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Problem 1  Physical Chemistry

1. In dilute solution, the presence of a solute reduces the chemical potential of the
solvent, leading to a decrease in the freezing point and the generation of osmotic
pressure. We assume that the solvent and solute are not volatile. We also assume that

the solid solvent contains only the solvent. Answer the following questions.
Here, the gas constant R=8.31 JK™! mol™’.

1. The osmotic pressure of the solution of polystyrene in toluene was
determined to be I7 attemperature 7. Express the number average molar mass
of the polystyrene M as a function of mass concentration ¢ and temperature
T, using the gas constant R. Assume that the osmotic pressure obeys the van't
Hoff equation.

2.  Empirically, the depression of freezing point AT} is approximated as
Equation (1).

ATf=be (1)

Here, K; is the empirical freezing-point constant of the solvent. Also,
b= ng/W (ng is the molar mass of solute, ¥ is the solvent mass). Calculate
AT; of the solution when the osmotic pressure of the solution of polystyrene in
toluene was 100 kPa at 7=300K. Assume that K; of toluene is 3.00K
kg™! mol™!, and the density is 0.86 g cm™.

3. Theoretically, AT; is expressed as a function of the enthalpy of fusion of the
solvent Ag H using Equation (2).

_ (RTyp?
ATy= ( A H) Xg )

Here, Typ is the freezing point of the pure solvent, and x is the molar
fraction of the solute. Derive Equation (2), using the Gibbs-Helmholtz equation.
If necessary, use the following relations.

n(t—-0=—x x<KD, I/X=2)—-1/X=x/X? x&X)
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II. The time-independent Schrédinger equation for a particle moving in one dimension
is expressed as Equation (3).

#2d?
LIV o = v ®)

Here, m, E, V(x), and w(x) are the mass, the total energy, the potential at the point x,

and the wavefunction of a particle, respectively. Also, % = h/(2n) (h is Planck’s
constant). Use the following value if necessary. m=3.14

1. When V(x) = V,, derive the de Broglie relation expressed as Equation (4).

“4)

o
i
Ik

Here, p and A are a linear momentum and a wavelength, respectively. Use
Equation (5), which is one of the solutions for the Schrédinger equation when
V(x) = Vy, and Equation (6), which expresses the kinetic energy Ej, using p and

m.

£y |
w(x) = cos [{W} x] ()

By =~ (6)

2. In a one-dimensional container, the normalized wavefunction of a particle
with the minimum energy is described by (2/L)"2 sin(nx/L) (0 <x <L).Here,
L is the length of the container, and L =10 nm. Calculate the probability that
the particle is between x=2.5 nm and 5.0 nm.
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3. The vibrational potential energy F{R) of a diatomic molecule in the ground
state can be empirically expressed as Equation (7).

V(R) = D [exp{—2a(R — R,)} — 2exp{—a(R — R.)}] (7)

Here, R is the interatomic distance, and D, R, and a are positive constants
specific to the molecule. Also, assume the relationship, exp(aR,) > 2. Draw the
schematic diagram of V(R). Furthermore, briefly explain the relationship
between D and the actual dissociation energy of the diatomic molecule.

4. We assume that the potential expressed by Equation (7) can be approximated
by a harmonic oscillator model with the force constant k¢ near the minimum
point of the potential. Derive the constant a from the relationship between
Equation (7) and £;.
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IIT.  Consider the following first-order reversible reaction of compounds A and B. k,
and k_; are the rate constants of the reactions A—B and B—A at a certain
temperature T, respectively. Here, [A] and [B] are the concentrations of A and B,
respectively, and consider the change in time /. Also, let [A], and [B]; be the
concentrations of A and B at 1 = 0, respectively. Answer the following questions.

A2B (8)

. d[A] .
1.  Express the production rate e of A using [A], [Alg, [Ble, &y, and k_,.

Show the process to reach the answer.

2. Express [A] usingt, [Aly, [Bly, %, and k_;. Show the process to reach

the answer.

3. Express [Aleg, and [Bl.; using [Aly, [Bly, &, and k_;, when the
reversible reaction is in the equilibrium state at 7). Here, [Aleq1 and [Bleg
are the equilibrium concentrations of A and B, respectively. Furthermore, derive

the relationship between the equilibrium constant K; and the rate constants k&;
and £_,.

4. When the reversible reaction is in the equilibrium state at T, the temperature

is rapidly changed from 7| to 7, at t=¢,. At T,, the rate constants of the
reactions A—B and B—A are k; and k_,, respectively. Also, let [Al.q

and [B],;; be the concentrations of A and B in the equilibrium state at T,
respectively. Express the concentration difference x = [A] — [A]eq, using xi,
t, 81, ky, and k_;. Here, x, is the concentration difference at ¢=+¢,. Show the

process to reach the answer.

5. The procedure in Question III. 4 is used for analyzing the first-order
reversible reactions, which is called the temperature jump method. Explain the
merits of using the temperature jump method for analyzing the first-order

reversible reactions.
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Problem 2 Inorganic Chemistry

I. Diamond has a cubic crystal structure, in which C atoms have been arranged in the
vertex and center positions of a regular tetrahedron (Figure 2.1). Ice (H20), SiO;, and
ZnS can have similar crystal structures to diamond. However, they are known to
exhibit various properties owing to differences in their binding modes. Answer the
following questions.

1. Calculate the packing fraction of C atoms in diamond. Also, show the process

to reach the answer. Use the following values if necessary.
V3 =173, m=3.14

2. Diamond is colorless and transparent. Explain the reason.

3. Inthe case of CO; at atmospheric pressure, the structure of O=C=0 is stable
in its solid state. On the other hand, although both Si and C belong to group 14,
the structure of O=Si=0 is unstable in the case of SiO3. Explain the reason.

4. The density of ice is lower than that of water, because, in general, the crystal
structure of solid ice at atmospheric pressure has spaces that are not present in
liquid water. Explain the reason why the crystal structure of ice has the spaces,

5. ZnS is a semiconductor with a bandgap of 3.6 eV at ambient temperature and
atmospheric pressure. The doping of Al into ZnS makes it conductive. Explain
the reason. Here, assume that part of Zn is substituted by Al.
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II. The group 15 hydrides { MH3: M = N, P, As, Sb, Bi ) have a trigonal pyramidal
geometry, and all of them are in the gaseous state at ambient temperature and
atmospheric pressure. Answer the following questions.

1. Answer the symmetry elements and the point group for the molecular structure
of ammonia NHs.

2. As shown in Figure 2.2, depending on the period, the boiling points of the
group 15 MH3 show a characteristic variation. In comparison with the boiling

points of the group 14 hydrides, explain the reason why the boiling point of PH;
is the lowest.

3. Answer the following questions on the bond angle in MHs.

(1) The bond angle in NHa (107.8°) is slightly smaller than that in CHa4
(109.5°) with a regular tetrahedral geometry. Explain the reason.

(ii) The bond angles in PH3, AsH3, SbH3, and BiH3 are about 90°, which are
smaller than that in NH3. Explain the reason.

50

Boiling Point (°C)
I
n
<o
|

—100}-
— 150
—200k
2 3 4 5 6
Period
Figure 2.2
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III. Consider the effect of complex formations in aqueous solutions on the standard
potential. Answer the following questions. Use the following values if necessary.
The gas constant R = 8.31 J K™! mol™, the Faraday constant F = 9.65 x 10* C mol™

1. Let E; (V) be the standard potential for the reduction reaction from
[Fe(OH2)s]*" to [Fe(OHz)s]**. Express the standard reaction Gibbs free energy
in this reduction reaction, AGj, using E; (V).

2. Consider the reaction from [Fe(OHz)s]*" to [Fe(CN)s]*~ by the coordination
of CN™ at temperature 7 (K). The equilibrium constant for this reaction is defined
as Kpeq. Express the standard reaction Gibbs free energy in this reaction, AG,,
using Kpeq and 7.

3. The standard potential E, (V) for the reduction reaction from [Fe(CN)6)* to
[Fe(CN)]*™ is 0.41 V lower than E; (V). The equilibrium constant for the
reaction from [Fe(OH2)s]** to [Fe(CN)s]*~ by the coordination of CN™ is defined
as Kgy. Calculate log;q (Kgx/Kreq) at 7= 298 K with two significant figures.

If necessary, use the following relation.
Inx =2.30 log,, x

4.  Describe what the result of Question Ii. 3 means.
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Problem 3 Organic Chemistry

I. Answer the following questions.

1. Draw the structural formulas of the following organic compounds (i)
to (iv).

(i) butan-2-one

(i) 2-methylpropan-1-amine
(iii) 2-methylimidazole

(iv) cis-4-aminocyclohexanol

2. Answer the following questions on l-chloro-1,2-diphenylpropane.

(i) Draw the staggered conformation of (1S,2R)-l-chloro-1,2-
diphenylpropane using the Newman projection.

(ii) Draw the structural formula of a main product A in the
following reaction.

NaOEt/ EtOH _

15,2R)-1-chloro-1,2-diphenylpropane
( ) phenylprop 50°C

3. Answer the following questions on the four amines B to E below.

LA 4 O
C D E

(i) Arrange the amines B to E in descending order of pKa (for the
amine D that has two pXK. values, the larger pK,) of their
conjugate acids. Use an equal sign (=) if the pKa. values of the
amines are almost equal. Also, briefly explain the reason for the
order.

(ii) The rates of nucleophilic substitution reactions of the amines
B and C to methyl iodide are significantly different. Answer
which amine gives the larger reaction rate. Also, briefly explain
the reason.
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II. Answer the following questions.

1. Draw the structural formulas of the organic compounds F to J in the
following reactions (i), (ii), and (iii).

()

)OJ\ 1. NaOEt/ EtOH_
0" 2.AcOH/H,0

(ii)

Q:B" KI/EtOH
—_—
Br

(iii)

(H3C)3C%

)

2. n~C4H9Br

1. LiAIH,
2. H,0

1. NaOEt / EtOH _

1. HCO;H
_—
2. H,0*

2. Answer the following questions on the synthesis of triptycene.

(i) Draw the structural formulas of the organic compounds K and
L in the following reactions.

i /L/\
CH‘OH ONO
NH,

Triptycene

(i) Explain the reaction process for producing K in the above

reaction.
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ITI. Answer the following questions.
1. The heats of hydrogenation for cyclohexene, 1,3-cyclohexadiene, and
benzene are —-120 kJ mol-!, =230 kJ mol-!, and -206 kJ mol!,

respectively. Estimate the resonance stabilization energy of the
benzene ring.

2. Answer whether the following organic compounds M, N, and O have
aromaticity. Also, explain the reason.

M N 0

3. Answer the following questions on azulene.

(1) Azulene has a large electric dipole moment. Explain the reason.

(i) The electrophilic substitution reaction of azulene depends on
the positions indicated by a to e in Figure 3.1. Answer all
possible positions which are easily substituted. Also, explain the

reason.
b
e
e ®

Figure 3.1
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2024

The Graduate School Entrance Examination

Chemistry

9:00 - 11:00

GENERAL INSTRUCTIONS

o

10.

Do not open the problem booklet until the start of the examination is announced.

Notify your proctor if you find any printing or production errors.

Answers must be written in Japanese or English. The problems are described in Japanese
on pages 2-14 and in English on pages 20-32.

Examinees for the Department of Applied Chemistry and the Department of
Bioengineering must answer any two problems, and examinees for the Department of
Materials Engineering must answer all three problems.

Two answer sheets are given to the examinees for the Department of Applied Chemistry
and the Department of Bioengineering, and three answer sheets to the examinees for the
Department of Materials Engineering. Use one answer sheet for each Problem (1, 2, and
3). You may use the reverse side if necessary.

Write the problem number (1, 2, or 3) that you answer in the upper left box of the answer
sheet.

Fill in your examinee number in the designated place at the top of each answer sheet.

You may use the blank pages of the problem booklet for drafts without detaching them.
Any answer sheet with marks or symbols irrelevant to your answers is considered to be
invalid.

Do not take the answer sheets or the booklet with you after the examination.

Examinee Number | No.

Write your examinee number in the space provided above.

HABOEEFHIIF O TRKCDH B,

OM3(597—90)



i # 5T IE

SBREIIHLUT, METIER DS I EEOETIRAL

XEEIIEONEZ OB TIA DMEEH D T A,
LA : (k2

SN Y -10)
NAZBIRIZENTLSFE N, '

#1f L2 4FH (2R—)
) .o RBEEOT)VER, ..
() ..is REEOWHER, ...

Problem 1 1.2. Line5 (Page20)

(incorrect) ...mpis the molar mass of solute,...

(correct) ...np is the amount of substance of solute,... -

53 .31 2fH (12/R—)
(B) .. RKENVWHD pK) NEVHDOMNSIEIZER I,

No correction in the English version.
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@EYep, FLE> @ Ketd 300 K .kil mol™

(E) 135, MlTVa Kp 13 300K kg anl™ .
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2. Linel® ( Pge 20 ) ]
(incorrect) Assume that K& of Toluene s 300 K f{gl ol ™

Copbrest)  Assame  theo kf D{ Toluene 15 800 K ﬁ_g_m[“'l
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