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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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EpeHxunii yanpaamx

XapuynTbIr 36BX6H Y3rasp 6M4YH3.

MporpaMMunngarryhn TOOHbl MaLlLUWH alnriax cToi.

DH3 TSMUI3H 9 gaanrasapTail.

JaanraepbIr smMap 4 gapaannaap ryusTrax 60/Ho.
JaanraBpbIr 5 BarniiH xyrauaaHg, ryiusTraHa.

3X3J1 KOMaHJ ercHUin Japaa AaanraBpbir FYML3TrIdK IX3JTHI.

BogonT, yp AYHr33 XapUyATbIH XyYyACaH [33pX TOXUPOX XapUyNTbiH HYA3HA y3r33p 6nyH3. Hoo-
por uaac waapanaraTali TOXMONAONA acyyNTbIH XYYAACHbI ap TanbIr alimvrnax 60aHo. XapuynTbiH
XyyfAac faxb XapuUynTbiH XalipuarHaac ragHa 6u4caH 6MYNrN3ANIT TOOLLOXTYIA.

LLlaapanaratari TOXMOAAONA XapUYATbIH HYAIHA Xapransax 60401TbIr 3aaBan xuiix 6a 6ogonTt 61y-
C3H TOXMONAONS 36B Xapuys 6ypaH OHOO TOOLLOrA0HO.

XaHary 6arw XYFAUAA AYYCAX-aac 30 MMHYTbIH 6MHO CaHyy/Ha.

30rIC komaHj, ermery, axnaa gyycrax écroii. Jyycraaryihi TOXMONA0NA TYALUSTIANKT TOOLOXIYiA
6alix yHA3CN31 60/HO.

36BX6H ToApyynax LWaapanaraTtali yes anbaH EcHbl aHIW X3 A33PX XyBUAGAPbIT Y3YY/HI.

3eBLU66PON aBaxrymrasp epeer OpxnH rapy 6010Xryin. XapaB sMap HIr Tyc/iaMmx (TOOHbI MaLUWH
3BAP3X, apUyH L3BPUIH ©pee 0poX X M3T) LWaapAnaraTtai TOXMONA0NA rapaa eprex xsaHary bar-
LUMIAT NPT XYNII3H3.

AMXWMAT XYCbE!

AaanraBap 6a YH3/r3sHUA M3433131

Fapunr JaanraBpbiH H3p HwiAT yHanras | MyAU3TranuiiH xyBb
1 MeTannbiH ragapryy A33px ycrepery 24 1
2 M3oTon - yar xyrauaaHbl Karncyn 35 1"
3 NambepT-B33puniiH xyyne? 22 8
4 LlanpblH MCINASH-aHTKPaX XUMU 32 1
5 Hyyunar uaxmyp 60 12
6 LLUMAXNATUIAH MeTaNblH HITANWIAH XaTyy TeNeBUNH XUMU 45 13
7 BeH30/bIH 6yC apOMaTUK LLMHX33P TOr10Lrooé 36 13
8 AMHaMUK opraHuK H3rgan 6a T3Ara3puiiH Xmpanb YaHap 26 1"
9 KancynblH gypTari 6010H Aypryi 3yinc 23 10

HwniaT 100
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®U3nK TOorTMos 6a TIrwnTran

Tortmon

BaakyyMm Aaxb rapaniiH xypa,

c = 2.99792458 x 105M ¢!

MnaHKNH TOrTMon

h = 6.62607015 x 10734 X ¢

Oran UsHar

e = 1.602176634 x 10719 C

3}'IEKTpOHbI Macc

me = 9.10938370 x 1073 kr

LlaxunraaH Tortmorn
(Baakyyma Aamxxyynax)

go = 8.85418781 x 10712 F m~"

ABOrazporuiii Too

N, = 6.02214076 x 1023 Mmonib™"

bonbuMaHbl TOrTMO/

kg = 1.380649 x 1072 X K~'

®dapageliH Tortmon

F = N, x e = 9.64853321233100184 x 10* C Mmonb~!

XUNH HUATAST TOrTMON

R = N, x kg = 8.31446261815324 X K=" monib~"
= 8.2057366081 x 10721 aT™M K~ monb~!

MaccblH aTOM H3MK

u=1/[a = 1.66053907 x 10~27 kr

CTaHpgapT gapant

p=16ap =10°Ma

ATMoOCepuiiH fjapant

Pary = 1.01325 x 10° Ma

LlenbCcninH Tar xam 0°C=273.15K

AHrcTpem 1A=10"1%m

MukomeTp 1nM=10"12m

JNeKTPOH BONbT 13B = 1.602176634 x 10719 X
CasiHbl X3Car 1ppm =10-6

Tap6bYyMHBI X3Car Lppb =107°

WX HaazbIH X3¢ar lppt=1012

M TOO

T = 3.141592653589793

HaTypan norapn¢msiH cyypb

(E TOO0)

e = 2.718281828459045
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TarwnTtran

Naean XuinH xyynb

PV =nRT
P - papant, V - 3313XyyH, n - 6OANCBIH TOO X3aMX33, T - njean X1inH abco-
NKOT Temnepartyp.

KynoHsl xyynb

— k, Q1112

F- Z-)J'IeKTpOCTaTI/IK Xy, ke(~ 9.0 x 10° Nm? C~2) - KynoHbl Tortmos, ¢, 6a
Gy UIHITNH X3AMXUTAIXYYH, 7 - UIHIMYYAMAH XOOPOHAOX 3alA.

TepMOANHAMUKUIAH HIT-
AYrI3p Xyynb

AU =qg+w
AU - AOTOOZA 3HEPrNAH 68PUNONT, ¢ AyNaaH TOO XIMXK3I3, w - aXKWI.

SHTanbnun H

H=U+PV

OHTponu (BonbumaHbl S =kglnW

3apuUnMA YHASCN3CIH) S W - MUKPO TeNeBUIH TOO
DHTPONUIAH AS = %

eepunentAs Grey IPTIX MPOLLECCHIH AyNaaH.
fMbbcniiH yeneeT saHep- G =H —TS

mG

AG°=—RTINK = —zFE°
K - T3HUB3PWIAH TOrTMO, z -3NEKTPOHbI TOO, E° -CTaHAAPT 3N1eKTPOAbIH
noTeHuman.

YpBasibiH XxapbLaa @

AG=AG°+RTInQ
[lapaax ypBanbiH XyBbj
aA+ 0B = cC +dD

o
Q=
RN
[A] - A-r1iiH KOoHLUeHTpaL,
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JynaaHbl eepunent Aq Aq = ne AT
¢m - TEMMNepaTypaac xamaapaxryin MOJINAH gynaaH 6artaamx.
RT
HepHCTUIAH TarwmnTran E=F+—In=-*
P * zF Cred

Cox - NCNACIH 604MCbIH KOHLEHTPaL, Creq aHIMXMpPCaH 6OANCHIH KOH-
LeHTpaL,.

ApPPEeHWNYCbIH TarLNTIN

Ea
k= Aexp (—RT)
k - XypAHbl TOrTMON, A - dakTop, E, NA3IBXXKINAH SHEPTI.
exp(z) =e*

NambepT-b3spuninH
Xyynb

A=clc
A -LUINHI33AT, € MOAWIAH LWNHM3NTNIH KO3GPULMEHT, [ ONTUK 3aMblH ypT,
¢ - YYCManbIH KOHLUeHTpau,

XaHaepcoH - Xaccenba-

[Japaax TaHUB3PT:

XbIH T3rWNTIN HA= HT + A~

K, - TSHUBIPUIH TOrTMON

A-

pH = pK, + log ([[HAD
POTOHbI 3HEeprn E=hv= h§

v -BAaBTaMX, A - IAPANIAH AONTVNOHBI YPT.
[eomeTp uyBaaHbl x # 1vyej
HUIANG3P ) . T

Ltata®+ta" =3 (o' = 11—z
JaanraBap rymustraxsg « < 1vyea
awwmrnax 6os10x oripon- 1

~ + x

L0010/ 1—z
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Hydrogen at a Metal Surface
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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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MeTannblH ragapryy A33px ycrepery

HWAT oHOOHLI 11 %
AcyynT A1 A2 B.1 B.2 B.3 B.4 | HuiaT
OHoO 6 4 5 3 3 3 24
YH31r33

YcTepery Hb Mp33Ayig WwaTax alwmrtT ManTManaac ya xamaapantai 60/10X rofl SHepPruiiH 3x yyceap 6ainx
TeneBTal 6aliHa. JHA 6UA ycTepery T33B3p/aX, XaAranax TEXHONOTUTOM X0N600TOM MeTanng yctepery
Xagranax yin aBupir aBY y33x 60/HO.

A xX3c3r

YcTepery MeTannbiH ragapryyraap AamXxuH MeTaaibliH Mexner pyy abcopbumnorgox Ty axnsg metan-
NblH ragapryy A33px ycreperumninH agcopbuminH H,(g) — 2H(ad) npouecchir aBY y3be. IHA, X1iiH 6010H
aAcopbLnnoracoH TeneBT baiiraa ycteperymiir xapransat (g) 6a (ad) rax Tamasrnas.

YcTeperuniin monekyn (H,) MeTannbiH ragapryy (M)-4 xypasg amccoumaumg opxXx H atom xanb3paap aa-
copbumnorgoHo (3ypar 1). dHa, ycteperuminiH monekyn H, -MinH noTeHUWan SHeprunr Xxoép xyBbcardyaap
WN3PXMIANEB: HIrAYr33PT, aTOM XOOPOHAbIH 3ail - d, XO€payraapT, ragapryyrminH metannbiH atoMTan
XapbLyy/ncaH XapbLaHryn eHAep - z. X0ép ycTeperuniiH atom H-uiAr galipcaH T3HXN3r Hb ragapryyram
napannenb 6anx 6erees XyHANNH Xy4HWIA TeB Hb 3ypar 1-4 y3yyacaH 60Cc00 Tacapxali WyrambelH Aaryy
amarT 6aripiagar rax ysHa.

3ypar 2-Tragapryy 433p 6010x gnccoumanmiiH NoTeHUan SHepriiH KOHTYp AuarpaMmbIr xapyynas. [o-
TeHUMan S3HepPruinH guarpaMm A33pX TOOH Xon6orzon Hb 1 Monb H, TyTama Hoorgox KK racaH Harkasp
NN3PXMIANATA3HI. YPraIXKUACIH LyraM X00POHZbIH 3aii 20 kKK Monib~", Tacapxali Lyram XoopoHAbIH 3ai
100 KX Monb~", ypramkuncaH 6a Tacapxaii Wwyram XxoopoHA0x 3aii 80 KK Mosib~". Tar LarmiiH xan6sns-
JIVNIAH SHEPIrUiAr ya TOOLCOH.
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3ypar 1. XyBbCax XaMXUTrAIXYYHUIA TOAOPXOMAONT. 3ypar Hb MacwTabryin 60Ho.
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A1 Japaax (i)-(iii) Tyc OypwuiiH XyBbA XaMruH oMponuoo yTrbir A-G-33c  6pt
COHrOHO Yy.
(i) Xvin 6arigantaii H, Monekyn Aaxb aTOM XOOPOHAbIH 3ali
(ii) MeTannblH aToOMyyAbIH XOOPOHABIH 3aii (3ypar 1 A33px dy, )
(iii) AgcopbuunnoracoH H atomyyabiH ragapryyraac ancnargcad sai (3ypar 1
A33PX haq )
A.0.03nm B.0.07nm C.0.11nm D.0.15nm
E.0.19nm F.0.23nm G.0.27 nm
A.2 Japaax (i)-(ii) Tyc 6ypuiiH XyBbA XaMrniiH onponuoo yTreir A-H-33C COHroHo yy.  4pt

(i) H, xuiar H xnin 6onroH 3agnaxag waapiaraax sHepru
[Ha2(9) — 2H(g)]

(i) H, xniir agcopbumnoxoa anrapax sHepru

[H2(g) — 2H(ad)]

A. 20 KK monb™! B. 40 kXXmonb~'  C.60 KKmonb™’ D. 100 XK monb™!
E. 150 kKmonb~' F. 200 kKmMonb~' G.300 kKkKmonb~' H. 400 K monb™!
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B xacar

AACOPOLNNOTACOH YCTOPOrYMNiiH aTOM Hb Liaallng XOOPOHAOO AaXMH HIrAX XUH $a3 pyy aecopb-
LMnoraoHo (1a TarwmTran), MeH MeTajjblH Mexner pyy abcopbuwnnorgoHo (1b Tarwwuntran). H(ab) Hb-
MeTa/ibiH Mexier pyy abcopbumnoracoH ycTeperymind aToMbIr UA3PXUIASTHI.

k4

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

H(ad) — H(ab) (1b)

FajapryyruiiH Hark LarT 600X aacopbl, gecopbl, abcopbuniiH Xypa Hb xapransaH r[c '], ry[c] ,
r5[c~"] 6aiiHa. Taaraspuiir gapaax 6aianaap NA3PXUIAIHI:

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

3HE ky [c " Ma", ky [c71), k3 [c"] Hb ypBanbIH XypAHbLI TOFTMON, XapWH By, Hb Hy-1iAH papant tom. la-
Japryy A33p 6airaa 60a0MXuUT uaryyasac 6 (0 < 6 < 1) Hb H-niH aToMZ 3313rAC3H X3CTUAH A0/b OM.
Aacopbum ba gecopbum Hb abcopbLNTON XapbLyynaxas XypaaH (rq,r, > r;) 6ereeg 6 Hb TOrTMOA M
Y33 60/HO.

B.1 r4 -VAr gapaax barignaap Nn3apxminnk 60HO: 5pt

ryg = ———F—— (5)

k, 6ONOH ky-niAr awmrnad C-r UA3PXNIANHI YY .
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S = 1.0 x 1073 M? ragapryyruitH Tanbai 6yxmin MmeTanibiH A33KUIAr H, (Py, = 1.0 x 10°Na ) 6yxwii cas
(1n = 1.0 x 1073 M3)-Ha GalipayyncaH. Fagapryy A433p yCTeOperyniiH aToMbiH aACcopbLMIOrACOH LSTUIAH
HAarTpan N = 1.3x 10 m—26aliB. Fagapryyruiid Temnepatypbir T = 400 K 6aiinracaH. Ypsan (1) aBaraaxag,
ycTeperymnini gapant By, TortMon v = 4.0 x 10~*Ma ¢ ' xypaTaiiraap 6yypas.

YcTepery H,-uiir ngeans Xuin, MeTaniblH 3331XYYHUAT TOOLLOXOOPIyM MaLl 6ara rax Tyc TyC y3H3.

B.2 Harx xyrauaaHa ragjapryyruiiH Hank Tanbaing abcopbumnoracoH H atomelH Mmo-  3pt
JAH TOO, A [MOAb €' M~2]-r TOOLL00/HO Yy.

B.3 T = 400K yeg C Hb 1.0 x 102Ma~'-Tait TaHUyy 6aliHa. ks;-wiir 400 K-z 3pt
TOOLL00JIHO VY.

X3p3B B.2-T xapuynx dagaaryii 601 A = 3.6 x 1077 MoAb ¢~ M~2-UIAr 3H3 TOO-
LLOOHZA00 aluMrnaHa yy.

B.4 ©ep HaraH T-uiiH yeg C = 2.5 x 10°Ma~" 6010H k; = 4.8 x 1072¢ " rax ererg-  3pt
%33. JH3 TeMnepaTypT Fy,-33C XamaapcaH $yHKL, 60/10X r5-VIAH XYBb/A, TOXMPOX
rpa¢ukumiir (a)-(h)-33¢c COHroHo yy.

x 1073 x 107 ) (@
(d)
6.0 © 6.0 // ®
Tm 'Tm
~ ~
km 4.0 p—— (b) km 4.0
= ©
2.0 e () 2.0
// - / -
[ Y
0 1.0 20  x107° 0 1.0 20  x107°
Py, /Pa P, /Pa
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MeTannblH ragapryy A33px ycrepery
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A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

(i) (i)
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B.1 (5 pt)
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B.2 (3 pt)

Monb ¢ ' m—2

B.3 (3 pt)
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Isotope Time Capsule
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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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M3oTon - Llar xyrauaaHbl Kancyn

HuninT oHOOHBI 11 %
Acyynt A A2 A3 A4 | Huiut
OHoO 8 8 10 9 35
AGEVIEE)

MoneKkynblH 6yT3L, Hb 36BX6H U30TOMNbIH Halpnaraapaa anraaTtait CH,, CH3D 33par 6oamcyyabir n3otono-
JIOT T3 H3PA343T. VI30TONOAOTUIAT VXU XUMUIH LLUMHX YaHapTal rax y343r 60/10BY YHIHAD SAVMIYIA
Aanraartamn.

DH3 faanraBapT Xapyy/ficaH 6yx 604ncyya XMinH TeNeBT baliHa rax y3Ha.

Japaax T3HUB3pPWIAr aBY y3be:

12161812
1216 12 18 921216018 _ [ c*o O]
C160, +12 C'80, = 212C160'80 K = g0, 2c0;]

CncreMuiniH 6010MXUT MUKPO TeNeB 6ana/biH TOO W NXCIX34 IHTPONU, S NXICHIT:

12C7%0, 6a 2C'80, xyBba W = 1 6aiiHa. dcparaspa3, ?C'°0'80 monekynbiH xyBba W = 2 6aligar Hb
3H3 MOJIEKY/T AaXb XYUUITOPEruniiH aToMyyA siraatain 6aitgraac 60nHo. Tarwmtran 1-4 xapyyncHaap
TOHUB3PUIAH 6apyyH Tang xoép monekyn '2C'*0'80 6ariraa yump, W = 22 = 4 60/1HO.
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A1 TarwnTran 3-biH 3HTaNLNUAH eepynent, AH TemnepaTypaac ya1 xamaapaH se-  8pt
par 6ariHa.

H, + DI = HD + HI (3)

Tarwmntran 3-biH XyBbA Maw 6ara (' — 0) 6a maw eHAep (T — +oo) Tem-
nepaTtypT T3HLUBIPUIMH TOrTMOA, K- TOOLL0OJIHO YYy. SAr3sp TeMnepaTtypT yp-
Bas @6pUnereeryin xaBaap 6avx 6a AH Hb eHAep TeMnepaTypT TOFTMON yTraj,
LLUIWDKAST FIXK Y3H3.

Japaax npoueccbiH A H-NAr MonekynbiH Xan163013133p Tannbapnax 6on40r.

- _ [H2][Dy)]
2HD = H; + D, K= "op “@

T =0 K yeg xan63n3nuiid 4aBTaMx Hb v [C~'] 6aliX AMATOMT MOEKYJIbIH X316313NNAH SHEPruiir Aapaax
6ananaap NN3PXUNAIHI:

E= %hu (3)
1 k

HA k Hb XYUYHWNIA TOFTMOJI, 1 Hb @HIMXKMPCaH Macc 66rees aHrMXmMpcaH Macchir AUaToMT MOJEKYN AaXb
X0Ep aTOMbIH Macc m; 6a m,-00p Aapaax TIrWUTrINNIAH Aaryy TOAOPXOAIHO:

MMy

o Mama @

my + My

A.2 H,-WiAH X3163131WIAT ZONTUOHBI TOOrOOP UA3PXMIANEX34 4161.0 cm~' Galixas.  8pt
Tarwmntran 4-nitH AH-uiar T = 0 K yea X Mofib~" H3MK33p TOOL00/THO Y.

* 36BX6H X3/163131UIAH 3Heprn A H-p eepunent opyynaar
* H,, HD, D,-1iAH k yTra mxun
* H-niin macc 1 Aa, D-miiH macc 2 Ja

6aliHa rax y3Ha.
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T3HUB3P TOrTCOH cmcTemy Hy, HD, D,-iiH MONniAH Xapbliaa TemMnepaTypaac XxamaapHa. IH4 Ap, Hb D,-
NAH MONNIAH XapbLi@aaHbl eepuienTeep TOL0PXONNOrAOHO.

Ay = 1oy ©)
2 RI*DZ
JHA: RD2 Hb A33)XUH A3X {5%% R;gz Hb T — 400 YeuinH H?ﬁ}-r WN3PXUIAH3. N30ToNbIH Tapxant T — +oo
2 2

yeA caHamcapryin 6o 6ariraar aHxaapHa yy.

A3 TarwmnTran 4-ninH TaHB3PUIAH TortMon K Hb 0.300 6aiix TemnepatypTt TaHUB3p  10pt
TOFTCOH Yey 6airanb Aaxb D Tapxantaap Ap, -bIF TOOLL00MHO Yy. D 6a H-niiH

6aiiranb faxb TapxanTblH MOINIAH A0Nb 1.5576 x 1074 6a 1 — 1.5576 x 10~ 6aiiHa
3 Y3H3.
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EpeHxningee Har Monekynj Xoép XyHA W30TOMbIH aToM aryynjar faBxap XafiarAcaH M30TOMONOTUIAH
MONVIAH AONb TeMnepaTyp byypax Tycam H3Maraasr. 44 6a 47 monekynbliH XWUHTaM CO, Moneky-
NyyAblH MONVIAH Xapbuaar aBy y3be, T34r3puiir goop CO,[44] 6a CO,[47] rax TIMAIMNICIH 60JHO.
A 47 X3MXKUMIIXYYHUIAT fapaax 6aranaap ToL40pPXOAIHO.

Ryq

Ay, = Ry 1 (10)
[CO,[47]] . - [CO,[47]] . - .
R,7 Hb J39KUH 39X 1O, [44]] 6a R;, Hb T — +00 YeUniiH 1O, 44]] I UN3PXMIANHI. Baliranb aaxe HyypCcTe

pery 6a xyumnTepervymiiH N30TonyyabiH TapXxanTblH MOJVAH AOAUAT AOOP XapyyfaB. DHA Xapyynaary
N30TONYYAbIT TOOLLOXIYIA OPXMHO.

12C 13C
banranb gaxb Tapxant | 0.988888 | 0.011112

160 170 180
bairane gaxe Tapxant | 0.997621 | 0.0003790 | 0.0020000

A,,-VMH TeMNepaTypaac xamaapax xamaapblr japaax 6ananaap TOAOPXONNHO, IHA T-niir KenbBUHWIA
H3MK33p 6rceH:

2
Ay = 3% +2.920 x 10~ (11)

A4 AHTapKTUABIH fanaiH époosooC ONACOH YYyNyyXKCaH NAaHKTOHbI R,, Hb  9pt
4.50865 x 105 6aliB. IH3 R,,-T alLMI/IaH TEMMEPAaTypPbIr TOOLL00/THO YY. IH3 TEM-
nepaTypbIr NJ1aHKTOH aMbAapy 6aicaH yeniiH araapbiH TeMnepaTyp M y343r.
ToOLL00HZ 36BX6H XaMriiH Tyrasman nsotonosor CO,[47] aBHa.
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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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Nam6epT-b33pninH xyyne?

HWAT oHOOHbI 8%
Acyynt A B.1 B.2 | Hunt
OHoo 10 6 6 22
YHanras

SHaxyy 6oanorog yycrardy 60/10H CaBHbI LUMHMATUIAT TOOLOXTYA. Byx yycman 60/10H XWiH TeMnepaTyp
Hb TOorTmMon 25 °C 6aiicaH.

A x3c3r

HA 60n10H NaA-r awmrnaH X-UiiH ycaH yycMmanblir 63nTracsH. X-uinH yycman gaxe [A~], [HA], [Ht]-1iiH KOH-
LeHTpay, Tyc 6yp 1.00 x 1072 monb ", 1.00 x 1073 monib ', 1.00 x 10~% monb n~' 6a gapaax xyunn-
CYYPUIAH T3HLB3PT XaMaapHa:

[AT][HY]

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

(M

A X3C3rT ONTUK 3aMblH YpPT [ 60HO. LUMHMIPpYYAINTUIAH Aapaax HArTbIH ©6pYNenTUAr TOOLOXTyi. Tar-
LWINTF31 1-33C 86p XMMUIAH ypBan siBargaxryii rax y3Ha yy.

A1 A1 AONTNOHBI ypTag X-UIH WNHI3AT A;. X-UIAH yycMansir pH = 2.500-Talh gaBc-  10pt
Hbl XYYIUIAH yyCManaap aHxHbl 333AXYYHUIAT 2 JaXUH UX 6ONTON LWNHIPYY-
C3H. LUMHMpYYNINTUIH Aapaax WWHMAAT A;-TA; XaB33p 6aiiB. A;-T HA 60510H
AT-VIAH LWNHM3ATUIAH KO3QPULIMEHTYYA Xapran3aH eyp 6a ep- 600 eyp/ep- -NIAH
XapbLiaar TO40PXON/THO VY.
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B xacar
XninH ¢a3 faxb fJapaax TaHLUBIPUIAT aBY y3be.
D=2M (2)

S XOHAJIOH OrTNONTON X8A6Nre6HT XaHa ByXMiA T3 eHLerT TyHranar caB (400pX 3ypruinr xapHa yy)-bir
P papantTain u3Bap D xminrasp gyypracaH 6a TaHLBIP TOrTCOHbI Aapaa HUAT fgapanT P eepuneraeeryii.
XVIAH WWHM3AT Hb A = ¢(n/V)l 6ereeg ¢, n, V 6a [ Hb XapransaH WWHM3ATUNH KO3IGOULNEHT, XINH
MOJINIH TOO, XUINH 3331XYYH, ONTVK 3aMblH YPT FOM. XUNH XOIMMOT AaXb OYX XUIT naeanb XN rdK y3H3.

,"’/ :/U
ToouooHA Aapaax T3SMA3M3r33r X3P3ris3paii.

AHXHbI TeN16B TaHUBIPUIAH Aapaax

D M D M

Mapuwnan gapant P 0 Dp j2y

MonuniiH Too ng 0 np iy

D33/1IXYYH Vo 14
B.1 Ag1-T XUAH WUHM3ATUAT 2 (I = 1,) YATNANIAH Aaryy XIMXMX3J aHXHbl Te-  6pt

NneB 6010H T3HLUB3PUIMH Aapaax xoéynaa Ag, 6aiB. D 6010H M-WNilH WNHI33A1-
TUNH KO3bOUUMEHT XapransaH sy 6a gy 601 \g; 43X ep/ey -WUAH XapbLiaar
TOA0PXOIAJIHO VY.

B.2 Ag2 43X XWVH LUVIHM3ATUIAT y YAFASAUIAH Aaryy X3MXUX3/J aHxHbl Tenes (I =  6pt
l,0) 6ONOH T3HL|,Bap!I7IH Aapaax (I = l,) xoéynaa Ag, 6aliB. \g, AdX £p/ey-UIH
XapbLaar TOA0PXOIAHO VY.
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(Ypramknan gapaarvinH xyyacaHa)
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Ena/En- =
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€p/em =
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The Redox Chemistry of Zinc
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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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LlalipblH UC3NA3H-aHTMKPAX XUMU

HWT oHOOHbI 11%
Acyynt A1 A.2 B.1 B.2 B.3 B.4 HuiTt
OHoo 6 5 4 3 5 9 32

YH3Nras

LanpbIr yaaaH xyrauaaHbl TypLwina ryyib 6010H raH MaTepuasbiH Xalaw 60AroH X3p3rnak UPCIH. Ycbir
XOPrymKyYNIXUIAH Tyng YANABIPUAH 60Xmp ycaHa aryynargaar Lanpbir TyHagacokyynaH canrax, rapraH
aBCaH TyHaAaCbIr aHMVXKPYyaH MeTana Lanp 601rooa AaxuH alumraagar.

A x3c3r

25 °C-1 yainpbIH rugpokeng Zn(OH),(S)-UiAH yycaxblH T3HLB3P 60/I0H X0N60r40X TOHLUB3PUIAH TOFTMO-
JYYABIT TIrwmnTran 1-4-1 eres.

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, =6.47x 1072 (3)

H,O(l) = H"(aq) + OH (aq) K, =1.00 x 10~ (4)
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LlaipbiH yycax yaHap, S (xaHacaH yycMan Aaxb LalpblH KOHLEHTPAaL,)-r TarwmnTran 5-1 eres.
S = [Zn**(aq)] + [Zn(OH),(aq)] + [Zn(OH);~(aq)] (5)
A1 Torwmtran  1-4-4 TOHUBIP TOITCOH Yyea [Zn?t(aq)], [Zn(OH)y(aq)] , 6pt

[Zn(OH)2~(aq)] rypBaac pH-uiiH simap Myxug [Zn(OH),(aq)] Hb XaMruiiH
MX 6aXbIr TOOLLOOJIHO VY.

A.2 pH = 7.00-tain Zn(OH),(s)-MNH XaHacaH yycMan 63nTrax, WwyycaH. WyyraacHmuin - 5pt
pH-uinr 12.00 6oaton NaOH HamcaH. pH-uiar 7.00-c 12.00 60ATON UXICrIX34 Ty-
HaZACKCaH LalipblH MOANAH XYBUAT TOOLLOOMHO YY. J33/1XYYH 60/10H Temne-
paTypblH 66pYNeNTUIAT TOOLIOXTY.

B x3car

TyHagacKcaH LapblH MMAPOKCUABIT Xanaax A00PX YpBasblH Aaryy LaipblH OKCUABIT rapraH aBAar.
Zn(OH),(s) — ZnO(s) + H,0O(l) (6)
LanpblH OKCUABIT yCTOPOryTa ypBana opyyk MeTann uap 601ToN aHIVXXPYYIHa.

ZnO(s) + Hy(g) — Zn(s) + H,0(q) (7)

B.1 YpBan (7)-4 ycteperuniiH gapantbir 1 6ap 6ainraxeiH TyA4 YYCCIH YCHbI yypbIH - 4pt
napuvan gapantbIr 6yypyynax waapganaratav 6aigar. 300 °C-t ypsan (7)-r aByy-
Nnax yeniH yCHbl yypbIiH Napuyan JapanTbiH 4334 XA3raapbir TOOLL00/IHO YY.
DHA, 6yx xuinH xyBbg 300 °C, 1 6ap gapanTaHj LalipblH OKCUA 60N0H YCHbI Yy-
PbIH YYCIXNIAH TMB6CNitH 3Hepr AGo,0(300°C) = —2.90 x 102 kXX Monb~" 60/10H
AGy 0(300°C) = —2.20 x 10* kXX monb~" 6oHo.

MeTann uanpeIr MmeTann-araapbiH 6aTapeiriHg ceper 31eKTpos (aHoA)-bIH MaTepran 60aroH almriagar.
dnekTpoa Hb Zn 6a ZnO-33¢ 6ypasH3. batapelig aBargax NC3A3H-aHIXXPaX ypBasblH TIrWmnTraa 600H
25°C, 1 bap gapantaHj UuaxuaraaH xefenrex xy4 (U.x.x), E°-r 4oop xapyynas.

Zn(s) + %Oz(g) — Zn0O(s) E° =165V (8)

B.2 Lalip-araapblH 6atapenr 20 MA ryngnminH xy4ssp 24 uar x3parnaxag us-  3pt
H3rry 6ongor. batapeliH ceper 31ekTpo4 (aHOA)-bIH MacCblH ©6PYNONTUNT
TOOLL00J/IHO VY.
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PyxUM yyn

B.3

Lanp-araapbiH 6aTapeiniH LU.X.X-HNA XYP33/13H 6yl OpUHOOC XaMaapcaH eepu-
NeNTNIAT aBY y3be. PyXXn yybiH opru - 3776 M eHAepT, —38 °C (2-p cap)-T L.X.X-
WIAT TOOLL00JIHO YY.

ATmocdepblH gapanthbir h [M] eHAep 6a T [°C] TemnepaTypaac xaMaapyynaH Aa-
paax TOMbEOroop ToOLAOr:

5.257

0.0065h )

— 9
T + 0.0065h 4 273.15 ©)

P [bar] =1.013 x (1

ATmMoOCdep A3X Xy4MnTeperyniiH MoaniiH xapbuaa 21%.
YpBan (8)-MiiH TMOE6CUIAH 3HepruiiH eepunenTt Hb —38°C, 1 6ap Aapantaj
AG7,0(—38°C) = —3.26 x 102 kKK Monb~" 6ariHa.

5pt

B.4

25°C-p ypBan (6)-MiiH MTMB6CUIAH 3HEPrUiiH 66pUNSNTUIT TOOLL00JIHO VY.
25°C, 1 6ap gapantag E°(Zn?*/Zn) 6a E°(0,/H,0) r3caH CTaHAAPT aHrmxpax
noTeHuuanyyasir Tarwmtran (10) 6a (11)-T eres.

Zn%t 42~ — Zn E°(Zn?*/Zn) = —0.77V (10)

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

Ipt




IChO

a F
3‘ G
Choz01™

MNG-1 C-4 A-1

A4-1

Mongolian (Mongolia)

uaﬁpblH NCINASH-aHIMDOKPaX XNMU

A x3c3r

A.1 (6 pt)

<pH<




IChO

oo A4=2

Choz0™ Mongolian (Mongolia)

Q.\GS
PN

A.2 (5 pt)

%




IChO

Q.\GS
PN

,Cﬂo zm\\

MNG-1 C-4 A-3

A4-3

Mongolian (Mongolia)

B xacar

B.1 (4 pt)

PH,0= 6ap

B.2 (3 pt)
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AG° = Xmonb~!
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Mysterious Silicon
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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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Hyyunar uaxuyp

HWiAT oHOOHbI 12 %
AcyynT A1 A2 A3 A4 B.1 B.2 B.3 | HuiAT
OHoo 9 7 6 10 5 15 8 60

YHanra3

Laxunyp Hb HYYpCTOPOIrYmMinH H3rsH aann 14-p 6YArninH sneMeHT 6010BY T3AM33PUIAH LNHX YaHap 3pc
anraaTtan 6anaar.

A x3c3r

R'-Si = Si-R" (R: opraHuk xanary) rax Si-Si rypeancaH xon600Tol H3rA3M Hb YPBaJIbIH 6HASP UAIBXTINA
bangraapaa C-C rypaBUMiiH XON600TOM HIrAAYYA33C AnraaTail. XXuLs3 Hb YYHUNT STUAEHT3 ypBang
opyynban AepBeH rvLLYYHT3 Larmpar aryyncaH 6yTa3rasxyyH yycragar.

—

R'-Si=Si—R! + H,C—=CH, — _Si=Si
R! \R1
R'-Si = Si-R" 6oauceIr ankuH (R2-C = C-R?)-aap yinunaxag A6pBeH ryiyyHTai uarvpar 6yxmuii A 604mc

3XHUI 3aBCPbIH 6YT3rA3XYYH X3163p33p yycasr. A 6oamc eep Har R2-C = C-R? monekynTali ypBang opx
B 6a C n3omepyyabIr yycraaar 6erees s34rasp Hb X08ynaa 6eH301TON TOCT3 KOHbIOraLiaracaH uarmpar
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6YTaUT Gereey "ancnnabeHson” rak Hapnagar. (R'-Si), (R2-C), rak TOMbEOIOr 40X 3ypraaH rmLIyyHTaM
Larvpar aryynaar.

R2-C=C—R?

R'-Si=Si—R' + R2-C=C—R2 — A B + C

13C NMR wimnHxmnraarasp Si,C, 3ypraaH rullyyHTan YHACIH Larmpar Hb B 604ucbiHX X0ép, C 604MCbIHX
H3r CUrHan erceH.

A1 R', R?, Si, C awwrnaH A, B, C 604MCyysbiH 6OMOMXINT HIM pe3oHaHC 6yTumiiH - 9pt
TOMbEOT 3ypHa Vyy.

A.2 Joop y3yyncaH (3ypar 1) 3apvM XxaHaaryii CUCTEMUIAH yCTOpOruxXyynax ypeanbiH  7pt
SHTa/ILMNIAH 8EPUNBNTUIAT awmnrnaH 6eH3on 6a C 6oamcbiH (R' = R? = H max
Y3H3) apOMaTUK TOFTBOPXUNTUNH SHEPIUIAT 3epar yTrataliraap TOOLL00/IHO VY.

H,C—=CH, + Ho — H3;C—CHj; AH=-135kJ mol" (1)
H,Si—CH, + Ho — H;Si— CH,4 AH=-213 kJmol"  (2)
H,Si=—SiH, + Ho — > H3Si— SiH; AH=-206 kJ mol”!  (3)

®
9

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

/—SiH2

HSi 3 H2 H,Si AH =-368 kJ mol”!  (6)

e
|

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

/

HSi

<

3ypar 1



IChO

Q,\GS

5 MNG-1 C-5 Q-3
Choz0™ Mongolian (Mongolia)

C 604NCbIH KCUNONNIAH YyCManbIl Xanaaxaz nsomepxux ypsang opx, D 6a E HaraayyaniiH TSHLBIPUIH
XONMMMOTWIAT yyCraHa. MonwniiH xapbuaa 50.0 °C-5 D : E=1:40.0 6a 120.0 "C-4 D : E=1:20.0 6aiiHa.

A3 D 6oauc Hb E 60amc 601K XyBMpax ypBasbiH AH-T TOOL,00/IHO VY. AH Temne-  6pt
paTypaac xaMaapaxryi rax y3Ha.

C 6oauncooc D 6a E 6010x N30MeEPXKUMX YPBaa Hb IMap Y o X0N1600r Tacnanrymrasp, = Xonboor o xonboo
60/IrOH XyBUprax 3amaap asaragar. '>C-LICP wuHxuarasrasp D 60ancbIH Si,C, YHACIH X3/1X33 HIM CUT-
Han, E 6oanc xoép cnrHan y3yynae. D 604ANCBIH YHACIH X3/1X33HA rypBaH rMLUYYHTIM uarupar 6anxryi
60 E 6041C Hb HIr Tanaa xyBaanucaH X0ep LWNPX3r rypBaH rMLYyHT Larmpartai.

A4 RT, R?, Si, C awwurnaH D 6a E 6oaucyyabiH 6YTUMIAH TOMBEOT 3ypHa Yy. 10pt

B xacar

Llaxnyp Hb ¢TOp 33p3r LaxuaraaH ceper YaHap UXT3M 3N1eMeHTYYATIN XYP33/IININH TOO eHAep (AepBeec
WYYy Xanarutai) KOopAVHaLUMIAH HIrAAYY4 YYCrax YaaBapTtain. MeTannbiH ¢TopuayyAbIr MX3BYIIH GTOP-
Xyynard ypBask 60AroH alwnrnagar, MeH TYYHYA3H LaxmypbiH GTOpuAbIH KOOPANHALWIAH HITAYYA Hb
dTOpXKYYyNary ypeanx 6ongor.

Na,SiFs awmrnaH CCl,-uiir ¢Topxyynax ypBaneir japaax 6ananaap asyynaar.

* Na,SiFg-bIH yycManblH CTaHAapT TOrTOOX:
- Bantrax
F ycaH yycman: 0.855 r Na,SiF, (188.053 r / Monb) ycaHg yycraHa. (HUiAT 33aaxyyH 200 mn)
G ycaH yycMan: 6.86 1 Ce,(S0,)5 (568.424 r / monb) ycaHg yycraHa. (HMinT 333axyyH 200 mn)
- AXJIbIH ABL,

50 mn Fyycman g33p G yycManbIr gycnaap HImMXK TYHaAaokKyynax ypBasblH TUTPAINTUIAT XUAHI. KcuneHon
opaHX Hb Ce3 NOHTOI X0N160rJ0X NHAMKATOPbLIH YYP3r FYALU3TIaH3. 18.8 M1 G yycMan 3apLyynaracaHbl
Aapaa yycMasblH eHre Lapaac siraaH eHreTsin 60108. YycCaH TyHaaac Hb Ce3t aryyncaH 6uHap Hargan
6aiicaH 6a LaxmypblH H3rg30 He 3eBxeH Si(OH), 6ais.

B.1 Na,SiFg-biH  Ce,(SO,)5-Tall  ypBang OpPOX  ypBanbiH  Tarwmtramnr  5pt
6UUMDK TIHLIYYHS VY.

+ CCl,;-niiH Na,SiFg-Taih ypBan:
(Japaax yiin axunnaraaHbl ABUAZA YYPLUWAT r3X M3T 60AMCLIH anjar4anbir TOOLOXIYIA.)

Na,SiFg (z [r])-bir aBy CCl, (500.0 r) A33p HIMX AapanTtaj TICBIPTIN caBaHg 6UTyyMx1334 300°C xyp-
T3N Xanaax ypBanbir aByynHa. Ypsang opooryii Na,SiFs 6a yyccaH NaCl-bir wyyx 3annyynas. LLyyras-

cniar 1.00 n xypTan CCl,-eep wmHrN3B (H yycman). H yyemansiH 2°Si 6a '°F LICP cniekTpyyAassp SiF, Hb
Laxunyp aryyscaH raHu, H3r4sn 60/10xbIr xapyymxas. '°F LICP cnekTpyyasa SiF,-ooc ragHa CFCly, CF,Cl,,
CF5Cl, CF, xapransax curHanyyg axurnargcad (xycHart 1). °F LICP cnekTpuiiH nHTerpauuiiH xapbLiaa
$TOPbIH LI®MUIAH TOOTOW NPOMNOPLMOHab barHa.
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XycHarT 1

19F LUICP gyH CFCl5 CF,Cl, CF;Cl CF,

NHTerpaumninH xapbuaa | 45.0 65.0 18.0 2.0
SiF, rMApoNV3bIH ypBang gapaax Tarwmntran (8)-uiiH aaryy opx H,SiFg yycragar:

3SiF, + 2H,0 — SiO, + 2H,SiF, (8)

H yycman (10 Ma) 433p UAYYAIN X3IMXKIIHUIA YC HIMXK SiF,4-niir 6ypaH rmaponnsos opyyncaH. YcaH yycman
JaxXb rMAPONM300C yyccaH H,SiF,-niir canracHbl gapaa caapmanrkyymx, 6ypaH Na,SiFs (J ycaH yycman)
60NrOH XyBMpras.

DXHUI WaTaHA LWYYX 3ainyyncaH (fooryyp 3ypaactain) ypeang opooryi Na,SiFg 6a NaCl-biH TyHagacsIr
ycaHgA 6ypaH yycrax ycaH yycman (yycman K; 10.0 n) 6onros.

Japaa Hb G yycMmanbIr awnrnaH TyYHajaoKnx YpBablH TUTPASAT XUAX3A TUTPAINTUIAH SLUCUIAH LSTYYS,
fapaax 6angantaii baliHa:

-J yycmang (byx yyecman): 61.6 mi.
- 100 mn Kyycmang: 44.4 man.

NaCl acBan SiO, 33p3rLdH OpLUNX Hb TYHAAACKIMX TUTPAINTIA IMAPp Y HONee Y3YYIXTYiA NATNIAT aHxaap-
Ha vyy.

B.2 YpBanbIH caBaHZ (fooryyp 3ypaactai M3433n3n) yyccaH NaCl-ninH macg, ax 60-  15pt
Aanc 6onroH awmrnacaH Na,SiFg-bIH MacchIr (z[r]) TYC TYC TOOLLOOJIHO VY.

B.3 9x 6oanc bonrocoH awmnrnacaH CCly-ninH 77.8 % Hb ypBang opooryii. YyccaH — 8pt
CF;Cl-ninH Macchbir TOOLL00/THO VY.
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Hyyunar uaxuyp

A x3car

A.1 (9 pt)

A (3 pt) B (3 pt)

C(3pt)

A.2 (7 pt)

CgHg : KKmonb ' C:

IOK Monb ™!
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A.3 (6 pt)
AH = KK Monb
A.4 (10 pt)
D (5 pt) E (5 pt)
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B.2 (15 pt)

(Ypramknan papaarvinH xyyacaHa)
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B.2 (cont.)

NaCl : r, Na,SiF; : r
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B.3 (8 pt)
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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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LLM/HOKNATUNH MeTal/iblH H3r4JINAH XaTyy TeNeBUUH XMU

HWAT oHOOHBLI 13 %
Acyynt A1 A2 A3 B.1 B.2 B.3 B.4 C1 C.2 C.3 HuiT
OHoOo 6 3 3 6 4 4 4 5 5 5 45

YH3aNr33

Cakypaxvma apan gaxb rant yyn

A x3c3r

SANOH 601 A3NXVIAL XaMIUAH OJIOH FanT yynTal yacyyablH HIM oM. CUAVKATbIH 3pA3CYYA FanT yyablH Mar-
Maac Tanokuxag MarmMa Aaxb WWIDKUATUAH MeTaiblH NMOHYYABIH HAM X3car (M) Hb cunnkaTbiH 3pa-
CUIAH BYPINZIXYYHA OPX MPAIT. IH3 60410r04 cyAnax M He okema noH (O?7)-00p XyP33N3rACaH, Mar-
Maj, A6pPBOH XYP33NSINIAH aToOMTal TeTpasap (1) reoMeTpTan, CUANKAT 3PACYYASA 3ypraaH Xyp3asiviiH
aTomTal okTasgp (Op) reoMeTpTain, X08ynaa eHAep CNUHT 3i1eKTPOH KoHdurypauTtain 6angar. Cuavkat
3pAac 6a MarMblH XOOPOHAOX M" -MIAH TyranTuiiH Ko3ddUUMEeHTUIT gapaaxb 6argnaap NA3PXUAIK
60nHO:

M,
M

3H4 [M] 6a [M]; Hb XapransaH cuamkat apaac 6a marm gaxe M -miiH KoHUEeHTpay, oM. lo0pX XYCH3rT34,
Cr?*6a Mn?*-nitH xyBbg, D-WiH yTrbIr Xapyynae.

Cr2*  Mn?*
D 7.2 1.1
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OkTasgp Oy, opoH gaxe M"*-niiH d-opbuTanbiH XyBaara/blH 3HePrU Hb Ay, TaNCT OPHbI TOFTBOPXKUATLIH
3Hepru (CFSE) Hb CFSEC 6aiiHa rae. XapuH TeTpasap T, OpOHZA xapransaH A; 6a CFSET 6aiiHa rae.

A1 Cr?*, Mn?*, Co%*-niiH xyeba |CFSEC—CFSET| = ACFSE-uiir Toou00/x Ag-oop  6pt
NN3PXUIATIHS VY.
A = 4/9A5 raxX y3H3.

A.2 Japaax 3yparT y3yyncaH [JekapTblH KOOpPAWHATbIH cucteM fA33p InD-niiH  3pt
ACFSE/Ag -3¢ xamaapax xamaap/ibir 3ypaxag, LyraMmaH xaMmaapasn axurnaraa-
Ha.
Co%*-NiMH XyBbJ, D-T Hb TOOL00JTHO VY.

2.0

1.5

0 01 02 03 04 05
ACFSE / Ag

MeTannbiH okcug, MO (M: Ca, Ti, V, Mn, 3cBan Co) Hb UynyyH AaBCHbI 6yTaUTaM Tanokuxag M™ Hb Oy,
reoMeTpTal, OHASOP CNUHT 3EKTPOHT byTaLTI 6banaar. 34rasp oKCUAYYAbIH TaiCT TOPbIH SHTaNbNU Hb
NOHbI pagmnyc 6a L3H3T, Oy, OpoH gaxb M"-mitH CFSE-nitH 3apuM XyBb HIM3pPT cyypuncaH KynoHbl xa-
pPUALAH YANYA3N33P FONN0H TOAOPXOMNOrAAOr.

A3 (a) - (f) coHronTyysaac TOXMpOX TancT TOPbIH 3HTaNbMV [KK Monb ' ]-nidH 6arusir - 3pt
COHIOHO VY.

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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B xacar

La3* 6a Cu?*aryyncaH xonmmor okcuz A Hb 3ypar 1-4 y3yy/IC3H TeTparoHasb 3ran yypTaii Tanctaap Tanct-
Xuaar.

[CuOg] oKTasApT z T3HXN3MMINH Aaryyx Cu - O 3ait (I,) Hb X TIHXA3MMIAH garyyx 3ain (I,)-Haac nayy ypt
berees [CuOg] Hb 36B OKTasAp O}, reOMeTP33C raxcaH 6anaar. SH3 raxunT Ho e, opbuTanyya (d,. . 6a
d,.)-miAr yn mexeeraceH 6onrogor.

b

D« La3+
@ : Cu*
O 0+
0.2520 nmI
1.3313nm
CuO4
1 ", ﬁsesa nm
————
Y 0.3833nm

3ypar 1.

MeTannbiH Xnopuayyablir ckeapanHbl xyumn C4H,0, (X0&p cyypbT Xy4mn) aryyncaH aMMmMakmnmH LWNH3-
PYY/NC3H yycMang xonuxod B komnnekc yycax 6a B-r gynaaHsl 3agpan (mmponmns)-g opyynx A-r cuHTesns-
JiE]

Xyypaii araapt 200°C xypTanx TemnepaTypT B-niiH NnMponns3oop TancmkcaH ycaa angcaHaac 60K XnH
Hb 29.1%-mnap 6aracax, uaaw Hb 700°C xypTan xanaaxag CO, anrapcHaac AaxmH XWH Hb 6aracaar. B-33c
A yyCaX YeUH HUIAT XXUHTUH angaraan 63.6% 6aliHa. MNuponmnsniiH ypeang 3eBxeH yc 6a CO, anrapcaH
60/10XbII aHXaapHa yy.

B.1 A 6010H B-1iiH XMW iH TOMBbEOT 6UYH3 YY. 6pt

B.2 3ypar 1-uir awmrnaH I, 6010H [, -NiAT TOOLL0OJTHO YY. 4pt

B.3 3ypar 1-4 y3yyncaH A 3ran yyp 3x [CuOg] raxcaH okTasgpuiid Cu?-niiH xyebg,  4pt
eq opbuTan (d,._,. 6a d,.)-niiH xyBaaransir (i) 6a (ii)-4 3ypx opbutanyyapiH Ha-
PUATr BUYMK, XapUYNTbiH XyyAac Aaxb Tacapxail 3ypaacaap Xyp33/1CaH Xaup-
LarT 3/IeKTPOHT 6YTUNIH AnarpaMMblr 3ypHa yy.
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A Hb Tycraapnary oM. Har La3* MoHbIr H3M Sr2+ MOHOOpP Xanaxag TancT Topa LaxuaraaH Jamxyynax vaj-
BapTal H3M HYX YYCH3. YYHWIA AyHA Sr2t-xyyncaH A Hb 38 K-33C 400LL TeMMepaTypT X3T gamxyynard 60/-
Jor. Xanax ypan asargaxag A-4 yyYCaX HyXHUI KOHUeHTpaL, 2.05 x 10%7 M3 6aliHa.

B.4 Xanax ypBan faxb MOMIMINH XapbLaaHA YHASCI3H Sr2+ -33p xanaracaH La3t-uiin - 4pt
AONINIAT TOOLLOOJTHO YY. Xanax ypBasaap NOHYYAbIH BasleHT 60/10H TaNCTbIH 6Y-
T3L, @6pUNeraaerryr aHxaapHa yy.

C xacar

Cu,(CH3CO,), Hb AepBeH CH3;CO, -00p XyP3313rAC3H XOEp Cu**-33c TorToHo (3ypar 2-biH A). lepBeH
CH3CO, -UiH HYYPCTOPOruniiH aToMyys X0€p TIHXN3MUIH Aaryy, x0ép Cu®" Hb Heree TIHXN3rWiiH
Jaryy Tyc Tyc balipnacaH, 6yra 6ve 61eTanras xapuauaH opToroHanb (MepneHANKyNsap) YNrnsn Gyxmii
Cu,(CH5CO,), Hb BYTUMIH ©HASP Tarw XaMTaM baliHa.

CH5CO, -bIH OpOHA ANKaPHOKCUNATBLIH INTFAaHA X3P3rn3xag “TopbiH koMmnaekc” yycasr. Cu,(L1), (3ypar 2-
bIH C) IC3H TOPbIH KOMMAEKC Hb XaBTral gnkapbokcunar L1 (3ypar 2-biH B) 6a Cu’*-33c TorTOHO. 3ypar
2-bIH B-A KapbokcmnaTblH KOOPAMHALIbIH CyMaap 3aacaH X0&p YMrI3ANMH XOOPOHAOX 8 eHuer Hb To-
PbIH KOMMEKCbIH 6YTUMIAT Togopxorngor. L1-ninH xyBbg 8 eHuer Hb 0° 6aiiHa. 3ypar 2-T ycTeperymiiH
aToMbIT Xapyynaaryi 6010XbIr aHxaapHa yy.

/lf{ 0 ‘0

Bc.@oOc

3ypar 2
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C1

Jloopx xaBTrait avkap6okcunaT L2-niiH 8 Hb 90° 6aiiaar. Xapas L2 6a Cu”"-33c

YYCC3H TOPbIH KOMMJIEKCbIH Hapara Hb Cu,, (L2) ~6aigar 601 n 6a m-niiH xam-
rMiAH 6ara 6yxan yTrbir TOZ0PXOMAITHO VY.

5pt

L2-ninH 3eBxeH CO,  bynryya cu®" nonTain KOOPAMHAaLbIH X01600 YYCragar rax
Y3H3.
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LlaipeiH komnnekc, Zn,O(CH;CO, ), Hb TeTpasap 6aripnantai AepBeH Zn>" 3ypraaH CH5CO, , Har 0%~
aryynaar (3ypar 3-biH A). Zn,O(CH;3CO,)-A 02~ Hb TIHX/I3TWIAH 3XN3N A33p 6alipnagar 6a rypBaH TaHX-
N3rNIAH garyys Hyypcteperumniii atoMm He 6aipnax CH;CO, -yy4 Hb XOOPOHA0O XapwuiLaH OpToroHa b
unrnaNTaIn 6ariHa.

CH3CO, -UitH opoHg n-6eH3onankap6okemnat (3ypar 3-biH B, L3, 8 = 180°)-uiir awurnaxag Zn>" knac-
Tepyys X00POHA00 XON60rf0X “cyBapXxar koopAnHalbliH nonvumep” (3ypar 3-biH C) rax HIPA3r443r Tanct
xaTyy (X)-r yycragar. X-viiH Hatipnara He [Zn,O(L3)3],, 66rees HaHO XaMX33T3i XeHANN 6yxnin Ky6 Tanct
BYTILTSIA. 3ypar 3-bIH D-A H3r XeHAUIT 6emGepLer xan63p33p, Zn”*-uitH knactepwiir 3ypar 3-biH C, D-4
Xap caapas 0JIoH TanTaap TyC TyC AyPC3NCIH 60HO. YcTeperyuniiH atoMblr 3ypar 3-T xapyynaaryi 6ono-
XbIl aHXaapHa vyy.

o (o}
L3, =180°

3ypar 3

C.2 X Hb Xaxyy TanblH YPT Hb a 6aiix (3ypar 3-biH C), 0.592 g cm 3 HArTTa Ky6 3ran ~ 5pt
YYP33C 6YPA3H3. a-UIAT [CM]-33p TOOLLOO/THO VY.

Cc3 X Hb H3/1337, ONIOH TOOHLI XeHAWM aryynaar 6ereeg 1 6ap gapant, 25°C-t1r X  5pt
Hb XeHauniigee 3.0 x 102 mn CO, xuiAr 6artaax 4YagBapTaii. Har xeHaning 6aiix
CO,-bIH MONEKYNbIH AYHAAX TOOT TOOLL00JIHO YY.
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Q,\GS

LU/ HKNNTUAH MeTannbiH XaTyy TONI6BUAH XMW

A x3c3r

A.1 (6 pt)

Cr2+ : Ao, Mn2+ : AO ' C02+ : AO
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> Q)
Choz Mongolian (Mongolia)
A.2 (3 pt)
2.0
1.5
Q
c 1.0
0.5
0
0 0.1 02 03 04 05
ACFSE / Ag
D:

A3 (3 pt)
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MNG-1 C-6 A-3

AG-3

Mongolian (Mongolia)

B xacar

B.1 (6 pt)

B.2 (4 pt)

nm, [, = nm

z
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AIU§ MNG-1 C-6 A-4
Choz01™ Mongolian (Mongolia)
B.3 (4 pt)
(i) (i)
Energy TSR T PR
i 0
€ i i
| ! i)
B.4 (4 pt)

%
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AG6-5

Mongolian (Mongolia)

C x3car

C.1 (5 pt)

C.2 (5pt)
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Q.\GS
PN

C.3 (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.



MNG-1 C-7 Q-2

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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BeH30/1bIH 6yC apOMaTUK LLUMHXKI3P TOF/IOLro0é

HWAT oHOOHBLI 13 %

AcyynT A1 A2 A3 B.1 Hwniat
OHoo 5 2 19 10 36
YH3aNr33

Mpodeccop Ho303 (1902-1996) Hb OpPraHVK XMMUA MaLl ©preH TapxcaH 6eH30/bIH 6yC apoOMaTUK Hara-

NYYANAH CyAanraaHbl 3XN3AUIAT TaBbCaH.

XYHASTranniH 3ypar: ToxokyrninH Nx Cypryynb

A x3car

NaviHepuiiponmaHoH Hb 3aX/yyp HaBUMT 300COH ULST (Inula linariifolia)-33c anraH aBcaH eBepmMeL, 6y-
T3UT3V BaliranninH Haraan oM. BaneHuuH (1)-33¢ Har waTtTai ypBanaap 2 Hargan yycasr 6a 3 Haranssp
JAMXKVH TypBaH LuaTTal xyBupnaap 4 KeToH yycaar. dpumodunneH (5) Hb MeH AepBeH LuaTTail XyBup-

naap 6 HarAsn yycaar.
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3ax/yyp HaBYMT 300COH UaLAr (Inula linariifolia)

X

»

N

NaIO4

0304 2
THF, H,0
\ H

—/Si—N—Si—
\S' |
s CHal.i
2
CH5CN THF
80 °C —78°C OLi -78°C : o)
3 4

B \ H / (ii) 0

~ —Si-N-Si—

N / \ \ OH
NaIO4 —Si—| . .
0s0, / (i) CHaLi OH

6
THF, H,O CH5CN THF
80 °C -78 °C

eremophilene (5)

A1 2 6a 6 HarANVNH GYTUMIAT AYPCIMK LWaapanaratam 6aipnan fjaxb ctepeoxu-  5pt
MW Hb TOTTOOHO VY.

KeToH 4 Hb HWMAnMaA 3¢up 15-r yycragar. 7 HIrAANIAH ByX cTepeo TeBYYA Hb HarAan 8 (Monekyn macc:
188)-4 x3B33p aryynargaar. Hargsn 9 6a 10 Hb TaBaH CTepeo TEBTaM 6a HyypcTepery-HyypcTreperuminy
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XOOPOHZbIH AaBxap x0n600 6aixryin. H,'°0 opoHg H,'80 awwvrnan 11 6a 12 Haranyygaac '80-tamaart
aToMmTaii naliHepuindgonaHoHyya 6010ox 13 6a 14 HIrAAYYANIAT CUHTE3N343T. 13 6a 14 Hb '80-TamaarT
aToMTail M30TOMOMEpPYYA oM. M30Ton TaMASIT aTOMBIT Hb TOOLLOXTYi 601 13 6a 14 Hb CTEPeOXUMUIIAH
XyBba VXA 15 HIrgnnimr yycragar.

\ K/
—Si-N-Si—
/ \
(KHMDS)
H
H A |
- I THF, —78 °C O.4-CFs
4 7
o)
cl _OH
o)
(MCPBA)
8 NaHCOj4 9 .
MW: 188 Cy4H200
CH,Cl,, 0 °C 147720
\ Q
—$i-CF;Br OS—OH
I
Nal o 9
THF, 80 °C 1 H,'80, THF
9 C15H20F20
\ Q
—Si-CF,Br —@—S—OH
/ 11
Nal o O
THF, 80 °C 12 H>™®0, THF
10
Cy5H20F20
N (D
N~

160-13/160-14
(C1 5H221 603)

e

10
C14H200

13
C15H22'80,'%03.,
(n=0—3)

14

C15H22180n1603-n
(n=0-3)
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A2 A H3rANVINH TOXNPOX BYTLUMIAT COHFOHO VY. 2pt
O\ O\
9 (,? O:\f]:‘.’CF3 O:\$,CF3
| FsC-S-OH Il F3C-S—NH, m N.__CFg IV HN___CF,
1l 1 S S
O O 77\ 77\
A3 8-14 HargnyyAniiH 6yTUMIAT BYPCINK, LWaapaaaraTtain 6aripnan gaxb ctepeoxu-  19pt

MUIAT Hb TOFTOOHO yy. MeH 13 6a 14 Haraan 43x 80 aToMbIr ZOOPX 3yparT y3yy/-
C3H LUNT TIMASIIH? YY.
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B xacar

19 Hargnminr aop y3yyncHui garyy cuHTesnagar. beHsonbiH 6yc apomatumkTali xonbooToriroop, 19 Hara-
JIIAT CINPTUIAH NA3BXXKYYN3rY33p atmraax 20 H3raINnr NoHbI XOC 3aBCPbIH 6YT33rAaxyyH 21 H3ra1s3p
JaMdkyynaH 22 Hargang xyesupragar. 21 Hargan yycaar Hb LICP cnekTpasp 6atnharacaH Y aaxmm 3agapu
18 6a 22 HargAYYAVAT YYCragar.

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 17-19 6a 21 HaranyyaAVIAH BYTUMIAT AYPCINHA YY. CTepeoxumMun waapanararyin.  10pt
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BeH30/1bIH 6yC apoMaTUK LLNHXXI3P TOr/IoLrooé

A x3c3r

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 xacar
B.1 (10 pt)
17 (2 pt) 18 (2 pt)
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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Q,\ES

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

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

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

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

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

7o
O T

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

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

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

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

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

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

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

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

_______________________

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

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

Ru* |
(Ca1H1g)

B.1

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

3pt
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0}

Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me
Me

B.2

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

propriate stereochemistry.

4pt
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AVHaMMK OpraHuK Hargnyya 6a T34raspuriiH Xxmpanb YaHap

HWT oHOOHbI 11%

Acyynt A A2 A3 B.1

B.2

HuiT

OHoo 9 3 7 3

26

YH3aNr33

A x3c3r

OpT0-X0N60rACOH nonuuarvupart apoMaTuK HyypcycTeperyguiir [nlkapboxenuvueH (N Hb 3ypraaH-
FULWYYHT Laruparvuiii Too0) raH3 (Zop y3yyacaH). [4]KapboxenuueH([4]C)-niir doTo-ypBan awmrinacaH
ZI0p Y3YY/IC3H apraap 3aBcpbiH 6yT33rA3xyyH (Int.)-niir nogoop xanbap NCINAYYIK rapraH aBaar.

® ©)
Ejﬂpph3 Br

w [ L

Int.
CigHia

CDOTo-ypBan Hb AapaaX XULI33HA Y3W}'IC3HT3I7I agunnaap asargaar.

_ hv

NaOEt
A B
EtOH
Cy4HgO X
B
hv

I

o | — O |/

[4]carbohelicene ([4]C)
CigHi2

x  hv
. = C — O
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Xwnu: faanraBap 8-blH 6yx acyyntag xapuynaxpaa XenuvueH wur gaH 60o10H aaBxap xon6oor
33/DK/I3H 3ypaapaii. KoHbloraymnaracaH m CACTEMUIAT TIMA3MN3A3T LLarmparviir alimrnaxryi.

A1 A-C Hargnyyanin 6ytuuinr aypecanHs yy. CtepeomnsomMepyyauinir aarax 6udHs  9pt
VY-

A2 [5]kapboxennueHninr Toxmpox 3x 6oauc 60n0H mxmn ¢ocdoHbl jaBcHaac cuH-  3pt
Te3n19x34 [SlkapboxennueH mMalw 6ara yycd TyyHUiA opoHa 2 Ja-oop 6ara mo-
nekyn MaccTait D Hargan yycaar. D Harganiii TH LLCP cnekTpuinH XUMWIAH wnn-
XUNTUVH YTTbIr 40P 6rceH 60aHO0. D HargavinH 6yTuniir AYPC3NH3 yy.

[D (6, ppm CS,-4 yycracaH, TacanraaHsl Temnepatypr), 8.85 (2H), 8.23 (2H), 8.07
(2H), 8.01 (2H), 7.97 (2H), 7.91 (2H)]

[5]- 6a TyyH33C 433 rnyyHTIM [n]kapboxennueH Hb XMpanb LWWHX YaHapTal bagar 6a TacanraaHbi
TemnepaTypT 66p XOOPOHA00 3HAHTVMIOMEPYYA Hb XapbLaHTy yaaaH WMKAIT. [n]kapboxennueHni xm-
panb WWHX YaHapbIr (M) tomyy (P) rax Togopxoiingor 6a gapaax 3yparT y3yyn3B.

&<

4-e6C A3 TOOTON [N]kapboxennueHnin SHaHTUOMEPYYAUIAT XMpanb baraHaH xpomaTtorpadumap sarax
aprbir npoeccop Eowno OkamoTo 60/10BCPYYNCaH HOM.

XYHASTr3AMAH 3ypar: ANOHbI LWarHanbiH caH
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X0ép 6a TYYH33C 331U XeNMLeH WNr ByTaL, aryyacaH HargnyyAnnr oioH TEOBT XeMLEHN MOSIeKyA MIH3.
WNIAM 0NOH TEBT XenuueHuin XyBb A 3prafTUIAH X1Mpas YaHapbIr TOOLLBOJ O/IOH CTepeo U3oMepTail. Tyxalin-
6an, E HarganiiH Har monekyn [S]kapboxennueH Wur rypeaH X3cartai. TyyHWiA Har ctepeo nsomep (P, P,
P)-niir foopx 3yparT y3yyn3B.

E

(1.2,3) = (R, FP)

A3 1,2-AM6POMBEH30bIH HUKEIb-KaTann3aTopTal TPUMEPXKNNTIIP TpupeHnneH  7pt

yycasr. F HaranninH 3HaHTuomep (P)-F-niir ar mniaiMm ypBsang opyy/iXX ONoH
TeBT xenuueH G (CggHsg)-r rapraH aBaar. YpBasibiH BLAJ CTepeo M30Mepyy-
AVAH XOOPOHAbLIH XyBUpan sBAArryii 6erees yyccaH G HIrganiiH 6010MXUT
6yx cTepeon3omMepyyAuIAr AaBxapAyynanarymrasp TOrTOOHO Yy. [133pXx Xu-
LI33H A3X H3rANIH AyraapnanTbir alluriaH XMpaab YaHapbIr Hb HIF U30MepT
B6YpP3H AYPCIMK Bbycas M3OMEPUIAr Hb yr AyraapTaa yYHA3CN3H M 6a P Tamaar-
N13r33raap MUK xxarcaax 6myH3. Xnwsanban, E HIranninH ctepeo nsomepyy-
annr (1, 2,3)=(P, M, P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), 6a (M, P,
M) raxk TaMA3rN3XK 60/1HO.

Ni(cod),
Br _ N !
- QO Ol
Br .

s 1
Br (CeeHae)
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B xacar

CyMaHeH Hb asaraH-xanbapTai HyypcycTepery 6ereeg 2003 oHA ANOHA aHX TaIMA3MN3rAdXK 6aik33. “Cy-
MaHeH" r3f3ar HIp Hb “CyMaH” Bytoy HapaHU3LUAI MCIH yTratan CaHCKpUT-XMHAM YrH33C rapantain. Cy-
MaHEeHUWIAr uarmpar H3sX, Larmpar xaax ypsanyyaaac 6ypAc3H japaancaH CMHTE3NMH ypBanaap rapraH
aBsjar.

_______________________

PyTuHM (Ru*) KaTanmsaTop alimrnacaH XuLWa3 CUHTE3UIAT 40P Y3YYA3B.

Ru*
+ 7n \)\/j\/A
o R

r *
§O') T (CarHsg)

B.1 3aBcpblH 6yT33rgaxyyH I -uviiH 6yTaL (CTepeoxmmun wWaapgnararyn)-uiar — 3pt
AYPCINH3 VY.
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(0]
G Cl CN
Ru* (o) K
O') (Co4Hy1g)
‘ Me
Me

B.2 ONTWK NAIBXTII J HIFAI3C MXKUA Aapaanantai ypBasblH CXeM33p ONTUK UAIBX-  4pt
T3l cyMaHeHuli ynamxian 6osox K Hargsn yycasr. DH3 npoueccbiH AYHA J
H3rA/IMNH CTepeo TeBYYA XyBupAarryn. K H3ranminH Toxmpox ctepeo 6yTuniir

AYPC3NH3 Yy.
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p.l/lHaMI/IK OpraHUK HAranyya 6a T3Ar33pVII7IH XvpaJib 4YaHap

A x3c3r

A.1 (9 pt)

A (3 pt)

B (3 pt)

C (3 pt)

A.2 (3 pt)
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Q.\GS
PN

A.3 (7 pt)
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B xacar

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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KancynbiH aypTan 60/10H Aypryiu symnc

HWAT oHOOHBLI 10 %
Acyynt A1 A.2 A3 A4 A.5 HuiT
OHoO 13 2 2 3 3 23

YH3aNr33

CaliH XYYXAYYA VHIMAXTYA N 6aliX, raxA33 Ta TEeHHUCHN 6emberniir 3ypaacbiH garyy 3agantan U xan63p-

T34 XO€p X3C3rT XyBaargaHa.

[123px caHaaHg, YHA3CN3H eep e6p xamx33T31 U xanbspuinH monekynyya 6onox 1 6a 2 Hargnyyanir HAn-
JI3MKYYNI3H rapraH aBy33. 3 6oanckIr 1 6041CTON XapbLyynaxblH TYA4 rapraH aBcaH 6ereeg 34rasp Har4-
NYYAVAH Kancyn yycrax WMHX YaHapbIr XxapbLyynaH CyAnas.
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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

2 HArAANAT HUAN3MKYYA3X CXeEMUT A400p XapyynaBs. 9 604ANCbIH 3N1eMeHTUMH Haipiara MaccblH XyBruap
C 40.49%, H 1.70%, O 17.98% 6aigar.



IChO

m Q9-3

MNG-1 C-9 Q-3

@ﬁ
%
PN

“Choz Mongolian (Mongolia)

CH,OH _
o o + L
— H
=4+ ox — 4
H A

HO o}
C20H180s
OCHs
CO,PMB
I e Ot
Pd/C, H, CoaHpsOr TiCI4/Li§\IH4 CO,PMB
=T

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

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

o OH o) o) OH Q
HNJ(N N \ N)LNH
R=—(R el R=—=R
HN\”/N N N N\[(NH
5 OH o) , o) OH o

A1 4-9 604MCyyAbIH BYTUWIAT 3ypHa Yy; CTEPeOXUMUIAT 3ypaxryii opxmx 6onHo.  13pt
[33px cxemg xapyyncaH napa-mMeToKCMbeH3nn 6YNrnmH 6yTuminr 6yxang He 3y-
paxblH opoHZ "PMB” ToBUNOAbIM alnrnaHa.
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1 604NCBLIH MacC CNeKTPT TyyHUA anmep (1,)-T Xapransax MoHbl MUK TOA axurnaracaH 6on 3 60ancbIH
CMEeKTPT 3,-bIH MOHbI MUK axuraargaaryit. 1, yycmansiH 'H LICP cnekTpT 1 604mcT 6alix 6yx NH 6ynruniiH
NPOTOHYY/ 3KBUBANEHT XaMX33T3M axurnargcaH 6a XMMniiH LWWMKUAT Hb 3 604McbiH NH NpOoTOHbIX0OC
3pc anraaTan 6ariHa. D4rasp ereranyyasac xapaxas 1 6o04ancbiH Har monekysnbiH NH Hb 1 604nCbIH e6p
H3r MoeKybiH X aToOMTai ycTeperymniiH Xxonbooroop xon60rAoH AMMep Kancyn yycragar Hb xapargaHa.

A.2 1 604MCbIH TOXMPOX 6yXx X aTOM(yyA)-bIr AYryinHa yy. 2pt

A3 Anmep kancyn 1,-4 X3A43H LWMPX3T ycTeperyuniiH xon600 6aix B3? 2pt
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Anmep kancyn 1 (1,) Hb TOXUPOX XMXXUT MONeKYN Z-Niir 6artaax A0TOOA 3aiTai. DH3 y33aranvinr gapaax
T3MLUMTIIN33P UNIPXNANIB:

Z+1,—2@1, (M
Z-nir 1, kancyn gotop 6artaax TaHLUBIPUIAH TOFTMO Japaax 6aiignaap ereraxaa:

_ [z@1,]

K =z,

(2)

MonekynbIr Kancyng 6artax 6airaar LICP cnekTpockonoop XsaHax 60a0MXTol. XXnwaanban, C;Dy Aaxb
1, Hb CH, H3M3x33C eMHe 6a gapaa 'H LICP cnekTpT eep eep curHan erger.

2 6041C Hb YsiH BULL, TOM X3MX33T31 AnMep (2,) Kancyn yycragar. 2, 6oanceiH *H LICP cnekTpuiir C¢Dg,
CgDsF, CgDg/CgDsF yycraruyyaan xamxcaH 6ereeg 6ycag 6yx HOXUIMAT TortMon 6ainracaH. 2 604ancbiH
A33pX yycraruyys Aaxb H? npoTOHbI XMMWIAH LWWDKUATUIAT JOP TOMMIOH Xapyynas, J0OpP XarcaacHaac
eepeep 2 60a1cbIH H? MPOTOHbI cCUrHan Unpaaryi. KancynbiH 4OTOP 6010MXKUT XaMIMIAH UX TOOHbI yyc-
raryniiH Monekynaap Ayypraraax, curHan 6yp Har yycrarumg xapraasaHa rax ysHa.

o) 0
HNJI\N OH O H® O OH N)\\NH
R R E | | E R R
HNTN N_ _NH

o OH O H® O OH o

2
yycrary H3-H § (ppm)
CsDg 4.60
C¢DsF 4.71
CgDg / CcDsF 4.60,4.71, 4.82

A4 2, kancynblH H? curHanaac 6artaacaH CgDg 6a CiDsF mMonekynyyabiH Toor  3pt
TOA0PXOIAJIHO VY.
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LH LLCP xamxumnTunidr CgDg-4 yycraH XniicH33p 2, Hb 1-agamaHTaH Kap6oH xy4umn (AdA)-MiiH H3r Moniekyn-
Ta XxapuauaH YANUYUAATMIAT TOFTOOCOH 6erees Ao0op NA3PXUIANCIH accoumauniii Tortmon (K, )-nir aH3
6YypUiiH TeMnepaTypT TOAOPXOMNCOH 601HO. [solvent@2,] Hb H3I BYHOY X3/, X3/3H YyCrardmiiH Mosiekyn
aryyncaH 6ariraar UA3pxXmnaHa3.

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

3)

YyHT3lh agunaap CH, 6a 1, 60amcbiH CgDg-a 'H-LICP xaMXunnTasp K, yTryyabir siH3 6ypuiiH TeMnepaTtypT
TOAOPXOMICHBIT TArLUUTIAN (2)-4 erceH. Xoép accoumauniii Tortmonsir (In K,-biH 1/ T-33¢ xaMaapax xa-
MaapaJs) Joop Xapyynas.

InK,
| CO,H
0 ..-’. .-.0. 1 /T
‘.‘ ..0. (K_1)
Il
AdA

1, kancyng CsDs Monekyn opooryii. I uyramaHa sSHTponuiiH eepunent (AS)Hb (1) 6a aHTanbNUIH eepu-
nent (AH) Hb ( 2), I LuyraMHbl KanCy/HKUNTUIAH XO46/rery xyd Hb ( 3 ) 6010XbIM UA3PXUIAAHI. TUAM3I3C,
I wyram (4), II wyram ( 5 )-Ta xapransaHa.

A.5 J33px M3433130 A3X (1) - (5) XypTanx unpT TOXMPOX ererginiir japaax XycHar- — 3pt
TUiiH A 6a B 6baraHaac COHroHo yy.

A B
D] separ ceper
(2) separ ceper
3) AS AH
(4) 1, 6a CH, 2, 6a AdA
(5) 1, 6a CH, 2, 6a AdA
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KancynbiH aypTan 60/10H Aypryiu symnc

A.1 (13 pt)
4(2pt) 5 (3 pt)
6 (2 pt) 7 (2 pt)
8 (2 pt) 9 (2 pt)
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A.2 (2 pt)
) O
HNJ(N N)X\NH
HN\[(N N\[]/NH
O O
A.3 (2 pt)
A.4 (3 pt)
H2-11iAH 6 (ppm) CeDg-H TOO C¢DsF-H TOO
4.60 ppm
4.71 ppm
4.82 ppm
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