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General Information

The Ukrainian Chemistry Olympiad is hold at four stages and includes the
competitions at the school, district, regional and national levels. The
Olympiad is organized by the Ministry of Education and Science. This
year about 300 000 higher school students took part in the Olympiad.
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Levels: School District Regional National

Participants of the Chemistry Olympiad
in academic year 2002/2003

The All-Ukrainian chemistry olympiad is the gathering of the best students
from all over the country. The competitors are divided into four age groups
from 14 to 17 years old. The winners of the olympiad are defined
separately in each group, and approximately one half of the participants is
awarded. The olympiad consists of three rounds: two theoretical and
experimental. Tasks of the first theoretical round must be in the strict
agreement with the basic chemistry program for the secondary school,
while tasks of the second theoretical round are fairly complicated.

This booklet presents several tasks proposed to the participants belonging
to the elder age group (students of the 11 class).



Task 1. A hydrogen-like ion consists of a nucleus with the nuclear charge +Z,
Z > 1, and one electron (for instance, He", Li*", Be’* and so on). The Bohr theory
of hydrogen-like ions gives the following expression for the electron energy at the
Bohr orbit

Z2

=k,
2

n

where k is the ionization energy of the ground state of the hydrogen atom, n is the

quantum number, n =1, 2, 3,.... Also, the radius of the Bohr orbit may be found:

n2

h =49 7
where ay is the radius of the first Bohr orbit, ap=0,0529 nm.

1. Calculate the value of k (kJ/mol), if it is known that the convergence limit of
the Lyman series of the atomic hydrogen corresponds to the frequency
3,287-10" Hertz. This series appears due to the electron transfer to the energy level
withn=1.

2. Calculate the wave-length of the electromagnetic radiation necessary to
ionize the ground state of the hydrogen atom.

3. Write down the expressions for the 2™ jonization energy of the helium atom
and the 3" ionization energy of the lithium atom. Calculate these energies in kJ/mol.

4. Draw the diagrams of the energy levels for Li*" and Be’. Compare them
with the energy diagram of the hydrogen atom.

5. Write down the expressions for the radii of the Bohr orbits (n = 1; 2) for He"
and Li*" ions. Calculate these radii and compare them with the corresponding values
for the hydrogen atom.

6. It was reported in 1976 that the first atoms of the super heavy element with
the atomic number 126 were obtained. Estimate the radius of the Bohr orbit for the
electrons nearest to the nucleus in this atom. Discuss the stability of this atom.

The Planck constant h = 6,63°1()'3’4 J:s; the Avogadro constant
N4 = 6,02:10” mol™; the velocity of light ¢ = 3-10° m-s™; ¢ =\v.



Answers
1. The value of k is equal to the ionization energy of the ground state of the
hydrogen atom. The convergence limit of the Lyman series corresponds to this state.
The frequency of radiation vy, is connected with the ionization energy of atom (I)
through the following expression
I = hVjimit.
Hence,
1=6,63-107J.s x 3,287-10" s = 21,7910 J.
For 1 mol of atoms
I'=1N, =21,79-10" J x 6,02:10” mol ™" = 1,312:10° J-mol™ = 1312 kJ-mol .
AtZ =1 and n =1 one obtains: k =1=1312 kJ-mol .
2.A=c/v=310"mc"/3,287-10° ¢ =91-10° M =91 nm.
3. 1=kZ,
L,(He) = 4-1312 kJ-mol™ = 5248 kJ-mol™,
I(Li) = 9-1312 kJ-mol™ = 11808 kJ-mol™.
4. For the hydrogen atom

k k k
Ej=—~, Ey=——, Es=— .
157 257, 357
for the Li*" ion
9k 9k 9k
Ej=— %, Ey=— ~, E3=— =~
1 | 257, BT
for the Be’" ion
16k 16k 16k
Ej=— %, Ey=— X, By=-— X
1 1 2 4 3 9

A L S L
.He': 1 =ay/2, 1, _aOT’Ll .rl—a()?,rz =agp .

6.1 =a b =0,0529 nm/ 126 = 4,2-10™ nm.
1790176



Task 2. The following reference data are known: E,’([Hg,]*"/Hg)= 0,789 V;
E,’(Hg/Hg,Cl,,s0lid/CI") = 0,268 V.
1. Write down the corresponding galvanic cells, give the balanced equations of
reactions that occur at the electrodes. Write the equation for the overall reaction.
2. Calculate the solubility of Hg,Cl, in water at 25°C:
The Faraday constant F = 96500 Coulomb-mol; R = 8,314 J-mol"-K".

Answer
1. a) [Hg,]*" +2 ¢ =2 Hg,
H,-2¢ =2H".
The overall reaction: [Hg,]*" + H, =2 Hg + 2 H". (1)
6) HgCl,+2¢ =2 Hg+2CI,
H,-2¢ =2H"

The overall reaction: 1/2 Hg,CL, + 12 H,=Hg+H + Cl.  (2)
2. The solubility (S) of Hg,Cl, is determined by reaction:

Hg,Cl, = [Hg,]*" + 2 CI, 3)

S = [Hg,”"] = (1/2)-[CI].

Hence, the solubility product Kgo = S-(2S)* = 4S°,

log S = {log K, - log 4} / 3.

Let us consider the linear combination of reactions:

(3)=(2)- ).

It is evident that AG;’ = AG,’ - AG,’.

Taking into account that AG,’ = -2F-E,", AG,’ = -2F-E,°, one obtains:

AG;’ = 22F-(E,’ - E,’) =-2-96500-(0,268-0,789) = 100500 (J-mol™).

AG;’ = -2,3-RT- log K, log Kso = 100500/(2,3-8,314-298) = -17,63,

log S =(-17,63 - log 4)/ 3 =-6,08; S = 8,3-10” (mol-I"").



Task 3. For the first time, cyclooctotetraene was synthesized in many stages. This
compound was obtained from alkaloid pseudopelterin present in the pomegranate

rind:

CH3I AgOH, ° / CHY
Sea (s )

AgOH, t° Br, AgOH - HYDROCARBON
B——T—]1 | | ~——
(C2H5 »NH catalyst

Nowadays cyclooctotetraene is prepared in one stage over a catalyst from the
simple unsaturated hydrocarbon.
1. Add the formulas of reagents and structures of intermediate compound to
the scheme.
2. Is cyclooctotetraene the aromatic substance? Prove your opinion.

Task 4. It was found that in aqueous solutions reaction

[CO(CN)5(HZO)]2' + SCN'™ = [CO(CN)S(SCN)]3' + H,O (1)
occurs in accordance to the dissociative mechanism
ky

[Co(CN)s(H,O)[* : [Co(CN)s* + H;0,

ko

k
[Co(CN)s]* + SCN N [Co(CN)s(SCN)T™.

1. On the base of this mechanism derive the equation for the overall reaction rate

r=dC the principle of quasi-stationary concentrations

[Co(CN)s (sep-/ 4t (@PPly
for intermediate). Write the dimensionalities of the rate constants, the reaction

orders with respect to each reagent and the overall order.



2. The reaction rate was measured at 40 °C at the constant concentration of complex
[Co(CN)s(H,0)]* 1,00-107 molI" and different concentrations of ion SCN".
Calculate the rate constants for the separate stages (or, if it is impossible, their

combinations). Use the data from the table.

Ne Coon mol-1I" | r, 10° mol-I"s™

1 0,05 0,15

2 0,10 0,31

3 0,40 1,15

4 0,70 2,00

5 1,00 2,62
Answers

1. According to the principle of quasi-stationary concentrations,

0=dC Jdt =
[Co(CN)s]?

=K Ceoenys a0 =K Ceoenys 1 TR Csen Creoien

:kl Cleoens 1,001
[CoCN)S 1™ ey - C o - +k

whence it follows that C

b

CN

ki -C -
o L TICHCN)s (0 L
" ky Co.._+k 2 VSeNT T
2 ~sent Tl

CSCN_

xC 2-
CSCN_ +k_1/k2 [Co(CN)5 (H,0)]

=k1><

The dimensionality of the rate constants ki, k., is s while the dimensionality
of ks is I'mol™-s™.
The orders of reaction are as follows:

with respect to [Co(CN)s(H,0)]” — 1,



with respect to SCN™ — varying (from 1 at CS on- <5 k_i/k5 to 0 at high SCN

concentrations).
The overall order is from 1 to 2.
2. The reaction rate

"= Ccoiens 007

CSCN_

CSCN_ +k_1/k2

where Y=k X

. It is possible to determine k; and parameter

B =k /k, from the dependence of r on CS N This equation may be transformed

into another one:
! =ap+a !
c. . or _
SCN SCN

1_1. B,
Y ki K

It is easy to find coefficients a; and a; from the linear plot of 1/Y vs. 1/ CS CN- and to

calculate k; = 1/ag and B =a, / a,.

No Coon r, 10 U/ Cyn-s Y, 10 1Y
Lmol” mol/(I-s)”! Lmol” mol/(l-s)

1 0,05 0,15 20 0,15 6,67-10°

2 0,10 0,31 10 0,31 3,23-10"

3 0,40 1,15 2,5 1,15 8,70-10°

4 0,70 2,00 1,43 2,00 5.10°

5 1,00 2,62 1 2,62 3,83-10°




1/Y
600001
40000-
200001
0 5 10 15 20
1/ Cyen-

ki =1/246=14-10" (s"), p=13300/246 = 13 (mol-1™).

Task 5. Compound A is the monochlorine derivative of saturated hydrocarbon (mass
fraction of carbon 38,38%). When A is treated with potassium tzert- butylate in
DMSO, three isomeric gaseous hydrocarbons B, C and D are formed. If the solution
of these three gases is treated with reagent Y (mass fraction of chlorine 45,81%), it is
possible to isolate compounds E (does not contain chlorine) and F (mass fraction of
chlorine 33,33%). The NMR 'H spectrum of F contains quartet (1H), singlet (3H)
and doublet (3H), while the signals of four types of protons are present in the NMR
'H spectrum of compound E.

1. Determine substances A—F and write down the equations of reactions.

2. Determine reagent Y, if it is known that

a) there are two chlorine atoms in its molecule;

0) 4 mol of NaOH are necessary to neutralize the orange solution obtained at
interaction of 1 mol of Y with water.

3. Write the possible mechanism of transformations B — E and D — F.

10



Answers

A: 2- chlorobutane; B: butene-1; C: cis-butene-2; D: trans-butene-2;

F: CH3-CO-CHC1-CH3, E: CH2:CH-CO-CH3; Y: CfOzClz.

Task 6. The boiling point of substance A is 7 °C. At standing, A turns into compound

B, which is sublimated at 135 °C. At heating, substance B is decomposed to solid C

(melting point 160 °C), liquid D (boiling point 67 °C) and gas E. At standing,

compound D is transformed into solid substance F with melting point 175 °C (this is

the first-order reaction with the half-decomposition time 35 hours).

The mass and molar fractions of elements in the compounds are given below.

Compound X Y Z
%, %, %, %, %, %,
mass molar mass | molar | mass | molar
A, B 19,49 16,67 | 44,63 | 33,33 | 35,88 | 50,00
C 14,87 16,67 | 85,13 | 83,33 — —
D 16,15 16,67 | 73,94 | 66,67 9,91 16,67
E 24,58 16,67 - - 75,41 | 83,33
F 16,15 16,67 | 73,94 | 66,67 9,91 16,67

1. Determine compounds A—F if it is known that X and Y are the elements of

the 3" period of the Periodic Table.

A

The chemical equilibrium

Draw the space structures of all compounds.

XY5 = XY3 + Yz.

11

Write down the balanced equations of the reactions mentioned.

What time is necessary for substance D to be decomposed for 66%°?



takes

place at high temperatures. At 227 °C the equilibrium constant is equal to

3,38-10* Pa. Calculate the reaction progress (%) at this temperature 227 °C and
1,01-10° Pa.

Answer

1. Let us determine the empirical formulas of the compounds:

A and B (X\Y,Z,):

X:y:z=16,67:33,33:50,00=1:2:3 (XY,Z;3).
C (X\Y,):
x:y=16,67:8333=1:5 (XY5).
E (XiZ,):
x:2=16,67:8333=1:5 (XZs).
D and F (X\Y,Z,):
X:y:2=16,67:66,67:16,67=1:4:1 (XY42).
On the other hand, equations may be written
for C
A(X) : 5A(Y)=14,87 : 85,13,
A(X): A(Y)=14,87:17,03 =0,873,
for E

AdX) : SA(Z) = 24,58 : 75,41,
ALX) : A(Z) = 24,58 : 15,08 = 1,630.

Taking into account that X and Y belong to the 3™ period and A(X) =

0,873A(Y), it is possible to determine them.

Y Al Si P S Cl Ar
AX) | 2355 | 244 | 27 28 31 35
X = Mg) | (AD (S1) P =

So, X=P,Y=Cland A(Z)=31/1,63 = 19, that corresponds to fluorine.

12



Compound A and D have the molecular structure. Hence, A = PCl,F; and
D =PCI4F. On the contrary, B and F should be the ionic substances. In accordance
with the electronegativity of elements it may be concluded that B =

[PCLF,]'[PCLF.], F = [PCL,] [PCLF,], C = [PCL] [PCls], E = PFs.

2.
o B E I+ F - — Ccl
‘ F ‘ Clu, ‘ WoF Cl, ‘ WG
\\\\\\ ' ‘0, P o ‘e, P o
F——P P =
‘\F o\ F/‘\m o ‘\m
Cl
Cl _ L F B B c |
A B C(anion)
Cl 3 T o 1T Foooo
‘ Cl ‘ \\\\\\ F ‘ Cl//,//% ‘ \\\\\\ ~Cl
" F—P<
Cl—P B O
‘\ ‘\F '\ el ‘\CI
F Cl g
Cl = 4L _
D E F
3.

2PCL,F; = [PCLF,] [PCLFE,];
3[PCL,F,] [PCLF,4] = PFs + PCL,F;
5[PCLF,] [PCL,F,] = 2[PCL]'[PCl¢] + 6PFs;
2PCLF = [PCL] [PCLF,].
4, In(N/Ng)=-kt=-In2-1/ 7,
T=-TipXIn (N/Ny)/In 2.
Tese = -35hxIn0.33/In2 =56 h.
5. PCls =PCl; + Cl,.
p(PCls) = p(CL),
p(Cl) + p(PCl;) + p(PCls) = p,
K, = p(PCl3)xp(Cl,) / p(PCls).

13



p(PCls) = p — 2xp(PCl5),
K, = p(PCL)"/( p — 2xp(PCLy)),
p(PCl3)* + 2 Kxp(PCl3) — Kxp = 0,
p(PCls) = - K, + (K,” + Kyxp)'”? = 3,37-10™ (Pa),
p(PCls) = 3,36-10™ (Pa),
a = p(PCL)/( p(PCly) + p(PCls)) = 0,50 (50%).

Task 7. The crystalline alcohol guaiol (C;sHysO) is the terpenic substance. It was
isolated from the oil of Bulnesia sarmienyi wood. When guaiol is dehydrated
consequently with sulfur, the non-benzenoid aromatic blue hydrocarbon X (C;sH;g) is
obtained. When this hydrocarbon is dissolved in concentrated sulfuric acid, the
intensive blue color disappear. After mixing of this solution with water, X is restored
in the initial form. It is very difficult to hydrogenate guaiol catalytically. As a result
of the following transformations the naphthalene derivative A may be obtained

(substance A is the only product of the ozonolysis reaction).

. ) -2 H,0O Pd-C
ot S oy 282 55 (S

OH

1 Determine the structures of guaiol and compound X if it is known that
guaiol has the hydroxyl group at the tertiary exocyclic carbon atom.

2 Explain why X has the blue color. Explain the behavior of X in acidic
solutions.

3 Decipher the above scheme of transformations and explain the formation of
A.

4 How many isoprene fragments are in the molecule of X?

14



5 Ascribe the signals in the 'H NMR spectra of hydrocarbon X 'H: 0,98 (6H,
d), 1,56 (3H, s), 1,84 (3H, s), 2,28 (1H, hept), 6,10 (1H, d), 6,21 (1H, d),
6,47 (1H, d), 6,85 (1H, d), 7,55 (1H, d).

Answer

OH

Guaiol OH

Task 8. The isomeric hydrocarbons A and B (C¢Hj() react with substance X in
different ways. The mixture of two optically nonactive stereoisomers C; and C, is
rather easily obtained from A. The reaction between B and X requires a long-
continued heating. As a result, the mixture of enantiomers Cz and C,is obtained with
a small yield (C; and C4 are the stereoisomers of C; and C,). Only C; and C, are
formed if the reaction is performed in the presence of I,. The acids Y and Dj; are
formed if substances X and C; (i=1, 2, 3, 4) are hydrolyzed (the equivalent molar
masses of these acids in the neutralization reactions are equal to 58 g-mol” and 99
g-mol’, respectively). Four signals with the ratio of the integral intensities 1:1:1: 3
are present in the 'H NMR spectra of substances C; and C,. Two intensive bands at
1850 and 1790 sm™ are present in the IR spectra of compounds X and C; (these bands

correspond to the symmetric and asymmetric vibrations of one group of atoms).

15



1. Determine all lettered substances.

2. Give the names of hydrocarbons A and B according to the ZFE-
nomenclature.

3. Explain the different reactivity of A and B and the significance of iodine.

4. The formation of isomers C; and C, may be controlled kinetically or
thermodynamically. What isomer is formed under the kinetic control and

what isomer is resulted from the thermodynamic control?

Answer

X: maleic anhydride; Y: maleic acid; A: E,E- hexa-2,4-dien; B: E,Z- hexa-2,4-
dien.

All substances C; are drown in the figure. Substances D; are the corresponding

dicarboxylic acids.

0 e

= ‘ 5
o — = ®

o+ + 5
0 H o H o

C, C,
kinetic control thermodynamic control

O
O

16



Task 9. NH,HS is the unstable compound that is easily decomposed to NH; and H,S.

1. Calculate AHyog’, ASros’, A.Gog for this reaction.

2. Calculate the standard equilibrium constants and constants K, for this reaction at
25 and 35 °C.

3. 30,0 g NH4HS were placed into the evacuated vessel (volume 10,0 L). The vessel
was heated to 35 °C. Calculate the pressure in the vessel and the mass of solid at
equilibrium.

4. Solution 2 was obtained when 11,48 g NH,HS were placed at 25 °C in solution 1
obtained after dissolution of 61,50 g [Cu(NH3)4]SO4-H,O in 500 ml of water.
Calculate pH of solution 2.

The standard pressure P, =1,013-10° Pa

Substance Adyg’, kI-mol™” S,05", J-mol K
NH4HS,solid -156,9 113,4

NH;,gas -45,9 192,6

H,S,gas -20.4 205,6

log Ky(NH; + H' =NH,") = 9,24;
log B;(Cu*" + NH; = CuNH;*") =3,99;  log B,(Cu*" + 2 NH; = Cu(NH;),*") = 7,33;
log B5(Cu*" + 3 NH; = Cu(NH;);*") = 10,06; log B4(Cu®" + 4 NH; = Cu(NH;),>") =
12,03;

The densities of all solutions are equal to 1,000 g-ml". The volume of solid
NH4HS in the vessel and the change of solution volumes at reactions are negligibly

small.

Answer
1.The decomposition of NH4HS:
NH HS,solid = NHj3,gas + H,S,gas.
AHaog” = -45,9 20,4 - (-156,9) = 90,6 (kJ-mol™),
A:Sog” = 192.6 +205.,6 - 113,4 =284,8 (J-mol"-K™).

17



AGaog’ = AHoog” - T-AS»05” = 90600 - 298,15-284,8 = 5687 (kJ-mol™).
2. Let us denote K, the standard equilibrium constants.
By definition,
AGaos’ = -RT In K, =-2,3-RT log K,
and for 25 °C
log K, = -AGoos’ / (2,3-RT) =-5687 / (2,3-8,314-298,15) = -1,00; K, = 0,10.
The dimensionless standard equilibrium constant
p )t
K, HP = U(P_o) :

where P; is the partial pressure of the i-s species, Vv; is its stoichiometric coefficient.
Hence,
Kp = Ka'(P0)+AV°
K,=10"-(1,013-10° Pa)* = 1,03-10° Pa’.
Calculation of K, and K, for 35 °C. From equation
A H°
dIn Ka =—2 ,
RT
assuming AH,os" = const one obtains:
K2 ) AHY (101
In = — X| ———|,
Kgl R T, T1

/

T, AHY(T-Ty)

log K 2:1 K,
8 ©2 2,3RT; Tr ’

90600% (10
K308 —_1.00 - x(-10) =.0,48; K, =0,33;
2.3%8314%298.15%308.15

K,’” =0,33%(1,013-10° Pa)’ = 3,34-10° Pa’.

log

3. The partial pressures of NH; and H,S at 35 °C are equal to:
p(NH;) = p(H,S) = (K,**)"* = (3,34:10%)"* = 5,78.10" Pa.
The total pressure Py, = 2%5,78- 10*=1,16-10" Pa.

18



From the Mendeleev-Klapeiron equation
PV =n(gas)-RT,
where n(gas) = n(NH3) = n(H,S) it us possible to calculate

J
mol x K

n(gas) = 5,78-10" Pa x 10-10° m’ / (8,314 x 308 K) = 0,23 mol.

Before reaction
n’(NH,HS) = m°(NH,HS) / M(NH,HS)= 30,0 g / 51 g-mol” = 0,59 mol.
At equilibrium n(NH4HS 4,4) = 0,59 - 0,23 = 0,36 (mol),
m(NH4HS oq) =18,4 g.
4. n(NH,HS)=11,48 /51 = 0,225 (mol),
n([Cu(NH;)4]SO,4) = m([Cu(NH;)4]SO4) / M([Cu(NH;)4]SO,) =
=57,00/228 = 0,250 (mol).
Hence, [Cu(NH;),]SO4 is in an abundance and practically all sulfur is
precipitated as CusS:
[Cu(NH;)4]SO, + NH,HS = CuS{ + 3 NH; + (NH,),SO..
So, the solution contains (0,250-0,225) = 0,025 mol[Cu(NH;)4]SO,,
30,225 mol NHj; and 0,225 mol(NH4),SO,.
Practically all Cu(Il) exists in the form of [Cu(NH;),]*", and pH value is
determined by the equilibrium reaction
NH; + H =NH,, log Kyy =9,24.

[NH3] 3x0,225
=924 + log
[NHI] 2x0,225

pH = 9,24 + log =9,24 +1og 1,5=9,42.
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