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Chemistry

Answer Question 1 (Compulsory question), and two Elective questions of your choice from 2—
9. Write the question numbers you have selected on each answer sheet. Regarding Elective
questions, only the questions you selected will be scored.

Question 1 (Compulsory question)
Answer the following questions.

(1) Describe the following words below with concrete examples and figures.
(a) conjugate base
(b) homolytic bond cleavage, homolysis
(¢) catalyst
(d) buffer solution

(2) Cis-trans isomers are a type of stereoisomer used for acyclic organic compounds, cyclic
organic compounds, and complexes. Explain cis-trans isomers for each case with a specific
example.

Question 2 (Elective question)
Answer the following questions.

(1) Among the following compounds (a) ~ (p), choose all the compounds that exhibit aromatic
properties, and explain why.

(a) (b) (0) (d) (e) (f)
N N

N ) M [\ N )

4;) Nog NQ\ \ (Tﬂ» MH

(i) (k)

@) (h) 0

000 Q0O
() (m) (n) (0) P K
ORORY Y



(2) Arrange the following groups of compounds (a) and (b) in order of increasing acidity, and
explain the reason for this order.
(a) CICH,CH>COOH, BrCH,CH,COOH, CH3CH,COOH, FCH,CH>COOH, F,CHCH,COOH

O R QO

SO;H  COOH  CBrg

(b)

Question 3 (Elective question)

Show the structural formulas of compounds (A) ~ (C), which are thought to be mainly
formed as the major products when each of the following reactions (1) ~ (3) is carried out.
Also show the mechanism of these reactions using arrows indicating the movement of electrons.

(D
0] 1) BuOK
OBu DMF
+ Y - | (A)
0 2) HCl aq.
(0]
(2)
0
Cl O’OH
0]
g (B)
CHCl,
(3)
1) Hx05

Y

N~ MeOH
o8 ©
2) 160 °C




Question 4 (Elective question)
Nucleic acids are very important biological macromolecules. Read the following section
about them and fill in the parentheses ( a )to( o ) with the appropriate term(s).

In higher organisms, including humans, the genetic information is carried by
deoxyribonucleic acid (DNA). In terms of chemistry, DNA is composed of ( a ), where
( b )islinkedto( ¢ ).Inturn,( c¢ ) is made of sugar and base connected through the
( d )bond. DNA is a linear polymer of ( a ). The sugar part is a pentose called ( e )
in the case of DNA.

It is well known that DNA forms a double helix in aqueous solutions. The double helix can
be seen as a structure where ( f ) bases are on the inside and ( g )( c¢ )-groups are
on the outside of the helix in a highly polar aqueous solvent. The double helix of DNA is not
perfectly symmetrical and has alternating deep, wide grooves and narrow, shallow grooves.
They are called ( h )and ( 1 ), respectively.

When you heat DNA to high temperature in solution, the double helix is broken, and the
DNA is denatured. If the solution is cooled down, the double helix will reform. This
phenomenon is called ( j ). If you add a shorter complementary DNA at a higher
concentration than the original DNA to the solution before cooling, a double helix is formed
by the short DNA and original DNA during cooling. This is an important step under the DNA
amplification technology called ( k ). In ( k ) the short complemental DNA is called
(1)

Ribonucleic acid (RNA), which plays a wide range of important roles in living organisms,
is a very similar compound to DNA. The difference is the ( m ) positionin( e )isa
hydrogen atom in DNA, whereas in RNA it occupies the ( n ) position. This small difference
affects their three-dimensional structure quite drastically and RNA can take various structures
other than the double helix. ( o ) is an example of one such structure.

Question 5 (Elective question)

X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are typical
methods for determining the three-dimensional structure of proteins and low molecular weight
compounds at the atomic level. In connection with this statement, answer the following
questions.

(1) Briefly describe the principle of structural analysis for each of these methods.
(2) Discuss and compare the advantages and disadvantages of these two methods.



Question 6 (Elective question)
Answer the following questions.

(1) Write the names of the following polymers. A common (conventional) name is acceptable
for (e).

(a) (b) ()

C=0 C=0 "

of 1. e ek |
(d) (e)
) CHy CHy
—-CH—C - ‘I}CHZ—?%

c=0 c=0 1" o
r%m (l)CHZCHZOI:TOCHZCHZN*‘(CHa)g

A .

He  CHs |

(2) Read the following section and fill in the parentheses ( a )to ( 1 ) with the most
appropriate term(s).

Radical polymerization, one of the polymerization methods of polymers, is an ( a )
reaction and proceeds by a chain reaction in which radicals are the active species. When using
initiators that generate ( b ) radicals from one molecule, such as benzoyl peroxide and
azobisisobutyronitrile, the steady-state polymerization rate is proportional to the ( ¢ )
concentration and the (  d ) power of the initiator concentration.

In general, synthetic polymers, including those obtained by radical polymerization, exhibit
a distribution of molecular weights and are typically characterized by their average molecular
weight. The average molecular weight based on mole fractions is called ( e ), and its
absolute amount can be determined using established methodologies such as end-group
analysis via NMR spectroscopy, and the osmotic pressure method. In contrast, the average
molecular weight by weight fraction ( f ) is typically determined by ( g ) and other
related analytical methods. In terms of magnitude relationship, fhasa( h ) value compared
to e, and the ratio of the latter to the former is referred to as the molecular weight distribution
index, or polydispersity. This ratio equals ( 1 ) only in the hypothetical case of a perfectly
uniform molecular weight distribution.



Question 7 (Elective question)

Answer the following questions regarding the change of state of matter.

(1)

()

3)

)

A

c

Fill in the blanks ( (1) ) to ((5)) with the appropriate
words or phrases in the following sentences
regarding the water state diagram (Figure 1).

p/Pa

Water is ( (1) ) in region I and ( (2) ) in region III,
and the line segment AO is called the ( (3) ) curve.
Also, the change of state from region II to III (arrow

a) is called ((4)). Water is in the ((5)) state at the — »:

Figure 1

upper right of point A.

In the water state diagram, the line segment CO has a

negative slope. Explain the reason for this based on the Clausius-Clapeyron equation (Eq.
i). The Clausius-Clapeyron equation is an expression for the relationship between pressure
p and temperature 7 when two phases (say a and f) of a pure substance are in equilibrium,
where A H, is the molar enthalpy change of the phase transition and Vg, Vn/f are the
molar volumes of o and f phases, respectively.

dp Ay Hp,

ar =T (v —vg) £ (@)

If the o phase is the liquid phase and the § phase is the gas phase in equation i, derive the
following equation ii using equation i as a starting point, where AyH, is the molar
evaporation enthalpy and R is the gas constant. Assume that the gas is an ideal gas.

dp  AHp'p

ﬁ_ RTZ o« e e (11)

Assume that the atmospheric pressure at the summit of a mountain is 0.36 x 103 Pa and the
molar evaporative enthalpy of water A,H is 40 kJ mol™'. Utilizing equation ii, estimate
the boiling point of water at the summit. Let 1 atm = 1.0 x 103 Pa, R = 8.3 J K 'mol ™',
In0.36 = —1.0, and 1/373 = 0.00268.



Question 8 (Elective question)

A perovskite-type structure is one of the representative crystal structures of the compound
ABX3 consisting of cation A, cation B, and anion X. Answer the following questions. If
necessary, use the Avogadro constant = 6.02 x 10%.

(1) Draw a diagram of the unit cell of the perovskite-type crystal structure, indicating each ion
(cation A, cation B, and anion X).

(2) What are the coordination numbers of cation A and cation B, respectively?

(3) If the ionic radii of cation A, cation B, and anion X are r,, 1, and 1y, respectively, what
relationship is established between 15, 13, and rx in an ideal cubic perovskite-type
structure?

(4) Suppose that one cation A in Table 1 and one cation B in Table 2 are selected to form a
cubic perovskite-type ionic crystal of ABOs composition where the anion X is o*
(rx =0.140 nm). Based on the relationship between r,, 1, and 1% obtained in question
(3), what combination of cations A and B is expected to form the most stable cubic
perovskite-type ionic crystal?

Table 1 lonic radii (r,) for cations A
Cation A Ca?’ K" La** ce*!
74 (nm) 0.134 0.164 0.136 0.114

Table 2 Ionic radii (rg) for cations B
Cation B A" Ti*" wo* Ta>"
rg (nm) 0.054 0.061 0.060 0.064

(5) Cubic strontium titanate (SrTiO3) has a perovskite-type structure. The lattice constant of
cubic SrTiO3 is 0.391 nm and the molecular weight of SrTiO3 is 183. Calculate the density
d (g/cm?®) of cubic SrTiOs.



Question 9 (Elective question)
Answer the following questions based on the binary phase diagram consisting of elements
A and B and schematic drawings of microstructures, shown in Figure 1.

(1) What is the temperature at which an alloy containing 40% of element B starts to melt when
heated?

(2) L and a phases co-exist in this alloy (1) when it is kept at the temperature of 73 °C. What
are the concentrations of element B in L and a phases respectively at this temperature?

(3) When an alloy containing 50% of element B is kept at the temperature of 74 °C, the L and
o phases still co-exist. In this case, what is the fraction of the o phase at this temperature
in the two-phase region?

(4) This alloy (3) was heated to 7> °C, then cooled slowly to 7’5 °C. In this case, the alloy should
change from L phase to o phase. Choose the most appropriate schematic diagrams from a—
f for the structure at the intermediate temperatures of 73 °C and T4 °C, respectively, and
explain the reasons why you chose these options.

Temperature, T/ °C
o

0 10 20 30 40 50 60 70 80 90 100
A B

Chemical composition (%)
a b ¢
f-'
Y4
d e f
7 C
2\

W [t

Figure 1 Binary phase diagram consisting of elements A and B and
schematic drawings of microstructures.




