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Problem 1 Physical Chemistry

Answer the following Questions I-III.

I.

Consider an electron in motion in the range of 0 < x <[ on the x-axis
(well-potential model). The potential of the electron in this range is assumed
to be zero, and that out of this range is assumed to be infinite. Equation (1)
is the Schrodinger equation for this electron. Here, ¥(x), E, h, and m are
the normalized wave function, the eigenvalue of energy, Planck’s constant,
and the mass of electron, respectively. Set ¥ (0) = ¢¥(l) = 0. The general
solution of Equation (1) is Equation (2). Here, A and B are constants.

Answer the following questions.

h? d?
T W) = B (1
_ , 8m’mE )
Y(x) = Acos(ax) + Bsin(ax), a?= 2 (2)
1. Show that E is represented by Equation (3).
n%h?
~ 8mi2 (n=1,23,) (3)

2. Determine the constants A and B. Also, show the process to reach

the answer.

3. Consider the optical absorption of a molecule shown in Figure 1.1
using a well-potential model. In the well-potential model, the =«
electrons are assumed to be free to move over the entire length, L, of
the conjugated bond in this molecule. Let speed of light be c. Express
the absorption wavelength, A, of this molecule due to the HOMO-
LUMO transition using L, m, h, and c. Also, show the process to

reach the answer.

Figure 1.1



I1.

Consider the CO oxidation reaction on the solid catalyst surface according
to the elemental reactions indicated in Equations (4)—(7). Here, o
represents a vacant adsorption site. CO-ag, O-0, and CO2-0 represent

adsorbed species on adsorption sites. Equations (4), (5), and (7) are
equilibrium reactions, and their equilibrium constants are Ko, Kop,, and

Kco,, respectively. The partial pressures of CO, Oz, and COz are Pgg, Po,,
and Pgq,, respectively. The coverage is defined as the ratio of the number
of adsorbed species to the total number of adsorption sites at the adsorption
equilibrium. Assume that the adsorption sites on this solid catalyst surface
are uniform, with only one species adsorbed on each site and no interaction

between the adsorbed species. Answer the following questions.

CO+ o =CO0 (4)
02+ 20 2200 (5)
CO0g + 0.0 - CO20 + 0 (6)
CO20 =CO2+ o (7)

1. Explain that the adsorption process in Equation (4) under isothermal
and isobaric conditions is an exothermic reaction using the equation

for the Gibbs free energy change.

2. Let the coverage of CO be 6'co when only CO is considered to
adsorb on the adsorption sites. Prove that 6'co is expressed by
Equation (8).

, KcoPco
0co=—"— (8)

1+ KcoPco
3. In the real case, CO, O2, and CO2 competitively adsorb on the
adsorption sites. The rate-determining process of this CO oxidation is
the reaction indicated in Equation (6), and the catalytic reaction rate,
r, is expressed by Equation (9). Here, 6co and 6 are the respective
coverages of CO and O in this case, and k is the rate constant for the
reaction indicated in Equation (6). Describe r using Kco, Ko,, Kco,»

Pco, Po,, Pco,, and k. Also, show the process to reach the answer.

r = k@coeo (9)



III. Consider the enzymatic reaction that follows Equations (10) and (11). Here,
E, S, and P represent enzyme, substrate, and product, respectively. Answer

the following questions.
E+ S =ES (10)
ES > E+P (11)

1. Let the dissociation constant of ES be Kg, the maximum reaction rate
of this enzymatic reaction be V.4, and the substrate concentration be
[S]. The reaction indicated in Equation (10) is an equilibrium reaction.
Express this enzymatic reaction rate, v, using Kg, V., and [S]. Also,

show the process to reach the answer.

2. The presence of inhibitor, I, slows down this enzymatic reaction due

to the reaction indicated in Equation (12) or Equation (13).
E+1=EI (12)
ES + 1= ESI (13)

Figure 1.2 shows the outline of the Lineweaver—Burk plot for this
enzymatic reaction without inhibition reactions. Referring to
Figure 1.2, draw the outline of the Lineweaver—Burk plot when only
the inhibition reaction in Equation (12) is considered. In addition,
draw the outline of the Lineweaver—Burk plot when only the inhibition
reaction in Equation (13) is considered. When drawing the outlines,
the differences between with and without the inhibition reactions
should be clearly visible. Also, provide the reaction rate equations on

the basis of which the outlines were drawn.
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Figure 1.2



Problem 2 Inorganic Chemistry

Answer the following Questions I and II.

I. Answer the following questions on transition metal compounds. If

necessary, you can use the values indicated in Table 2.1.

Table 2.1 Molar mass (g mol™")

H N O Cl Co Ag
1.0 14.0 16.0 35.5 58.9 107.9

1. Consider the reactions of Cu?* and ethylenediamine (en) indicated in
Equations (1)—(3). The equilibrium constants for the reactions in
Equations (1), (2), and (3) are K;, K,, and K3, respectively. Among
K;, K,, and K3, choose the equilibrium constant with the smallest
value. Also, explain the reason for your answer briefly using all of the
following keywords.

[ Keywords for Question 1] d electron, square planar geometry

Cu®?" + en = [Cu(en)]** (1)
[Cu(en)]** + en = [Cu(en)2]*" (2)
[Cu(en)2]*> + en = [Cu(en)3]** (3)

2. Among Ni(CO)4, [Co(CO)4]", and [Fe(CO)4]*", choose a compound
in which the CO stretching vibration is observed at the highest
wavenumber. Also, explain the reason for your answer briefly using

all of the following keywords.
[ Keywords for Question 2] negative charge, dx orbital, m* orbital

3. Compound A is a monomeric Co complex. Regarding this complex,
the following Experiments 1-3 were carried out.
[Experiment 1] When 0.100 g of compound A was dissolved in

10.0 g of water, the freezing point of the solution was —0.158 °C.
[ Experiment 2] When 1.00 mmol of compound A was added to an

aqueous solution containing sufficient amounts of AgNO3, 1.00 mmol



of AgCl was immediately formed, and 2.00 mmol of AgCl was further
formed upon heating.

[ Experiment 3] When 1.00 mmol of compound A was heated in an
aqueous solution containing sufficient amounts of NaOH, 2.00 mmol
of NH3 and black precipitates were formed.

The cryoscopic constant for water is 1.86 K kg mol™!. Calculate the
molecular weight of compound A. In addition, draw the structural
formula of compound A by referring to Figure 2.1. Also, show the

process to reach the answer.

|
2NO5;~
Hzo/ Ig\OH2 3
OH,

Figure 2.1



II. Answer the following questions on ionic crystals. If necessary, you can

use the values indicated in Tables 2.2 and 2.3.

Table 2.2 Ionic radius (A)

Na™* Cs”* Zr*t Br- 0%

1.0 1.7 0.84 2.0 1.4

% 1A=0.1nm

I.

Table 2.3 Molar mass (g mol™")
O Ca Zr
16.0 40.0 91.0

p is defined by Equation (4) with cation radius (7;) and anion radius
(r,). Given the geometrical problem of packing spherical cations and
anions with different sizes together, you can determine the smallest p
value (pjin) that can keep the structure stable for a given coordination

number.

p=y 4)

Calculate the pyj;, value for the NaCl-type structure. You can use
V2 = 1.4 for the calculation. Also, show the process to reach the

answer.

The pjjm value for the CsCl-type structure is 0.73. Answer the
respective coordination numbers of NaBr and CsBr. Also, show the

process to reach the answer.

ZrO: takes a cubic fluorite structure at high temperatures (= 2370 °C),
but as the temperature decreases, the phase transition occurs and the
coordination number of Zr*" decreases. In contrast, in solid solutions
with small amounts of CaO added with respect to ZrO2 (ZrO2—CaO),
the cubic fluorite structure is preserved even at lower temperatures in

comparison to ZrOaz.

@ In the range of less than 20 mol% of CaO added with respect to

ZrO2, the lattice constant of ZrO>—CaO increases as the added

amount of CaO increases (Vegard’s law). Explain briefly the reason



why the cubic fluorite structure is stable even at low temperatures

in the case of ZrO2—CaO from the viewpoint of ionic radius.

@ Mechanism 1 or Mechanism 2 can be considered as the formation
mechanism of ZrO2—CaO.

[ Mechanism 1] The total number of O?" remains constant, and
Ca?’ is inserted into interstitial sites. The formula for the solid
solution is (Zri-xCa2x)O2.

[ Mechanism 2] The total number of cations remains constant, and
02" vacancy is created. The formula for the solid solution is
(Zr1-xCax)O2-x.

The density of cubic ZrOz is 6.1 g cm™>. The density of ZrO2—CaO
containing 10 mol% of CaO is 5.7 g cm™>. For this question, assume
that the lattice constant does not change with composition. Answer
whether Mechanism 1 or Mechanism 2 is more appropriate. Also,

show the process to reach the answer.



Problem 3 Organic Chemistry

Answer the following Questions I-III.

Draw the structural formulas of the major products A—K in the following

@

+ - -
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II. In the following multistep reaction from compound L as the starting
material, compounds N and O are obtained as the major and side products,
respectively. Here, Ts and py represent p-toluenesulfonyl group and

pyridine, respectively. Answer the following questions.

OK

e O Cr
OH Py OTs

L M 0]

1. Draw the structural formula of compound N. In addition, explain
briefly why compound N is preferentially produced over compound O

in terms of the reaction mechanism.

2. Show a multistep reaction pathway to synthesize compound O as the

major product using compound L as the starting material.



III. Answer the following questions on aromatic compounds.

1. Compound Q obtained by the following reaction of compound P was
isolated and purified. When the "H NMR spectrum of compound Q was
measured in CDCls, two doublet signals with the same coupling
constant were observed at 6 =7.77 ppm and 8.26 ppm. Draw the

structural formula of compound Q.

0
H,SO,

P

Y

2. Show a multistep reaction pathway to synthesize compound R as the

major product using benzene as the starting material.

-

R

3. The reaction pathway for the hydroxylation reaction of phenylalanine
catalyzed by hydroxylase in human liver is proposed as follows. In this
reaction, the corresponding deuterated tyrosine U is obtained from the
deuterium-labeled phenylalanine S. Draw the reaction mechanism to
produce tyrosine U from intermediate T using curved arrows to

indicate the flow of electron.

o
D D HO
NH, NH, H* NH,
_>
COOH COOH COOH
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