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(5) 3 D1 BEERUEE L2 SV, 7228, SIRUZREY, TROMICOHIZM L FRRTH L,
6 HEHHINWGEEE B 2EALTHZELIARN,
D BBV ENHAEETIEERT LR,

Notices
(1) There are 10 problem and answer sheets including a front sheet.
(2) Fill in your examinee’s number in the specified positions in this cover and each problem and answer sheet.
(3) This examination booklet consists of problem sheets and answer sheets. Answer the problems in the specified position.
(4) Ifthe space is exbausted, use the reverse side of the sheet and write down “to be continued” on the last line of the sheet.
(5) Selectand answer one problem among the three problems, In addition, mark the problem that you have selected with a circle in the
selection column in the table given below.
(6) Youmay use the provided calculator if you need.
(7) Raise your hand if you have any questions.

e 5 . A 1 filed 2 [ieE 3
Problem Number Problem 1 Problem 2 Problem 3
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Selection
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fRE1 (Problem3) FREAINEIE3 #d W 9 (three sheets for Problem 1)

1. RUBURHBEWELE LT, UTOE®EERT ARG EER ST L, (Complete the reaction schemes for the

following compounds, using benzene as a starting material.)

0
C L
| |
2. TNRNVEEDENLZAE D BURIZOUVT, LUFDRIWWCE R X, (Answerthe following questions about the reactions involving
rearrangement of alkyl groups.)
D) 7 undy ) UPRZEERE OIS Te i 70T 7 NABRIN A IGONEY, B OBE 2R 8RR

FeiEz FVYTHET, (Draw the mechanism using curved arrows, which show the movement of electron pairs, for the reaction from
cyclohexanone and perbenzoic acid to e-caprolactone.)

(@]
- o}

O 0
2) TEFAT VR (CH;CONs) OISR ZHIT, S5IT, THEFAT I RBAFIAA VT FH—k (CHNCO) 172
SN DPUSOBES, BT OBE 2R BREERNEE VT, (Draw the resonance form of acetyl azide (CH:CONG).
Draw the mechanism using curved arrows, which show the movement of electron pairs, for the reaction from acetyl azide to methyl
isocyanate (CH;NCO).) |
LRSS (resonance form) [iiH#& (reaction mechanism)

2)

3. UTFZdhTULES, 7K CHo TRINMEAMOBEREHT, = Fh—MHET BRI HOR% R
42 L, (Draw the structural formula of the compound with the molecular formula of CsHio that corresponds to each following
information. When enantiomers exist, draw only one of them.)

1) JeEAEEZ TR LAY (optically active compound(s))

2) 'THNMRZRWTTFREDEY 7 MEZR LAY (compounds giving the following chemical shifts in the '"H NMR)
(@) 'THNMR: 6= 1.51 (10H, s) ppm (b) 'HNMR: §=5.19 (1H, ), 1.68 (3H, 5), 1.60 (3H, 5), 1.56 (3H, d) ppm
1) 2) (@) 2) ()
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RiRE1 (Problem 1) $ix (Continued)

4. TELOEH-EB—2 ) a— o7V U IRINI L3 —BBEF 47 = OB OV, IFORWNCE 2 &, 7083,
RIIEHE Xidvry, LITRERZ b2V B -& 95, (Answer the following questions regarding the synthesis of
the mono-substituted bithiophene using the Kumada-Tamao—Corriu cross-coupling reaction shown below. “R” is a substituent, “X” is a
halogen, “L”’ is a ligand having no formal charge.)

, L.Pd s
@MgBr . ﬁ—x i < T
S -

S

R

) O~@__ Ik bEERETRAL, UTOMEY ( 71 253RER L, F, a~c® () PICT VDA
DAL, A~C D [ ] MIIBRRIEDLHEENENET, (Complete the catalytic cycle of the reaction shown below
by drawing a structural formula in the square blanks (D~®). Give the formal oxidation states of nickel and the name of elementary reactions
in the parentheses a—c and square brackets A—C, respectively.)

2) NOF AT AT = o OBWEE R BT NVFRNAEEE = U NVEDES, ARONERE DI ED HORED, Bk
& & HITEZ L, (Whenthe substituent R of halogenated thiophene is an alkyl group or a nitrile group, which case yields a higher product
yield? Also explain the reason.)

EHLEL (substituent) :
PR (reason) :

3) 2) CERIIOIEEMEL 725 LB X DN DHATRNT, ERIOIERLF LS SO0 ITIME 1 >%F, Bt
TERIZENIAE X, (In the case where the product yield is expected to be lower in 2), propose one modification to the reaction or reaction
conditions that could improve the product yield. Also explain the reason briefly.)

T (modification) :
PR (reason) :

H NaF AT AT 2D us e X BRI UREBROGE, ERMOIEERE O DIZE S LOEEM, Bl L &b
&z &, (When the halogen X of halogenated thiophene is an iodine atom or a chlorine atom, which case yields a higher product yield?
Also explain the reason.)

/Ne /7 (halogen) :
B (reason) :
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i1 (Problem1) #i& (Continued)

5. AFLUOBEAITOWVWT, LATORIE X L, (Answer the following questions on the polymerization of styrene.)

1) BAtsAlE LT Y B AL Y 7Fa= UL (AIBN) 2V AF L OESIZET 2B & BRERSDORSEE
#F, (Draw the initiation and propagation reaction equations in the polymerization of styrene using azobis(isobutyronitrile) (AIBN) as an
initiator.)

BRAERUS (initiation reaction) RS (propagation reaction)

2) LTORF LU OEAILY B VST 5, £OBEH A2 ERICHIE X, (The following polymerization of styrene
proceeds in a living manner. Briefly explain the reason.)

i Br o n
Cu()BriLigand + é i Cu(lhBro/Ligand + 6 D E)
(Ligand : &Hz7)

3) )& QDEARIOWT, Aoy 1) ¢ 2) ¢

)& 2, ZNEAFLUORIGE @  ®3 2

(L) WAL TERT 2R AF LoDy §3 €3

TROBMRZHET. Oraw the relationship ) £ N

between the conversion of styrene and the \,+<\ § sz §

molecular weight of the resulting polystyrene for 2 %’ = %

the above polymerizations 1) and 2) in graphs 1) g % ;3 ?

and 2) on the right, respectively.) 1:?5‘ 3 ﬁ g
3 2FL Y ORIGE 3 AFL Y ORIGE
E - (conversion of styrene) £ (conversion of styrene)

4) L5 DR QOEEIC 14V EZ AR BRI U & AT B80T O FORHRERRISRR Y, (Briefly
describe the structural characteristics of the polymer obtained when 1,4-divinylbenzene is added to the above polymerizations in 1) and 2).)

5 UFDE/ =—0Fnb, LR )& QITRTES LREROBE TIIHMES L2 b0z "%, OTHED, (Select
two monomers from the list below that cannot undergo homopolymerization by similar mechanisms used in the above polymerizations 1)
and 2) and circle them.)

NH,

6. m T O FBE LB FEEABIET 2 EE N E—o9 0% T X, (Give one method for measuring the absolute
molecular weight and one method for measuring the relative molecular weight of polymers.)

Hixt/> & (absolute molecular weight) FEX5 7B (relative molecular weight)
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fRE 2 (Problem 2) PREFANE 3 #dh D F9  (three sheets for Problem 2)

1. BASRERILN, 300K TiZ24 /3T, 380K TiX2045T, TNEN 2B %R TT 5, ZORGDTEM b1 %—
2RO L, 772U, HERTAINRECLLT—ETHY, [EEER=831TK ! mol &35, (A decomposition reaction
is 25 % complete in 24 min at 300 K and in 2.0 min at 380 K. Estimate the activation energy of the decomposition reaction. The
frequency factor 4 is constant in any temperature. Use the gas constant R=8.31 J K mol™, if needed.)

2. Bs (A+B — P) 1 F2RBUG (A, BISHT DMUSHENLE I 1) Thd, YHEREIA]=0.060 mol dm & WHEEE
[B] = 0.090 mol dm™ DIRETNRZ FUG S W7o, 1.0 KiEHE, A ORREESS 0.010 mol dm iZHud Uiz, (@) ORISOEEEE
B EORINFRWE A BLO'B 0¥ A RO X, (Areaction, A+B — P, is second-order kinetics. Both the reactants A and
B have a partial order of 1. The mixture of initial concentrations of [A] = 0.060 mol dm™ and [B] = 0.090 mol dm™ was reacted. After
1.0 h, the concentration of A decreased to 0.010 mol dm. Estimate (a) the rate constant and (b) the half-life time of reactants A and B.)
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ffRE 2 (Problem?2) #X (Continued)

3. EFimlBET DL T ORI A X, (Explain the following terms related to the quantum theory clearly.)
1) #EENTEL (orbital approximation)

2) 237 U OFEihFRE (Pauli exclusion principle)

3) BETHIFN/T (electron affinity)

4. UTOR(Z: [FFET, a: D—TH48 (5292 %10 m), r: T DETETORE CRINAABEIRT OkE
BURT) D 1s BuBEOREE (yiy) (BT DLATORVNCEIET 3 HTTEZ X, (Answer the following questions to three
significant figures regarding the wavefunction of the 1s orbital (15) of a hydrogen-like (hydrogenic) atom, given by the following equation.
Here, Z is the atomic numbet, ap is the Bohr radius (5.292 x 107! m), and r is the distance of the electron from the nucleus.)

3 \1/2
= ___Z e—Zr/ap

WEIRBLL T OFES 3% FAV Y Th &, (Use the following integral formula, if needed.)

n!
n,—ax —
fo xte % dx = )

1) B3V TEFDS RO DRERE L O BIATED T2 D TEERER) HARRIED 50 %b7sd ¥4 % % X, (For F¥', answer
the radius at which the electron probability density (i.e., the probability per unit volume) is 50 % of its maximum value.)
2) LiZ DR CRABROHIHE) 2% K, (Answer the mean radius (i.e., the expectation value of the radius) of Li2".)
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RE2 (Problem2) #tX (Continued)

5. BEHEFRIREICK VKRG FOVEBE L S FEESLUTOL S IB N, R 1 KOTORTIZERE (Table 1
# 1 IR THIERE, % 2 1S THREA R SR T B vR s, Nuclear coordinates of water molecule)
TWB, LATORWCHRIZE Z £, (The equilibrium structure and molecular orbitals al IS5 (ooordinates) (pm)

(atom) X Y Z
of water molecule were obtained by quantum chemical calculation. Tables 1 and 2 show the 0 0.0 00 127
nuclear coordinates and the coefficients of atomic orbitals for each molecular orbital, Ha 0.0 758 508
respectively. Answer the following questions briefly.) Hs 00 758 508

T 2 K FOZTHE (91~0;) ZHERT DIRTEEDHREL (Table 2 Coefficients of atomic orbitals for molecular
orbitals (¢1 — @) of water molecule)

JRF e 1 @ @3 @4 ®s ®s @y

(atom)  (atomicorbital)  (-202514)  (—12577)  (-05M2)  (045%) (03926 (0.5822) (0.69350)
0 Is 0.99421 —023375 0.00000 —0.10404 0.00000 —0.12593 0.00000
0 2s 0.02586 0.84425 0.00000 053822 0.00000 0.82123 0.00000
O 2px 0.00000 0.00000 0.00000 0.00000 1.00000 0.00000 0.00000
0 2py 0.00000 0.00000 0.61259 0.00000 0.00000 0.00000 0.96030
0 2p. ~0.00417 ~0.12298 0.00000 0.75620 0.00000 ~0.76327 0.00000
Ha 1s —0.00559 0.15565 044916 —029482 0.00000 —0.76964 —0.81506
He Is —0.00559 0.15565 —044916 —029482  0.00000 —0.76964 0.81506

A ADHNIFRET V¥ — (Hartree), (Orbital energies (Hartree) are in parentheses.)
IKFRIFF(Ha, He) 3R 1 O HHEHEIZRNET %, (The hydrogen atoms (Ha and He) correspond to the nuclear coordinates in Table 1.)

1) KO FO5 T, ~9)D D5, BEdSHEHOMO) & BEZaiELUMON ST 2HE A& % L. (Answer the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in the molecular orbitals (¢, — ¢-) of
water molecule.)

HOMO ( ) LUMO ( )
2) Koopmans DEFIZ LB &, A A ALRT 3% /UIPiE HOMO DRV X—DMifFE, P = -EHOMO) TEXh
o KIFDOIPEVYEFEE X, 708, 1Hartree=2721eV &35, (According to the Koopmans® theorem, ionization potential

(IP) is defined by the reverse sign of energy of HOMO, [P = —-E(HOMO). Calculate the IP (eV) of water molecule. Use 1 Hartree =27.21
eV, if needed. )

3) {7 ML ML LTRSS FuEE PO~ T, T 55 i, ~) BB £, 728, S TiEiL o+,
~INAFEDIE VEFR T, (Bach molecular orbital visualized by a drawing software is given below. Answer the corresponding molecular
orbitals (¢ — ¢-). The +and — signs near molecular orbitals indicate the difference in phase.)

+= + - + - +

+ .
= A . by g
4) mn\? it szﬁi /\fﬁéﬂé Hﬁﬁ%@% INTHE, mf@/ YrEE 3K 3 Co DFEIER (Table 3 Character table of Cay)

OXFEEE Z X, (Water molecule is categorized as Cay group. Answer the __ Cov E O ok  olyz)

symmetry of following molecular orbitals based on the character table (Table 3).) j‘ } | i | }
5 - e

B =1 1 -1

B -1~ 1

@2 ( ) @3 ( ) @4 ( ) @s ( )

pnd  and  fand o
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[F&E 3 (Problem3) FIREMINNI3 b Y %4~ (Three sheets for Problem 3)

1. M1 ZnS DER TR % & DREEEELRL TN D, KT
I, a=0382nm,c=0.626nm Thb, KORIE % X, (Figure 1
shows the crystal structure of a hexagonal polymorph of zinc sulfide ZnS. The
lattice constants are a = 0.382 nm, ¢ = 0.626 nm. Answer the questions below.)

1) S JRTOREIISH 5B TUEEE BT bh 5, £OREDS,
A& %2 &, (Thelattice of S atom is correlated with a close packing structure.
Answer the name of the close packing structure.)

2) ZOREEEEDAFEEZ K, (Answer the name of crystal structure of = A
this polymorph of ZnS.) /J»

3) ZOREAEE T SEAMEAEIRILE Zo? 3 DTS, T+3C

DOMEEILD 55 I BEF L W AEIEEZE 2 X, (Zn? occupy _ L ZnS D—DDETGORGRMEE
tetrahedral holes formed by S*. Answer the ratio of tetrahedral holes whichare ~ (Figure 1. Crystal structure of a polymorph of ZnS.)
occupied by Zi?*.)

4) D ZnS WROBEZFHEY L, Zn, S OF/VEREITENEIL654,32.1 gmol? 43, (Calculate the density of this ZnS
crystal. Molar masses of Zn and S are 65.4 and 32.1 g mol™, respectively.)

5) CuKo (B 0.154nm) %V NT IO ZnS FEROBR X SEHTERIES S & &, #5002 BLOY 110 OEHFOT'T v
7 0 et X, (When X-ray powder diffraction pattern of the ZnS crystal is measured by using Cu Ka radiation (wavelength 0.154
nm), calculate the Bragg angles € for the reflections with indices 002 and 110.)

2. BB LR KE SR E SRR Uy VB A B E TR ERGONEEE (IG-DTA) THfTLicé 25, EER
DatE O WERS:, EERD MO BESIS, EED LA ELRVEEESEBII S, Zhb 3 SOBBROE X BS
FRIR 2B L, 72720, PEFHFEROTGET A & U CH#ZER & v 2 & 9%, (When an amorphous metal oxide gel sample
containing organic moieties and adsorbed water was measured with thermogravimetry-differential thermal analysis (TG-DTA), an
endothermic event with a mass decrease, an exothermic event with a mass decrease, and an exothermic event without mass change were
observed. Describe possible interpretations for these three events. Assume that dry air was used as the flow gas.)
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E3 (Problem3) #rX (Continued)

3. KoMnOs & KMnOy [ ZZ4VEFURTRKE & REBREOKIZERTLEIATH 5, KoMnOs Z/KIZIEH Y L SEDEIE & 7125,
COWRICBEEMZDEEDOLIRBAENEZ 20EHAT L, 7L, E¥BTENE E° ¢ LT,
MnOs +e& — MnOg2 :E°=+056V, MnO/# +4H'+2e — MnOy+2H,0: E°=+226V &35, (KaMnOs and KMnOy are

solids that are easily soluble in water, and dark green and deep purple, respectively. When KoMnQy is dissolved in water, it forms a green
solution. Predict what phenomena will occur when an acid is added to this solution. MnOs™ + &= — MnO4* : E° = +0.56 V,

MnOg™ +4H' +2¢ — MnO,+2H0 : E°=+2.26 V, where £ is standard reduction potential.)

4. D a), YDAFROEER I TS N\EESEAAERE TH D, ZNENNREY 55 2 SOBMKDSAEEL IR L,
BIEAROREZ O~ 5#~, (The complexes named in a) and b) both have an octahedral six-coordination structure. Illustrate the
stereostructures of the two isomers for each and select the type of isomer from D-®).) |

O A A ACEMAE (ionization isomer) @ BEAIEMAK (geometrical isomer) (@ E7EME(A (coordination isomer)

@ FEAFMA (linkage isomer) ® SHEEMAK (enantiomer) ® JKFnEMEMA (hydration isomer)
a) ~ETI= MY AL M) FEE  (pentaamminenitritocobalt (I11) sulfate)
™ 2+ B T2+
\} g ' \t/
i 2- < ' 2-
/cf\ S0, ,;({F[% SO,
- L - FEARORE (type of isomer):

—— ol

FEMAAROTES (type of isomer):

5. TAH VBB THD L & K OFNENEABERTET (272 U CRBES w5 & (b (M0) %4RK
L9, b AAISERBEY (MO) ALV, EEEMEZERLTVDIL L & K DWW T CHEIDEE R
Ko Tz, EOT VA Y LRI L BV E ERR Lo R 2B X, (When alkali metals, Li and K, bum in the
presence of O, under dry conditions, one forms a metal oxide (A>O) and the other forms a metal superoxide (MO»). Answer which alkali metal,
Li or K, preferably forms a superoxide. In addition, explain the reason why that alkali metal is more likely to form a superoxide than an oxide.)
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a3 (Problem3) #tx (Continued)

6. HOLEWHA 13, BEHA) L HAAYA) TRR DN RN AY MVERT, BUFOR & X K, (Acompound
HA exhibits different ultraviolet-visible absorption spectra between its acidic form (HA) and basic form (A"). Answer the following
questions.)

1) BRY HA 138R 507 nm [ZH— DRI E—2 2R L, BOLE 4 138 C IS UCEDEER LTZ, ZOF—200, &
/NRIRIC L D RRERR A=axC+b DIRER a,b 2RO L, FHEIITTROSERZ VTRV, (The acidic form HA shows
a single absorption peak at wavelength of 507 nm, and its absorbance A4 varies with concentration C as shown in the table. Based on these
data, determine the coefficients a and b of the calibration curve A = a x C + b by the least-squares method. Use the reference equations
below, if needed.)

B e B % (reference)
(concentration) - (absorbance) L (y) (= 1,2, ., ) B RYSFRRZ T A B H R
/ umol dm™ (the formulas to calculate the linear regression line from data
2.00 0.100 points (x;, ) (i=1,2, ...,n))
4.00 0.189 nYxy-YxTy = oS
6.00 0.279 G = nyx2 — (3 x)2 D e
10.0 0.461

2) RAGREIOWNEES 0290 Thotel X, 1) TROIARERE AV THRE %KD X, (Whenthe absorbance ofan unknown
sample was measured to be 0.290, calculate its concentration using the calibration curve obtained in 1).)

3)pH 22 S HTRIET 5 LWL ARY AR U720, P8R 470 nm (2B DT —E CTh o1z, ZOWREIMA

EWHINAD, £, CTAABRISIIE T &SRBV TR ERT B0 (B TE OB DI L, (The
absorption spectra measured at different pH values showed no change in absorbance at wavelength of 470 nm. What is this wavelength
called? Explain what the observation of this feature implies in terms of chemical equilibrium in the system.)

4) ZOALEWMIOEER 420 nm 1IZ361T 2AHEE, +H4ITMEV pH "C0.0382, 43TV pH T 0203 &R Lz, TRis7: pH
3.50 TIHWOEEET0.138 L7420, T & EEF L EEAINIIEL QO D, TRHDMEND, ZOILEMOBIREEE pK. %
RO, 7238, LEMIOREL 10.0 pmol dm™, HEEREIE 1.00 cm TH D, (The absorbance of the compound at wavelength of
420 nm was 0.0382 at enough low pH and 0.203 at enough high pH. At intermediate pH 3.50, the absorbance was 0.138, indicating the
coexistence of the acidic and basic forms. Based on these values, determine the acid dissociation exponent pKa of the compound. The
concentration is constant at 10.0 pmol dm >, and the light path length is 1.00 cm.)

10



