaTa B1UCOYMHA ca cboTBeTHO —38°C (PeBpyapu)
and 3776 m. ATMochepHOTO HansdAraHe e npeacraBeHo ¢

5.257

9)

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

T +0.0065h + 273.15

npv HagMopcka BncoYdnHa h [m] n Temnepatypa 7' [°C]. MonHaTa yacT Ha Kucio-
poaa B atMocdeparta e 21%. VIameHeHMeTO Ha eHeprmusaTa Ha M'mMbc 3a peakuus
(8) € AGzn0(—38°C) = —3.26 x 102 k) mol~" npn —38°C n 1 bar.

5pt

B.4

N3uncnete n3meHeHVETO Ha eHepruaTa Ha MmMbc 3a peakuusa (6) npu 25°C.
VimaiiTe npeaBua, Ye CTaHAAPTHUTE PeayKLUMOHHK noTeHumanu, E°(Zn%*/Zn)
n E°(0,/H,0) npn 25°Cn 1 bar ca gageHn cboTBeTHO Kato (10) n (11).

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

0, +4H* + 4e~ — 2H,0 E°(0,/H,0) = 1.23V (1)

Ipt
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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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PeaoKCc XMMuMa Ha UUNHK

YacT A

A.1 (6 pt)

<pH<
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YacT B

B.1 (4 pt)

PH,0=

bar

B.2 (3 pt)
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B.4 (9 pt)

AG° = Jmol~!




BGR-4C-5C
BGR-4 C-5 C-1 Samuil Petkov

IChO
Problem 5

Cover sheet

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



IChO
|
\JO)F BGR-4 C-5 Q-1
Choz0™ Bulgarian (Bulgaria)

3aragbuyHUAT cunnuunin

12 % obLms 6poii TouKkmM
Bbnpoc | A.1 A2 A3 A4 B.1 B.2 B.3 | O6wo
Touku 9 7 6 10 5 15 8 60

Pesyntar

Bbnpekun ye cnimumaT, NoA06HO Ha BLIIEPOAa, € eneMeHT OT 14 rpyna, TexHuTe CBOMCTBA ce pasfinya-
BaT 3HaYMTEsIHO.

YacT A

3a pa3fnka oT TpoliHaTa Bpb3Ka BbI/1epoA-Bbrnepos, TponHaTa Bpb3ka CUANLMA-CUANLWIA B CbefnHe-
HVe, onncaHo ¢ ¢opmynata R'-Si = Si-R' (R: opraHMueH 3aMecTUTeN) e U3KIUUTENHO PeaKTMBOCMO-
cobHa. Hanpumep, cbeAnHeHNeTOo pearvpa c eTuaeH, KaTo 06pasyBa LMKANYeH NpoayKT, KOUTO CbAbp-
a YeTnpuUieHeH NpbLCTeH.

—

R'—Si=Si—R! + H,C=CH, —_— /Si=Si
R? \R1

Korato R'-Si = Si-R'pearvipa c ankuH (R>-C = C-R?),kaTo HauaneH MHTepMeAMaT ce nojyyasa yeTu-
PUYNIEHHO LUMKANYHO cbeanHeHus A . ChegBallaTa peakuva Ha gpyra monekyna R2-C = C-R%c A paBa
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n3omepute B 1 C, BCeKM OT KOMUTO MMa NOAO6HA Ha 6eH3eHa LMKAMYHA CnperHata CTpykTypa, T. Hap.
‘disilabenzenes’, KOMTO CbAbPXKAT LWECTUNEHEH LMKBA U MOraT ga 6baaT onvcaHn kaTo (R'-Si), (R?-C),.

R2—-C=C—R?

R'-Si=Si—R'+ R?-C=C—R2 — A B + C

13C AMP aHanM3bT Ha CbOTBETHMWTE LLECTUIEHHWN LMKANYHK CTPYKTypK Si,C, Mokassa gBa curHana 3a B
M eanH curHan 3a C.

A1 HanwuweTe cTpykTypHUTEe dopMynm Ha A, B 1 C c egHa OT Bb3MOXHUTe pe3o-  Ipt
HaHCHW CTPYKTYpW, KaTo mn3nonssate o3HayeHmsTa R', R2, Sin C.

A.2 N3uucnete eHepruaTa Ha apomaTtHa ctabunmsaumsa (aromatic stabilization  7pt
energy - ASE) 3a 6eH3eH 1 3a C (B ciyvas Ha R' = R? = H) kaTo NonoxmTenHn
CTOMHOCTU, KaToO MMaTe NpeaBu NPOMAHAaTa Ha eHTANMMATa Ha HAKOW peak-

LMW Ha XNAPOreHpaHe Ha HeHaCUTEHW CUCTEMU, MOKa3aHu no-gony (dwur. 1).

H,C —=CH, + Ho — H,C—CH, AH=-135kJ mol™" (1)
H,Si—CH, + Ho — H;Si— CH,4 AH=-213kdmol'  (2)
H,Si—SiH, + Ho —_ > H3Si— SiH; AH=-206 kJ mol™"  (3)
@ + 3 H» — <:> AH=-173kJ mol"! (4)
HSi—SiH H,Si— SiH,

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

SiH,

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

e
|
.

HSi

C
.

SiH  + 3H, ——»>  HSi SiH, AH=-389 kJmol’ (7)

dur. 1
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Mpw HarpsiBaHe Ha C B pa3TBoOp C pasTBopuTen kcuneH, C npetTbpnsasa nsomepmsaumsa U ce nosyyasa
paBHOBECHA CMecC OT cbeanHeHuaTa D 1 E. MonHUTe oTHoweHusi ca: D : E=1:40.0 npn 50.0 °Cu D : E
=1:20.0 npn 120.0 °C.

A3 N3uucnete AH 3a npespbluyaHeTo Ha D B E. [puremeTe, ye AH He 3aBUCK OT  6pt
TemneparypaTa.

M3omepusayuaTa Ha C B D n E npoTnya upes TpaHchopMaLms Ha m-BPb3KU B o-BPb3KM, 6e3 aa ce pas-
KbCBAT HUKAKBM o-Bpb3KK. 13C AMP aHann3bT MokasBa egnH cUrHan 3a ckeneta Ha Si,C, Ha D 1 aBa
curHana 3a to3u Ha E. CkenetsT Ha D He cbAbpXXa TPUUIEHHU NMPbCTEHN, foKaTo E vMma ABa TpUuneHHN
NPBLCTEHU, KOUTO MMaT 061, pBb.

A4  HanuweTte cTpykTypHUTE popmynn Ha D u E, kato nsnonsearte R', R?, Sin C. 10pt

YacT B

CUANUMST MMa CNOCOBHOCTTA Aa 06pasyBa BUCOKO KOOPANHUPAHU CbeANHEHMs (> YeTupu 3aMecTuTe-
N1) C eNeKTpooTpULATENHN eneMeHTH KaTo ¢ayop. KakTo meTanHuTe Gpayopuan 4ecto ce M3nonssat
KaTo ¢pyopurpaLLy peareHTu, Taka 1 BUCOKO KOOPAMHUPaAHUTE cunmumesn Gayopuam, CbLUo AelicTBaT
KaTo GpyopupaLLm peareHTu.

PeakuusaTa Ha ¢nyopupare Ha CCl, npu n3nonssaHe Ha Na,SiF; e NpoBegeHa, KakTo cnesBa.

+ CTaHgapTusMpaHe Ha pa3TBop Ha Na,SiF; :
- MpurotesHe
BoaeH pastsop F: 0.855 g Na,SiF, (188.053 gmol '), pastBopeHu BbB Boga (061 06em: 200 mL).
BoaeH pa3tBop G: 6.86 g Ce,(SO,); (568.424 gmol '), pastBopeH BbLB Boga (061 06em: 200 mL).
- Mpoueaypa

YTaeuHo TuTpyBaHe Ha pasteop F (50.0 mL) upes npmkansaHe Ha pa3TBop G B npucbCcTBme Ha xylenol
orange KaTo UHAMKATOP, KOMTO ce koopanHupa kbm Ce3*. Cneg gobassiHe Ha 18.8 mL pa3TBop G, LBETHT
Ha pa3TBOpa Ce MPOMEHS OT XbAT B NypnypHo-yYepBeH. ObpasyBaHaTta yTalika e 61HepHO CbejuiHeHue,
KoeTo cbabpxka Ce3t, a eAMHCTBEHOTO NOAYYEHO CUNNLMEBO CheanHeHMe e Si(OH),.

B.1 HanuweTe n3paBHeHO ypaBHeHMe 3a peakuuaTa Ha Na,SiF ¢ Ce,(SO,)3. 5pt

* Peakuus Ha CCl,c Na,SiFg:
(3arybuTte Ha BeLLeCTBa, Hanp. Ypes M3napeHune, ca He3HaYUTENHW NPY CleBaLyMTe onepauunm.)

Na,SiF¢(z [g]) ce gobassi kbm CCl, (500.0 g) 1 ce Harpsaga Ao 300°C B xepMeTMYECKN 3aTBOPEH, YCTOM-
UMB Ha HanAraHe peakumoHeH cbA. Hepearnpanuat Na,SiFg 1 o6pasyBaHmnat NaCl ce oTcTpaHsBsaT upes

dunTpyBaHe. PUATpaTHLT ce paspexaa ¢ CCl, go 06wy 06em 1.00 L (pasteop H). 2°Si n "°F AMP crniekTpute
Ha pasTtBopa H nokassar SiF, KaTo eANHCTBEHO CUNMLUMEBO CheanHeHe. B 1°F AMP cnekTbpa B 40Mbi-
HeHwue Ha SiF,, ca HabngaBaHW cMrHanu, cboTeeTcTBawm Ha CFCl;, CF,Cl,, CF;Cl v CF, (8. Tabnnua 1).
WNHTerpanHuTe oTHoweHus B '°F AMP criekTbpa ca NponopLMoHanHu Ha 6posi Ha GayopHUTe agpa.
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Ta6bnnua 1
F AMP gaHHU CFCl5 CF,Cl, CF5Cl CF,
WHTerpanHo oTHowe- | 45.0 65.0 18.0 2.0
Hue

SiF, ce xnaponunsmpa n obpasysa H,SiFs cbrnacHo cneaBalloTo ypaBHeHMe 8:
3SiF, + 2H,0 — SiO, + 2H,SiFg (8)

PastBop H (10 mL) ce npmnbaBs KkbM U3NULLITBLK OT BOAA, KOETO BOAM A0 MbJiHa Xuaponmsa Ha SiF,. Cneg
pasgensHe, obpasyBaHUAT Npy XMApPoam3aTta B BoAHUSA pa3TBop H,SiF, ce HeyTpanmsmpa n HanmbaHO
npespbLya B Na,SiF (BogeH pastsop J).

YTarikata oT HepearupanuTe Na,SiFgn NaCl, koaTo belle oTcTpaHeHa ype3 ¢uATpyBaHe B HayanHaTa
CTbMKa (MogyepTaHu), ce pasTBapsa HaMbJHO BLB BOAQJ, 3a Aa Ce NoJyyn BojeH pa3teop (pa3steop K;
10.0 L).

Cnep ToBa ca NpoBefeHU AOMbAHUTENHN yTaeuyHN TUTPYBaHWS C N3MoA3BaHe Ha pa3TBop G 1 KpalHuTe
TOYKM Ha TUTPyBaHe ¢ G ca KaKTo CleABa:

-3a pa3TBop J (uenuaT pastsop): 61.6 mL.
-3a 100 mL ot pasTtBop K: 44.4 mL.

TpsibBa Aa ce oT6enexu, Ye eAHOBPEMEHHOTO NpucbcTBue Ha NaCl nnm SiO, He BAKsSe Ha YyTae4yHOTO
TUTPyBaHe.

B.2 N3umncnete macata Ha NaCl, nonyyeH B peakunmoHHUA cbj (MHPopMaumsaTa e  15pt
nojguyeprtaHa), u maumcnere macarta (z [g]) Ha Na,SiFg, M3N0N3BaH KaTo N3X04eH
Martepwuan.

B.3 77.8% oT u3non3BaHua Kato u3xogeH matepwman CCl,, e Hepearmpan. 8pt
N3umncnete macata Ha obpasyBaHusa CF;Cl.
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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! + R2-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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3aragbyHUAT CUANLUIA

YacT A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C (3 pt)

A.2 (7 pt)

C6H6 :

klmol,C:

k] mol™’
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A.3 (6 pt)

AH = k] mol™!

A.4 (10 pt)

D (5 pt) E (5 pt)
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B.2 (15 pt)

(NpoabkaBa Ha cnejBallaTa CTpaHuLa)
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B.2 (cont.)

Nacl : g, Na25|F6 : g
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B.3 (8 pt)
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XnmMmusa Ha TBBPAOTO CbCTOAHUNE Ha NpexoaHUN MeTalln

13 % oT 06LLMS BPO TOUKW
Bbnpoc | A1 A2 A3 B.1 B.2 B.3 B.4 C.1 Cc.2 C.3 | O6wo
Toukm 6 3 3 6 4 4 4 5 5 5 45

Pesyntat

BynkaH Ha ocTtpoB Cakypagxuma

YacT A

SINOHWSI e ejHa OT CTpaHMWTe C Halk-ronsiM 6poii By/sIKaHM B cBeTa. KoraTto cuivkaTH1UTe MUHepanu Kpuc-
TanM3npaT oT MarmaTa, 4acT OT AioHUTe Ha NpexoAHnTe MeTann (M") B MarmaTa ce BK/IOYBAT B CUIMKAT-
HUTE MUHepanu. M3cnegBaHuvTe B 3agadata M™ MOHU ce KOOPANHMPAT OT OKCUAHM FioHW (0%7) 1 npu-
A06MBaT YETUPU-KOOPAMHMPAHA TeTpaeapuyHa (T,) reoMeTpms B MarMaTa v LWecT-KOOpANHMpPaHa OK-
TaegpuyHa (O;) reomeTpusi B CUANKATHUTE MUHEPanu, KaTo 1 ABeTe reoMeTpumn MMaT BUCOKO-CMIMHOBA
eneKTpoHHa KoHdurypaums. KoepnumeHTbT Ha pasnpegeneHne Ha M™ Mexay CUAnKaTHUTE MUHepani
n Marmata, D, MoXe Aa ce U3pasu C:

M
M,

KkbgeTo [M]s 1 [M], ca KOHUeHTpaummTe Ha Mt CbOTBETHO B CUAMKATHUTE MUHEpann 1 marmata. Tabnm-
LaTa no-Aosy nokasea CToliHocTuTe Ha D 3a Cr¥tu Mn?* kaTo npumepu.

Cr2*  Mn?*
D T2 1.1
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Heka Ag v CFSE® ca cboTBEeTHO NapaMeTbpbT Ha pasuensaHe Ha d-opbuTanute Ha M" no eHeprus un
eHeprvsiTa Ha CTabunmsaums Ha KpUCTanHoTo none B Oy, none. Heka A; 1 CFSET ca cbLUMTe BENNYMHY,
HO 3a Ty none.

A1 WN3umncnere | CFSEC—CFSET | = ACFSE kaTo pyHKUMS Ha Ag 3a Crt, Mn?t n Co?*;  6pt
npuemete A = 4/9A,.

A.2 HabntogaBa ce nuHeliHa 3aBUCKMMOCT, KaTo ce HayepTae rpaduka Ha InD ot 3pt
ACFSE / Ag B [lekapToBa KOOpAMHATHA CMCTeMa, MoKasaHa rno-4ony.
OueHeTe D 3a Co?t.

2.0

0 01 02 03 04 05
ACFSE /A

MeTtanHuTe okemam MO (M: Ca, Ti, V, Mn nnn Co) KpncTanmsmpar B CTPYKTypaTa Ha KaMeHHa con, npwu
KoeTo oHuTe M npugobusat Oy reomMeTpus C BUCOKOCNMHOBA e/leKTPOHHa KoHurypaums. Pelue-
TbUHaTa eHTaNNNA Ha Te3W OKCUAN Ce YNpaBAsaBa raBHO OT KY/IOHOBUTE B3aMMOAENCTBUS, 6a3npaHu
Ha pagunyca 1 3apsija Ha MoHUTe, N HaKou npuHock ot CFSE Ha M B O,, none.

A3 N36epeTe noaxoasaLLma Habop peleTbuHn eHTannum [k mol~'] B egmH ot oT-  3pt
rosopuTte ot (a) go (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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YacT B

CmeceH okeva A, KOWTo cbabpxa Lad* n Cu?t, kpuctanvsvpa B TeTparoHanHa eneMeHTapHa KneTka, no-
KazaHa BbB Pur.1. B [CuOg4] okTaeabp, AbmknHaTta Cu-0 no z-ocTa (I,) e no-ronsgma ot Tasm no x-octa (1,,),
1 [CuOg] e sedopMumpaH cnpsamo npasunHaTa Oy, reomeTpus. Tasm gedopmania CHeMa U3paxJaHeTo Ha
€4 opbutanute (d,. . nd.2).

b

D« La3+
@ : Cu*
O 0+

1.3313nm

ﬁsesa nm

y
—»
JA} 0.3833nm

dur. 1

A MOXe Aa ce cMHTe3Mpa 4Ype3 TepMUYHO pasfaraHe (MMponuvsa) Ha kommnnaekc B, konTo ce obpa3yBa
ypes cMecBaHe Ha MeTaJiH1 XJ10pUAM B paspeseH BOAEeH PasTBOP Ha aMOHSK, CbAbpXall, KBajpaTHa
kucennHa C,H,0,, T.e., ABYOCHOBHA Ku1cenuHa. Mpun nuponmsa Ha B B cyx Bb3ayx ce Habnwoaaea 29,1%
3aryba Ha Ternio go 200 °C, nopaau 3aryba Ha KpucTaamsauMoHHa Boga, NocaeBaHo oT jpyra 3aryba
Ha Terno go 700 °C, nopaaw otaensHe Ha CO,. O6LaTa 3aryba Ha Terno no BpemMe Ha obpa3syBaHeTo Ha
A oT B e 63.6%. TpsibBa Aa ce oTbenexu, ye B peakLMsiTa Ha NUPOJIN3a Ce OTAeNAT camo Boga n CO,.

B.1 HanuweTte xuMnyHnTe popmynm Ha A n B. 6pt

B.2 N3uncnerte !/ nl,, KaTo n3nonssate dur. 1. 4pt

B.3 3a Cu?* B gedopMmupanms [CuOg] okTaeabp B A Ha dur. 1, HaNnuLwWeTe MeHaTa  4pt
Ha pasueneHunTe g4 opbutanu (d,22 1 d.2) B (i) n (i), n HapucyBaiiTe enekT-
pOHHaTa KOHPUrypauus B NyHKTUPaHOTO Mose BbLB Baliunga answer sheet.
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A e nsonatop. Korato eguH La* e 3amecTeH ¢ eanH Sr?*, B KpucTanHaTa peLuetka ce reHepupa egHa

AYNKa, KOSTO MOXe ia MPOoBexXAa enekTpuyectso. Kato pesynTar, A, JOTUPaHO CbC Sr?t, nokasBa CBpbX-

npoBoAnMOCT Moz 38 K. KoraTto ce npoBeje 3amMecTutenHa peakums 3a A, ce o6pasysat 2.05 x 1027 aynku
-3

m=—>.

B.4 N3umncnere npoueHTa Ha MoHUTe Sr¥*, KouTo 3amecTBaT lioHuTe La3t, Bb3  4pt
OCHOBAa Ha MOJIHOTO OTHOLLIEHVe B 3aMecTuUTeNHaTa peakuus. Vimarite npea-
BUJ, Ye BaSIEHTHOCTUTE Ha CbCTaBHUTE IOHWN W KpUCTanHaTa CTPyKTypa He ce
NPOMEHSAT NpW peakumnsaTa Ha 3amecTBaHe.

YacTt C

Cu,(CH5CO,), ce cbcTom oT YeTnpun CH3;CO, |, KOOPAMHMPAHU KbM ABa Cu™* (dur. 2A). Cu,(CH5CO,), no-
Ka3Ba BMCOKW HVBa Ha CTPYKTYPHa CUMETPUS, C ABe OCW, MPeEMM1HAaBALLM Npe3 BbriepogHUTE aTOMN Ha
yeTupunTe CH3CO, 1 OC, NpeMUHaBaLla npes AsaTa Cu”", KaTo BCUUKM Te ca OPUEHTUPaHU OpPTOroHas-
HO efHa cnpamo gpyra. Korato BMecto CH3;CO, ce 13nonsea AgnkapbokcunaTeH nuraHg, ce obpasysa
~cage komnnekc”. "Cage” komnnaekcbT Cu,(L1), € CbCTaBeH OT paBHUHeH aukapbokcmnaT L1 (Pur. 2B) n
Cu®" (dur. 2C). bronbT 6 MeXAy HanpaBneHnsaTa Ha KOopAMHauusa Ha ABaTa KapbokcmnaTta, 03HaueHu
CbC cTpenkute B dur. 2B, onpegens cTpykTypaTa Ha "Cage” komnnekca. brensbT 6 e 0° 3a L1. Mimainte
npeasus, Ye BOAOPOAHUTE aTOMU He ca NokasaHu Ha dwur. 2.

2

Bc.@oOc

dur. 2
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C1 brunbT 0 Ha paBHUHHNUSA AnKapbokcunaT L2, nokasaH no-gony, e 90°. Ako cbc-  5pt

” " 2
TaBBLT Ha "Cage” koMnaekca, obpasysaH oT L2 n Cu” " e Cu,(L2) , HanuweTe
KOMBMHaLMa OT Hal-ManknTe Luenm dymcaa 3a n m m. Mpuemere, 4ye camo rpynu
_ - 2
CO, Ha L2yuactBaT B KOOpAMHATMBHA Bpb3Ka € oHM Cu A

AENRES

L2
0 =90°
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Komnnekc Ha umHk, Zn,O(CH;3CO,),, CbAbpXKa YeTVpU TETPaeaprYHN Zn®", wect CH;CO, , neanH 0%~
(Pur. 3A). B Zn,O(CH;CO,),, MOHBT 02~ e NoKanM3npaH B KOOPAMHATHOTO HaYano, U TPUTE OCK, MPEMU-
HaBaly npes BbrnepogHuTe atoMm Ha CH;CO, , ca OpMeHTUpPaHM OPTOroOHANAHO eAHa CAPsIMO Apyra.
KoraTo p-benzenedicarboxylate (dur. 3B, L3, 8 = 180°) ce usnonsea BmMecto CH3CO, , Zn°" knbcTepute
ce cBbp3BaT NoMexzy cu, 3a ja 0bpasyBaT KpUCTaNHO TBBLPAO BeLlecTBo (X) KoeTo ce Hapuya ,nopect
KoopAnHaumoHeH noanmep” (Pur. 3C). CbcrtaBbT Ha X e [Zn,0(L3)5],,, 1 MMa KybruHa KpucTanHa CTpyk-
Typa c HaHopa3MepHu nopu. EfHa nopa e npegctaBeHa kato cpepa Ha Pur. 3D v Bcekn TeTpaeapryeH
Zn*" KNbCTEp e NpeAcTaBeH KaTo TbMHOCKB MHorocteH BbB dur. 3C n 3D. MimaiTe npeaBuj, Ye BOSO-
PoAHUTE aTOMW He ca NoKa3aHu BbB Pur. 3.

o (o}
L3,6=180°

our. 3

C.2 X nma Kybn4yHa eneMeHTapHa kKnetka C Ab/HKMHA Ha cTpaHaTta a (Pur. 3C) n 5pt
nnbTHOCT 0.592 g cm—3. U3umucnete a B [cm].

c3 X cbAbpKa 3HaunTeneH 6poii nopu, 1 1 g X Mmoxe ga cbbepe B nopute 3.0 x 102 5pt
mL razoobpazeH CO, npu 1 bar n 25 °C. Usuucnete cpegHua 6poii Monekynm
CO, 3a eaHa nopa.
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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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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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Xnmums Ha TBBPAOTO CbCTOAHUNE Ha NpexoaHUN MeTalln

YacT A

A.1 (6 pt)

Cl’z+ :

Ao, Mn2+ :

AO ' C02+ :
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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:

A3 (3 pt)
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YacT B
B.1 (6 pt)
A: ,B:
B.2 (4 pt)
l, = nm, [, = nm
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B.3 (4 pt)
(i) (i)
Energy TSR T PR
i 0
® i i
| X0
B.4 (4 pt)

%
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YacTt C

C.1 (5 pt)

C.2 (5pt)

cm
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WUrpa c He6eH30MaHa apOMaTHOCT

13 % oT 06LLMA 6pOIi TOUKN
Bbnpoc | A1 A2 A3 B.1 o6uwo
Toukn 5 2 19 10 36
Pesyntar

Prof. Nozoe (1902-1996) noctaBsi Ha4anoOTO Ha N3c/eABaHNATA BbPXY HE6EeH30MAHN apOMaTHN Cbeau-
HEeHMSA, KOUTO cera ca LWMPOKO Pa3npoCTPaHeHW B OpraHnyHaTa XMmus.

YacT A

Photo courtesy: Tohoku Univ.

Lineariifolianone e npmvpogeH NpoayKT € yHUKanHa CTPYKTypa, KOMTo e nsonupaH ot Inula linariifolia. OT
valencene (1), npv egHOCTaANIHO NpeBpbLUAHE, Ce NoayyaBa 2, Npeaun TPUCTeNeHHO NpeBpbLLaHe npes
3, fa foBege A0 obpa3yBaHe Ha keToHa 4. Eremophilene (5) ce npeBpbLua B 6 YUpe3 ocbLLecTBABaHe Ha
CbLLOTO YETUPUCTENEHHO NPeBpPbLLAHE.
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Inula linariifolia

N
»
N
NaIO4
0304 2
THF, H,0
C14H20
\_ H o
—Si-N-Si—
\S. | OH
s CHali OH
2
CH5CN THF . THF
80 °C ~78°C i OLi -78°C i 0
3 4
B \ H / (ii) 0
~ —Si-N-Si—
N / \ \ OH
NaIO4 —Si—I . .
0s0, / (i) CHaLi OH
6
THF, H,O CH5CN THF
80 °C -78°C
eremophilene (5)
A1 HanuwieTte cTpykTypuTe Ha 2 1 6 N ACHO O3HayeTe CTEPEOXUMUATA, KbjeTo e  5pt
Heobxoanmo.

Cnep ToBa KeTOHBT 4 ce npeBpbLUa B ectepa 15. CbegnHeHMeTo 8 (MonekynHa maca: 188) 3ana3sa BCUY-
KW cTepeoLeHTpoBe Ha 7. CheanHeHnaTa 9 1 10 MaT neT cTepeoleHTbPa U HAMAT ABOMHU BPBH3KU
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Q,\ES

BbIepoA-Bbriepod. MpremeTe, ye 3a crHTe3a Ha '80-6ensizaHu-lineariifolianones 13 1 14 cboTBETHO
oT 11 1 12, ce usnonsea H,'®0 BmecTo H,'°0. CbeanHeHusiTa 13 1 14 ca '80-6ena3aHn nsoTonomepu.
NrHopupaliku n3oTonHOTO 6ena3BaHe KakTo 13, Taka 1 14 gaBaT eivH U CbLUM NPOAYKT 15 C ageHTUYHa
CTepeoxnmus.

\ 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 N36epeTe noaxoasLuata CTpykTypa 3a A. 2pt
o} 0,
9 9 O£§’CF3 O:§’CF3
I F3C-S-OH Il F3C-S—NH, n N...CF;3 IV HN___.CF3

A3 HanuwieTte cTpyktypute Ha 8-14 1 03HayeTe ACHO CTepeoxnMusaTa, Kbgeto e 19pt
HeobxoanMo. CbLLIO Taka 03HauYeTe BbBegeHUTe aToMu 80 3a 13 1 14, KakTo
€ rokasaHo B rnpumepa rno-gony.

o

0




IChO

||
2\ 5 BGR-4 C-7 Q-5
Choz0™ Bulgarian (Bulgaria)
YacT B

ChegmHeHne 19 e cMHTE3MPaHO, KaKTo e NoKa3aHo no-gony. Lo ce oTHacsa 3a HebeH3ougHaTa apomar-
HoCT, 19 MoXe fla 6be U3MON3BaHO KaTo akTMBAaTOP Ha ankoxonu, 1 20 e npesbpHATO B 22 Upes oHHa
ABolika nHTepmegmaT 21. Benpekn ye obpasyBaHeTo Ha 21 e HabntogasaHo ¢ AMP, 21 nocTeneHHo ce

pa3nara o 18 n 22.

2 Q0 =
CHSCOOH
16
EtsN s
CH,Cl,
C15H100

OH
20

"H NMR (CD4CN, ppm)

-HClI

17

wn=0

Cl” ~cl

19

C15H1oCl2

21

21: 58.5-7.3 (15H), 5.5 (2H), 3.4 (2H)

20: 57.4-7.2 (5H), 3.7 (2H), 2.8 (2H), 2.2 (1H)

Cl
s
22

B.1 HanuwieTe ctpykTypute Ha 17-19 n 21. O3Ha4yaBaHeTO Ha CTepexMusaTa He e

Heob6xoAMMO.

10pt
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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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English (Official)

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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Vlrpa C HEGEH3OVIAHa dPOMATHOCT

YacT A

A.1 (5 pt)

2 (2 pt)

6 (3 pt)

A.2 (2 pt)
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A.3 (19 pt)
8 (3 pt)
9 (2 pt) 10 (2 pt)
1@py) 12 (2 pt)
13 (4 pY) 14 (4 pt)
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B.1 (10 pt)
17 (2 pt) 18 (2 pt)
19 (3 pt) 21 (3 pt)
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AnHaMnyHm OPraHNYHMN MoNneKyin N TaXHatTa XMpalHOCT

11 % oT 06LLMS BPO TOUKW
Bbnpoc | A.1 A2 A3 B.1 B.2 | O6wo
Toukm 9 3 7 3 4 26

Pesyntar

YacT A

MoANUMKNINYHNTE apoMaTHW BbLINEBOAOPOAM C Moc/iefoBaTe/IHW OpPTO-CBbP3BaHWUA Ce Hapuyar
[n]Jcarbohelicenes (kbaeTo, n npeacTaBnsaBa 6POAT Ha LWIECTUYNEHHUTE MPbLCTEHU) (BUXK MO-401Y).
[4]Carbohelicene ([4]C)e nonyyeH nocpeAcTBOM POTOXMMUYHA peakLys, KakTo e nokKasaHo no-Aony,
upes nHTepmeamar (Int.), KOMTO NecHo ce OKUCASBa OT 04 .

®
(jﬁpph3 B

NaOEt
A EtOH B * ¢
B
hv

hv |2 ‘O
c | UV |/ U

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

C18H12

dPOoTOXMMUNYHATA peakuna npoTunya no HaunmH, Cxo4eH Ha cieaBallina npnMep.

hv

= x~  h
. — C — O
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3a6enexka: 3a usanaTa 3agava 8, pucyBaiiTe peayBally ce NPOCTU N ABOAHU Bpb3KM BbB Ba-
LUIMTe OTrOBOPU, KaKTOo e NokKasaHo B npumepuTe c carbohelicene. He usnonseaiite kpbryera 3a
O3HauyaBaHe Ha CnperHaTuTe ™ CUCTEMMU.

A1 HanuweTte ctpykTypute Ha A-C. CTepeousomepuTte TpsbBa ga ce pasrpaHu-  9pt
yarT.

A.2 OnunTuTe aa ce cnHTesupa [5]carbohelicene ot cbwaTta docdoHmesa con mnoa-  3pt
XOZALW0 M3XOAHO CbejVHeHVe e A0Beno A0 0bpasyBaHeTOO CaMO Ha ciean
oT [5]carbohelicene, BMecTo npogykTa D, unato monekynHa maca e ¢ 2 Da no-
HUCKa OT Ta3u Ha [5]carbohelicene. XuMuuHUTe oTMecTBaHMsA B 'H IMP cnek-
Tbpa Ha D ca npegcraseHun no-gosy. HanuweTre cTpyktypata Ha D.
[D (5, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

[5]- n no-ronemute [n]carbohelicenes nmat cnmMpanHa XMpPaaHOCT N B3aUMHOTO MpeBpbLUaHe MeX-
[y eHaHTuomMepuTe Ha Te3n helicenes e MHOro 6aBHO Mpu cTaHa TemnepaTtypa. XMpasHOCTTa Ha
[n]Jcarbohelicenes ce gedunHnpa kato (M) nnu (P), KakTo € MokKasaHo Nno-Aony.

&2

[n]Carbohelicenes ¢ n no-ronsamo ot 4 MoraT Aa 6bAaT pa3AeNieHNn Ha eHaHTUOMEpPU Ype3 XMpaaHa Ko-
JIOHHa xpomaTtorpadusi, paspaboteHa ot Prof. Yoshio Okamoto.

Photo courtesy: The Japan Prize Foundation
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MynTtu-Helicenes (Multiple helicenes), ca monekynum, KonTo CbAbpXaT ABe Unv noseye helicene-nogo06HM
CTPYKTYpU. B eanH MynTtu-Helicene, nopagn HeroBaTa cnvpanHata XMpaaHoCT, CbLUeCcTByBaT HAKONKO
cTepeounsomepun. Hanpumep, cbegmHeHuve E cbabpxxa Tpu [5]carbohelicene-nogobHun dparmeHTa B egHa
Monekyna. EaAuH oT ctepeonsomMepuTe e onmcaH kato (P, P, P), KakTo e noka3aHo Mno-40y.

E

(1.2,3) = (R, FP)

A3 TpumepusaumsaTa Ha 1,2-dibromobenzene, B npucbcTBre Ha Huken reHepu-  7pt
pa triphenylene. KoraTo cbLiaTa peakumsa ce NpuaoXn keM eHaHTuomep Ha F,
(P)-F, ce nonyuasa myntu-helicene G (CgHse). KaTo mate npeasuma, ve B3UM-
HO rpeBpbllaHe Ha CTepeomnsoMepuTe He MPoTMYa B XOJa Ha peakuuaTa,
naeHTNnLUMpainTe BCUUKN Bb3MOXHW CTepeonsomepun Ha G, obpasyBaHu
npv To3M npouec, 6e3 gybnupaHe. EgMH n3omep Tpsabea Aa 6bAe HavepTaH
HaNBb/IHO, C XMPAaNHOCTTa, onpejeneHa KakTo B NpuMepa no-rope, ¢ unudposun
HaAnucwY; Apyrnte ctepeonsomepun Tpsibea Aa 6bAaT N3bpPOeHN C HoMepa Ha
nosuuunTe 1 ¢ Hagnucute M n P, cnopej efHa v Cblla HoMepauusa. Hanpu-
Mep, ApyruTe ctepeouzoMepun Ha E Tpabea aa 6b4aT n3bpoeHu kato (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)2
Br _ N\
- QO = ()
Br . .

s 1
Br (CeeHas)
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YacT B

Sumanene e BbreBoAopos ¢ Gopma Ha Yalla, 3a KOMTOo 3a NbpBU e foknaaBaHo npes 2003 r. B Ano-
HUA. ImeTo"sumanene” nponsnmsa ot gymaTa "suman” Ha CAHCKPUT-XUHAW, KOATO 0O3HayaBa C/TbHYOr-
nef. CMHTE3BLT Ha sumanene e OCbLLEeCTBeH Ypes3 peakLiOHHAa Noc/ieJoBaTesHCT, KOATO Ce CbCTOU OT
MeTaTe3a C OTBapsiHe Ha LMKbJ/a 1 3aTBapsAHE Ha LVIKbIa.

. O‘O
é sumanene

TnnnyHmnte peakunnm Ha mMmeTaTtesa, KaTaln3dnpaHn OT PyTeHUNEB KaTasn3aTop (Ru*), ca nokasaHu no-

ony.
Ru*
+ 7n \)\/j\/A
o R
R R
T, —— D
’ + e
R X R
O
Cl CN
r oo )
. NS
< 898
H
B.1 HanuwieTe cTpykTypaTa Ha HTepmMeamnaTta I (He ce nsncksa HerosaTa cTepeo-  3pt

XNMUS).
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(0]
G Cl CN
Ru* (o) K
O') (Co4Hy1g)
‘ Me
Me

B.2 KaTo ce 3anoyHe OT ONTUYHOAKTUBHWA MpeKkypcop J, CblyaTa peakuyuoHHa  4pt
rnocsefoBaTesIHOCT JaBa ONTUYECKM aKTUBHOTO NMPomn3BogHO Ha sumanene K.
CTepeoueHTpoBeTe B J He NpeTbpnsaBaT MHBEPCUS MO BpeMe Ha peakuusaTa Ha
MeTaTe3a. Hanmwete cTpykTypaTta Ha K cbC cboTBeTCTBaLLaTa CTEPEOXVIMUS.
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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).
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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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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 OPraHNYHMN MoNneKyin N TaXHatTa XMpalHOCT

YacT A

A.1 (9 pt)

A (3 pt)

B (3 pt)

C(3pt)

A.2 (3 pt)
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XapecBaHe 1 HexapecBaHe Ha KancyniaTta

10 % oT 06LLMS BPO TOUKW
Bbnpoc | A.1 A2 A3 A4 A5 | O6wo
Toukn 13 2 2 3 3 23

Pesyntar

JobpuTte aeua He NpaBsT TOBA, HO ako Pa3rnopuTe TEHWC TOMKa, MoXeTe Ja A pa3rnobuTe Ha ase U-
obpasHu napuera.

-

2 '

Bb3 ocHOBa Ha Ta3un nges, cbegnHeHnaTa 1 m 2 ca CNHTE3NPAaHN KaTo U-o6pa3H|/| MONeKysin C pasnnyHn1
pa3mepun. CbegnHeHve 3 e rMoslydeHo Kato cpaBHeHMe Ha 1 1 e n3cnesBaHO NoBeAeHNETO Ha Kancynu-
paHe Ha Te3n CbegNHEHNA .
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CYHTETUYHUMAT NbT 3a NOAyYaBaHe Ha 2 e NoKa3aH No-40y. MacoBUAT efeMeHTeH CbCTaB Ha CbejuHe-
Hue 9 e: C40.49%, H 1.70% »n O 17.98%.
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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
SUIT
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J/\ OCH;3
HN™ “N
0 2x R R NH
HN. N NH
Cl Y
Cl OCHj
o o]
8 —_— 9
C:40.49%, H: 1.70%
0:17.98%
7 OH O 0 OH 9
HNJJ\N N)kNH
R R N | | N R R
HN\”/N N N N\[(NH
o OH @) @) OH o)
2
A1 HanwuweTte cTpykTypuUTe Ha CbefjuHeHVs 4-9; cTepeoxXxnMmsaTa MoXe fa 6bae  13pt

npeHebperHarta. Misnonsearite "PMB” kaTo 3amecTuTeNn BMECTO Ja U3nNunceaTe
usanata cTpyktypa Ha p-methoxybenzyl rpyna, nokasaHa B cxemaTa mno-rope.
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B mac cnekTbpa Ha 1, MOHHUAT NUK, CbOTBETCTBALL, Ha HeroBus aAnmep (1,) ce BUXAa ICHO, AOKATO NOH-
HUAT MUK 3a 3, He ce HabnoAasa B cnekTbpa Ha 3. B 'H AMP cnekTbpa Ha pa3TBop Ha 1,, Bcuyku NH
NPOTOHU, Nofy4eHn OT 1 ca HabNAaBaHW KaTO XMMNYECKN eKBUBaNEHTHN, U TAXHOTO XMMNUYHO OTMecC-
TBaHe e 3HauUnUTeNHO ce pa3nn4yasa OT ToBa Ha NH npoToHuTe Ha 3. Te3n AaHHW NOKa3BaT, ye 3a Ja ce
obpasyBa AvMepHa kancyna, mexay NH ¢parmeHTute o1 1 1 atommte X OT gpyra monekyna Ha 1, ce
06pa3syBaT BOAOPOAHN BPB3KN.

A.2 OrpageTe BC/YKkM noaxoaauy(mn) atom(v) X B 1. 2pt

A3 MocoueTe 6posi Ha BOJOPOAHMTE BPBb3KM B AMepHaTa kancyna (1,). 2pt
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JvimepHaTa kancyna Ha 1 (1,) MMa BbTPeLLHO NPOCTPaHCTBO, B KOETO MOXe Ja Ce Kancynmpa noaxoasila
MaJsika Monekyna Z. ToBa fiBNeHue ce 1n3passiBa CbC C1€HOTO ypaBHEHMe:

Z+1, - Z@1, 1)
PaBHOBeCcHaTa KOHCTaHTA 3a Karcy/inpaHeTo Ha /B 12 € JajeHa no-40ny:

[2@1,]
Tz @

KancynupaHeTo Ha Mosiekyna B Karncyna Mmoxe Aa 6bae npociegeHo ¢ AMP cnekTpockonua. Hanpumep,
1, B C4Dg AaBa paznununm curHanv B 'H NMR cnekTbpa npeaun n cneg gobassiHe Ha CH,.

CbesnHeHMeTO 2 CbLLo 06pa3yBa TBbPAA U No-rofama gvMepHa kancyna (2,). 'H NMR cnekTbpbT Ha 2, e
cHeT B C¢Dg, C;DsF 1 B cmecTa oT pa3steBoputenm CgDg/CoDsF, KaTo BCUUKM OCTaHanM ycnoBKs ca 3anase-
HW NOCTOAHHWN. XAMUYHUTE OTMeCTBaHNA Ha H? NnpoToHa Ha 2 B FOPHUTE pa3TBOPUTENN Ca 0606LLeH
no-Ao/y U He ce HabnAaBaT HUKAKBU ApYyrn cMrHann Ha H? B 2, ¢ U3ktoveHne Ha onucaHuTe. MNpu-
ema ce, Ye BbTPELUHOCTTa Ha KarncynaTa BUHArM e n3nbjiHeHa C Bb3MOXHO Hali-rosisim 6poii Monekynum
pa3TBOPUTES U Ye BCEKN CUTHAN CbOTBETCTBA Ha eVH XVIMUYEH BUA Ha 3aMb/IHEHTA Karncyna.

o] 0
OH O H O OH
HN/[LN N)LNH
R R E P4 E R R
HN_ N N._ _NH
hg a b
o OH O H O OH o
2
pa3sTBopuTen 5 (ppm) of H@
CsDg 4.60
CsDsF 4.71
CgDg / C;DsF 4.60,4.71,4.82

A4 Onpepenete 6pos Ha Monekynute C,Dg n C;DsF, kancynupanu B2, , gaBawn  3pt
Bceku H? curHan.
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'H NMR n3mepBaHusTa B C;Dg MoKka3BaT, ve 2, MOXe Aa BKIOUBA efHa Monekyna 1-adamantanecarboxylic
acid (AdA), n cToliHOCTUTe Ha acouMauMoHHaTa KOHCTaHTaTa (K,), npeacTtaBeHa no-4ony, ca onpege-
NIeHn 3a pasnuyHK Temnepatypu. [solvent@2,] o3HavaBa XMMUYeH BUA, CbAbPXKall, efHa N noseye
MOJIEKY/IN Ha pa3TBOPUTENS.

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

3)

AHanorn4yHo, ctorHocTuTe Ha K, 3a CH, n 1, fafieHn KaTo ypaBHeHMe (eq (2)) Npy pasnnuyHu Temneparty-
pu B CgDg cbLL0 ca onpeseneHn ¢ 'H NMR namepBaHusi. Tpadpuknte Ha ABETe KOHCTaHTM Ha acoumaums
(kato In K, B 3aBucmmMocT ot 1/T) ca nokasaHu no-40ny.

InK,
| CO,H
0 ..'0. '-... 1/T
.o -... (K—1)
|
AdA

Hukaksa monekyna CgDg He ce kancynupa B 1,. B inHna II, nsmeHeHneTo Ha eHTponuaTa (AS)e (1) wu
M3MeHeHMeTo Ha eHTannuATa (AH) e (2 ), NOKasBalLo Ye ABMXKeLLaTa CU1a 3a KancyIMpaHeTo B JIMHUA
Il e (3). CnegoBatenHo, nHUA I cboTBeTcTBa Ha (4 ) u AnHKWA II cboTBeTCTBa Ha ( 5).

A.5 N36epeTe npaBuaHUTE onuum 3a npasHuTte mecta (1)-(5) oT Bb3MoXHOCTUTe,  3pt
AaZleHn B KoNOHUTe A n B.

A B
(M noaoXuTeneH oTpuvuartesneH
(2) nosoXxuTeneH oTpuuaTteneH
3) AS AH
4) 1, nCH, 2, n AdA
(5) 1, nCH, 2, n AdA
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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.
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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
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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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XapecBaHe 1 HexapecBaHe Ha KancyniaTta

A.1 (13 pt)
4 (2 pt) 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\[(N N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
§ (ppm) Ha H? 6poii Ha C;Dg 6poii Ha CgDsF
4.60 ppm
4.71 ppm
4.82 ppm
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