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General Directions

Write your name and code number on each page of the answer sheet.

You have 5 hours to fulfil the task. Failure to stop after the STOP command may
result in zero points for the task.

Write answers and calculations within the designated box.
Use only the pen and the calculator provided.

There are 18 pages of Problems (incl. Cover Sheet and Periodic Table) and 22
pages of Answer Sheet.

An English-language version is available.
You may go to the restroom with permission.

After finishing the examination, place all sheets including Problems and Answer
Sheet in the envelope and seal.

Remain seated until instructed to leave the room.
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Constants a
Gas constant
Avogadro constant
Planck constants

nd useful formulas

R=8.314 K ‘mor*
Na = 6.02210?° mol™*
h=6.62610°%J8

h =1.05510°*J8

Speed of light c=3.0010° ms™

. , h
Uncertainty relation Ax[Ap= 2
Gibbs energy of a condensed phase at G =pV + const
pressure
Excess pressure caused by surface tensigR, = 2 / r
Relation between equilibrium constant an _ B
Gibbs energy %Tln K=-4G
Gibbs energy at constant temperature | AG =AH-TAS

Isotherm of a chemical reaction

AG =AG° +RTInQ
_ product of ¢ (products

with Q
product of ¢ (reactants

Arrhenius equation

k= Aex;{—i]
RT

Osmotic pressure of a solution

p=CcRT

Beer- Lambert law

P
A=log— =¢lc
gP

V(cylinder) =1r?h
S(sphere) = #r?

V(sphere) =§ w3
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Problem 1. Proton tunneling

Proton tunneling through energy barriers is an irtgm effect, which can be observed in many
complex species containing hydrogen bonds (DNAtegoms, etc.). Propanedial (malonaldehyde)
is one of the simplest molecules for which intraecolar proton transfer can occur.

1.1.1 Draw the condensed formula of propanedial andstinectures of two of its isomers, which
can exist in equilibrium with propanedial.

1.1.2 In a water solution propanedial is a weak acid, strength being comparable with that of
acetic acid. Specify the acidic hydrogen atom. &xplts acidity (choose one version in the
Answer Sheet).

On the plot below an energy profile of the intraemllar proton transfer is given (the
dependence of energy on the distance of protonomgitn nm)). Energy curve has a symmetric
double-well form.

Energy, arb. units

T T T T T T T T 1
-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06
|_ Distance, nm R

1.2.1 Draw the structures corresponding to two minimatlus curve.

A proton is delocalized between two atoms and laged between two minima L and R with an
angular frequencyw = 6.4810 s™. Probability density for a proton depends on tasdollows:

LIJZ(X,t) - %[Wf (x)+ LP; (x)+(LIJ|_2(X)—L|JFf (X)) COS(OO T)] ,

wavefunctions W, (x) and W.(x) describe a proton localized in the left and rigiglls,
respectively:
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. . . . ;
-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06
Distance, nm

1.3.1 Write down the expressions for the probability signat three moments: (a) t =0, (b) t =
71(2w), (c) t = 1w Sketch the graphs of these three functions.

1.3.2 Without calculations, determine the probabilityfioiding the proton in the left well at t =
7120

1.3.3 How much time is required for a proton to movarfrone well to another? What is the
proton mean speed during the transfer?

1.3.4 From the energy curve, estimate the uncertainth@fposition of proton forming hydrogen
bonds. Estimate the minimal uncertainty of the @mospeed. Compare this value with that
obtained in1.3.3 and draw a conclusion about the proton tunnelidigose one of the versions
in the Answer Sheet).
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Problem 2. Nanochemistry

Metals of the iron subgroup are effective catalyst$ydrogenation ofCO (FischerTropsch

reaction)

Fe, Co
CcoO + 3H2 —_— CH4 + Hzo

Catalyst (e.g. cobalt) is often used in the formsofid nanoparticles that have a spherical
structure (fig.1). The reduction in size of theatgdt increases catalytic activity significantly.
The unwanted side-reaction however involves thdation of the catalyst:

Co(s) + HyO(gas) =——== CoO(s) <+ H;(gas) 1)

Solid cobalt oxide (bulk) is formed in the reactissel. This causes an irreversible loss of the
catalyst’s mass. Solid cobalt oxide can also besiggd on the surface of Co(s). In this case the
new spherical layer is formed around the surfacthefcatalyst (see figure 2) and the catalytic
activity drops.

CoO—gas interf
o 00 —gas interface

CoO

Co ‘ i Co-CoO interface

Fig. 1 Fig.2

Co—gasinterface

Let us see how formation of nanoparticles affetts éequilibrium of reaction (1). Useful
equation:

G°(n) :GO(bulk)+$v

2.1.1 Calculate the standard Gibbs energyG°(1) and the equilibrium constant for the

reaction (1) at T = 500 K.
2.1.2 Calculate the equilibrium constant for reaction (@hen the cobalt catalyst is dispersed
in the form of spherical particles (Fig.1) of radiu
(a) 10°m,[7
(b) 10° m.
The surface tension at the Co-gas interface is &6 CoO forms a bulk phase.

The mixture of gases involved in the Fischer-Tropseaction (CO, @y, Hp, HO) was put into

a reaction vessel containing the cobalt catalyise fbtal pressure js= 1 bar, temperature 5=
500 K. The mole fraction of hydrogen (%) in the tare is 0.15%.
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221 At what minimum mole fraction of water (%) in tlgas mixture the unwanted
spontaneous oxidation of the catalyst becomes lpessd that solid bulk CoO may appear in the
system? Assume that cobalt catalyst is in the tdrm

(@) a bulk phase

(b) spherical nanopatrticles with, = 1 nm (Fig. 1).

2.2.2 What would you suggest to protect Co nanopartitles the spontaneous oxidation with
the formation of bulk CoO at a constant rafgH,O)/ p(H,) and a constant temperature:

(a) to increasey;
(b) to decreaseyr
(c) change ofghas no effect.

Assume now that solid cobalt oxide forms a sphéetager around a nanoparticle of cobalt. In
this case the nanopatrticle contains both a reaf@a)tand a product (CoO) (fig. 2).

In the following problems denote surface tensioBSOgo-gas Tcoo-co radii asrs rp, molar
volumes ag/(Co); V(Co0).

2.3.1 Write down the expression for the standard moldb& function of CoO.
2.3.2 Write down the expression for the standard moléxbS function of Co.
Hint. If two spherical interfaces surround a nanopaatitile excess pressure at its centre is given

by the expression

P -p =AP=AR+AR = 224+ 222
r2

in ex
rl

ri, o; are radius and surface tension at the spheritafacei, respectively.

2.3.3 Express the standard Gibbs energy of the reactlc)ArGO(l, r,,r,) in terms ofgcoo-gas
0co0-Co Tar I, V(C0); V(CoO) ancArGO(l).

2.3.4 When spontaneous oxidation of Co begins the cddiwvo layers in the nanopatrticle (Fig.
2) are almost equal, of = 1, = 1o, and AG°(Lr,r,)=AG°(lr,). Assume that
coogas = 20 cooce Which plot in the Answer Sheet describes corette dependence of

AG°(Lr)onr,?

0]

2.3.5 What would you choose to protect Co nanopartiadtlemfthe spontaneous formation of
the external layer of CoO at a constant rapgH,O)/ p(H,) and a constant temperature:

a) increaser,
b) decrease,
c) change ofyhas no effect.

Reference data:

Substance p, glent A,GS, , kd/mol
Co (5) 8.90
CoO (s) 5.68 —198.4
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Problem 3. Unstable chemical reactions

Many chemical reactions display unstable kinetichaweor. At different conditions
(concentrations and temperature) such reactionpraeed in various modes: stable, oscillatory
or chaotic. Most of these reactions include autdgat elementary steps.

Consider a simple reaction mechanism involving eatiaytic step:
B+2X O ' 3X
X+DOE-P

(B and D are reagents, X is an intermediate andafpreduct).

3.1.1 Write down the overall reaction equation for thgo-step mechanism. Write the rate
equation for X.

3.1.2 Deduce a rate equation using steady-state appraxmaFind the orders:
(i) a partial reaction order with respect to B;

(ii) a partial reaction order with respect to D;

(iii) the overall order of a reaction.

Let the reaction occur in an open system whereerg#agB and D are being continuously added
to the mixture so that their concentrations arentaamed constant and equal: [B] = [D] = const.

3.2.1 Without solving the kinetic equation draw the kimeurve [X](t) for the cases: 1) [%]>
ko/Ky; 2) [X] o < kolkj.

3.2.2 Without solving the kinetic equation draw the kmeurve [X](t) for the case when the
reaction proceeds in a closed vessel with theaihaibncentrations: [Bj = [D] o, [X] o > Ko/k;.

Much more complex kinetic behavior is possible floe reactions with several intermediates.
Consider a simplified reaction mechanism for caldning of ethane in oxygen:

CHo+X+.. Of. 2X
x+y 0. 2v+.

C,H,+Y+.. O 5. op
Under specific conditions this reaction displaysikketory behavior.

Intermediates are peroxidelsO, and aldehyde 1,0, P is a stable product.
3.3.1 Identify X, Y, and P. Fill the blanks in the reantmechanism.
Behavior of unstable reactions is often controlleg temperature which affects the rate

constants. In the above oxidation mechanism osoitla of concentrations are possible onliif
> k,. Parameters of the Arrhenius equations were datedrexperimentally:

Step A, cnihol s En, kdthol™
1 1.010M 90
2 3.010% 100

3.4.1 What is the highest temperature at which oscithatcegime is possible? Show your
calculations.
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Problem 4. Determination of water by Fischer titration

Determination of water by the classical Fischerhudtinvolves titration of a sample solution (or
suspension) in methanol by a methanolic iodinetswlucontaining also an excess of Sahd
pyridine (GHsN, Py) — Fischer reagent. The following reactioosur during the titration:

SO + CHOH + HO + |, = 2HI + CHOSGH
Py + HI = PyHI’
Py + CHOSQH = PyH CH;0SQy

lodine content is usually expressed in mg of wadacting with 1 mL of the titrant solution
(hereundeiT, mg/mL), which equals the mass of water (mg) regctvith 1.00 mL of the iodine
solution. T is determined experimentally by titration of a sé&nwith a known water content.
The sample may be, for example, a hydrated compaund standard solution of water in
methanol. In the latter case it should be takep adcount that methanol itself can contain
certain amount of water.

In all calculations please use the atomic massagai® to 2 decimal points.

4.1. Sometimes titration of water is performed in pyr&dmedium without methanol. How would
the reaction ofdwith SQ and HO occur in this case? Write down balanced reac@quoation.

Calculate the T values of iodine solution in eatkhe following cases:

4.2.1. 12.20 mL of Fischer reagent solution were usedifation of 1.352 g of sodium tartrate
dihydrate NaC4H4062H,0.

4.2.2. A known amount of water (21.537 g) was placed &th.000 L volumetric flask which
was filled by methanol up to the mark. For titratiof 10.00 mL of the obtained solution, 22.70
mL of Fischer reagent solution were needed, whe2e2@ mL of Fisher regent solution were
used for titration of 25.00 mL of methanol.

4.2.3. 5.624 g of water were diluted by methanol up total volume of 1.000 L (solutioA);
22.45 mL of this solution were used for titratidnl®.00 mL of a Fischer reagent (solutiBh
Then 25.00 mL of methanol (of the same batch ad tmethe preparation of solutiof) and
10.00 mL of solutiorB were mixed, and the mixture was titrated by thatsm A. 10.79 mL of
the latter solution were spent.

4.3. An inexperienced analyst tried to determine watertent in a sample of CaO using Fischer
reagent. Write down the equation(s) of reactiodnonstrating possible sources of errors.

For the titration of 0.6387 g of a hydrated compmbure(SOy)3-xH,O, 10.59 mL of iodine
solution [T = 15.46 mg/mL) were consumed.

4.4.1. What other reaction(s), beside those given inpttedlem, can occur during the titration?
Write down the equations of two such processes.

4.4.2. Write down an equation of the overall reaction F(SQ)s-xHO with the Fischer
reagent.

4.4.3. Calculate the composition of the hydrate(S€));-xHO (x = integer).
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Problem 5. A mysterious mixture (organic hide-and-seek game)

An equimolar mixtureX of three colorless organic liquids, B, C was treated by water with a
drop of hydrochloric acid at heating to give, afseparation from water, a 1:2 (molar ratio)
mixture of acetic acid and ethanol without any ottmmponents. To the mixture after hydrolysis
a catalytic amount (one-two drops) of concentratgturic acid was added, and after long reflux
(boiling with reflux condenser) a compoubxd a volatile liquid with pleasant smell, was formed
in 85% yield. Compoun® is not identical to any ok, B, C.

5.1.1 Draw the structure of compouriaf?

5.1.2 Which class of organic compounds dd@delong to?Choose the proper variant from
those given in the Answer Sheet.

5.1.3 Even if the reflux is continued twice as long, theld of D would not exceed 85%.
Calculate the expected yield Dfif 1:1 (molar ratio) mixture of ethanol and ace#cid is taken.
Assume that: a) volumes do not change during thetigges; b) all concomitant factors, such as
solvent effects, non-additivity of volumes, vaoatof temperature, etc. are negligible. If you
cannot make a quantitative estimate, please indicalhether the yield will be: a) the same
(85%); b) higher than 85%; c) lower than 85%.

'H NMR spectra of compounds, B, C look very similar and each shows singlet, tripted a
quartet with the ratio of integral intensities elgieal:3:2.

The same mixturX was subjected to alkaline hydrolys#ésremained unchanged, and was
separated. The remaining solution after acidifaraand short boiling gave 2:3 (molar ratio)
mixture of acetic acid and ethanol with evolutidrgas.

The mixtureX (3.92 g) was dissolved in diethyl ether and un@evihydrogenation in the
presence of Pd on charcoal catalyst. 0.448 L (srahcbnditions) of hydrogen were absorbed,
but after the reactioA andC were isolated unchanged (3.22 g of mixture wecevered) while
neitherB, norany other organic compounds except diethyl etheldcoe identified after
hydrogenation.

5.2.1 Determine and draw the structures/AfB, andC.
5.2.2 Which intermediate compounds are formed dutimg acidic hydrolysis o€, and basic
hydrolysis oB.

The reaction of eitheB or C with acetone (in the presence of a base) with exyent
acidification by dilute HCI at gentle heating givdse same product, senecioic aciA}, a
compound widely occurring in Nature. Alternativelyenecioic acid can be obtained from
acetone by treating it with concentrated HCI antsequent oxidation of the intermediate
product by iodine in alkaline solution. The latteaction gives, besides sodium salt of senecioic
acid, a heavy yellow precipitake(see the scheme 2).
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1. Me,CO/base

BorC (1)
2. HCI, t CeHeO,
1. HCl cat. .
>:O > SA (sodium salt) + E (2)
2.1, NaOH

5.3.1 Determine the structure of senecioic acid and dthe reaction scheme leading to SA
sodium salt from acetone.
5.3.2 Give structure oE.
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Problem 6. Silicates as the base of the Earth crust

Silica and compounds derived from it, silicateg)stidute ca. 90 % of the Earth crust substances.
Silica gives rise to a beautiful material — glddsbody knows exactly how glass was discovered.
There is a well-favored story related to Phoenidgaitors who fused occasionally sea sand and
soda ash. It is likely that they discovered theetenf “liquid glass” (LGL) — sodium metasilicate
(N&:SiO;) soluble in water.

6.1.1 The solution of LGL was used earlier as office gM&ite down the net ionic equation
accounting for the ability of LGL to set in air.

Hydrolysis of LGL in water allows obtaining a calial solution of silicic acid.

6.1.2. Complete the Table in the Answer Sheet. Write dbe/met ionic equations matching the
processes enumerated in the Table. For each prartesssk the “Yes” box if it leads to changes
of pH. Otherwise check the “No” box.

The structure of species occurring in aqueous isolsitof silicates is rather complex. However,
it is possible to distinguish the main building dkoof all species — orthosilicate tetrahedron

(SiOs*, 1):
A )

For [SkOg]™ ion found in aqueous solution of silicates:

6.2.1 Determine the charge (n).

6.2.2 Determine the number of oxygen atoms bridging ajatetrahedra.

6.2.3 Depict its structure joining together several tdtealra (). Take into account that any
adjacent tetrahedron shares one vertex.

Charged monolayers with the composition{%i]™ are found in kaolinite (clay).

6.2.4 Using the same strategy as@r?.1-6.2.3, depict_a fragmenof the layered structure joining
16 tetrahedra(1l). Note that 10 tetrahedra have shared vertices ®iteighbors each, and the
rest 6 have shared vertices with 3 neighbors each.

Being placed into the LGL solution, salts of trdiesi metals give rise to fancy “trees” tinted
relevant to the color of the salt of the correspogdransition metal. Crystals of Cug6H,0
produce “trees” of blue color, whereas those of®}#3H,O form green “trees”.

6.3.1 Determine the pH of 0.1 M aqueous solution of cogpéfate at 25€, assuming that its
hydrolysis occurs in small degree only. Use theu@abf the first acidity constant of
[Cu(H20)4 %" Ki=1-107 M.

6.3.2 Write down equation of a reaction between aquealstisns of CuS® and sodium
metasilicate (LGL). Take into account the pH valakaqueous solutions of the salts.
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Problem 7. Atherosclerosis and intermediates of cholesterol
biosynthesis

Cholesterol is a lipid wide-spread in living natum@isruption of its metabolism leads to
atherosclerosis and related potentially fatal dissa

SubstanceX andY are two key intermediates of cholesterol biosysithen animals.

X is an optically active monocarbonic acid composédtoms of only three elements. It is
formed in organisms fron§-3-hydroxy-3-methylpentanedioyl-coenzyme A (HMGA). This
reaction is catalyzed by enzynkl (which catalyses two types of reactions) and doets
involve water as a substratK. is further metabolized intX1 through a three-stage process
requiring enzyme&?2, E3, E4, which catalyze reactions of one and the same ¢auhygl one)
type. Finally, X1 spontaneously (non-enzymatically) decomposes tee gisopentenyl
pyrophosphate (3-methylbut-3-enyl diphosphate, Bt inorganic products

HO S< El E2, E3, E4 O\P/O\P/O_
m CoA - X e X1—> * O/,I I\\O
o) OHQ , o O
HMG-CoA Scheme 1 IPP

7.1.1 In the Answer Sheet, choose the reaction type(#§1 andE3.
7.1.2 Draw the structure oK with stereochemical details and indicate absotgrfiguration (R
or S) of the stereocenter.

Y is an unsaturated acyclic hydrocarbon. Its regdlaaizonolysis leads to a mixture of only three
organic substances$l, Y2 andY 3 in a molar ratio of 2:4:1Y is formed as a result of a number
of successive coupling reactions of two isomeridossances: IPP and dimethyl allyl
pyrophosphate (3-methylbut-2-enyl diphosphate, DMRh subsequent reduction of a double
bond in the final coupling produdt5. Carbon atoms IPP and DAP involved in the fornratd
C-C bonds during biosynthesisYfare marked with asterisks.

Oo._.0O o)
/ NSPH oS <
\(\*/O//IID IID\O
o O

DAP

7.2.1 Write down the overall reaction equation for reduetozonolysis of DAP, if dimethyl
sulfide is used as the reducing agent.

The product of the final coupling reaction (hydnduzan Y5) is formed when two hydrocarbon
residues (R) of intermedia¥4 are combined:

(u) (u) +2H
2 R-0-P-0-P-O ﬁ» Y5 —» R-R
(0} O
Y4 ) Y
2PP; Scheme 2

At each coupling stage but that shown in Schenpy@phosphate is released in a molar ratio of
1:1 to the coupling product.

7.2.2 Determine molecular formula of, if it is known thaty2 and Y3 contain 5 and 4 carbon
atoms, respectively.
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7.2.3 Calculate the number of IPP and DAP molecules néedegiveY?5, if it is known that all
carbon atoms of isomeric pyrophosphates are inc@teal intoY.

7.2.4 Draw the product of coupling reaction of one IPBlecule with one DAP molecule (C-C
bond can be formed only by carbon atoms marked asgtérisks), if it is known that subsequent
reductive ozonolysis of the product of the coupteaction givesyl, Y2 and one more product,
the latter containing phosphorus.

The only double bond reduced ¥b during its metabolism intY was formed in the reaction

described in Scheme 2. All double bond¥iandY 4 exist intrans configuration.
7.2.5 Draw structures o¥¥ andY4 with stereochemical details.
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Problem 8. ATRP allows new polymers

ATRP (Atom Transfer Radical Polymerization) is asfethe most promising novel approaches
towards polymer synthesis. This modification oficatl polymerization is based on a redox
reaction of organic halides with complexes of tiiams metals, Cu (I) in particular. The process
can be described by the following scheme (M — masmidal — halogen):

k

act
R-Hal+Cu®Hal(Ligand), =——> R" +Cu®Hal,(Ligand),
kdeact kpl +M

kact
R-M-Hal+Cu®Hal(Ligand), =<——= R-M" +Cu®"Hal,(Ligand),

kdeact l

k)| +n-1M
kact -
R-M -Hal+Cu®Hal(Ligand), =——= R-M, +Cu®Hal,(Ligand),
kdeact
- ek
R-My +R-M, R-M(y+x)R

The reaction rate constants are:
kact - all activation reactions,qkc— all reversible deactivation reactiong,-kchain propagation,
and k - irreversible termination.

8.1.1 Write down expressions for the rates of ATRP eléangnstages: activation (v),
deactivation (Meac), pPropagation (y) and termination @. Write down generalized equation
assuming just one reacting species R’X, where Rnsiany of R- or R-Mand X means Hal.

Consider that the total number of polymeric chamsequal to that of initiator molecules.
Assume that at each moment throughout polymeriaatiochains are of the same length.

8.1.2 Compare the rate of deactivation to the rates dRRElementary stages.

Dependence of monomer concentratidvi]j[on reaction timetj for ATRP is:

[M]
In| —— | = -k [,
”([MLJ » IR

[M]o - initial monomer concentratiofk, — rate constant of propagatiol][— concentration of
active radicals.

To prepare a polymer sample by using ATRP, catabmounts of CuCl, organic ligand (L) and
31.0 mmol of monomer (methylmethacrylate, or MMA@r& mixed. The reaction was initiated
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by adding 0.12 mmol of tosyl chloride (TsCl). Pobmzation was conducted for 1400 g.i&
1616 Lmol*s?, and the steady state concentration of radicdls7810 'mol-L™.

CH, CHs
Hzc:gz HiC O
o © nd o
‘ 2 L
CH i(CH
3 SO,Cl OSi(CH3)3
MMA TsCl HEMA-TMS

8.2.1 Calculate mass (m) of the polymer obtained.

In another experiment the time of MMA polymerizatiovas changed, all the rest reaction
conditions being the same. The mass of the obtaipelgmer was 0.73 g. Then 2-
(trimethylsilyloxy)ethyl methacrylate, HEMA-TMS (28 mmol) was added to the mixture and
polymerization was continued for another 1295 s. Mihd HEMA-TMS reactivities are the
same under reaction conditions.

8.2.2 Calculate degree of polymerization (DP) of the aftd polymer.

8.2.3 Depict the structure of the obtained polymer (inlohg end groups), showing MMA and
HEMA-TMS units as A and B, respectively. If neagssase the symbols in the copolymer
structure representation: blodllock), stat(statistical), alt(alternating),_grad(gradient), graft
(grafted). For example, gA-graft-Ciog)-stat-Bs4 means that chains of polymer C are grafted on
units A in the statistic copolymer of A and B.

ATRP was applied to synthesize two block copolym®&s and P2. One block in both block-
copolymers was the same and was synthesized fromo4{#chloropropionyl)-polyethylene
oxide used as a macroinitiator:

(0]
ch/e Sso)ﬁ/
Cl

The other block in P1 consisted of styrene (C), iarfé2 of p-chloromethylstyrene (D) units.

'H NMR spectra of the macroinitiator, P1 and P2 gieen below. Integral intensities of
characteristic signals can be found in the table.

8.3.1 Assign"H NMR signals to substructures given in the Ansviees

8.3.2 Determine molar fractions of units C and D and roalar weights of P1 and P2.

8.3.3 Write down all possible reactions of activation etng during the synthesis of P1 and
P2. You may use R symbol to depict any unchangeédpthe macromolecule, but you should
specify what substructure you use it for.

8.3.4 Draw the structure of P1 and one of possible strre of P2 representing poly(ethylene
oxide) chain by a wavy line and showing units efremmomers as C and D, respectively.
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