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Problem 1  Physical Chemistry

Answer the following Questions I and IT.

I.  Consider vapor-liquid equilibrium in a mixed system of benzene and toluene. When
benzene and toluene are mixed at constant temperature and pressure, the Gibbs free

energy of mixing AmixG is given by Equation (1).

AmixG = nRT(xBlnp—E + lenp—,T) )
Py Py

Here, 7 is the total amount of molecules, R is the gas constant, T is temperature, Xp
and x,. are the mole fractions of benzene and toluene, respectively, p, and p, are

the partial vapor pressures of benzene and toluene, respectively, and p*B and pi"r are

the vapor pressures of pure liquids of benzene and toluene, respectively. Furthermore,
we assume that Raoult's law of Equation (2) holds.

Py = Pg¥p> Py~ Pr¥r (2)

Answer the following questions.

1. Fill the blanks from | (a) |to| (¢) | in the following sentences using
appropriate formulas or calculated results. Here, AmixS and Amixfl are the

entropy of mixing and the enthalpy of mixing, respectively.

Let the Gibbs free energy of the system be G, the volume be V, the total

pressure be p, and the entropy be S. Since dG = Vdp — 847,

oG
(5) = EZI Accordingly, one can express AmixS =
DX Xr

|jlg)j using Xp, X, #, and R. Therefore, Amicf = .

2. When the molar ratio of benzene : toluene is 1 : 4 at 40 °C, Py and p, are
4.8 kPa and 6.4 kPa, respectively. Find the molar ratio when Py and p, are
equal at 40 °C.
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3. Equation (2) holds at any mole fraction in a mixture of benzene and toluene
at 40 °C, but does not hold in a mixture of benzene and acetic acid at 40 °C.

Explain the reason why Equation (2) holds in the mixture of benzene and toluene

from the perspectives of molecular structure and molecular interaction.
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II.

Consider the following consecutive reaction (3) of compounds A, B, and C. Aisa
starting material, B is an intermediate, and C is a final product. k&1 and %2 are the rate
constants of the reactions A — B and B — C, respectively. Here, [A], [B], and [C] are

the concentrations of A, B, and C, respectively, which can change in time . When =
0, [A] = [A]y, [B] =0, and [C] = 0. Answer the following questions.

ki ko
A= B> C )

1. Derive Equation (4) for the production rate of B. Also, show the process to
reach the equation.

% =k [A]Oe—krf — k[B] : ' (4)

2. In the steady-state approximation (k1 <« #k2), derive Equation (5) by solving
the differential equation of the production rate of C.

[C1= (1 —e Rl ®)

3. Consider the case that the concentration of B has a'maximum value [B] ..

when k1 > k2. In this case, [B] is expressed as Equation (6). The relationship
between ¢ and [B] is shown as the bold solid line in Figure 1.1. Answer the
following questions.

k
[B]= (5t A, (©)

6] Let fmax be the time when [B] = [B],,,. From Equation (6), express -

tmax using only £1 and 42

(ii) If k1 is constant and 42 increases (but &1 > k2), how does this bold solid
line change? Select the most appropriate graph from (a) to (d) in Figure
1.1 and explain briefly the reason.
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Problem 2  Inorganic Chemistry
I.  Answer the following questions on metal complexes.

1. Draw all the isomers of [CoCl2(NH3)2(phen)]” (phen = 1,10-phenanthroline,
Figure 2.1) by referring to Example 2.1.

Example 2.1
2\ \ co
=N N= 0C,,, | .wCO
phen oc” | Yco
CcO
Figure 2.1 [W(CO)]

2. TFor each of the following 3d* octahedral complexes A and B, express the
ligand-field stabilization energy using the ligand-field splitting parameter Ao.
Also, show the process to reach the answer by drawing the electronic

configuration of d orbitals.

A. [Cr(OH2)6)*
B. [Cr{CN)6]*

3.  The electronic spectrum of [Cr(NH3)s)** has a weak absorption band X in the
visible to near-ultraviolet region and a strong absorption band Y in the
ultraviolet region as shown in Figure 2.2. What kind of electronic transition

should each absorption band be assigned to?

N

5 A: Wavelength
£ &: Molar absorption coefficient
i
=
=
E
=2
3,
o6
2 1 1 L)
200 400 600
A/ nm
Figure 2.2
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II. The lattice enthalpy (A H° (k] mol™) > 0) in ionic crystals can be determined
from some standard enthalpy data using the Born—Haber cycle. Answer the following
questions. In reaction formulas, clearly mark a solid with (s), a liquid with (1), and a
gas with (g).

1. Among potassium K (g), cesium Cs (g), and calcium Ca (g), answer which
element has the smallest first ionization enthalpy. Also, explain the reason.

2. Using the lattice enthalpy A; Hp of cesium chloride CsCl (s) with a stable
structure, show the thermochemical equation when CsCl (s) dissociates.

3. Using the standard enthalpy data shown in Table 2.1, calculate A Héic of
CsCl (s). Also, show the process to reach the answer. '

4.  CsClz (s) with the fluorite-type structure is predicted not to exist because its
standard enthalpy of formation is positive. Assuming that the prediction is
correct, find the range of the possible values for the lattice enthalpy Ay Hig,
of CsClz (s) using the standard enthalpy data shown in Table 2.1. Also, show the
process to reach the answer.

Table 2.1
Standard enthalpy (unit: kJ mol™)
Sublimation of Cs (s) +79

Tonization of Cs (g) to Cs™ (g) +376
Tonization of Cs™ (g) to Cs** (g) +2234
Dissociation of Clz (g) +244
Electron gain by Cl (g) —355
Formation of CsCl (s) —433
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Problem 3  Organic Chemistry

Answer the following Questions I and II.
I. Answer the following questions.

1. Draw the structural formula of
(R)-4-(1-hydroxy-2-(methylamino)ethyl}benzene-1,2-diol.

2. Armange the carbon atoms (C% CP, C% in the following compounds in
descending order of oxidation level. Place the carbon with the largest oxidation
level on the left side.

0
/ SN
A
c@ cP c©

3. Draw the structural’ formulas of all the isomers of triphenylcyclopropane,

including enantiomers,

4. In the following, the dipole moment of the compound A is larger than that of
compound B. Explain the reason.

QO Q
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5. The following is a reaction pathway to synthesize bombykol (a pheromone
released by the female silkworm moth). Draw the structural formulas of the
major products C and D, indicating the stereochemical configurations.

A%

J\/\/\/\/\rrC)CHs @ c

G
O

LiAIH, bombykol

6. Design a reasonable multistep reaction pathway to synthesize compound F
using compound E as a starting material. The number of carbon atoms of
reagents used in each step must be 3 or less.

)OJ\/\ )C'l)\/\/OIE/\j\
Br
E F
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II.  Answer the following questions about structural determination using nuclear

magnetic resonance (NMR). Assume that the coupling between 'H and “C is
negligible.

1. Choose all the numbers of correct sentences from the following texts D to @.
(D InNMR, smaller chemical shifts correspond to lower magnetic fields.
@ In the 'H NMR spectrum, when a compound forms a hydrogen bond,
the chemical shift of the hydrogen-bonded proton shifts to a higher
magnetic field.

@ In 'H NMR, the signal for the methyl proton of ethanol appears as a
triplet peak. )

@ In NMR, radio waves are absorbed during the transition from a low-
energy nuclear spin state to a high-energy nuclear spin state.

2. Figure 3.1 shows the 'H NMR spectrum of a compound with the molecular
formula of CiiHis. Tetramethylsilane is used as the internal standard of the

chemical shift. Draw the structure of this compound. 2H, 3H, and 9H in the
figure are integral ratios of the peaks.

9H
2H 2H 3H
.1 7.0 6.9 6.8 / N 225 1126 124
Y J \ M ;
1 * LY o ;
. ’ 1 i 1 1
% ; LY LN i
v 4 1 i Il
by [ [y ! t ¥
y ! [y t 1 I
[ i 1 7 i r
] / % t [ ¢
M ; 1Y ¥ 3 ?
[y ’ » ] ' 7
3 ; 1Y 1 v 7
+ ’ 1 E 1 7
LY I 1 ¥ 3 ¥
L} 14 kY i ' 7
Y ) \ M ! +
1\ ’ 1 ' t l
* s ' B 4
* 4 ) H i 7
[} I LS H \ ¥
[} ; 4 3 ' |3
Y / y H H £
1Y ’ \ ¢ 1 )
N N W s ' i Fi
8 7 6 5 4 3 2 1 0
ppr
Figure 3.1
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GENERAL INSTRUCTIONS

1. 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.

3. Answers must be written in Japanese or English. The problems are described in Japanese
on pages 2-10 and in English 6n pages 18-26.

4. 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.

5. 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.

6. 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.

10. Do not take the answer sheets or the booklet with you after the examination.
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Write your examinee number in the space provided above.
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