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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.

CwignnnipinLu
Problems and Grading Information

Title Total Score | Percentage

1 | Hydrogen at a Metal Surface 24 1
2 | Isotope Time Capsule 35 11
3 | Lambert-Beer Law? 22 8
4 | The Redox Chemistry of Zinc 32 11
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, Q;;Iz

, Where F is the electrostatic force, ko (~ 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 = (ciC +dD
Q= [C°[D]
- arpb
[A]" B _
, where [A] is the concentration of A.
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Heat change Aq Ag = ne, AT
, Where ¢, is the temperature-independent molar heat capacity.
. RT
Nernst equation for FE=FE° + — In COX
redox reaction z red

, Where C,, is the concentration of oxidized substance, C,o4 is the
concentration 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

E=hy= h%
, Where v is the frequency, A is the wavelength of the light.

The sum of a geometric

When z + 1,

series no o 1—antl
l+o4a? 4 Fa" =3 o'= e

Approximation When z « 1,

equation that can be _1 ;.

used to solve problems 1—=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.
. RT
Nernst equation for re- FE =FE°+ — In COX
dox reaction z red

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

Arrhenius equation

E

k= Aexp|—=2

° (7

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

exp(z) =e*

Lambert-Beer equation

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

Henderson-Hasselbalch
equation

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

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

Energy of a photon

C
E=hv=hs
Y

The sum of a geometric
series

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

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

Approximation equation
that can be used to solve
problems

When z « 1,

1 1+
-~ x
11—z




ARM-2 C-0 G-6

ZQQv\,

A

“Cho 01

IChO

||
English (Official)

Periodic Table

[z9z] [6g2] [gge] [262] [ege] [ege] [2¥2] [2v2] [evel [6€2] [2€2] ||620°8¢2 ||9¢€0°1€2 ||8€0°2¢e2 || [L22]
wnjouaIme] wni8qoN [WLINETELIE] wnua4 wnusuIg wnwoyed wniaxyieg wnun) I 1l Il wnjuein wnjupoelold wnuoyl wnjuRoy splounoy
n ON PN w4 s3 10 g wo wy nd dN n ed uL oY -0V
€01 20t oL 00} 66 86 16 96 S6 6 £6 26 16 06 68 £01-68
196/ L ||SYO'ELL || ¥E6°891 || 652 291 ||0E6¥9L || 005291 || Se6°8SL || S2'2SL |[#96° 1St || 9g0St || [SvL] |[2ve vyl |[806°0FL|[9LL OvL ||S06°8EL
wngan WNIGUaRA wninyL wniqi3 wniwjoH wnisoidsAq wniqua) wniuljopes wnidoing wnuewes wniyiewolid Il Il d wnue) wnueyue sploueLjue]
ni aA wy 13 OH Aa aqL [49) n3 ws ud PN id 8D e ni-eq
)L 0L 69 89 19 99 S9 ¥9 €9 29 19 09 65 85 LS bL-LS
[v62] [e62] [e62] [682] [682] [8z2] [sge] [osz] [182] [9z2] [222] [ez2] [1z2] [892] [292] [ozz] [eze]
L o} I 1 i} 1 WINIAOJSON wninosdl4 wNIUoYIN wnpiwado) || wnwsbusoy || wnppeiswieq wnuausy wnisseHq wnuyog wnibioqess wniugng wnipiopgayiny spiounoy wnipey wnpuely
60 sl Al N 14 UN ug by sq W SH ug bs qa M || 479V || ey o
8L Lh} 9Lt ShE 141 €L 413 (313 0L 60} 801 L0} 90} SOt 0L €01-68 88 18
[ezel lote] lore] || 86'802 || 2202 ||¥8E+0C ||265 002 ||L96°961 |[#80°G6} || LLe 26k || €2°06L ||L02°98L || ¥8'E€8) |[8F6°08L || 61'8L} 128'/€1 ||S06°2E L
uopey asunelsy wniuojod yinwsig pea wnijeyl finosey pIo9 wnugeld wnipy| wniwso wniuayy uaisbuny wnejue| wniweH spiloueyjue] wnueg wnisee)
ud W od g ad 1L BH ny d | SO oy M el H nJ-e7 eg sO
98 S8 ¥8 €8 z8 18 08 6L 8L LL 9L 72 VL €L 2L bL-LS 98 SS
€62°LEL || ¥06°92 1 || 09°22L |[092 k2L |[0LL'8LL ||818VLL ||¥L¥ gLt |[898°20L || 2¥'90L |[906°20k || 20" 1Ok [66] G6'G6 || 906°26 || ¥ee L6 || 906'88 || 29728 || 89r'G8
uouay auIpoj| wnunjeL Auownuy ulp wnipuy wniwped FENNT wnipejed wnipoyy wnuayny wnpauyos) wnuapgAjon wnIqoIN wnuodIZ wnupA wnguons wnipigny
£)4 | 81 as us ul PO By pd uyd ny o1 ON aN 1z A 1S aqd
vS €S 4] 1S 0S 6% 8 Ly 9 Sy (44 14 44 134 (4 6€ 8¢ L8
86.°€8 || ¥06'6L || 12678 || 2267vL || 089'2L || €269 || 8€'S9 || 9vS€9 || £€69'8S || £€€6'8S || S¥8'SS || 8€6°¥S || 966°LS || 2¥6°0S || L98°Ly || 956°'vY || 820°0v || 860°6E
uoydAry aulwoig wniuajes oluasly wnjuewan) wnijjen auz Jaddop [9%0IN 1eqoD uoy| asauebuepy wniwoiyo wnipeuep wniueyy wnipueag wnpey wnissejoq
M 19 S sY 9Y =19) uz no IN 0D CE| U 10 A L oS eD A
9€ SE 143 ee 43 1533 o€ 62 82 12 92 Se ve €2 44 34 0 61
8v6°6€ || 2S¥'SE || 890°2E || ¥26°0€ 8z || ¢86'92 90e'te || 06622
uobiy auuolyo njng snioydsoud IS wnjuiwnpy wnisaubepy wnipos
v 10 S d IS v BN EN
81 L 91 Sh 143 €1 ch 4%
osroz I 8668t I 6665k || 2007+ rrozr [ visor [uswale aARoeOIpEI 8YY 0} siseyiuaied ull ybiem owoe| |  [8/2] ¢lo'6 8969
uoaN aunon|4 uabAxo uabonN uoqie uolog aweu wnIuoYIN wnihieg wniyy
oN E| o} N o) g [oquAg|| UN og n
oL 6 8 £ 9 S Jaquinu olwole| €L b €
€00t oy 800}
wnigH uaboipAH
H H
4 3
st [z [ e s 0w Qe Jee 0w Jor [ e 8 [z [ e [ s [ v J[ e ] 2 F




English (Official)

GO-7

ARM-2 C-0 G-7

TH NMR Chemical Shifts

(wdd) @

™
<t

ok

L

cl €l

0 3 4
_ | |

fHO—1S°H  ®HD-H EHO-N%YH

EHO—IY fHO-04

HO—JV

CHNOD-

OHO-

A for one alkyl group-substitution: ca. +0.4 ppm



ARM-2C-1C
ARM-2 C-1 C-1 Hayk Aghekyan

IChO
Problem 1

Cover sheet

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



1 _
2\ T ARM-2 C-1 Q-1 —

\{ . .
Choz01™ Armenian (Armenia)

Lpwdhup dEnnwnh Jwybptupht

CunAwuniph 11 %-p

Cwng A A2 B.1 B.2 B.3 B.4 | Cun&wuntp
Uhwynnp 6 4 5 3 3 3 24
Yuwhw-
nwlwu

Uyuywynid £, np 9pwshut wwwquwih tubpghwih wnpinip &, npp Yuwhpujwé 3k Awuwén Junbhpub-
nphg: Ujuinbn dtup Ypuuwnpybup opwsup wwhwwudwu gnpépupwgp dtunwnh dke, npp Yuwws
E opwotuh mbnwihnpudwu b ywhbunwynpdwu inbhuuninghwih Abwn:

Pwdhu A

Pwuh np opwéhup wpunppynud £ dEnnwnh dwybptpnd, bwp nhunwpybup opwsuh wnunppdw
gnpépupwgp dEwnwnh dwybpbuphu,H,(g) — 2H(ad), npinbn 9pwéuh ququwihu bW wnunppwé yp-
Swlubpp ubpluwjwgywé Gu npuybu (g) U (ad): Qpwsuh dnitYnyubpp Hy, npnup Awuuntd Gu dEnwnh
dwybpbuhtu (M), nhungynid bu wwnndubph bW wnunppynd Gu npwybu H wwnndubp (uy. 1): Ujuunbn
H,- h wynunbughw kubpghwu ubpluwijwgdwé £ Gpynt thnthnpuwwuubpny. dhowwnndwihu Abnwyn-
pnipjwdp - d, bW pwpdpnipjwdp, npp Ywiudwé k, Swdwywnwuuwy dEnwnh dwybpbuph wunndhg'
z: Gupwnpynid k, np Gpynt H wuinndubpp Gpywjupnd wugunn wnwugpp gniqwibn kE dwybplunyph,
U np dwupnipjwu YEunpnup dhown gunuydnid £ uy. 1-nid ywunybpgwé ninnubwjwg Ynwadh ypw:
LY. 2-p gnug £ tnwhu wynunbughw| kubpghwih nipjwugdwihu gdwuwwunybpp dGunnwnh dwybpbuhu
pupwgnn nhungwghwih Awdwn: PJwihu wpdbpubpp gniyg Gu tnwihu wynnbughw| tubpghwu
wpunwAhwjinwé kJ-ubpny jnipwpwbyinip 1 dnp Hy-h Awdwp: Cné gq6h dhowlwpp 20 kjmol~'L,
YGwwagsh Showluwypp' 100 kfmol~" k, hul 4né géh L YEwnwagsh dholt tnwé Ghnwynpnipjniup 80
kJmol=" k£ : 2pnjwuwi YEnh mwwnwudw tubipghwt wunbugnud b
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A.1 Conlyw| YBuinbnphg (i)-(ii), inipwpwipiniph Awdwp puwnptp wituwdnnn  6pt
wpdbpubpp’ A-G-tnwppbpwlubiphg:
(i) H, dniEYnynd Showwnndwihu Anwynpnipiniup
(ii) Ubtnwnh wwnndubph dhowwnndwihu Anwynpnipiniup (dy, LY. 1-nwd)
(i) Ununppdwd H-h wunndubph W dbunwnh dwybpbuph AEnwynpnipiniup (hag

L. 1-n1d)
A.0.03ud B.0.07ud C.0.11ud D.0.15ud
E.019ud F.0.23ud G.0.27 ud
A.2 4pt
A.20kjmol~"  B.40kJmol~'  C.60 k] mol~’ D. 100 k] mol~"

E. 150 kjmol~" F.200 kfmol~!"  G.300 kJmol~" H. 400 k] mol~’
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Pwdhu B

Ununppdwé opwsuh wwnndubpp AGunwguwintd Yuwd wpunppyntd BU dGunwinh swywih vbe, Yuwd yb-

pwuhwynpynid tu opwsuh dniEynyubph W nbunppynid bu ququithu $wq, huywbu gnyg £ nipjwsé
(1a) L (1b) nEwyghwubpnid: H(ab) upwuwynid £ dEunwnh swdwnid wpunppywé:

k4

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

H(ad) — H(ab) (1b)

Ununppghwih, nbunppghwih bW wpunppghwih wpwagnipjnuubpp wpunwbwjnwséd dhwynp dwyb-
ptutbpny’ ri[s71], ry[s71] Lrg[sTEU: NpnoYnud B Anbyw) Yepw.

ry =k By (1—0) )
Ty = kyf? 3)

npuntin &, [s7"Pa7"], ky [T U k5 [s7!] nbwlghwbph wpwgnipiniuubph Awuwnwnnioubpy b, huy
Py,-p Hy-h 6upnidu k2 6 (0 < 0 < 1)-u dinnwnh dwybtiptiuht wnlw wyunhy Yeunpnuutbiph $pwlghw
npp qpuntgywé £ H wwnndubpny: Cunniubp, np wnunppghwih W nGunppghwih wpwgnipniuubpp
2w Uk6 BU wpunppghwih wpwgnipinuhg( ry, ry > rg), huly 6-u dunid £ Awuwnwnniu:

B.1 r5-p Jwpbh £ wpunwlwinb) AEnbyw Yepw. 5pt
k3
g = (3)
By,C

C-u wpunwbwyinbp i -nyd b ky-ny:
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S = 1.0 x 107*m? Jwlbpbu nwbgnn dknwnh udnyp wnbnunpydt) £ (1L= 1.0 x 1073 m3) swdw)| nLub-
gnn gpwéuny |gwsé nnwppwih Utg (Py, = 1.0 x 10? Pa): Uktnwnh dwybptuht gpwduh wnndubiph
wnunppghwih hpwwiwgdwy wyunhy Yeunpnububph junnipiniup N = 1.3 x 10*¥ m~2 & Ubinw-
nh dwybpbuh obpdwunhbwup ywhynid £ Swunwunniy’ T = 400K: (1) nbwlghwih pupwgph A6
dthuntkin Ay -p thnppwunid ko = 4.0x107* Pa s™! Awuwnwinnit wpwignipiniuny: Hy-p punniabip npwbu
hnbwjwlwu qwg, huy tEnwnh dwyw|p tnwppwinid wuwnbubp:

B.2 Cwpybp Jdtwwnh Jhwydnp Jdwybpbund U Jhwynp dwdwuwlynd  3pt
wpunppywé H wwnndubiph dnjtph pwuwyp A [mol s=' m=2]:

B.3 7 =400K, C=1.0x10%?Pa~". Quaybp k;-h wpdtipp 400 K-n1d: Epb B.2 Yhwnnind  3pt
2bp Jupnnwghij unwbw| ywwnwupiwup punniitip A = 3.6x107" mol s~'m—2
wndbpp:

B4 Uy otpdwunmhbwund' 7, C =2.5x103Pa~", huly k; = 4.8 x 1072s~": tbippunid  3pt
npywsd gpwbhlyutipnud r3-p tbipfuiywgywst npwbiu £y -h $nuyghw ingyug
obpdwunhtwunwd: Cunpbp 6hypn Yupudwénipinwup (a)-(h):

x 1073 x 1073 ) (®
(d)
6.0 © 6.0 / ®
- / iy /
% 7
~ ~
2 4.0 /(b) & 4.0
(©)
A
2.0 s () 2.0
A /s
/
/ //
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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Lpwdhup dErnwnh dwytpbupt

Pwdhu A

A.1 (6 pt)

(i) (i) (iif)

A.2 (4 pt)

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

A= mol s T m—2
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B.3 (3 pt)
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hgnunnwubpp punipjntuntd

CunAwuniph 11 %-p
Cwpg A A2 A3 A4 | CunGwuntp
Uhwynp 8 8 10 9 35

Fuwhw-
nwlwu

Uniynyubpp, npnup hpwphg wnwppbpnd 6o dhwyy hgnunnwwihu Ywaqdnyd, ophuwly CH, W
CH3D , UYnyynid Gu hgnunnuning: Cwdwnpynwd k, np hgnunnwninqubpp nwbu unyu phdhwlwu

Awunynipjnwuubpp, pwig hpwlwund npwup phdhwwu Awwnynipiniuubpny hpwphg huy np ywthny
wnwppbpynid Gu:

Cunniubp, np wju puunpnid putwpyynn pninp uynebpp gunuynd bu ququiht yptwyned:
EYybp puuwpybup AEnLjw| Awdwuwpwnnipiniup.

[12C1601SO]2
12(:1602 _|_12 C1802 = 212c16o180 K = [12(:1602][12(:1802]

(1)
Euppnwhwt’ S, Gwdwlwpgh Sawpwydnp shypngphtwlubph pwawlyp (W) wbh A dEdwundd k:

S = kgInW )

12C160, -h L '2C"80, -h Awdwp W = 1: Cwlwnwl upwi ?2C'*0™80-h Awdwp W = 2, pwh np wju dnit-
Ynynud ppdwduh wunndubpp tnwppbp Gu: 1 Awdwuwpdwu dte, Awdwuwpwpnnipjwt we Ynnintd
wnwowuntd £ 2C'%0™80-h 2 dnjynt, nunph' W =22 =4
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A1 Eupwiwhwih thnthnpunipinup’® AH, 3 nbwlyghwjh Awdwp, wulwpu  8pt
obipdwuwnhbwuhg dhpn npwlw k:

H, + DI = HD + HI 3)

Cwybp 3 nbwlghwih Awdwp Swjwuwpwnnipjwy Awunwunniup’ K,
2w gwén( T — 0) b pwwn pwpép (' — +o00) gpdwunhtwuubph nbwpb-
pnid: Cunnwubp, np nbwlyghwt win obpdwumhbwuubpnid yh thnpuyntd, huly
AH-p &gunnid £ Awunwunniy wpdbph pwpép oEpdwunhtwuubpnid:

Ctinlyw) wypngbuh AH -p Ywipbih £ pwgwunpbp dniGynywiht nwwnwunidubpny:

H,][D
2HD = H, + D, K=l [ﬁ}r[)]zﬂ (4)

T=0 Y obpdwuunhtwund Gplwwnndwuh dnGlynih nwnwudwu tubpghwy, nph nwwnwudwu
Awbwhuwlwunipiniup’y [s71] &, npnpdnud £ AGnlyw Yepw.

E= %hu (5)

1 [k

Nputin k-u uwh nidwiht Gwuwnwunniud b, huly p-b pipqué quuguwép’ npp npnaygnid £ Bplunn-
dwuh dniEynih wnndubph quugwétubph'm, Wm, dhongny:

p= AT 7)

my + mgy

A.2 H, dniiynih nwwnwundp 4161.0 cm~" tpp ubpluiyjwgynid £ npubiu wih-  8pt
pwihu phy: 7=0 Y obpdwuwnhbwuntd Gwpybp AGnljw| nEwyghwih AH-p
J mol~! tpny:
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H,-h, HD -h W D, -h dnjwiht pwdhuubpp Yuwujwé bu Swdwuwpwpnué fwdwlwpgh oEpdwuunh-
twuhg: Uyuntin, Ap -p tpwbwynid £ D, -h dnjwihu pwduh thnthnfuntpynuu:

_ Rp,

Do, = -
2

—1 9)

Ujuintin Rp,-p ytipwpbipynud k {32} -ht udnipnid, huy Ry -u {32% -hu T — +oo -nud: Lwyh wnkp, np
2 2
hgnunnwubph pwahundp 7' — +oo-nd nwinund £ ywunwhwlwu:

A3 CQuybp Ap -p D-h puwlwt vmwpwswénipjwdp, tpp hgnuinwwihu thn- - 10pt
fuwuwlnidp Awdwuwpwnwihu (4 Awdwuwpnid) £ wiu obpdwunphbw-
unid npnbn nEwyghwhK =0.300: Cunniubp, np D-h U H-h puwywyu nw-
pwoéwonipjwy Awpwpbpnipniuubpp Awdwwwunwupuwuwpwp 1.5576 x
104 1 —1.5576 x 10~* Gu:
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Epyunbnuwywiywsé hgninnwyningh (ywpniuwynid Gu Gpyne dwup hgnuinnwubph wwnndubp UBY dn-
(GYntnd) dnjwjhtu pwdhup obpdwuwnhbwup hebgubihu pwpdpwunid E: Yhuwplbup CO,-h 44 L 47
dniYyniwihu quugwéubp niubgnn dniGYnyubph dnjwihtu pwdhuubpp, npnup vywuwlyniu Bu Aw-

Juwwwunwupuwuwpwnp CO,[44] L CO,[47]:
Ay7-h pwuwyp npnaynid £ AEnlyw) Yepw.

R
A47 _ 47

= -, 1
R47

[CO,[47

R,-pyGpwpbpynidk [C02[44Hhu udnpntd, huy R;,-p ybpwpbpynid k

[CO,[47]
[CO,[44]]

]

(10)

huT — +o0 nbwpntd:

UShuwésuh b ppqwduh hgnunnwubph ppwlwi mwpwéddwénipjniup npdwé £ unnpl: bunbubp pn-

(np wyu hgnunnwubpp, npnup wjunbn ubplujwgwé jLu:

12C

13C

Fuwlwu nwpwdéwédnipiniup | 0.988888

0.011112

160

170

180

Fuwlwu nwpwsédwénipiniup | 0.997621

0.0003790

0.0020000

Ayz-h 9bpdwunhbwuwihtu whidwénipiniup ubpjujwgywé £ unnpl: QEpdwunhtwup npjwé £

pwgwpdwl wpdbpny' Y:

36.2

Ay = W +2.920 x 10~*

(11)

CO,[47]:

A4 Uuwnwplunhnwih wthwitpd opbph Awnwyhg Awudwéd ppwdn wjjwuyunn-
uh Ryp 4.50865 x 107° k: Oguwgnpstin Ry, -p Gwydbkp obpdwuwnp-
twup: Uyn obpdwuwnhbwup Awdwpynud £ wjy dwdwuwlwpowuh onh
obpdwuwnhtwup, nph dwdwuwly wwpb] £t wywulunup: Cwydwpy Yw-
wmwpbhu Awpdh wnbp CO,-h dhwit wikuwwnwpwédwd hgnunnwningp’

Ipt
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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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Q,\GS

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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A.1 (8 pt)

T—-0:K=

, T — +o0o: K =
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A.2 (8 pt)

AH =

] mol—!
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A.3 (10 pt)
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Fnigph-Lwpbpunph-REph opbupp

Cunbwuniph 8 %-p
Cwpg Al B.1 B.2 | Cun&wuntp
Uhwynn 10 6 6 22

Yuwhw-
nwlwu

Uju fuunpnid wuwnbub] peoh U ndhyh Ywunidp: Pninp quagbph b nsnypubph eEpdwuwnhtwun
Awuwnwunnuu £ U Awdwuwnp 25 °C:

Pwdhu A

X opwijhu ndnypp wwuwnpwunywé £ HA-pg W NaA-hg: X [niénypnid [A7], [HA], b [Ht] Ynugbuwnpw-
ghwubpp Awdwwwunwupwiuwpwp Awdwuwp G 1.00 x 1072 mol L=', 1.00 x 103 mol L7, L
1.00 x 1074 mol L~": Cwdwlwpgp gunuynid £ pplw-ahduwiht Awdwuwpwlpnnipjut dbe.

HA = A"+ HT K=

(W)

Pwdhu A oyunhlwlwu Swuwwwpbh Gplwpnipinup Awydwuwp k1 Cwdwpbl, np Awdwlwpgnd jh
pupwund wy nEwyghwubn, pwgh (1) nEwlghwihg:

A1 Ay wihph Gpywpnipjwu viwy X-h wpunppghwt A; k: Quithnudhg Akinin X 10pt
(nénypp Gpynt wugqwd unupwgyt £ pH = 2.500 wnwpprYny: Lnupwgniihg
ABwnn A, wihph Gpyupnipiwy nwly X-h wpunppghwi Juwgb| E wuthnihnpu
U uqdnud £ A NpnaGL ega/ea- Awpwpbpnipiniup, npnbn egp U ep- Aw-
Jdwwwunwuppwuwpwp HA-h WA~ -h A;-h lnwy Juwudwu dnjwihu gnpéw-
Yhgubipu Gu:




IChO

-
2\ ARM-2 C-3 Q-2 Q —

Choz01™ Armenian (Armenia)

APAN

Fwdhu B
Yhuwwpybup guquijht $wgnid Ainbyjw | Awdwuwpwynnipinup

D = 2M (F)

S dwybpbuny pwihwughy ywpdwlwu wywwnny ninwuyniuy nwpwu |gwéd £ P 6updwu lnwly dw-
pnip D qwgny (unnpl pEpdwd uywp): Cwdwuwpgnid unbnéyb| £ Awdwuwnpwlznnipiniu, nph dw-
duwuwl Awdwwngh punbwunip 6upnidp ph hnhudb] bW Awdwuwp £ P: Swgh wpunppghwt Awyw-
uwp kA =¢e(n/V)l, npinbne, n, V, Ll Awiwwywunwuuwuwpwn' wpunppghwih dnjwihu gnpéwlyhgu
E, qwagh pwuwlynipiniuu £ dntpnd, qugh dwydwiu £ b owunhlwuwu Swuwwwnpsh Gplwnnipiniui k:
Cwdwnb|, np ququwihu fuwnunipnh pninp pwnwnphyubpp Awdwwywnwuppwuntd U hnbwjwwu
quqghu:

Ogunwagnnéb| AEnlyw| tywuwynidubp

Ulygpuwluwu yhtwynid | Cwdwuwpwlnnidhg Akwnn
D M D M
Muwnpghw| Gupnd P 0 Db D
Pwuwynipiniup dnitpny g 0 np o
Swiwy v, v

B.1 Ag1 -h wwl qwgh wpunppghwy, npp ywhdb] « ¢ = 1) ninnipjwu 6pt
Gpywiupny Ywquk| £ Ag;, huywbu Guhu dpbwynid wjuwbu k] Awdw-
uwpwlnnipjwu Awuubihu: Apn2bl ep /ey Awpwpbpnipinup Agi-h wwy,
npwnbin ep b ey Awdwwywunwuppwtuwpwn D-h b M-h wpunppghwih dnjwjhu
gnpéwlyhgubipu Gu:

B.2  Agp-h wnwl quigh wpunppghwy, npp ywthybl y ninnnipjut Gplujupny - 6pt
Yuwaqit) £ Agy, htywbu Glught Jhtwynd (0 = 1,4), wjuwbu £ fwdwuw-
pwlznnipjwu Awutbihu (6 = 1,): NpnbL ep /ey Awpwpbpnipiniup Agy-h tnwl:
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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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A.1 (10 pt)

Qwpnwawynipiniup Gwenpn konud)
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A.1 (cont.)

Ena/En- =
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Shuyh nknop-phdhwu

Cunbwuniph 11 %-p
Cwng A1l A2 B.1 B.2 B.3 B.4 | Cun&wuntp
Uhwynp 6 5 4 3 5 9 32

Suwbwr
nwlwu

Upnintawpbpwlwy Enunwenpbpnid ywpniuwlynn ghuyp 9ophg wnwuduwgunid tu tunuwgpuw-
gnjwgdwdp: bnwowgwd uunywédpp Abnwquinid yepwlwugqunid bu bW unnwgywé ghulp unphg
Gu oqunwgnpénLy:

FPwdhu A

Shuyh &hnpopuhnh Zn(OH),(s) [nsGhnpjwu Awdwuwpwnnipintup bW Awdwwywwnwuppwl Aw-
Jwuwpwpnnipinwubph Swunwunnwubpp (25°C) tnipdwé Bu 1-4 Awdwuwpnidubpnid:

Zn(OH),(s) = Zn?*(aq) + 20H"(aq) Koo =174 x 1077 (1
Zn(OH),(s) = Zn(OH),(aq) K, =262x107° (2)
ZNn(OH),(s) + 20H(aq) = Zn(OH )2~ (aq) Ky = 6.47 x 102 3)

H,O(l) = H*(aq) + OH (aq) K, =1.00 x 10~ (4)
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Shuyh [nsthnipinwup, S (ghuyh Ynugbunpwghwu npw Awgbgwdé opwihu ndnypnd) mpdwé £ 5
Awydwuwpnidnty:

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

)

A.1

Cunnuwbp’ np 1-4 Awdwuwpnidubpnd upqwé Awdwuwpwlnnipniuub-
pp Awunwunyb) Gu: Quiybp pH-h wiu dhowlwipp, npnid [Zn(OH),(aq)]-h
Ynugbuinpwghw [Zn**(aq)], [Zn(OH),(aq)] L [Zn(OH); (aq)] pwppnid wit-
uwdkéu k:

6pt

A.2

Mwunpwuwnyb) £ Zn(OH),(s)-h Awgbgwd opwihu |nwénip (pH = 7.00) L
$hiinpyt| k: Shpinpwnht wybjwgyt| E NaOH dhupl |nwdniyph pH-p nwpdb|
E 12.00: Quwpybp, vundwép wugwsd ghuyh dnjwiht pwdhup: Swywiph L
obpdwuwnhtwuh thnthnfunipintuubpt wuwnbub):

5pt

Pwdhu B

Shuyh Ahnpopuhnp nnwpwguntd by ghulyh opuhn unwuwnt Awdwn puwn Abnbjw| nbwlghwih:

Zn(OH),(s) — ZnO(s) + H,O(l)

Cbun ghuyh opuhnp opwéuny ybpwlwugunid Gu dhuyl SEinwnwwu ghuy:

ZnO(s) + H,(g) — Zn(s) + H,0(q)

(6)

(7)

B.1

Npwbugh (7) nEwlyghwi pupwuw, 9gpwsuh 6upndip wybwnp £ ywayh 1 pwn,
wuhpwdbywn £ uwl hobgub] wnwowgwsé opwihu gninpphubph wwnpghwy
6upnidp: Quipytip 300 °C-nwd 9pwihu gninp2hubph ywpghw| 6updwu wnw-
yGwagnyu wpdbpp, npp nbwpnd (7) nEwyghwyu nbn Ypupwuw: 300 °C-
obpdwunhtwund bW 1 pwp 6updwu wywjdwuubpnid ghuyh opuhnh L
onh wnwewgdwy Shppuh kubpghwubpu G Awdwwywwnwupuwbtwpwp'
AG7n0(300°C) = —2.90 x 102 k) mol~'l AGy, 5(300°C) = —2.20 x 10% kJmol~":

4pt

Ubnwnwlwu ghulp ogunwagnpdynid £ npwbu pwgwuwlwu EiEYwnpnn (wunn) dbwnwn-onwihu
dwpwnyngubpnid: ElGYunpwlwi Anuwup wnwowgubint Awdwp pupwuntd £ unnplb ubplujwgywé
nbwlyghwu: E° EjEYunpwnd nidny (1pwn, 25 °C):

Zn(s) + %Oz(g) — Zn0O(s) E° =165V

(8)
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B.2

Shuy-onwihtu dwpwyngp |hgpwpwihynwd £ 20 dU-n1d 24 dwidnud: Quipybp

dwpuyngh pwgwuwluwu EGYunpnnh (wunnh) quugwdéh thnthnpunipyniup

win pupwgpnty:

3pt

$nioh (Gnp

B.3

Ruuwpybup ghuy-onwihu dwpunlyngh EGHunpwywpd nidh thnthnfunipiniup
Yuhuiqwé  dhgwydwiph  wwydwuutphg: Cwaybp ghtl-onwihu dwpunyn-
gh ElGYupwywpd ndp Sngh [Ghwu ququwphu Awdwwwnwupuwlu
wuwidwbubph Awdwp' —38°C (thbwnpdwp) 3776 § pwpdpnipiniu: Upun-
(npwnwihu Gupndp npnaynid £ ABinbyw Yepw.

5.257

9)

Plbar] = 1.013 x (1 00065k )

T +0.0065h + 273.15

h[m] pwpdpnipinuntd b 7' [°C] 9bpdwuwmnphbwunid: Ppdwéuh dnjwiht pw-
dhup dpuninpunind 21% L 8 nbwlyghwind Shppuph tubpghwih thnthn-
huntpintup’ AGzno(—38°C) = —3.26 x 10?2 k) mol~" (—38°C, 1 pwip):

5pt

B.4

Cw2dbp (6) nbwlghwih Shppup  tubpghwih  inthnpunipiniup 25°C
obpdwunhtwu W 1 pwp Sudwu ywpdwuubpnud: Unwunwpun Jbpw-
Ywugqudwl wynnbughwubph wpdbpubpp’ £°(Zn?*/Zn) L E°(0,/H,0) (25°C
U1 pwp), npdwé Gu (10) L (11) Awdwuwnpniudubpnid:

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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CwubnLywiht Uhthghntdp

Cunhwuniph 12 %-p
Cwng A1l A2 A3 A4 B.1 B.2 B.3 | Cun&wuntp
Uhwynp | 9 7 6 10 5 15 8 60

Fuwhw-
wnwlwu

Uwlwiu uhthghnidp bW wshuwshup gunuynid Gu unyu 14-pn fudpnid, nputg Awnynipiniaubpp kw-
Yuwunpbu mnwppbpynid bu:

Pwdhu A

P wnwppbpnipiny wéhuwshu-wépuwshu Gnwyh Ywuwh, upihghnid-uhjhghnd Grnwyh Yuwwp
R'-Si =Si-R" (R: opqwuwlwyu wnbnwlwihy) gnigwpbpnd £ wnwbdbwlwwnnly nbwlghnuntiw-

Ynipyniu: Ophuwl, dhwgnipiniup thnfuwqnnid £ EphGuh 4G wnwewguting ghyhy dhwgnipiniy,
npp wpnwwynid £ pwnwunwdwuh ghy:

—

R'-Si=Si—R' + H,C =CH, — _Si=Si
R \R1

R'-Si =Si-R" thnpuwgnbignipjniip wiyhuph (R>-C = C-R?) A, npwbiu Gluht Showuljw| dhw-
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gnipjny wnwowuntd £ A-u, npp ywpnwwynd £ pwnwiunwdwuh ghy;: Cwonpnwpwn bu 4ty
dnitynt R>-C = C-R?-h At thnfuwgnbijhu A-u ptipnud £ B b € hgndtipubph wnwewgdwup, Gpyniut
£l mubu pbugnih udwu ghyhy gnignpnwé Juwbph Awdwlwpg: Uy, wiuwbu Ynydwéd “nh-
uhjwpbugniubpp” ywpnowynd Gu Jyegwunwdwuh ghyp bW Ywpnn Gu gpdbp abnlyw Yepy
(RT-Si),(R2-C);

_ _ R2—C=C—R?
R'-Si=Si—R' + R2-C=C—R2 —> A > B + C
Uun 3C wuwlhgh nyywiutpny Si,C,4dwupp B-h nbwpntd tnwihu £ Gpynt wgnwbywl, huy C-h
nbwpntd ULY:

A1 MNwuwybpt A-h, B-h, b C-h dE{wlwu nbgnuwbuwiht pwuwdlbp’ ogunw-  9pt
gnpstind R', R?, Si, b C, bpwbwynwiubipp:

A.2 Cwpdwpybp npwlwu wpdbph wbupny wpndwwnpynipjwy unwph-  7pt
(wgdwu ktubpghwu (aromatic stabilization energy: ASE) pbugnih b C dhw-
gnipjwy (Gpp R' = R? = H) Awdwp' ogquwgnpétind npny ;Awgbgué
Awdwlwpgbph Ahnpdwu nEwyghwubph tupwwhwih thnthnfunipiniuub-
pp, npnup pEpdwé Bu unnpl (LY.1)

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

®
9

3 Ho — AH=-173 kJmol™"  (4)
HSi—SiH H,Si— SiH,
<\ /> + 3 H» NG < > AH=-326 kJ mol"!  (5)
/:SiH /_SiHZ
HSi + 3 Hz —_— H,Si AH=-368 kJ mol"!  (6)
\ /
HSi SiH + 3 Hy — H,Si SiH, AH=-389kJmol! (7)

C
(

. 1
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C dhwgnipjwu puphnjwihu nwdnpp nwpwgubhu C-u Gupwnpyynid £ hgnitpdwy' wnwewgubiny D
U E bhwgnipiniuubph uwnunipnh Awwuwpwlpnwihu Awdwlwpg: Cwunwwnyb) E AEnlyw) dnjw-
jhu Awpwpbpnipniuubpp 50.0 °C-ntd D: E=1:40.0 L 120.0 "C-nid D: E=1: 20.0:

A3 Cwqwplyb D-hg E-h thnpuwpldwu AH-p: Cunniwub, np AH -p Juwpqwé )b 6pt
obpdwuwnhtwuhg:

C-h hgnitpnuwip D-h U E-h pupwunud £ 7-fwwp o-Juwwh thnpuwpldwdp wnwug npuk o-lwwh
ttnpdwt: UUN 3C wuwihgh ogqunipjwdp Awuwnwunyty k, np D-h Awdwp Si,C, Ydwhupp niuh dty
wqnwupwy, huy E-h Awdwp’ Gpyne: D-nd pwguwlwinid £ Gnwunwdwuh ghyy, huy E-ntd wnluw k
punAwuntp Ynnny EYnt Gnwunwdwuh ghy):

A4 Nwuwnybipt| D-h b E-h unnigwépwiht pwuwdlbpp' ogunwgnpstind R',  10pt
R?, Si, L C, bpwbwynuiubipp:

Pwdhu B

Upihghnuip ElGYunpwpwgwuwlwi wnwppbph A6 nuwly £ bwlb wnwowgub| pwpdpynnpnp-
uwgywé dhwgnipjnwaubp (> ynpu inbnwlwihyhg), huywhuht £ $uiinpp: UGnnwnubph $ininphnubpp
wbu, pwpdpynnpnpuwgwsé upihghndh $uinphnubpp oguwgnpdynid Gu npwbu $innpwgunn
nbwgbuwnubp:

CCly-h $uinpwgdwi nbwlghwu Na,SiFg-ny hpwwuwgynid £ AEuinlyw Yepw

* Na,SiFg [nLényph utnwunwpunwynpneyd :
- wwunpwuwnntd
F opwiht |niényp: 0.855 g Na,SiF (188.053 g mol™') |nténud Gu opnid (punbwtnp swdwip: 200 mL).
G 9pwiiht (nwdnyp: 6.86 g Ce,(SO,); (568.424 gmol) |nténid bu opnud (punbwunip swywip: 200 mL).
-dbpnn

Ppwlwuwgyb) E bunywédpwgnjugdwdp F niéniyph (50.0 mL) tnhunpnud, uphutpnd wybjwgubing
G [nwdnyphg, npwbu hunhlwwnp ogunwgnpétiiny xylenol orange, npp Ynnpnhtiwgynud £ Ce3* Akun:
18.8 mL G [nwéniyp wybjwgubinig AEnn nhundnid £ tnhunpdnn (nwényph gnyuh hindhnfunipiniy’ nbnp-
uhg wynipwnip Yupdh: bnwowgwéd uunywdpp hpbuhg ubpywywgunid £ phuwp Shwgnipiniy, npp
wwpniawynid £ Ce3*, huly uhihghnith dShwl wnwewgpwé Shwgnipiniup Si(OH), E:

B.1 Qnt Na,SiFg b Ce,(SO,)3 bhol pupwgnn nbwlyghwih Awdwuwpbgwd fw-  5pt
Jwuwpnudp:

* CCl4-h nbwlyghwu Na,SiFg Abun:
(Uepplp thnitpnd wuwnbub) uinipbph Ynpniuwnp, ophuwy gninp2hwgdwu Anbwupny)
ennwé Gupnidwihu wunph dte Na,SiFg(z [g])-hu wybjwgyb] £ CCl, (500.0 g) L wnwpwgyb|
dhyl 300°C: 2hnjuwgnuwé Na,SiFg-p b wnwewguwé NaCl-p Abinwgydb] £ $hiunpdwdp: Shirnpwwnp
unupwgyti| £ CCl,-ny dhipl 1.00 L (H [nudnyp): H (nusnyph UUN 2°Si W9F uwblyunputpp gnyg tndtight,

np npwbu uhlhghnwth dhwly dhwgnipins wwpniowlynid £ dhwiu SiF,: UUN F uwyblupng,
pwgh SiF,-hg, Gwynuwptipyt) £ bwb CFCl5, CF,Cl,, CF5Cl, L CFy (Ungntuwly 1). UUN °F uwyblyunpnid
hunbgpw| dwlybpbup Awdbdwwnwlwu £ $innph dhonyubph pyhu:
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Unyntuwy 1
PYFUUN nyywy CFCl3 CF,Cl, CFCl CF,
hunbquw| dwybptu 45.0 65.0 18.0 2.0

SiF4-p Ahnpnihgynid £ wnwewgubny H,SiFg puwnn 8 Awjwuwpdwu:

3SiF, + 2H,0 — SiO, + 2H,SiF,

(8)

H |nwényphu (10 mL) wybjwgyb) £ oph wybgnty, npp pbipt| & SiF,-h wdpnnowlwu Ghnpnihghu: Qpu-
thu [nwéniypend Ahnpnihgh wpnyniupnid unwgywé H,SiFg-h pwdwunidhg Abwnn, wju yGgnpwgybi kb
yEpwihnpudb| E Na,SiFg-h (J 9pwihtu nwdnyyp):
Lundwdpp, npp wywpnwuwynid £ ythnpuwgnuwé Na,SiFg W NaCl, npp unnwgyb| £ $hpinpdwdp ulyqpuw-
Yuwu thnynd (Yeplh inbpunnid pungédwén), wpnnonipjwdp nidh Gu opnid unmwuwny opwihu

(ntonyp (K (niényp; 10.0 L).

Ujunthbinl hpwlwubgpb] Gu unp bundwdpwgnjugdwdp nnhunpntd, oguwgnpstiny G [niéniyypp: G

(ntnypny inhunpdwu yEpguwlw Yenbpp pEpdué Gu unnpl

‘wdpnng J |ntényph Awdwnp: 61.6 mL.
100 mL K [niényph Awdwp: 44.4 mL.

Cwyh wnkbp, np NaCl Ywd SiO, wnyuwjnipintup y;h wgnntd sunwdpwagnjugdwdp mhunpdwu Yypwi:

B.2 Cwqwplyb NaCl-h quugqwép, npp unwgyb| kt nbwlyghnu wunpnid (pbh  15pt
inbpuunnid pungdéywén), b Gwpdwpybp Na,SiFg quugwé (x [g]) npp oguw-
gnpéyb| £ npwbu Gluujnip:

B.3 Npwbu Guuinip ogunnwgnpdwé CCly-h 77.8%-p duwghb| £ ythnfuwqnuws:  8pt
Cwqwplyb] wnwowgwé CFCl quiugudnp:
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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),.



IChO

||
LIV ARM-2 C-5 Q-2
Choz0 English (Official)
R2—C=C—R?
R'-Si=Si—R! + RE—C=C—R2 — A » B + C

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

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

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

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

®
9

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

/—SiH2

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

e
|

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

_/

L

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

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

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

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

Part B

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

pwdhu A

A.1 (9 pt)

A (3 pt) B (3 pt) C(3pt)
A.2 (7 pt)
CeHg : kjmol™',C: k] mol’
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AH = k] mol™!
A.4 (10 pt)
D (5 pt) E (5 pt)
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B.2 (cont.)

NaCl : g, Na,SiF; : g
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Uugnidwihtt dGunwnubph whun dhwgnipjniuubph ph-
dhwt

CunAwuntph 13 %-p

Cwpg A1l A2 A3 B.1 B.2 B.3 B.4 CA1 C2 C.3 | cunSwuntp

Uhwynp | 6 3 3 6 4 4 4 5 5 5 45

Suwbwr
nwlwu

Cpwpntfu Sakurajima Ynghntd

Fwdhu A

Qwuwnuhwy wu bpypubphg £, npnbn wu pwqdwphy gnpénn Spuwpnipuubp: Epp uplhw-
wnwiht wwwpubpp pjnipbnwiund o dwgdwhg, wugndwihu dGunwnubph hnuubph (M™) dh
dwup ubpdnwéynid £ upjhjuwnwiht wwywpubph dbe: Uju fuunpnid nwuniduwuhpynn M™ hnuubpp
Ynnpnhtwgynid G opuhn (027) hnuutipny, Swgdwynid dknp ptiptiny 4 Ynnpnhuwghnt phy nitignn
wnbwnpwbnphy (Ty) Gpypwywhwlwy Junnigwdp, huy pjnipbnugwéd uhhlwwnwihu wwwnpub-
pnd” 6 Unnpnhtwghnt phy nwbgnn oywnwbnphy (0,) Gpypwywhwlywu Yunnigqwsép: Epynt
nbwpnd £ gnigwpbpnid Gu pwpdp uyhuwihu EGYunpnuwihu Yynu$hgnipwghwubpn: M™ kPnuubph
pwhudwu gnpéwlhgp' D-u, uphpjwuniwiht wwwpubph b dwgdwih dhol wpunwbwjnynid k
ABuinlyw Ybpw.

M
M,

Npuntn [M]s-p W [M];-p M™-h Ynugbunmpwghwubpt b Awdwwwunwupuwuwpwp uhihjuwunwihu
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www nt wagldwi(nd: Unnpl wnintuwynd inpduw Cret- Mn<*-h D-h w :
wwpubpnud b Swgdwinud plwny d inpdwé tu Cr?*-h L Mn?+ pdtpubipp

Cr2x  Mn?+
D 7.2 1.1

Ao-t L CFSEC-u M -h d opphwwjutiph Sbnpdwt b puownnud pynipnujuiy nwnh Jugniuwgdw
tubpghwbpt Gu Awdwwwwnwuiwiwpwn: Lnyuwudwy A -t W CFSET Ty nwywnh Awdwp Gu:

A1 CQuipybp CFSEC-CFSET=ACFSE wpwnwblwinwé Ay -nyd , Cr¥*, Mn?* L Co**  6pt
hnuubph Awdwp:Cunniubp, np Ar=4/9A4:

A.2 Unnpnhuwwnwiht Awdwlwnpgnid InD -h Jwhudwénipiniup ACFSE/ Ag -hg  3pt
gqéwihu E: Qwpybkp D-h wpdbpp Co?* -h Awdwinp:

2.0

1.5

0 01 02 03 04 05
ACFSE /Aq

Utunwnutiph opuhnubpp® MO, (M' Ca, Ti, V, Mn L Co) pjniptnwuntd 6u wwwpubph Yunniguépub-
pnid, npinkn MM -p &bnp kE pbpnud Oy, pypwywthwuwy Yunnigqwép' pwpdp uwyhtwihu EGYunpn-
uwihu Ynu$hgnipwghwiny: Uju opuhnubiph pjnipbinudwunwlubph kupwjwyhwubpp Ahduwlwuntd
npn2ynid Gu Unynujwu thnpuwgnbgnipiniuutpnd, npnup Ahdudwé Gu hnuubph wnwyhnubph L
(hgptph ypw, htpwybu twl npnywyh ubpnpnid nwwbu M -ubph CFSE-p Oy, nwiunnid:
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A3 Spqwé  a-f wnwppbpwlubphg Cuwmpbp Swdwwwunwupuwl pinipbnw-  3pt
Jwunwlubph tupwiwhwubpp k) mol=" 1:

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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Pwdhu B

A fuwnp opuhnp, npp wwpniiwynid £ La3t b Cu?*, nwih nipnuiayniawihun tnwppww pohy,
htuywbu wwuwnybpgwsé £ uyl 1-nud: [CuOg] oyunwbnpnid Cu-O wuwh Gplwpnipinup z-wnwugph
[, ninnnipjwdp wybh Gpywp k, pwu x-wnwugph 1, ninnnipjwdp b [CuOgl-h Ywnnigwdpp wnw-
Junywé £ juunuwynp Oy, Gpypuwywihwlwi Yunnigwéphg: Uyn wnwywnnidp Awtgbigunid £ e
opphwwituph (d,2_ 2 L d,.) ypwsudwonipjw yipwgdwup:

D : La3+
@ : Cu*
O 0+

1.3313nm

1 ", /J..ssss nm
‘+——
% 0.3833nm

A-u Junpbp £ upupbqb] B Yndwbpuph pbpdhy pwipwidwdp (yhpnihgny): B-u wnweowunid k£ bpp
unup winuhwluwiht opwihu nténypntd, npnud wwpniawynd £ pwnwyniuh ppniu’ CH,0, ophuwl
Epyshdu pRenyu, uwnund By dGwwnubph pinphnubpp: B-u ynp onnid 200 °C-nid tnwpwgubihg
quugqqwséh Ynpnwunp Jugdnud £ 29.1%, pinipbnuwu oph Abnwuwint wwwnbwnny: Cwennpn
quugqwéh Ynpniuwnp thund £ 700 °C -nud’ CO, -h wugwnybint wwwnbwnny: B-hg A-h wnwowgdwu
punbwunip quugqwdh Ynpnwunp Yuquib) k£ 63.6% : MBup £ Upb), np whpnihgh AGunbwupny dhwyu
onitp W CO, £ wugwinynid:

B.1 Qnptp A-h U B-h phdphwlwu pwuwdlbpp: 6pt

B.2 Cuwpybp !, -p L, -p' ogunwgnpsétng uy. 1-p: 4pt

B.3 UYy. 1-h A-nud' [CuOg] wnwywnywé oyunwbnpnid Cu?t -h Awdwp Ypbp  4pt
6tinpwé ey opphwwituph (d,z_ .U d.z) wunwttpp @[i)-nd L (ii)nd, b
Llwpbp EG4unpnuwihu Ynubhgnipwghwu d6q npdwéd ywuwnmwuppwuubph
prtpprhYyh Juwunwyubpnid (dotted box):
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A-u dtynwhy k: Epp gty Lat-p nbnuuiynid & Sr¥t-ny, pinipbinuwianwynid wnwewtnid b nw-
wmwpynipinit (hole), nph 2unp4hy Ywpnn b EEYunpwlwiy Anuwbp Awnnpnbi: Upnyntapnid Sr2+-ny |G-
ghpwgywd A-u dbnp k pEpnud gbpAwnnpnwwuntpiniu 384-hg gwdp obpdwunhtwuubpnid: A-nud
wnbnwlwdwu nbwlghwih AEnbwbpnd wnwewtnud k£ 2.05 x 102’ puwnwpynipjniuutp m—3-nud:

B4  Quwyybkp La**-p wmbnulwyws Sr*-h wninynuwiht pwdhtp' &hdudtin  4pt
nbnwwiwyu nbwlghwind dnjwihu Awpwpbpnipiniuhg: NwnpnipinLu
nwpdpbp, np pwnyuwgnighy hnuubph Jwunwlwunipiniuutpp b pinipb-
nuwywunwyh Yuwnnigwsdpp nbnwlwdwu nbwlghwinid AEnbwupny yLu
thnpuyned:

Pwdhu C

Cu,(CH5CO,),-p Ywgddws k ynpu CH3CO, -ubiphg, npntp Ynnpnhtwgdwé b Gpyne Cu™ Ypw (uyo
2A): Cu,(CH3CO,),-p gnigwpbpnid £ Ywnnigywépwiht uhdbuinphynipjwy pwpdp dwlwpnwly: Up-
OBwnphwu nwuh Gpynt wnwugp, npnup wugund Gu ynpu CH3;CO,  -ubph wétuwshuubph wwnndubph
dhond, b 0t wnwigp, npp wuguntd k tpyne Cu* -ubiph Shony: Pninp wnwugpubpp thnfuninnw-
Awjwg bu dhdjwug: Epp CH3CO, -h thnfuwpbu ogunwgnpénd Gup nhlwppopuphjwwn |hgqwun,
wnwowuntd k «dwdwwihu Yndwtpu» (“cage complex”): Swywjwihu Ynduwybpu’ Cu,(L1),-p (Wy0 2C)
Yuqddwé E Guppe nhywppopupjwwn L1-hg (uy0 2B) b Cu®" hnuubphg: 8 tpynt uppophjwwnubph
ninnipinatbph Ywaqdwé wuyniuu £, htuywbu gnyg £ tnnpdwé uyl 2B-nud: Uyn wuyjniup npnpnud k£
Yndwbpup Ywnnigwépp: L1-h 8 = 0°: Nipwnpnipinty nwpdpbp, np uyd 2-nd 9pwduh wwnndubpp
wwuwnybpywé ybu:

4
2
Q

Bc.@oOc
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C1

Uwnnpl inpwé nhuppopupjwwn L2 -h 6=90°: dSwydwwihu Yndutpup, npp
wnwowuntd k L2 -hg b Cu®*-hg, nith Cu, (L2) = pwuwalp: Cwyytp n-h L m-h
udwqugnyt pwlwy wpdbptbpp: Cunniabp, np Cu®*-p Ynnpnhtwgynid k
dhwiyu L2-h CO, pudpbph Abuwn:

AERES

L2
0 =90°

5pt
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Shuyh Ynduytpup’ Zn,O(CH3CO,),, , Wwpniuwynid k ynpu inbinpubinphy Zn>*, Jtig CH3CO, b gkl
0" (uy0 3A): Zn4O(CH;CO, ) -ntld O*-p gunuynid k wnwugpubiph Yeuwnpnunid, hul bipbip wnwugpub-
pp, npnup dhdjwug thnpuninqnwbwijwg by, wugund tu CH3CO, -ubph wétuwshuubph dhony: Epp
CH5CO, -h thnfuwpbt ogunwgnpénid bup w-pkugninhwppopuhwn (uyo 3B, L3, 8 = 180°), Zn**-h
Ylwuwnbpubpp dhwunwd Bu dBYp djnwuht’ wnwewgubiny pynipnulywu whun vynip (X), npp Ynpynud k
«Swlynunlybu Ynnpnhuwghnt ynhdtp» (“porous coordination polymer”) (uy. 3C): X-p nwuh [Zn,O(L3)5],,
pwuwdl U funpwuwpn pinipbnujwunwl’ dwunywihbph swynwnhubpny: UGY swynunphu hpbuhg
ubpluwiwguntd £ gnuun (w40 3D) b jnipwpwtyinip imbwnpwbnphly Zn* -h Yuunbp sbplupwgdws
E dnig dnpupwignyu pwgqdwuhuwnh guny: uyl 3C-nud L uyd 3D-n1d: Nwnpnipntu nwpdptp, np uyl
3-n1d 9pwsuh wwnndubpp ywunybpdwé pbu:

o )
L3, 60=180°

ul. 3

c.2 X-p nwuh punpwuwpn nwppwlwu pehe, nph Ynnh Gpywnpnipynup a £ (uy.  5pt
30): vunnipynip 0.592 g cm—3k: Quipybp a-h wpdtipp [udl:

c3 X-p ywpniuwynid £ vpwuwybh pwuwynyd swynnphubp: 1 g X-p yupnn k1 5pt
puwp b 25 °C ywjdwuubpnid hp swynunhubpnd ywhb| 3.0 x 102 §] CO, quiq:
Lwipybp CO, dniEYynubph dhohtu pwuwlp jntpwpwuyinip wynunhnid:
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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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Fwdhu A

A.1 (6 pt)

Cr2+ : Ao, Mn2+ : AO ’ CC)Z+ : AO
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1.5
Q
c 1.0
0.5
0
0 0.1 02 03 04 05
ACFSE / Aq
D:
A.3 (3 pt)
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B.2 (4 pt)

nm, [, =

nm
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B.3 (4 pt)

, (i)

IIIIIIIIIIIIIIIIIII

Energy

B.4 (4 pt)

%
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NypGugnuht mhyh wpndwwnpynipiniu

CunAwuniph 13 %-p
Cwpg A A2 A3 B.1 CunSwuntp
Uhwynp 5 2 19 10 36
Suwhw-
nwlwu

Mpn$. Nozoe (1902-1996) pwgbg ninnnipinty, npp ntunwuwuhpntd kp nypbugniwiht tnhwh wpndw-

inhly dhwgnipjnwuubp:

Pwdhu A

Tohoku Awdwuwpwuh wppuhyhg

Lineariifolianone-p, puwwu dhwgnipiniu £ jinipwbwwnniy unnigywépnd, npp wugwwnyb) k Inula

linariifolia-hg: Uhupbwnhy Swuwwwpbp AGnlbyjwiu k.

valencene (1)-h Uhwthnt thnfuwpynidhg

unwgynid £ 2 Shwgnipiniup, huy Gnwihni thnpuwpynidp 3 showulyyw yhdwyp ypwiny pbipnid & 4
YGwnuhu: Eremophilene (5) unyu ynpu thnyny thnpuwpynid £ 6 Shwgnipjwup:
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Inula linariifolia

AN
»
N
Na|O4
OSO4 2
THF, H,0
C14H220
\ (0]
—Si-N-Si—
\s | OH
2 NS
CH4CN THF HE . THF -
80 °C _78°C ) oL -78°C : 0
3 4
B \ (il 0
— —Si-N-Si—
N / OH
Na|04 —Si—I . .
0s0, Si (i) CHaLi OH
6
THF, H,0 CH5CN THF
80 °C —78°C

eremophilene (5)

A1 Mwuwnlbptp 2 b 6 Shwgnipiniuubph Junnigwépubpp bW npinbn wubpw-  5pt
dbpun £ Aunnw| upbp unbpbnphihwu:

Uyunibbuinle 4 Yunnup thnfuwipyyned £ 15 Eupbph: 8 dhwgnipjw (UnjGynywihu quitgws’ 188) dbig
wwhwwuyntd Gu pninp unbpbnybuwnpnuubpp npnup wnlw Gu 7-nud: 9 U 10 Shwgnipintuubpp
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wwpnuwynd Bu 5-wwu unbpbnybuwnpnu b )by ywpnuwynid wéhuwshu-wspuwshu YplYuw-
Up Yuuwbip: H,"0 ogquwgnpéynid £ 11 L 12-hg Awdwwwwnwupuwbwpwnp H,'™0 thnjuwpbu
180-tywuwnpywé-lineariifolianones 13 L 14 uhupbqbnt Awdwp: Epb wuwnbub] hgnuinwwiht

wwnpniuwynipiniup 13 W 14 pbpnud Gu Awdwpdbp unbpbnphdhwiny 15 Shwgnipjwu :

\ K /
—Si-N-Si—
/ \ _
(KHMDS) Li
H N
e I
g R : _CF
: 3 THF, -78 °C O,,S\\C 3
4 7 (0]
0
Cl _OH
o)
(MCPBA)
8 NaHCOj, 9 + 10
MW: 188 C14H00 C14H500
CHQC|2, 0°C 147120 147120
\ 0
—/Si—CFzBr —@—S—OH
I
Nal O 13
THF, 80 °C 11 H,'80, THF
C15Hp,180,160
9 C H F O 15" 122 n 3-n
151 120" 2 (n=0_3)
\ 0
—Si-CF,Br —QS—OH
/ 1
Nal (0]
THF, 80 °C 12 H,'80, THF 14
10 C15Hp,'80,1604.
C15H2oF20 15(r122= 0_”3) 3-n

160-13/160-14
(C15H22'%03) CH3O0H
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A.2 Cuwnpbp A-ht Swdwwywunwupuwunn Yunnigywépp: 2pt
0] 0]
9 9 O:\$/CF3 O:\\$/CF3
I F3;C-S-OH Il F3C-S—NH, ] N...CF; IV HN___CF3

1l 1 S S

O O ©/ 77\ 77\
A3 Mwuwnlbptp 8-14 Shwgnipiniuubph Jwnniguépubpp U npinbn wubpw-  19pt

dbywn k Aunnwly tpbp unbpbnphihwi: Puywybu bwl 13 U 14 Shwgnipiniuub-
pnud Uk ubipdnswé 80 wunndp, huywbiu pipdwéd £ unnpl

o

ey
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Pwdhu B

19 dhwgnipniup uhtupbqnid Gu huywbu pEpdwé £ unnpl: Py depwpbpnud £ nppGugniwiht nhwp
wpndwwnhlnipiniup, 19 dhwgnipiniup Ywpbh £ ogunnwgnpét| npwbu uwyhpwnubph wyunhydwunnp,
huly 20-p thnpuwnyyb| £ 22-h 21 EiEYunpnuwihu gnygny dheuyjw dhwgnipjwu ypwiny: Quwiywé 21-h
wnwowgnidip wuwjwgnigyb] £ UUMN uybyupnuynwyhwiny, uwlwiu wiu pwjpwjynid £ wnwowgub-
(ny 18 L 22 Shwignipjntuubpp:

16 C1 5H1zBr20
Q
S\
EtsN 18 cl” >cl 19
CHJCl,
C15H100 C15H10Cl2

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 Mwuwytptp 17-19 L 21 dhwgnipintuubph Jwnnigwdépubpp: Unbpbnph-  10pt
dhwih tznudp ywpuwnhp pk:
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Playing with Non-benzenoid Aromaticity

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

Score

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

Photo courtesy: Tohoku Univ.

Part A

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

Inula linariifolia

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

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

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

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

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

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




IChO

™

||
2\ § ARM-2 C-7 Q-5
Choz0™ English (Official)
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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A.1 (5 pt)

2(2pt) 6 (3 pt)

A.2 (2 pt)
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8 (3 pt)
9 (2 pt) 10 (2 pt)
1@py) 12 (2 pt)
13 (4 pt) 14 (4 pt)
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“Thuwdhy opqwuwlwtu dnEyniubpuy b nppwug phpw-

[nLpRjnLup
CunAwuniph 11 %-p
Cwpg A A2 A3 B.1 B.2 | Cun&wuntp
Uhwynp 9 3 7 3 4 26
Yuwhw-
nwlwu
FPwdhu A

Cwonpnwpwn oppn-Juwwlgywd wnihghyhy wpndwunphly wéhuwonpwshuubpht  wujwunid
Eu [n]lcarbohelicenes (wjuwnbn n-p punipwagpnud £ yegwunwdwuh ghytph phyp) (inbu unnpl):
Puywbu pbpdwé k£ unnply, [4]Carbohelicene ([4]1C)-p wpnyniuwybun unnwunid Gu $nuininnbwlghwih
Yhpwndwdp, Showuljw| Shwgnipjwu (Int.) unwgdwdp, npp AGunnejwdp opuhnwuntd k jnnny:

@ o
PPhs Br
NaOEt
A
EtOH
C41HgO A
B
hv
C

Int.
CigH1a

I

- O O
_— _—

Snuinnnbwlghwu pupwuntd £ unnpl pEpgwé ophuwyh udwu

[4]carbohelicene ([4]C)

CigH12
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= o N hv
|/ |/

Cnipnud: Uju wnwownpwuph pninp yuwwmwuppwtuubpnd wubpwdbwm £ Ypluwyh b shwyhp
Ywuwbpp gqpbL Gwenpnwpwp, htyybu ywwlybtpwé k carbohelicene ophtwlyniy: 2oqunw-
gnpdb 2powwqétp qnignpnywé 7 Gwdwwpgh yuwunmlybpdw Gwdwp:

A1 Mwuwnlybptp A-C Jdhwgnipiniuubph Ywnnigwépubpp: Uuhpwdbin £ 9pt
wnwnppbpb| unbpbnhgndbpubpp:

A.2 UhUuuniyu  $nu$nuphwiht wnhg U Awdwwwunwupiwy  Gwuiniphg  3pt
[Slcarbohelicene uhupbgh thnpdh dwdwuwl wnwowund E  dhwju
AEinpwiht pwuwnipjwdp [5]carbohelicene: Ypw thnpuwpby wnwow-
und £ D wpqwuhpp, nph dniEyniywp quiugqwép 2 Da-nd phy £ pwt
[5]carbohelicenep: Unnpl pipdwé G D dhwgnipjwi UUM TH uwyblupnid
phdhwlwt 2Ennwiubpp:

Mwuwnybpt D dhwgnipjwi unnigwdpp
[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] - bW wybh tunpnp [n]carbohelicene-ubpp gnigwpbpnid Gu ywpnipwdl phpwinieinty, huy wyu
helicene-ubiph Euwuwnhndtpubph thnfjuwnwpd wugnidp ubujwuwihu esbpdwuwnhtwuntd pupwuntd
E pwjwlwuhtu nwunwn: Rhpwy [n]carbohelicene-ubtph Ynu$hgnipwghwu vywuwyynid k& (M) fud
(P) mwnbpny, huywbu pEpdwé £ unnpl:

&-2

[n]Carbohelicene-utiph, npnug n-p dté k 4-hg, Euwuwnmhndtpubpp Ywpbph £ pwdwub] phpw| wpunw-
pwlwihu ppndwwnwagpdwdp, npp Gowlb| E wypn$OYoshio Okamoto-hu:
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Snunnuwpp mpwdwnpt) k The Japan Prize Foundation-p
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Fwqdwyh helicene-ubp wudwunid Gu wyu dniGYyniubpp, npnup ywpnwwynd Gu Gpyne b wybih
helicene-udwu Awwundwésubp: Mwpnipwdl phpwinipintup pbpnd £ upwy, np Fwuqdwyh helicene-
ubph dninn wnlw E dh pwuh unbpbnhgnitpubp: Ophuwy, E dhwgnipinuwu dBY dniGynyp
wwnniuwynid £ Gpbp [S]lcarbohelicene-wihu judpwynpnud: (P, P, P) Ynubhgnipwghwiny uinbpthgn-
dtpubphg dEYp Wwunybpdwé £ unnpl:

E

(1.2,3) = (R, FP)

A3

1,2-nhppndpbugnih uhyting Ywwnwihqynn inphdtpnidp pipnad £ unph$bup-
[Gup wnwowgdwi: Epb unyu nbwlghwi ogunnwgnpét| F Euwunhndbpubphg
dtyh" (P)-F, Awdwp wnwewuntd t pwqdwlyh helicene G (CggHsg): Cunniub-
(nY wju Awugwdwupp, np nbwyghwih pupwgpntd unbpbnhgndbpubpp
y6U Jupnn dByp dinwuh hnpuwybpwdt), gqunbubp G-h pnnp unbpbnp-
qnuitpubpp, npnug wnwewgnip Auwpwynp £ wnygjw) nEwlyghwinid: Pw-
gwnbp Yplunipiniuubpp: Npwbu wnbntlwuwynipiniy, hgndtpubphg dkyp
wbuwp £ ywwnybpdwé |hup wdpnnonpjwdp unbptnphdhwind, uywuw-
Yniip huywbu pbpqwé £ dpuph opphuwynid, htywybu vwb pYwihtu vywuw-
Ynudubpny, dinwu unbpbnhgndbpubpp wbup £ pdwpyyqwé hubu nhppbph
Awdwpubpny b bpwuwlywsé M b P nnwnbpn wujuwuwwpgdwup Awdw-
wwwnwupiwu: Ophuwy E dhwgnipjwu duwgjw|uinbpbnhgndtpubpp wbunp
gpwnyh (1, 2, 3) = (P, M, P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), u
(M, P, M):
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Ni(cod),
7\ D N N |
Br —N \ /
3 ©: cod = O
Br

o 1]
Br (CeeHas)
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Pwdhu B

Unudwubup wéppwopwéhu £ qwywph duny, nph dwuht wnwoht wuqwd Awjnwpwpyb) £ dw-
wnuhwjntd 2003p.: "Unidwuby” wudwunwip wnwowgb| b uwbuyphuinpg “unidwu™ wplwdéwnhly:
Unidwubuh uhupbqp hpwlywuwgyt] £ Aweonpnwwu nEwyghwubph oqunipjwdp, npp hpw dbg
pungnyntd £ dEinwpbqhu onwyh pwgdwdp W dEwnwpbghu onwyh thwlydwdp:

_______________________

Ubwnwpbghuh nEwyghwih vhwyhYy ophuwy, npp Ywunwihgynd £ nnipbuhnidng (Ru*) pepdwé k
unnpl
R *
+ 7w : \)\/j\/A
o R
3 N Ru* R
, D - -
R X
o]
Cl CN
Cl CN

R

L ]
') - (C21H1g) 0.0
> (>

H

LS

B.1 Mwuwnybpt I showuyjw| dhwgnipjwu unnigwsdpwihu pwuwdlp (unk-  3pt
nnphdhwih upnudubpp wubpwdbyw Lu):
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0}

Cl CN
Cl CN

Me
P,
(Ca4H1g)
@ Me

B.2

Ept npwbu Glwujnt ogunwgnpsét| ownhlwwbu wywhy J dhwgnipintup,
unyuwwnhw  nbwyghwih Awenpnwlwunipinup  Ypbph owunhluwwbu
wluhy unidwubuh wéwugjwih® K, wnwowgdwup: J dhwgnipjwiu uunb-
penyGuwnpnuubpp dEunwpbghuh nbwyghwih dwdwuwy ;U thnthnpuynid:

Mwuwnlbpt K-h junniguwépwihtu pwuwdlp upbny unbpbnphdhwu:

4pt
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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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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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A.1 (9 pt)

A (3 pt) B (3 pt) C(3pt)

A.2 (3 pt)
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bu; U Awdwuntd b )6 Awdwuntd yuwpynbubpp

CunAwuniph 10 %-p

Cwpg A A2 A3 A4 A5 | CunGwuntp
Uhwynp 13 2 2 3 3 23
Yuwhw-
nwlwu

Lwy GpEluwubpp nw y6u wunid, pwyg Bpb pGupuh qunwly dwutwuwnbp, Ywpnn bp unwuw] Gpynt

U-wdl dwuupl:
N\
A € -

Uju qwnwthwnphg Gubind uhupbqyb| Gu 1 W 2 Shwgnipinwwubpp, npwybu tnwppbp ywihbph U-wél
dniEyniutn: 3 Shwgnipiniup unwgyb| £ 1-h A Awdbdwunbint Awdwnp bW nunwuwuhpybl £ win
Uhwgnipjniuubph wwpynibwynpdwi (encapsulation) Jwppp

0] 0]

H NP H
HN N)LNH " \N\f Vv
Ph%@@@%% = \Z osé
HN\WN NW/NH i N\OMN -
0 1 0
7 OH 0 0 OH N
HN/L(N N)kNH
R R E | | E R R
HN_ N N_ _NH
lr OH o) , 0 OH \[o(
0
HN/U\N CH3
Ph'-)\é—Ph
HN\[fN CH,
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Uunnpl pbpdwé £ 2 dhwgnipjwu uhupbgh Swuwwwnpbp: 9 dhwgnipintup pun quugdwsdh ww-
pnuawnid £ C; 40.49%, H; 1.70%, U O; 17.98%:

CO,PMB

CO,PMB

CH,OH

o 0 .

> — { H
- + 2)( _—

HO OH A

OCHj
- . 6
Pd/C, H, CoaHosO7
+
C2oH1806

0

oA

0]

HsCO OCHj,

C2oH1806

e
~

[::I:COZPMB
CO,PMB
OCH,

TiCl4/LiAIH,
=T

o}
HN%

2x R
HN

H+

OCH,
e

OCH,

NH
NH

OCH,

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

i OH O 0 OH 3\
HN™ N N~ NH
OO RO
HNW/N NYNH
o OH O ) O OH 0
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A1 Mwuwnlbptp 4-9 dhwgnipinwuubph Yuwnnigwépubpp, unbpbnphdhwu Jw-  13pt
pbih £ wunbub: Ogunnwgnpétip «PMB» Awwwynidp p-methoxybenzyl fjudph
Ywnnigwépp wwwnybpbnt thnfuwpbu:

1-h dwu-uwyEYunpnid nhuindnd £ npw nhdtph (1,) hnup wgnwuywp, huy 3-h uwyByupnd yh nhnynid
3, hnuh wgnwipwup: 1-hg unwgywé 1,-h (ndnyph UUN 'H uwybluipnd nhudnud £ NH pudpbiph
Jwguhuwlwunpbu Awdwnpdbp ypnunnuubph wgqnwuywy, nph phdwlwu y6Ennidp mwppbpynid £
3-h NH wypnunnuubph wgnwiywuhg: Uju indywijubpp gniyg Gu tnnwhu, np1-p NH pudpbph WX wunndub-
nh dhol wnwowghb| k opwstwlywu uw' wnwowgubing nhdtp wywpynibubn:

A.2 Cpowuwqéb] 1-nwd X-hu Awdwwwwnwupuwlnn pninp wwnnd(ubp)p 2pt

A3 Qnpb nhdtp wwpynibnid (1,) opwsuwlwu Yuwbph phdp 2pt
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1-h (15)-h nhdtpwihu ywpynbp nuh ubpphtu twpwénipinLy, npunbn Awdwwwunwupuwu Z thnpp
dnieYnip Ywpnn £ ywpynibwdnpdb): Uyu Bplnypp wpunwbwjnydnd £ AGnbyjw] Swjwuwpdwdp.

Z+1,—2@1, (1)

1,-nd Z-h wwpynibwynpiwlt Awdwuwpwlpnnipjuu Awunwunniuh Awdwuwpnidp pbpdwé k
unnpl

_ [z@1y)

K =z,

(2)

Uniynih wwpynibwynpnidp ywpynbnd Yupbph £ depwsuyb] UUN uwyblyunpnuynwhwiny:
Ophtuwl, 1,-h CgDg-ntd UUN 'H uwblyunpnd dhuy CH, wydbjwgubp b A6inn nhundnid £ wvwppbp
wqnwiywuubp:

2 dhwgnipinup unyuwbu wnwowgund £ dtSs ywihuh Ynpn nhdtpwihu wywpynid ( 2,): 2,-h
Uun 'H uwblyunpp gpwigyb) k£ CgDg-nid, CgDsF-nid b npwug fuwnunipnnid CgDg/CgDsF' pnnubiing
quwigjw| pninp yuwjjwuubpp Awunnwunniu: depp upgwé nshyubpnid 2-nud wnlw H? -wypnunnuubph
wqnwuwuubpp pbpdwd B wninuwynid: Cupwnpbup, np ywpynibh ubpup ywpnwwynd k£
wnwyb| pyYny |ntdhyh dniyniubp L wdbu oh wgnwuywup Awdwwwwnwupiwuntd £ oGl tnbuwyhu
[9ywés wwpynibhu:

(0] (e}
HN/[LN OH (0] H& O OH N)kNH
R R N | | N R R
ISR ¥eeCs:
o OH (0] H& O OH o
2

InLShy H2-h & (ppm)
CeDg 4.60

C¢DsF 4.71

CeDg / CsDsF 4.60,4.71, 4.82

A4 Blubiny 2,-nud H? -h wgqnwuywuhg npn2ty pb pwuh Awwnhy C¢Dg UL CgDsF  3pt
dniGynt £ ywpynibwynpyb
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CeDg-nid UUM 'H wblinpwy ywthnudutipp gnyg wdtight, np 2,-p hp dtig Jupnn £ ptingplb 1-
wnwdwunwulwppnuwppyh (AdA) dhwiu 0BY dniGynt, b wungdwyu Awuwmwunniup (K,), nph
wpunwhwiinnipinup ppdwé Eunnpl, npnayt) £ vnmwppbp 9gbpdwumnhbwuubph Awdwn

N [z@2)

2 = Z][solvent@2,] G)

Udwb guny, UUNM *H wybyunpw) ywhnidubph ogunipjwdp, mwppebp obpdwuwmhtwtutpnid npnpyt| £
K,-p CH,y L1, Awdwlwpgh Awdwn, npp wpunwbwijnynid £ (2) Awdwuwpdwdp: Epynt wungwgdw
Awumnwwnniuubph gpw$hlubpp pEpdwé Gu unnpl (InKa Ywhudwénipiniup 1/T):

InK,
| CO,H

AdA

CeDe-h Unitynip wwpynibwydnpdwé yk 1,-nud: II géh Eunpnwhwih thnthnpunipinup(AS) (1) £ L
Eupwiwyhwih thnthnfunipiniup (AH) (2) £, npp dwwnbwuynd £ upw ypw, np II gé6h ywpynibw-
ynpdwl pwpdhy ndp (3) b Cbunbwpwnph I ghép Awdwwwwnwupuwund £ (4)-hu, huy II ghdp’
(5)1-hu:

A5 Cuwmpbp (1) - (5) nbwpbph Awdwp G6hunn nwppbpwyubpp' upbin wWw-  3pt
nwupiwuntd uintuwyh wudwunwip’A Ywd B:

A B
(1 npwlwu pwguwuwlwu
(2) npwlwu pwguwuwlwu
3) AS AH
(4) 1, L CH, 2, LAdA
(5) 1, L CH, 2, L 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.

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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huy Gu Awdwuncd b )Eu Gwjwuntd ywpynwbubpp

A.1 (13 pt)
4 (2 pt) 5(3pt)
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)
H3-h & (ppm) CeDs ROYp CeDsF phyp
4.60 ppm
4.71 ppm
4.82 ppm
A.5 (3 pt)
(1): (2): (3):
(4) : (5):
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