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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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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

Percentage | Total Score Title

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

Constants

c = 2.99792458 x 10°m s~

Speed of light in vacuum

h = 6.62607015 x 10734 s

Planck constant

e = 1.602176634 x 10719 C

Elementary charge

me = 9.10938370 x 103! kg

Electron mass

gy = 8.85418781 x 1072 F m~!

Electric constant
(permittivity of vacuum)

N, = 6.02214076 x 102 mol~"

Avogadro constant

kg = 1.380649 x 10723) K1

Boltzmann constant

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

Faraday constant

R = N, x kg = 8.31446261815324 ) K~" mol~"
= 8.2057366081 x 1072 L atm K=" mol~’

Gas constant

u=1Da = 1.66053907 x 10~27 kg

Unified atomic mass unit

p = 1bar = 10° Pa

Standard pressure

Patm = 1.01325 x 10° Pa

Atmospheric pressure

0°C=273.15K Zero degree Celsius
1A=10""m Angstrom
Ipm=10"12m Picometer

l1eV =1.602176634 x 10~

Electronvolt

Lppm =106 Part-per-million
Lppb =10"° Part-per-billion
1ppt =10-12 Part-per-trillion

m = 3.141592653589793

pi

e = 2.718281828459045

The base of the natural logarithm
(Euler's number)
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Equations

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.

The ideal gas law

F=k, Q;gz

, 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.

Coulomb's law

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

The first law  of
thermodynamics

H=U+PV Enthalpy H

S =kgInW Entropy based on Boltz-

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

AS = % The change of entropy

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

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

AG=AG+RTInQ
For a reaction
aA+bB = cC+ dEl)
Q= [C°[D]
- arp1b
[A"[B]
, Where [A] is the concentration of A.

Reaction quotient Q
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Ag = ne, AT Heat change Aq
, Where ¢, is the temperature-independent molar heat capacity.
E=F + RTZ In CC°X Nernst equation for re-
2 red dox reaction

, where C,, is the concentration of oxidized substance, C,4 is the concen-
tration of reduced substance.

E

k=Aexp|——==
(- 7)
, Where k is the rate constant, A is the pre-exponential factor, E, is the
activation energy.

exp(z) = e*

Arrhenius equation

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

Lambert-Beer equation

For an equilibrium

Henderson-Hasselbalch

HA = Ht + A~ equation

, where equilibrium constant is K,

A
H=pK,+I [

pH =it + 109 iz
E=hv= h§ Energy of a photon

, where v is the frequency, ) is the wavelength of the light.
When xz £ 1, The sum of a geometric
n no oy l—amtt series

Lt ota b tan = Y2t =
When z « 1, Approximation equation
L 14, thatcanbeusedtosolve
1—x problems
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A for one alkyl group-substitution: ca. +0.4 ppm
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Hydrogen at a Metal Surface

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

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

Part A

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

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

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

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

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

k4

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

H(ad) — H(ab) (1b)

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

= k'1PH2(1 —0)? (2)
Tg = k2‘92 (3)

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

B.1 r4 can be expressed as: 5pt

ry= ——— (5)

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

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

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

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

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

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

x 1073 x 1073 h (@
(d)

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

H2 H2
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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.

shiin JIgull 138 ga .gjganll agigll slc roie) ¥ Jidimall ga délh jano gragivall ggiy of edgiy
Jragivall (wjaig Jdi diidiy (Gleiy 1Aag «gaeo d gag)rall gujat dilac qll

A Part

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 k) 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.

ahuw gle gragjuall galniol dloc oIl Ugl Jaiil arhw JUA go lo gago Jaly @l giagjaall (aiad
loaic .dlaleall sa (ad) 4 abhuwll gl dnioall dllallg (g) 4 dyjlell dllall jogy cua H,(g) — 2H(ad) .gaeall
Jad) gragjna aljd Jad ele gaioig ahull gle d44ii (M) gago ahuw odl (Hy) gragiyall alijja Jad
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JAoy .(2) ga=all pdaul duwilly glaijVlg (d) ahll gu dalwoll :ppeion Jiaii H, 1 diolall délhll .lia .(1
hdioll ¢agoell jgaall glc laily gdy Jdill j9)0 glg 2wl gjlgo gagjvall o0 jlall jgaoll gl yaljial
old)Vl .ahwll gle c4aill diloel diol4ll ddlall (contour) hhio jaky 2 J4adk a1 Jaudl g aigall
100 Jioy dhdiall hghAll acliig .20 k) mol~" Jioy dlniall hghAll achi .guagjymall o Jgo JAl k) 6aagy
dipanll dhdill djjljiayl délhll Jloal ai .80 kjmol~! Jioy dhdioll go dlnioll hghAll aclig k) mol™

.(zero-point vibration energy)

-

H; o
|

|
'y
¥
<
@
AN

bl gyl ! alpéioll cayei 1 J4d
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0.1 0.2 0.3
d/nm
2 Jaw
6pt A.1

For each of the following items (i)-(iii), select t:he closest value from A-G.
A-G aljlall go doud aydl pAl (i)-(iii) ddlill paliell jo JAl
(i) The interatomic distance for a gaseous H, molecule

sjledl Hy egja oa alll gu daluall (i)

(ii) The interatomic distance between metal atoms (d,, in Fig. 1)

(1 AL od dy) gaeadl @l gy daluell (if)

(i) The distance of adsorbed H atoms from the surface (haq in Fig. 1)

(1 JAdt (od hyq) dawdlg guagyaia 6)3 gy dabluwall (i)

D.0.15 nm

C.0.11 nm B.0.07nm A.0.03nm
G.0.27nm F.0.23nm E.0.19 nm
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4pt A.2

For each of the following items (i)-(ii), select th:e closest value from A-H.

A-H aljuall go doyd qydl paal (i)-(ii) ddlill paliell go JAl
(i) the energy required for the dissociation of gaseous H, to gaseous H (H,(g) —
2H(9))

(H2(9) — 2H(9)) gjle H ] Gjlell H, clihail dojulll dalihll (i)
(i) the energy released during the adsorption of a gaseous H, (H,(g) — 2H(ad))

(H2(g) — 2H(ad)) sjle H, yalniol dilac JAA dietiall délhll (ii)

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

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.

98 o4 sjlell jghll ] ageig anii gl .gaeall Jals ] gaiod i lo] ahull sle dnioall gragyyall alj
aall JAly sd dnioo uagjua 8)Al jopu H(ab) jopl .(1b) g (1a) guilsleall (oa ango

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™"],7,[s~!] and

r4[s~'], respectively. They are expressed as:

Wplniolg (desorption) gaall o dlapwall Jlnail J(adsorption) jalniolll gahw gdgo Jal aMlclaill depum
(Ll gaill ole laic pueill ghoy .quijill @le ry[s'] g ro[s7'] i [s7'] 0@ (absorption) gaall Jalal

7'2 == k292 (3)
—— (4)

where k; [s'Pa~'],k,[s""] and k;[s7"] are the reaction rate constants and Py, is the pressure of H,.
Among the sites available on the surface, 6 (0 < 6 < 1) is the fraction occupied by H atoms. It is assumed
that adsorption and desorption are fast compared to absorption (r, 7, > r3) and that # remains constant.

go .gaagivall hen ge 8jluc By, g walclaill deju culgh ge 6jluc ks [s7']g iky[s7'] ik [s1PaT] dun

of waliial ghoy .uagiuall aljyy dlgésiall duill (0 < 0 < 1) 0 Jioy ahuwll gle dlioll gélgall g
8alall Jaly o] (alnioVl dilael duwilli 604 (desorption) gaeall (o aloywall Jlndilg jalaioVl dej

AL oddT 0 gig (ry, > 1)
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r5 can be expressed as:

Express C using k, and k..

(Ll gaill le 7y Judod J4ay

Py = ——b (5)

ko g Ky plaiiwl C ge pe
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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.

Gagivall go (1.0 x 1072 m?) il 1 paay eleg a S = 1.0 x 1072 m? ahw dalwo lal diireo diyc dong
Blaall o N = 1.3 x 108 m 2 o@ ahull ole gagiall alj glaiol gélge dalis (B, = 1.0 x 102 Pa)
w=4.0x10"*Pas™" cli Jagoy By yadliiy 1 Jelaill jlpaiwl vic T = 400K ric ahull 6l dajy olc

J4n gaeall dige paa gig llio jle ga H, gi yayial

3pt B.2
P Calculate the amount of H atoms in moles absorbed per unit area of the surface

per unit time, A [mol s~"m~2].
| 30 daluo 83a agall dninall guagiaall als ded wuwal
g Jo g HA9) J -
A[mol s7' m~2] .diioj ang

3pt B.3
P At T = 400K, C equals 1.0 x 102 Pa~'. Calculate the value of k, at 400 K. If you

did not obtain the answer to B.2, use A = 3.6 x 10-"mol s~' m—2.
ol 13] .400 K ric ky dotd aual (1.0 x 102 Pa~! 1 diglwo C (gai .7 = 400K aic
A =36x10""mol s7'm~? paiiwl B.2 pdall aa dila] olc Jnai

3pt B.4
Y Ata different T,C=25x10>Pa~" and k; = 4.8 x 10"2s"are given. Forr; as a

function of By at this temperature, select the correct plot from (a)-(h).
Jad JAl kg =48 x 107257 g C =25 x 10°Pa~" (gai .dalito 8jljn dajy g
Byl go dajall oda ric By poial duwilly ry dlial (a)-(h) go (gdaiall

x 1073 x 1073 h) ()
(d)
6.0 6.0 / H
' (c)
- _— - /
95] 95]
O 4.0 P (b) O 4.0 /
(©
/ /
2.0 s () 2.0
s //
0 1.0 2.0 x 107¢ 0 1.0 2.0 x 1076
P /Pa P /Pa

H2 H2
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Hydrogen at a Metal Surface

Part 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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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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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.

olal pie) .isotopologues gowi .CH3D g CH, Jio .gphill cusyill oa hda alind il diigjall alilall
warah ATl aagy ddudall b .duiliogdll alanll gudi lal gi aligjall

Assume that all of the substances shown in this Question are in a gas phase.
silell jghll s JIgull 13a g4 slgoll gran gb yagial
Let us consider the following equilibrium:

i glEYl Jelat oa pAiil

[12C1601SO]2

~ [12CT60,][12CT80,)] M

12C1602 +12 C1802 = 212c160180 K

The entropy, S, increases with increasing the number of possible microscopic states of a system, W:
W plhill dyaaoll aVlall aac &alijs .S 1ougpiiyl Alajy
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S=kglnW (2)

W = 1 for 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.

6jalaio guawbYl aljy gl 12C780™0 cgjal W = 2 . Jildall oa 12C'80, g "2C'®0, J duwillh W =1 &ya
W =22 = 4 gg&i 1 Iyl daleal gosll phll ga 2C1°0™0 ubija aagy g¥ .csjall 13 od

8pt A1
P The enthalpy change, AH, of eq. 3 is positive regardless of the temperature.

Bylall daga ge phill gagr aago lofla 3 disleoll AH il ga poill
H, + DI = HD + HI 3)

Calculate the equilibrium constants, K, for eq. 3 at very low (think of T — 0) and
very high (think of T"— +o00) temperatures. Assume that the reaction remains
unchanged at these temperatures and that AH converges to a constant value
for high temperatures.

aicg (T — 0 8 J44) 1aa drddio 8l daa aic 3 daleall & gl cyli gl
ala aic peiy V Jelaill gi gajial (T — +oo o J4a) Iaa dedijo sl daj
Jdeaiall 8jlall ailayy aic dili dogd ani AH gi (ajialg .0ia@ &)l

The AH of the following process can be explained by molecular vibrations.
Argjall aljljiayl Jui go dudoell odal AH puwai piy i G40y

_ _ [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:

oLl [s7'] v sjliEayl aapll g3 8)all (dlif egjal dijljiavl dalall ge pey 0K 8jlall @y aic

1

E=hy (5)
1 [k

YT\ ©)

Wherein k is the force constant and x the reduced mass, which is expressed in terms of the mass of the
two atoms in the diatomic molecule, m; and m,, according to:
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B GILiT egjall (b guijAll dlis dhuwlgy laic jueill jhoyg dljitall dlisll ga v g digjall culi gay k éun
(LS imy g my

mymsy
- 7
h = o my (7)
8pt . ) ) A.2
The vibration of H, is at 4161.0 cm~' when reported as a wavenumber

Calculate the AH of the following equation at 7' = 0 K in units of ] mol~".
Jelaill AH cuaal L gago 315 dic pueill aic 4161.0 cm ™' aic H, jljial g4y

J mol~" 833gs 0K 8jlja daya aic Ll

2HD — H, + D, (8)

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 -

r oLl gayial
AH oa palwi djljiiayl ddlhil hda
".D, g .HD .H, 1 dailhio k doyd «
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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,.

druill oa peilli Ap, cyjei pi lia gl sic plkill )il days le D, g HD H, 1 dyjYgall dyuill aaief

.D, 1 dyjMgoll

Ay = 1oy 9

b = Ry 9)
2
D,] . D

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

distribution of isotopes becomes random at 7" — +oc.

aJ.D.IJ.ILbJJ|8.IJng|dbA.\LDdAJ T—>+ooA_Lc%H}d_LouIRD LJ.LD..Igd.LLQﬂLg\.d{ }aJ_U.LlJlRDzd_LD._Iu_IJ
2

I — 400 2ic L_|__|Ig.Lu_c

10pt A3
P Calculate Ap, with natural D abundance when the isotopic exchange is in equi-

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 10* and 1 —1.5576 x 104, respectively.

dya aic gIjil o pbaill Jaliill gg4y loxic D I dieuhll 8jagll go Ap cuual

8yagll quui i (apial .0.300 sglwi 4 dlaleall ga K gljivl culi Joai &)l
il ole /1 —1.5576 x 10* g 1.5576 x 10°* & H g D J dieuhll
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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:

Aalg e (oa dldill ANl go i)l gle (sging L_gl «JLla1T gi isotopologue J dyjVgoll duwill .ple Janu
dagngo Lg\_L”g A7 g 44 dujall Jiall ali Co, uLupJ dyyVgall duuill ga phaiil .Ejlall daja galail go alaji
il dayeo A,; doydll .olial CO,[47] g CO,[44] 4

_ Ry
Ay = R 1 (10)
[CO,[47]] . o 1o [CO2(47]]
R,; refersto [CO, [44]] in the sample and R}, to €O, [44] atT — +oo. The natural abundances of carbon
and oxygen atoms are shown below; ignore isotopes that are not shown here.
el s - . [CO,[47]] . [CO,[47]]
aljdl dienhll 6 | .T — +o0 Aic duwill R (direll ga dowill R dun
: 198 (O, 4] in Jiowg Ghell w5 106 g o7 i

.6)g830 poll jilhill Joal .d_a.u.uJLg dango awillg gguall

13C 12C
0.011112 | 0.988888 | natural abundance

180 170 160
0.0020000 | 0.0003790 | 0.997621 natural abundance

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

(K 83ag1 8)lall dajy ge djlic T éua olisl ango é)lall dajan Ay, bl

36.2
AYEES Tz +2.920 x 1074 (11)

9pt A4
P The R, of fossil plankton obtained from the Antarctic seabed was 4.50865 x 107.

Estimate the temperature using this R;. This temperature s 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.

4.50865 x 107 cils (quginll cthéll oé jaull gld go dgilo (sjganl Gllel R,; doyd
clgall 6)lja daja lail oda &jljall dayy pwai .R,, doid plaATwl 6)lall dayy jad

ot CO,[47] 1 lequir ji8UI paill hda padiwl . Gllell aga gile Al pnell Jila
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A.1 (8 pt)

T—0: K= , T — 4+00: K =
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A.2 (8 pt)

AH = ] mol—!
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A.3 (10 pt)
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In this problem, ignore the absorption of the cell and the solvent. The temperatures of all solutions and
gases are kept constant at 25 °C.

Part A

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

(AT][H"]

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

(M

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

A1 The absorbance of Xwas A, at a wavelength of \,. Then, solution Xwas diluted  10pt
to twice its initial volume using hydrochloric acid with pH = 2.500. After the
dilution, the absorbance was still A; at A,. Determine the ratio ey5/ca-. Where
eya @nd e4- represent the absorption coefficients of HA and of A-, respectively,
at ;.
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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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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.

25 °C aic aljlellg Julball Jal 8jlall alajs @le Blaall pi .wiallg diall golniol Joal .JIgull 138 a4

A Part

An aqueous solution X was prepared using HA and NaA. The concentrations [A~], [HA], and [H*] 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:

1:00 x 102 mol L™ (o X Jglao (4 [H*] g .[HA] [A"] 517 NaA g HA plaiiuly X (gilo Jglao pai pi
Jljivl Jelai Jula go gaedl [@ney dhiijo illg «uiyill glc ,1.00 x 10~4 mol L-" ¢ .1.00 x 10~3 mol L~
) oLl Baclé-ron

[A7][H"]
[HA]

HA= A" +H" K = )1(

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

ol &igan pac gajial .capaaill sic daliall poi Joal .Jigudl 13 Jo A 8jdall oa  ga gpadl jluall Jgh
A Jelaill Tac giloy§ Jelai

10pt A1
P The absorbance of Xwas A, at a wavelength of A,. Then, solution X was diluted

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 /25, Where
eya @nd e4- represent the absorption coefficients of HA and of A-, respectively,
at A;.
Johall warddi of .elld Ay A, sagall Jghll aic A; ga X Jglaall yalniol gla
pH (sitagjyiall pdpll g3 jglall aon dalals @dlail daan caen anl gi @l] X
Cun sepp/ea- dundll Aaa A aic A Jglaoll alnbol JIj V .caraiill aey .= 2.500
.)\1 Aic llJ_LUJJI Lgd_c 1A7 g HA LpLD_LDI LJ.DLQD EA- g EHA (J.LO.J
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B Part

Let us consider the following equilibrium in the gas phase.
ikl jghll a Gl IVl ed A4l

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 gasis 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.

(Jawll ga Jadl Jhil) § gy ghiia) @lad dpio jlaa g3 allihiwoe (sjlgio cleg b D i jLé co ai
Joleo = Jiaf éun A = e(n/V)l o jlall dunlaiol Iyl Aic gin P aic [l hoall gdug P hen aic

sjlell ajall aligho J4 g yajial .spadl jluoll Jgh 1 g jlell pan V g .avgally jlell a8 n g .galnioyl
.ddlio aljlé e 8jlc

[
> )
/'/’ x
Use the following definitions if necessary.
dalall sic dlill cayjleill padiwl
After equilibrium Initial state
M D M D
DM b 0 P Partial pressure
M np 0 ng Amount in moles
Vv Vo Volume
6pt B.1

The absorbance of the gas at \g; measured from direction z (I = [,) was Ag;

both at the initial state and after the equilibrium. Determine the ratio ¢y /ey

at \g;, where ¢y and ¢, represent the absorption coefficients of D and of M,

respectively.

dllall aic Agy aildg (=1, §T) z jgaoll olail Jo Mgy Aic jlell dinlniol glwa o

alloleo gy g ep Jiod cun Mgy Alc ep /ey drwill Aaa .ellA4 gljiyl aicg diilanVl
.owijill (odc .M g D (plniol
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6pt B.2

The absorbance of the gas at \g, measured from direction y was Ag, both at

the initial state (I = ,,) and after the equilibrium (I = /,). Determine the ratio

ep/em at Ag.

duilaiyyl dllall aic Ag, aildg y jganll olail o A, Aic jlall dunlniol alwa pf
A2 M€ ep/ey duuill aaa (I =1,) YIEVI Aoy cllAag (I =1,)
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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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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.

wclinll canll olio (oa 3gagall dijfll yna piy .AVgallg yulaill Algal clilpas dligh 6)ia io elifll paAiuy
clijs dolaaiwl alelg oalayiw agle Jnaiall qualyll JIjial piyg sclall go pgaul gljiiy il G e

A Part

The dissolution equilibrium of zinc hydroxide Zn(OH),(s) at 25 °C and the relevant equilibrium constants
are given in eq. 1-4.

4-1 avsleall ga 8lheo ddalgall gljivl culgig 25 °C aic Zn(OH),(s) elifll Apudgjaal diibigall gljil

Zn(OH),(s) = Zn**(aq) + 20H"(aq) Kgp = 1.74 x 1077 (1)

Zn(OH),(s) = Zn(OH),(aq) K, =262x107° (2)

Zn(OH),(s) + 20H(aq) = Zn(OH)3 (aq) Ky =6.47 x 1072 (3)
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H,O(l) = H*(aq) + OH" (aq) K, = 1.00 x 1014 @)

The solubility, S, of zinc (concentration of zinc in a saturated aqueous solution) is given in eq. 5.
5 dhleall o (grio oilo Jglro oa clifll j1a)i) .S, elifll diiligh hei Lo

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

6pt A1
P When the equilibria in eq. 1-4 are established, calculate the pH range

in which [Zn(OH),(aq)] is the greatest among [Zn®*(aq)], [Zn(OH),(aq)] and
[Zn(OH)Z"(aq)].

J9 éuny pH aud (oa Jlaoll quaal |, 4-1 avaleall gd glfvl dlla ol Jgngll aic
[Zn(OH)F"(aq)] g [Zn(OH),(aq)] g [Zn**(aq)] g lcll ga [Zn(OH),(aq)] 4y

5pt A.2
P A saturated aqueous solution of Zn(OH),(s) with pH = 7.00 was prepared and

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.

capal ai .aapiyi pig pH=7.00 dayd g3 Zn(OH),(s) go guito ilo Jglao i pi

dyVgall dygioll drwill awanl .12.00 ] pH dowd 83l daluyll oda gl NaOH

pall aa dlnlall alpeill Jalai .12.00 @ll 7.00 go pH abajl vic quyioll elijll
) RJJEV/EVAYS

B Part

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

‘olif Jelaill Lag elifll apusl ole Jgnall oslapiul af g1 elijll Awgina griuw piy ey e
Zn(OH),(s) — ZnO(s) + H,O(l) (6)

The zinc oxide is then reduced to metallic zinc by reaction with hydrogen:
agaall go Jelailly gjlall elijll o) elifll apuudl JIjial elly sop i)

Zn0O(s) + Hy(g) — Zn(s) + H,0(q) (7)
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4pt - B.1

In order for reaction (7) to proceed at a hydrogen pressure kept at 1 bar, itis nec-
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 AGy,o(300°C) =
—2.90 x 102 k) mol~" and AG}; o(300°C) = —2.20 x 102 k) mol~", respectively.
henll aas gjgpall go il 1 bar gragna haea aic (7) Jelaill joiuy in
2owwy Al cloll jlAyl (odjall honll oleVl Al cuual .algiall cloll jlayd ol
Jlug elifll apsY guya ugdl aldlh ggii cua . 300 °C aic (7) Jelaill jlyoimly
g AGzn0(300°C) = —2.90 x 102 k) mol~" ,llgill ¢lc Lo 1 bar g 300 °C xic cloll
. AGy,0(300°C) = —2.20 x 10> k) mol "

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-.

o4 PAAJ.U.LI ZnO g Zn Jo uhdll ggaly .jla-clga alylad (agil) wllw whd 8ilos gireall elifll paituy
° .1 bar lhong 25 °C aic (e.m.f) duilipas dealy 6gdy cliyms Ailgil Ll le_Ll_\Jl -6Vl Jelay

Zn(s) + %Oz(g) — Zn0O(s) E°=1.65V (8)

3pt B.2
P A zinc-air battery was discharged at 20 mA for 24 hours. Calculate the change

in mass of the negative electrode (anode) of the battery.
ohall dlis b pill quual .dclw 24 610l 20 MA yic clga-clij dyjlhy guyai o
dyylingll (3givl) ellull

Mt. Fuji



K-
APAN

Chozo1™

SAU-4 C-4 Q-4

Q4-4

Arabic (SAU) (Saudi Arabia)

5pt

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

cuaal hiell hugll gle roioy clga-clij dylhy oa em.f ga poill gl gapa
3776 m g (nlpa) —38°C glaijVlg 8)lpall dajy éun . (s294 J1a dod ric em.f doyd

ddllelly Jios ggall callell hen . ollgill glc

5.257

9)

Pbar] = 1.013 x (1 - 00065k )

T + 0.0065h 4 273.15

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 AG7,0(—38°C) =

—3.26 x 102k mol~" at —38°C and 1 bar.

‘Sgallmﬂszll(_g\uu.mmﬁlﬂ dlgall duwill ggai . T [°C] 6jlyx dajag k [m] glaijl aic

AGzn0(—38°C) = —3.26 x 102 k) mol~" ga (8) (_j.cLa.LLI o délh ga peillg . 21%
.1 bar g —38°C aic

B.3

Ipt

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 (1 1) respectively.

JUAVE agan pud gf By . 25°C aic (6) Jeldill guua délh b pill qunal
(11) g (10) o 8lago 1 bar g 25°C aic E°(0,/H,0) g E*(Zn®*/zn) , duulll
llgill ol

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

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

B.4
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DH,0= bar

B.2 (3 pt)




IChO

wies A4=4

Choz0™ English (Official)

Q.\GS
PN

B.3 (5 pt)




IChO

wics A4=D

Choz0™ English (Official)

Q.\GS
PN

B.4 (9 pt)

AG° = Jmol~!
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Mysterious Silicon
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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?
R1—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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Although silicon is also a group 14 element like carbon, their properties differ significantly.

8 Jady @liai anilna gi V] ggyall Jio 14 degoaall Jo nic LAY ga ggarluull gi go péyll e

A Part

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.

aoi wijo o8 ggaluullg ggatluull diMill dhilll gla . ggyallg ggyall gu duMill dhyll guice le
R'-Si = Si-R" dil glc diclin

ring le gging il iio Juawil gyl go Jelaiy . Jliodl Juw ole . Jelaill yad (Riggac Jin)

membered-four
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R'-Si=Si—R! + H,C=CH, e /Si=Si
AN

R! R!

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),.

Lai . .olgl g4 A four-membered-ring w4 i) R2-C = C-R?2 Ju&ILR'-Si = Si-R! dalleo aiy loaic
slg g Jijo oL

awili dyjg ddalyio J5Ua wle sging lo@sg . € g B (upogjil pagy A go R2-C = C-R? o AT cgjal galid]
(R'-Si),(R*-C), laiclyn j404g six-membered-ring glc sgini il ” disilabenzenes “ qouuig + ujidll

_ _ 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.

.C 1 6aalg &)liulg B J guijlin| Si,C, dlhldiall six-membered-ring drohhell Jalall '3C NMR (A jah]

9pt A1
P Draw the structural formulae of A, B, and C using R', R?, Si, and C, with one of

the possible resonance structures.
diqooll guifl JAba aal go, C g Si ,R? ,R! pladiwli € g B, A J duilidll gunll ouuyl

7pt A.2
P Calculate the aromatic stabilization energy (ASE) for benzene and C (in the case

of R" = R? = H) as positive values, considering the enthalpy change in some

hydrogenation reactions of unsaturated systems shown below (Fig. 1).

diago p1dd (R' = R? = H dllh sa) € g gujicll (ASE) sphell aiill ddlh qual

He dohilll dapall allelai ey oa @il gginall pai jlicVl ga 31l go .
(1 JAasdl) olial dangoll deiiall
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H,C =CH,

H,Si—CH,

H,Si—SiH,

HSi—SiH

_

HSi

I

HSi SiH

L

Ho

Ho

Ho

3 H2

3 H>

3 H>

3 H>

H3C - CH3
H3Si - CH3
H3S| - S|H3

9

sti_Sin

~

/—SiH2

H,Si

H,Si SiH,

/

AH = -135 kJ mol™!

AH =-213 kJ mol!

AH = -206 kJ mol™!

AH = -173 kJ mol™!

AH = -326 kJ mol™!

AH = -368 kJ mol™!

AH = -389 kJ mol™!

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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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 ratio is

D:E=1:40.0at50.0 °Cand D:E=1:20.0at120.0 °C.

dylgall duuill .E g D alydjall go gjlgi hyls eliacy &j0jl grady aila , € go xylene Jglao guiwi piy losic
l:g\a

D:E=1:40.0at50.0 "CandD:E=1:20.0at120.0 °C.

6pt A.3
P Calculate AH for the transformation of D to E. Assume that AH does not de-

pend on temperature. )
ylall daja ole aaiot U AH i yayial . E ol D go Jugaill AH wual

The isomerization from C to D and to E proceeds via transformations of w-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.

NMR Julai cais . o-bonds (zgi 4 Jgao-bonds gll m-bonds (o ciMygai jic E g D (gl] € o 610jVl joiuti
wlc sging U D 1 qohell Jarall .E 4 dalall ellil gyijli] g D 1 Si,Chenhrell Jarall 8aalg 6jli] g BC
.dahll ea ¢yiui three-membered-rings guiil lc E sging laiy , three-membered-ring §i

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

Cg,Si,R? R" pladiwl E g D J duilidl doynll guu)l

B Part

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.

@unitll dille alibpo gt wle ald ggiilull

(> four substituents)

alaygla gla .+ 8jglall cadilgd padiwi bo Lle direall alyglall g 1fAi yglall Jio dyjas plic go
By9lé caiblgds LAyl Jagi Guuuiill dyllc ggSylyl

The fluorination reaction of CCl, using Na,SiFg was carried out as follows.
Ll gaill (ole pif Na,SiFg plaatwl CCl, J 6jglall aiMlclai
standardization Na,SiFg solution
- Preparation
Aqueous solution F: 0.855 g of Na,SiF, (188.053 g mol ') 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).
giTakti]
.(200mL :glall panll) cloll qa wlio (188.053 gmol ") Na,SiFg o 0.855 g : F gllo Jglao
(200mL :lall @aall) cloll ga wlio (568.424 gmol ') Ce,(SO4); o 6.86 g : G ilo Jglao
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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),.

ddyphll

Guiiy sallg . (oJLdipll xylenol 3gag (od hydiilll G Jglao dala] @b ge 50.0 mL F Jglaal cuwyill dpleo
agiall auwlpl . ailgajUl @] janil go Jglall ggl paiy . G Jolaoll o 18.8 mL dala] aey .Juas Ce3* ol
Si(OH)4 9@ uagll @ilill ggduliull wjog Ce¥* ole sgin oilif wSjo ga

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

Ce,(S0,); go Na,SiFg Jclail digjgo dlaleo wisi

:Na,SiFg JI go CCl, JI Jclai -
(Substance losses by e.g. evaporation are negligible during the following operations.)
(.ddlill arldaell elifl 43y aldy ¥ pArill . Jliall Juw gle 6aladl pilua)
Na,SiF¢(z [g]) was added to CCl, (500.0 g) and heated to 300°C in a sealed pressure-resistant reaction

vessel. The unreacted Na,SiF; 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
CFCl5, CF,Cl,, CF;Cl, and CF, were observed (cf. Table 1). The integration ratios in the "F NMR spectrum
are proportional to the number of fluorine nuclei.

p4noll Jelaill cleg ga dygio dayy 300 (ol lAiAwi pig 500.0 g CCly ol] Na,SiFg (= [g]) dala] cai
8alall caradi pig . 8)ilall Gupn e algiall NaCl g Jelaio pell Na,SiFg dlljl cuai nonall pgldallg (Glall
4504 SiF, H Jglaal'®F NMR ¢2°Si walthi apalig (H Jglao) CCly go L 1.00 0jad glloa] pan (odl 8jilaall
CF5Cl, CF,Cl, , CFCly 1 dbldall ciljliayl cungl . SiF, oll dalayl . 1F NMR cath” ea .aiagll ggarlll

Jglall sgi @1lgo 3¢ go duuliio °F NMR ayh od Jol4ill cui (1 Jgaall) CF, g

1 Table
CF, CF;Cl CF,Cl, CFCl; NMR data '°F
2.0 18.0 65.0 45.0 Integration ratio

SiF, is hydrolyzed to form H,SiF, according to the following eq. 8:
(ot Lol ldag H,SiFs Jr4uil alylai aiy SiF,

3SiF, + 2H,0 — SiO, + 2H,SiFs 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).
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pi s Jnall roy SiF,l Joldll qilall Jaill o] 3 Loo , cloll go 81ilj dpoAl aiala] ciai 10 mL H Jglo
() oilo Jglao) Na,SiFg (ol Jolally aligaig (gilall Jolaall g (ilall JIaill o Algiall . H,SiFg dlaleo

The precipitate of unreacted Na,SiFg 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).

16l , (a diag) dlgll 8ghall oa 8jilally aillj] ciai illg . NaCl g Jelaio pall Na,SiFg clyll &l3] i
10.0 L K Jglao) (gilo Jglao clircy cloll (oa

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

‘ot Lo aild G go dpleall dilaj dhdig l@iaii pi G Jglao plaiiwly drals] apwyi dpleo el agy
-For solution J (entire amount): 61.6 mL .
-For 100 mL of solution K: 44.4 mL .
.61.6 mL :(dlol&ll d1oAll) ) Jglaoll

. 44.4 mL :K Jglao jo 100 mL JAl
It should be noted here that the coexistence of NaCl or SiO, has no effect on the precipitation titration.

il 8pleo ole piili 6I al gyl Si0, gi NaCl giylei gi ] Lid 6)Lsayl jaqig

15pt B.2
P Calculate the mass of the NaCl produced in the reaction vessel (information

underlined), and calculate the mass (z [g]) of the Na,SiF; used as a starting
material.
)aliall auaalg (A laiag alogleall) Jelaill cleg o dafioll NaCl dlia awunl

.dulgl algas doaAiwall Na,SiFg (o ( = [q]

8pt B.3
) 77.8% of the CCl, used as a starting material was unreacted. Calculate the mass

of CF;Cl generated.
.algiall CF5Cl dli% wuual . Jclaii ol dugl algas doxitwall . CCly (o 77.8 %
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Part A
A.1 (9 pt)
A (3 pt) B (3 pt) C(3Bpb)
A.2 (7 pt)
CeHg : kJmol™",C: kJ mol"
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AH = k] mol™!

A.4 (10 pt)
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Part B

B.1 (5 pt)

B.2 (15 pt)

(Continued on the next page)
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Nacl : g, Na25|F6 : g
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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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Volcano at Sakurajima island

A Part

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 (O,,) 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:

alayull galeo jghii loaic .pllell clail groa oa JLAlpl go aac AT Layal il Jgall go 61alg @ glldl
MM ggai .alluwll galeo od §jlanll ga (M) duldiivl galeall aligil go cja aloail Jnay .6)lanll go
el Jad ga donji ol 3xc J4uuig (0%7) ALY aligyl go Ldwlii dhyijo dlluwoll oda oa duwgjroll
Lalsg aldluwll gileo oa (0,) ogagll gdlad Jau (gd diw odwlif yac Januig §jlanll ga (Ty) dagVl

D jlanllg aldlul galeo gu MM ggiill 1jgill Joleo e peill y4ay .gaijo (ig)iall Ji€ (ugad jaby
:ddllelly

M,
M
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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.

padi olial Jgaall aigy . ollgill sle 8jlanilg aldyluull galeo go J5 a M™ sl Jiai [M] g [M]s éun
.liol4 Mn2t g Cr2t 1 D

Cr2*  Mn?2+
D 7.2 1.1

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.

Oy Jlao a0 gl Jlaall jlydiwl délhg MM ggulll d -aljlaol plwdiVl délh gilioy CFSEC g Ag (A
. Ty Jlao o loailliay CFSET g Ay yajaig .ollgill olc

6pt A.1
P Calculate | CFSEC—CFSE"| = ACFSE in terms of A for Cr?*, Mn?*, and Co?*;

assume A; = 4/9A,.
Co?* g Mn?* g Cr?* go JAl Ag ailalhinall dlyay [CFSEC — CFSET| = ACFSE wuwnl

Ay = 4/90, ajial

3pt A.2
P Alinear relationship is observed by plotting InD against ACFSE / Ag in the Carte-

sian coordinate system shown below.
Estimate D for Co?*.
altilaayl plhi oa ACFSE/Ag Jildo InD gy JUA Jo dihi ddlle agag hAagl
.olial angall dyijlaall
.Co?* yglVl D e

2.0

0 01 02 03 04 05
ACFSE /A

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
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the CFSE of M™* in the Oyfield.

aloll 8)gly dira (ol (Co gi Mn V. Ti. .Ca, dyllill galeall go i Jioy gaeall éya) MO galeall ApulAl jgliii
dyjglull dapll dylliil hyiyi . Jjell gaijo dgyiall wibyi go O ewniall Jamll M™ gitiy dun gAanll-
aligVl dindig phd wani gulwl gle aaioi il aliaddl gu pglgd alpiliy guulwi Jady apulall oial

) Oy Jlao ga M™ ggyill CFSE o ciloaluwall jaeig

3pt A3
P Choose the appropriate set of lattice enthalpies [k] mol~'] from one of the op-

tions (a) to (f).
(@) aljlall aai go [k)mol="] dygldl d4uidl alulliil go duuliall degoanll Jial

(f). &l

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 Part

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
(d » and d,2).

z2—y

Jasl o8 Fig.1 o8 ango ga lod dicly aag dula gd jghiy Cu?t g La®" glc gginy . A apusi ujo
(o [CUOg] oguitiyg « (1,) X ygaoll lc dlli go Jghi . (I,) 7 jgaall Jgh @l Cu-0 Jgh (giy [CuOg] silaill
(d.» gd,. ) eq aljlral edlhll ggluwill dljl &I $3gi alagdill oda .0y, phiiall Jasl

D La3+

@® : Cu

O 0+
0.2520 nmI
1.3313nm

CuOq

1 ”, ﬁsesa nm
‘+——
X

0.3833nm

Fig. 1

A can be synthesized by thermal decomposition (pyrolysis) of complex B, which is formed by mixing metal
chlorides in dilute agueous 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.

allall alaygls hla @Guh ge ggaiy Mg« B adeall ()l JAivl) gylall Jhaill Gapb ge A i g40)
dglw jJah] . 4ilif yaoa T .C,H,0, (squaric acid) elyjlgiw gaoa le (sging wdio ilo Liigol Jglo g4
+Jgluill clo ada wywy digio dajs 200 (qin 29.1% duuiy gjgll o 1344 alall clgall ga B 1 gjlall Jlaivl
A gai clifl gjgll glada @lloa] .CO, GMb| cuy digio das 700 ol Jgngll @in gjgll JaT gladay LEgiio

)l JAnidl Jelai ga hda €O, g elall @il iy dil oJ] 8jLisyl jaaig . 63.6% ga B o

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

.B g A (o Jal diiliojAll deunll il
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4pt B.2
P Calculate /, and [, using Fig. 1.
Fig.1. plaaiwb 7, g I, cwunl
4pt B.3

For Cu?* inthe distorted [CuOg4] octahedronin A of Fig. 1, write the names of the

split €q orbitals (dIQ,y2 andd.z)in (i) and (ii), and draw the electron configuration

in the dotted box in your answer sheet.

clowl wibl . Fig.1 go A sa [CuOg] oguitall giloill J4ull gé Cu?* Jal go

oa odgialVl gujgill puaylg . (i) g () od (d.2 g d,2 ) €5 downdiall aljlaall
«cliylal ddjg (o8 hdiall gijoll
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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.

dauill oé aalg wdf Jildall jaky Sr2tgo aalg gail La®* go aalg gail Jlaiwl salg .dljle 8alo A piey
and ddila didngo Sr2-ggil angehi pi A1 A Jall wellAl dayii .clyadll Jingi go laidoy il dyghl
1240 Jio JAl ugdill o 2.05 x 10?7 jg4iy . A 1 Jlariwl Jelai éaa boaic . 38 K

4pt B.4
P Calculate the percentage of Sr?* substituted for La3* based on the mole ratio

in the substitution reaction. Note that the valences of the constituent ions and

the crystal structure are not altered by the substitution reaction.

od dilgo duuiy La®" gail élgo d Jasiuwall Sr2t gyl dygiall dpwill cual

Jelai elifl poit al dyjglull duidllg digoll aligyVl ailgalat gi hay . Jlaiwdl Jelai
JIaiwl

C Part

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®" (Fig. 2C). The angle 8 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.

@ahi Fig.2A Jaddl cu* go guidl oJl Ldwlii dhylyio CH3CO,  alyilay guyi go Cu,(CH5CO,), ggiil
deyVl alvilulll od gguall aljy pe glyoy guygao go «laiall JAlll go dulle aligiuo Cuy(CH3CO,),
rie gaaull l@Ael duuill doleio Jasy d@ago jghall goag .Cu™ go guigll uc joy jgaog CH3CO,
Jgais "uaad algaa gd adeo” (jgiis .CH3CO,  Jo Var (dicarboxylate) Juw4giall L ailagl plaAiul
dagljll a2 .Fig.2C J4uill Cu®" g Fig.2B JAsiul L1 aluubgns (odilii go (sgiwo o Cuy(Ll), gaadll aéeo
ds il o Fig.2B Jauul oa pawll dhwlgr lay] jlitoll ailwAgall go uify (Guliill alalail gu 8

Fig.2. Jauil (oé dango pe quagjnall aljd gi hay L1 1 dayy 0 sqlwi 8 .gaadll vdeo
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A ( B

& ® &
/ef 0o 0”0
: Fou
d 0=0°
Bc.@oOc
Fig. 2
5pt 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

m

integer combination of n and m. Assume that only the CO, groups of L2 form

a coordination bond to Cu®" ions.

.d2J3 90 duglj aic olial pangall L2 ggiwall aMluwagys @dliil 6 diglil auii of

dcgano joni J83l, Cu, (L2), ga Cu’ g L2 go ggiiall yaadll adeo ()i gls 13

il @ L2 ailall CO, alegoqo gl wagial . m g n go Jal dannll slacyl go
Cu*t aligyl I dudwlii dnily haa hyiy

N

L2
0 =90°
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A zinc complex, Zn,0(CH;CO,),, contains four tetrahedral Zn’", six CH5CO, , 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
CH5;CO, are oriented orthogonal relative to each other. When p-benzenedicarboxylate (Fig. 3B, L3, 6 =
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 dark gray polyhedron in Fig. 3C and 3D. Note that hydrogen
atoms are not shown in Fig. 3.

J4uiull 0%~ (30 aalgg CH3CO, ™ o dimg Zn" (o aghuull alicly gyi le .Zn,0(CH3CO,), clijil rxdeo (sgiay
Jguall aljl pe jai il dilill jglaallg JoVl dhidi j4)0 aic 0%~ géy Zn,O(CH;CO,),, Adeall o . Fig.3A
. Fig.3B JAuill) p-benzenedicarboxylate plaiiwl oiy loaic .gaeull l@neyl duwilly 8aoleio CH3CO, ™ sa
duln 8alo Jrasiil jaeull [@aey (dagdiell alidyell) Zn®t aljiwils hyiji .CH3CO,  Jo Uay (180 =6, L3
Jaa dlg .[Zn,O(L3)s],, 9@ X «uAp Jgay . Fig3C Jaull "soluwo (odwlii jaulgy” gouwi illg (X) dyjgh
J5 Juiai piig . Fig.3D JAull oé 6)5 JAuh @l pluwall aaf Juioi pi) .gilill paay pluo go 1240 (gl
aljd gi hay . Fig.3D g Fig.3C Jauiul oa @olé aloj aghull axeio JA ole Zn®" jiwl4 aghw ocly)

Fig.3 Jaul o4 dango pc gragjaall

L3, 0=180°

Spt c.2
P X has a cubic unit cell with a side length of a (Fig. 3C) and a density of 0.592

gcm—3. Calculate a in [cm].
.0.592 gcm—2 dali4g Fig.3C Jaudl a laeln Jgh duedo daag dula glc X (gging
. [cm] 8:1aq1 @ cual
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5pt c3
P X contains a considerable number of pores, and 1 g of X can accommodate

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.

G0 3.0 x 102 mL qleriwl X Jo 19 J Ja01g . alolwall (o ju14 3¢ ole X (gginyg
CO, o aligjall 3ac hugio wuual .digio dayy 25 g 1 bar aic plwoll oa CO, jlé

.nlg"pLu.Lo Jal
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The Solid-State Chemistry of Transition Metals

Part A

A.1 (6 pt)

Cr2t

Ao, Mn2+ :

Ao, (:02+ :
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Part B

B.1 (6 pt)

B.2 (4 pt)
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Playing with Non-benzenoid Aromaticity

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

Score

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

Photo courtesy: Tohoku Univ.

Part A

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

Inula linariifolia

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

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

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

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

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

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

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

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

OH Cl
20 —HCI 22

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

B.1 Draw the structures of 17-19 and 21. Identifying the stereochemistry is not  10pt
necessary.
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diagiyjidl pie drilogjil go welll

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

Score

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

o4 Jagio Jil gag non-benzenoid aromatic alidyall g &l Jlao (1996-1902) Nozoe jguuragpll adial
.dygaell cliaidll ga glao J4

Photo courtesy: Tohoku Univ.

A Part

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.

go dlje pi v aya Jaa dl geuh Qlio ga Lineariifolianone

Guph ge Jaaill Jid . 2 abypoll 6anlg 6ghia (G e Jgaills (1) valencene (o Riiy . Inula linariifolia
Joaill yuai el Gupha Je 6 &l (5) Eremophilene Jygai piy .4 ggitall dic piiy (Al 3 wbpall alghi dili

.alghi gii go Jgiall
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Inula linariifolia
N
»
N
NaIO4
0304 2
THF, H,0
C14H20
\ H / 0
—/Si—N—Si\—
\S. | OH
CHSCN THF S . THF T
80 °C —78°C i 3 OLi -78°C T o
B \ H / (ii) 0
— —SI—N—SI\—

o=z
oD =
S
~N
e ;:
@]
T

\
S (i) CHaLi

THF, H,O CH5CN THF
80 °C ~78°C

eremophilene (5)
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Spt - . A1
Draw the structures of 2 and 6 and clearly identify the stereochemistry where
necessary.
8)gpall aic agagr direlpall cliogill 33ag 6 g 2 Al panyl

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
that H,'80 is used instead of H,'®0 for the synthesis of '80-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.

83gagall diclyall jSljall graay (188 :odujall 9jgll) 8 wiyall haing .15 jiwl o] 4 ggitall Juga’ piy . elld aey
gl paial .gguallg gguall gy dulif hylg) aagi Vg dicla jSljo dutod ole 10 g 9 alibjall Ggini 7 (aa
Audnil H,'%0 (o Uy padiug H,'80

80 labelled-lineariifolianones-

«ollgill olc 12 g 11 3o 14 g 13

'80 - labelled isotopomers & 14 g 13 aliSjoll

isotopic labelling Jalai

ddylhio dela oy go 15 ilill yudi ghei 14 g 13 alsjall



IChO

Q,\ES
PN

Choz01™

SAU-4 C-7 Q-4

Q7-4

Arabic (SAU) (Saudi Arabia)

K /
—Si-N-Si—
/ \ _
(KHMDS) Li
H N
(e 2T
7 . = O. _CF
: 5 THF, -78 °C -5 CFs
4 7
0
Cl _OH
o)
(mCPBA)
8 NaHCOj4 9 . 10
MW: 188 C14H000 C14H200
CH2C|2,0°C 147120 147120
\ Q
—$i-CF;Br @S—OH
11
Nal O 13
THF, 80 °C 11 H,'80, THF
C+=H 180 160
9 C H F O 151122 n 3-n
151201 2 (n=0_3)
\ 0
—Si-CF,Br —@—S—OH
/ 11
Nal (0]
THF, 80 °C 12 H,'80, THF 14
10 C15H0,180,,10;,_
C15H2oF20 15(r122= O—nS) 3

160-13/160-14
(C15H22"°05)
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2pt A.2
P Choose the appropriate structure for A.
. A 1 wuwliall L<,\I_‘x_|_a:_ll TR Ty
0] (0]
I F;C-S-OH Il F3C-S—-NH, m N._..CFs IV HN.___CF,
I I ©/ S S
O O 77\ 77\
19pt A3

Draw the structures of 8-14 and clearly identify the stereochemistry where nec-
essary. Also, indicate the introduced '80 atoms for 13 and 14 as shown in the
example below.

ol Lyl pisl 8)gpall sic agngy delyall cliogll 3ang 14-8 dyldia (bl gyl

.olial Jlinll aa arrgo ga los 14 g 13 oa 80 alja

o

ey
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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.

hiitio% 19 plaitwl g4ay . dyagisjindl peé dyilog)ily (Gleiy loga .olisi ango ga Lo 19 wSjall Apuili iy

dnuwlgr gl ad 21 ugai gi go pefll sl .21 gigil agj (ohmg wbjo jic 22 ol 20 Jigai pig . c1igaill
. 22 g 18 cllacV liay)ai JIaiy 21 gla NMR

O Brz
17
CH3COOH

16 C1 5H1QBr20
o)
é
EtsN 18 cI” "¢l 19
CH,Cl,
C15H‘|OO C15H1OC|2

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)

10pt B.1
P Draw the structures of 17-19 and 21. Identifying the stereochemistry is not

necessary.
Ljgpa gl dslyall elaySll paai 21 g 1917 1 sl pauyl
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A.1 (5 pt)

2(2pt)

6 (3 pt)
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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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Total B.2 B.1 A3 A2 A1 Question
26 4 3 7 3 9 Points

Score

A Part

Polycyclic aromatic hydrocarbons with successive ortho-connections are called [n]Jcarbohelicenes (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.

wdleio JAuy hii)i dll ( Polycyclic aromatic hydrocarbons ) cldlall éaaeio dyilogjVl cligidgjaiall
hail) wbpall ga dpwlaud! aléladl sxe oJl jogs (n) wpall liag ( [n]carbohelicenes ) oo gijgVl gégoy
diigall allclaill plaiiwl didleiall allclaill Gyph ge dylleds opnai ol ([41C) gl [4]carbohelicene ,(Jawyl

. (iodine) agully dlg@uy awAliy Ml ((Int) intermediate ) ghug wbjo @Giph ge Jawvl ango ga los

@ ©
PPh; Br
NaOEt
A EtOH B * ¢
C41HgO A

hv

hv |2 ‘O
c | U |/ U

[4]carbohelicene ([4]C)
CigH12

CigHi1a
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The photoreaction proceeds in a manner similar to the following example.
Ll Jlially ango ga lod ddyphall guaiy pif diigall allelaill

= o N hv
/I/ P — |/ _

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.

clililal o4 ugliio JSuu duilii g dialal kulgy puwyl dliag Jo ,8 Jlguull alpda J5 o4 :danllo
m alylao dohill jilga gii V (carbohelicene), alituili®gryall JLlio 4 aago ga Lo Jlguull glc

.dddlyjioll
9pt , o A1
Draw the structures of A-C. Stereoisomers should be distinguished.
- dselyall alloiall juoi aay,C ol A go wslyi puuyl
3pt A.2

Attempts to synthesize [5]carbohelicene from the same phosphonium salt and
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 [S]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)]

phosphonium salt ) ailiito pgiigawga alo o ([S]carbohelicene ) apuiil ailglao
[Slcarbohelicene (o I dlld diady dyladl @ quulio wfpo o Ll Qi g (
LJ_DZDaJ|A_CLQ_Id_ﬂ|_j.LLQ_ILgu_IJ3LJJngL§AJ|Da_ILIJ|d_LC2.LIA_LLUJ_IJ|dﬁ_|gl
sggill gLl ( chemical shifts ) dyilioull alabjivl , [S]carbohelicene J elli
ilogll il gl Jawyly dajao D 1 ('"H NMR ) oigigull guuhlicall

.D1
[D (0, ppm in CS,, r.t.), 8.85 (2H), 8.23 (2H), 8.07 (2H), 8.01 (2H), 7.97 (2H), 7.91
(2H)]

The [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]carbohelicenes is defined
as (M) or (P) as shown below.

il Janill g (igiln Jauy dailo dylips helical chirality lc uSJI [n]carbohelicenes g -[5] gini
dagell 8jlja daya o s Jaoy ey (helicenes) alidipsll sial gupogiilipIl gy (interconversion)
Jawlli ango ga o4 (P) gl (M) jgoyl layll jliio [n]carbohelicenes J dulpAll
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&<

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

) Ipall rgoell Lalydgilog)s Guph gc Lipogiiliyl lalna 4oy 4 go pal n gd [n]Carbohelicenes (I
gigolAagl t_g\.Lug.l Jguuagpll dhuwlgs opghi ai (Al ,( chiral column chromatography

Foundation Prize Japan The courtesy: Photo
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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.

JuicVl gy LXAL A, gruuhiall olunl cuillyi go fAl gl (uidl ole (ggind alibjo @ drxeiall alipwliall
Gax0iall aliphiall (od 6a10io (stereoisomers) diclya alpogjil agag siey clly gla dailall ddlpAll

Jo 8aalg .aalg gsja Ls\ﬂ [Slcarbohelicene JI cudyil alliio di\lf ole gginy E wbjoll :Jliall Juuw glc
Jawly ango ga o4 (P, P, P) iVl cangi dicljall alibloiall

E

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

7pt A3
P The nickel-mediated trimerization of 1,2-dibromobenzene generates tripheny-

lene. When the same reaction is applied to an enantiomer of F, (P)-F, multiple
helicene G (C4gH3g) 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).

loaic , triphenylene aic Riiy ( 1,2-dibromobenzene ) 1 JAuill pladiwly &poylyill
(CogHs6 ) G aaeiall grunliall dic aiiy Jelaill yuail (P)- Fg F piogiiliyl jyeiy
«Jelaill elifl &iaay J interconversion) diclyall alibloioll gy il Jygaill gl lolc
6ia (e dailill G wbyoll difaall (stereoisomers) diclpall alpogjiVl groa aaa
lcil ango ga las Jolall aalg pogil puupy gl g @205 AT g9y dilooll
AlpoguVl alpal g IS, oldjyl pladiwl go olcl Jlioll (g lod 83330 dulljs go
Jalol (08 P g M jgolly pldjVl @dlgo cuwn pldjll caypeill Gupb ge AVl dcliall

il [@alysl qay E asyell Jlall Juw gle . pldjyl

(1,2,3)=(P, M, P), (P, M, M), (P, P, M), (M, M, M), (M, M, P), (M, P, P), and (M, P, M).
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Ni(cod),

G
(CeeHas)
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B Part

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.

pwVl,2003 ple oa ghldl oa diladly dic glel Allg elegll aniy (odgylagjata wspo (Sumanene) gtiloguull
ol Jlga 83g gdei (illg "suman” dniall duiypawiwll dalall o (Gidto " sumanene ”

wajei gnlgoll juoig ddlall (gilél g ddlall pia o JGALT didleio ciMclai Guph e Sumanene ALl “hdiol
metathesis:

(ring-opening and a ring-closing metathesis)

e O‘O
& sumanene

_______________________

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

ango ga oAb ( Ru*) pguitigyl jala ( Representative metathesis ) plaatwuli metathesis ciMclai jrani aiy
.Jawdb

Ru*
+ 7R \)\/j\/A
o R
R R
X Ru*
| + pr—
R N R
o
Cl CN
oMo T
S oo

r *
g") T (CarHsg)
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3pt : , . N _ B.1
Draw the structure of intermediate I (its stereochemistry is not required).
(wglho pé wbjall Iral diclpall cliogll) T glaugll il cusyi puuyl
o}
Me cl CN
f cl CN
Ru* (o) K
O') (C24H1g)
. Me
Me ~
J
4pt B.2

Starting from the optically active precursor J, the same reaction sequence gives

the optically active sumanene derivative K. The stereocenters in ) suffer no in-

version during the metathesis reaction. Draw the structure of K with the ap-

propriate stereochemistry.

Jleall aSjall Jelaill quyi)i guai ggaiy Liga Jleall J Jabyl wlll go leyy

V) 4 ( stereocenters ) diclyall jAljall . K derivative sumanene (§iuo Lign
.( metathesis reaction ) Jelai JAA (inversion ) gulaeil jo qilef
~1Spoll drelpall eliogill Slelyo go K wibjall (oiliatll cubyill pau)l
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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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o

total the of % 10
Total | A5 A4 A3 A2 A1 Question
23 3 3 2 2 13 Points

Score

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

U) Jl wp Jadi ole guiehd Jna elifoy guiill 8)8 jadi cad 131 gal ey ggleay ¥ ggaall aUqll

>
)>€(,

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.

3 ubjo pAni of ,dalito planl aliyja "U” wp JAd gle 2 ubpo g 1 wbpo pand pi :6j4all sial Llah
" encapsulation ” dluwAll (glc alidjall 6jad Ao duwlyy caig 1 (b0 go dijldall
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H
1
N

0
H NP Y
HNJ(N N/\LNH ! \f "
Ph-é\é-ph ph—>+Ph = \’:‘ 0—6‘
HN_ N NTNH

PH N\o : : —_7/,N Ph
J(z OH (0] O OH 3\
HN” Sy N . N NH
o OH O ) (0] o

OH

(0]
HN/[(N CH3
oD
HN_ N CHj3

The synthetic route to 2 is shown below. The elemental composition of compound 9: C; 40.49%, H; 1.70%,
and O; 17.98% by mass.

g 40.49 % duuiy ggylall LS ga 9 whjell paiell byl ,Jawll ango 2 aSpoll @Al il
17.98 % diwis JuawiVl g 1.70 % dwiis Juagjalall
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CH,OH _
o o + Lo
_ H
>\ — /< + 2x _ 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
SUIT
CO,PMB CaoH1806 A
OCHj;
ooy
H3;CO OCH3

o)
A OCHjs
HN N NH
2x R
i HﬁR NH
cl N
C|)J\[( OCH,
o 0

8 —_— 9

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

)
OH

0
0 0 OH
HNJJ\N N)kNH
R=—(R E 1Pl E R—=R
HN_ N N.__NH
I 0 0 on I
2

OH o)
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13pt A1

Draw the structures of 4-9; the stereochemistry can be neglected. Use "PMB"

as a substituent instead of drawing the whole structure of p-methoxybenzyl

group shown in the scheme above.

(duelyall cliousll) abblaioll auagi sjgpall o gud , 9 - 4 Jo alibyall panji

p-methoxybenzyl JI dlol4 qiiyoll diiayi puwy (o Y jlnials "PMB” joyll pm
wlcily hhAall o angall

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.

dhnlo paii ol loiy ,lanlg gla (1, ) wipall odlif go (Galgiall gguVl dod 1 wSpall Glisll cathll o4
'"HNMR oigigpll uuthliooll sggill (uipll oa .3 wbjoll oLl cathll oa (3, )J Ll Jail 6M dodll
chemical shift (S\JLLO.Iﬁ.” 2Lijivl g Luughlioo dédilhio 1 uSall go (NH) go ciligigpll 201, 1, go Jglhal
lhilg) agag (ole Jai aliheoll oda .3 wijall oa (NH)JI aligign] odloudll alijivl ge 1uis walito gla

dyilitll dlguualls wayey Lo aliiy 1 wAyall o Al ejl gudl 801 g 1 wSpoll (NH) JI gu diing)aad

dimeric capsule

2pt . . , A2
Circle all the appropriate atom(s) X in 1.

1 o difooll X (al)s)d groa le 8)ila gi

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

(1,) diliill dguusll o diitagiuall hilghl sac ghcl
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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:

sjalill 83a alaly Jundill dilas pon Z adjel ghoy @il ¢lha ele ggind (1,) 1 wSpall dylitll dlguusll
il dlsleall [@pdi 4o

Z+1, > Z@1, (M

The equilibrium constant of the encapsulation of Z into 1, is given as below:

:dylill dsleolly gheo 1, Jaly Z J Juudill gjlgill culi

_ [z@1y)

%=z,

(2)

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

1, Jliall Juuw sle (NMR), sughlisoll sgill guifl Gayh e laioilio j4ay dlguuall Jalys wsjall Junsill
CH, dalnl xe1g J1d (*H NMR) (sigigpll (sggill uuhligall guipll cath (o4 dalito aljli] (she) CeDg (5o
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.

gaill quidl bl gulié ai,(2,) diln jislg pal duilii dlguns ggdi dlla go gaoy Layl 2 GSall
CeDe/CeDsF ailudall o hulall a Leni g CoDsF g CeDg ciludall (a2, J 'H NMR (qigigpll owuhligall
2 wSpall ea H ggigull chemical shifts dyilioydll allabjivl ,dili il algheoll dals el slcljo go
HE, 2 od H? ggignll Al dragh 8jlii] T aags ¥ g Jawll oé laniali pi olclly 8)g8iall alyloall od
U3 0lg wdall aligia go gaoo sxe sl lails ailo piy dlguall Jaly ghall gl gapial .Jawll 8)g5ial

.8gloall dlguull go aalg ggi go (Galgii 8)lui]

O (0]
OH O H* O OH
HNJ(N N)kNH
R—CR Vel R R R
HN_ N N_ _NH
\ér OH O H* O OH \g/

2
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d(ppm) solvent
of H?
4.60 CeDs
4.71 CcD<F
4.60, 4.71 , 4.82 C¢Dg / CcD<F
3pt A4

each H? signal.

Determine the number of C;Dg and CgDsF molecules encapsulated in 2, giving

alg Y4 ohei 2, qa dluydioll CoDsF g CgDg aliyja aac aan
H2 &)Ll
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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.
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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.
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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 Il is ( 3 ). Therefore, line I
corresponds to (4 ), and line II corresponds to ( 5).
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and B.

Choose the correct options in gaps (1)-(5) in the following paragraph from A
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negative positive (@)
negative positive (2)
AH AS 3)
2, and AdA 1, and CH, (4)
2, and ADA 1, and CH, (5)
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Likes and Dislikes of Capsule

A.1 (13 pt)
4 (2 pt) 5(3pt)
6 (2 pt) 7 (2 pt)
8 (2 pt) 9 (2 pt)
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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)
d (ppm) of H? numbers of C;Dg numbers of C;DsF
4.60 ppm
4.71 ppm
4.82 ppm
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