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Physicatonstants arefjuations

Avogadro's constant:
Universal gas constant:
Speed of light:

Planck's constant:
Faraday constant:
Standard pressure:
Normal (atmospheric) pressure:
Zero of the Celsius scale:
Mass of electron:

Unified atomic mass unit:
Angstrom:

Electronvolt:

Watt:

Ideal gas equation:

The first law of thermodynamics:

Power input for electrical device:

Enthalpy:
Gibbs free energy:

Reaction quotient Q

forareactonaA+bBz cC+dD:

Entropy change:

Heat change
for temperature-independent c,,:

Na = 6.022 x 10% mol'?
R=8.314JK'!mol'!
c=2.998 x 108 ms'!
h=6.626 x 103 J s

F =9.6485 x 10* C mol'!
p =1 bar = 10° Pa

Pam = 1.01325 x 10° Pa
273.15K

Me = 9.109 x 103! kg

u = 1.6605 x 10'?"kg
1A=10""m
1eV=1602x101%]
1W=1Js'"t

pVENRT
qU=q+W

P=UI

where U is voltage and | electric current
H=U+p V

G=HITTS

qG’=T1 RTI K=iz EJ¢

gG=qG°+RT @
_ccepd

Q= Aapbh
_%ev

qJS_T

where g, . is heat for the reversible process

O = NCy T
where c,, is molar heat capacity
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Van 6t Hoff equati o dl K_aqHy, Ko __@Hn 1
— = t | n— =1 —
dT RTZ Kl R TZ
A|
Hendersoni Hasselbalch equation: H= + 1
q p Kp+l o-g—
y . o. RT
Nernsti Peterson equation: E=E%i _'4 Q
z

Energy of a photon: E= h_c

>

. : . : Ej J
Relation between E in eV and in J: Eje V= —
q. C

Lamberti Beer law: A=l ol—logz U c
Wavenumber: 3= 3 = i E

cC 27cC ¢

ma My
Reduced mass | for a molecule AX: =
Energy of harmonic oscillator: E,=h3a(n+=)
Arrhenius equation: k=Ae R&
Rate laws in integrated form:
Zero order: [ Al BTkt
First order: I n[=Ah]pTAt
S d ord ! ! +kt

econd order: — = —
[ AIl B
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Theoretical Question 1111213 |14 |15 ]| 16 Total
Problem 1 Points 5 | 5 | 4 | 12| 12 | 24 62
7% of the total Score

Problem 1. DNA

Palindromic sequences are an interesting class of DNA. In a palindromic double-
-stranded DNA (dsDNA) speci es, the sequence of o
the B5NjY3Nj reading on t HencecaopaindrosinesDNA consistsdf twa n d .
identical strands that are complementary to each other. An example is the so-called

Drewi Dickerson dodecanucleotide (1):

5-CGCGAATTCGCG-3

LTI
3-GCGCTTAAGCGC-5

(1)

0GFGAAOGLj-! 8 Yy GH &1 35 PainGrbjmidiz434 O&E-LIpaEE- DAIXK ¢
5N 3NGRBCEGEI DA dBN] 3NGRACBNILHArS Bdd@pyih] Wi -jh(dsDNA (+ ¥y » <! 4
complementary{i;3Z1 |8 d2 g5 1d¥1ho Ol -0 AR GlayayalE Gl © 1 & (v 27
yil H-ai i  PDrelbidikkprson dodecanucleotitie - Z@AE|A1dZ1"a8N] IZZAQHZ?&'& Enj 2!
(1 DZ 0 & '@ a(-kRBEL 21d¥is 1

1.1 How many different palindromic double-stranded DNA dodecanucleotides (i.e., dSDNA species
with twelve base pairs) exist?

L MGx " 3:¢) b.p1la  Is2y & 50 Gydras1l- AEEOEANICG EEE ZBE |
1B AR BYE s 18yGl HGIAITNOB1HA @G 1&t19* Ow 1kyal Q5408

1.2 How many different palindromic double-stranded DNA undecanucleotides (i.e., dsSDNA species
with eleven base pairs) exist?

- 7 11X DES@OY . diCUF BT PKEZS + +1°WIF-Il g ess]
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The melting temperature of dsDNA, T, is defined as the temperature at which 50% of the original
amount of DNA double strands are dissociated into separate strands.

- p FEGY A &CGL- DBO%EYZY O S & i ONDEEFREPH @ i @ Watji Vv &
. (1 i Goa eGpd&k) ¢
1.3 Consider the Drewi Dickerson dodecanucleotide (1). Assume that a Gi C nucleobase pair

contributes to the DNA duplex stability more than an Ai T pair does. What is the probability
that its Trm increases when a single randomly selected base pair is replaced by a Gi C pair?

Bi- 57 eQuC oS plucd i FYaAMAUL Yo, || &) 2DF s e HaATdz Y, +,
R GEA, YL laed (h-GflHaY + ThaNUTm el Fzi T & ®AT 04 FDZ 07 | 2
(¢FoF. . I a GORNFAEENRY oG- CA

Probability wt KOF B hc b F

Let us analyze the thermodynamics of formation of double-helical DNA from single strands, and its
dependence on the length of the DNA and on the temperature. The equilibrium constant of
association of single strands to form dsDNA differs for palindromic and non-palindromic dsDNA. A
solution of dsDNA with the initial concentration of cint = 1.00 x 10" mol dm'2 was heated to T, and
equilibrium was reached.

1.4 Calculate the equilibrium constant of association of single strands at Tm for both non-
palindromic and palindromic DNA.

A+Y (pl 4 0F AifEae 2 lfekitk (e x DE dfd A~ IapA + late t | TRATDZPCH® e
b, _ I fkob FWE <llaa Yi" @FF7 1013 480 ARSTAIGk> B @ad, BNIBA b Wik~
I DAT - dziG -"3 Fdzla pFH S

c . BA=1.00 x 10 moldm'® T 94 . deDMA GF " IHA t+ | O F # k(IDFHowahlad &I
pbai ¢ 1l a Almd T0FNG dz0l& hUnmA A

~

| DAT Fdzi | R& T DAT . dzi_la -~ 3 Fdz I au <iDZEdekl ed F NI
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Non-palindromic dsDNA

Calculation:

K=

Palindromic dsDNA

Calculation:

The mean contributions to the Gibbs energy of association of two single strands to form dsDNA were
estimate over a certain range of experimental conditions, and they amount to 1 6.07 kJ mol'* per one
GIiC pair, RImdl!pedone8ADT pair presentin a dsDNA.

1.5 How many base pairs are there in the shortest dsDNA oligonucleotide that has T above
330 K? At this Tm, consider the following values of the equilibrium constant of association of
single strands to form a dsDNA: Knp = 1.00 x 10° for a non-palindromic dsDNA, K, = 1.00 x 10°
for a palindromic dsDNA. Is the shortest oligonucleotide palindromic or non-palindromic?

8 wT B hplOF wTpwvmBROp FRAD I p
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PEEWAUGE DE) z-  + RgA-1 - .Y GF-1a T oFk# FUtiF " o,
1AZT x DZ . ©1a%30ika mod AFAHAIUG- C x DARIKEA H Aagl #HlT6.07 kJ mol'* F AT +
.UF«~ 0l a T 9]

[ Il P ¥ BdgH< DFa 380 K G°3Tm h's L OF 18] §k@z~ I RRIEF " - 21j D2

GF-l1a TOF_ Kk Fdi hS P&y @IHRRIdEdyed 4 &
Kp=1.00x10° | DAT . dgipb=108x1pdz} BAR. dzi _lla -~ 3 GF

| g ©-Kkpa. . o

Calculation of the number of base pairs:

The needed length of a non-palindromic dsDNA:
Odzai - LjigGlyd & OFG" A GLj-!' & O5 t ddi!

Qo
-
Q

1

The needed length of a palindromic dsDNA:
Odzai-LjG”"! 48 0GYy!4&8 OFG A GLj-1'4a4 O35 tdpi! &

The shortest oligonucleotide is
MK p bl uyfFB bW AHHB Hc ¥

3 palindromic(P)c B Mp p Xbl2KOF b HABbIOF

3 non-palindromic(NP) cBMppXbl3KOF pT O bhdAhblIOF

9 WwT B hpIOF wT pmMBFROp FRAH DB
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Finally, let us leave the simplified idea of base pairs contributing individually to the association
of DNA strands. The Gibbs energy of this process may be considered explicitly dependent
on temperature. The dependence of the inverse T, of the Drewi Dickerson dodecanucleotide (1) on
the logarithm of the initial duplex concentration cinit is shown below. (Note: a standard concentration
Co = 1 mol dm'? is introduced.)
C’H@\A()/K's'v!éh@ FDAAITN), "n s - & o A5t 08, 1 Chedal BABJAK U] yESk-: 220
(- k) DA H-ET § DZ(W) 1 Gnj- LjU& + nid!QGeY BHAGH B ZE p U 2
(Gnic[jd3 0CRCFAGPZRA K H.DE P& #@ID(L B3~ ! &

(. *¥a U ODEBEGY & 1 thaddnt 3 yaGa e dZ HkiNjey : t s o G d

I I i I I
| : | : | . | : |
| : | : | : | : I
L E H e o e
o L
| : | I [ |
........... T e S
[ | I [ |
| : | : I : [ : I
| : I : | : | : |
0.00312 === oo @ e h
e
........... Lo L e e
' | o| : |
A : : : : I : | : |
—j,_£ 000310 e s T T
~ [ § I : I : [ : |
| { I o |
........... T O PSP PO, OO PPt DU P PO SUPRORPOOS PSPPI SO
| | I | |
| } l | |
0.00308 [--——-=---—m—boo oo @i b
AR
[ | I [ [
........... I P PP P
| | I | |
| | | | - 9
0.00306 [--======%===—f===dm ool h
A
15 14 13 12 11
In(2¢in/Co)
Cinit / 10"® mol dm'3 0.25 0.50 1.00 2.0 4.0 8.0
Tm/K 319.0 320.4 321.8 323.3 324.7 326.2

10 WwT B hpIOF wT pmMBFROp FRAH DB
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1.6 Calculate the standard enthalpy gH° and the standard entropy g5° of the association of DNA
single strands to form the palindromic double-stranded Drewi Dickerson dodecanucleotide (1).
Assume that gH° and g55° do not vary with temperature.

FAYiTH-a1 i+". "h E_ 3« . ! ¢i 35% 43871 GLjlaiHa tEZ 3| 150 &a,
cci &, I'rdpizklsiS® @AZWE SIEXANMa WUGY ! 4

Calculation:

pHA =
PS A=

11 WwT B hpIOF wT pmMBFROp FRAH DB
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Theoretical Question 21122 |23|24 (25|26 |27| 28| Total
Problem 2 Points 14| 4| 2|6 ]10]17]|14 58
8% of the total Score

Problem 2. Repatriation of remains in the middle ages

nARBEPMB L T FDHLYK Ui IEHD

At ambient temperatures, racemization is a slow reaction. As such, it can be used for dating
biological objects and, moreover, for studying their thermal history. Let us take L-isoleucine (L-lle)
((2S,3S)-2-amino-3-methylpentanoic acid) as an example. It isomerizes on the a-carbon and forms
(2R,3S)-2-amino-3-methylpentanoic acid, also known as D-allo-isoleucine. As the configuration
changes on only one of the two stereogenic centres, this process is called epimerization rather than
racemization.

1 OB g1 0ga, | At ¢i- 8420 @& fE acemizatiof O | &1 NG AJE FGEsk k|
. ( NIBEGT | .Gr k- 1By ¥id 1&Gnj to1 GBEG! 1 HAT 411" EZAOFE Gs | IGg &~ Nj
. x0! 11 DERHZ(2S5,39)- 2- amino 3- methylpentanoic acjd L-isoleucine(L-1le) 1 | 1 1 T #°a5 U
D- b h”HhA @RISAZA amine 3- methylpentanoic aci&L! a y1?h IN& GiGd#E g . G0
AWy 1806 1 0 sterepgenit céntred | g d TsHT&Z |48 Y1, OBb@a 4l idhleucine
-racemizatiorf|4 a1 dhepimerization t | IDZ ! &k
2.1 Choose all true statements.
FNW DAY H o PT& hu cllap Fl a/d ¢
5  p-allo-isoleucine and L-isoleucine have the same values of specific optical rotation but
they have different melting points.
¢ Mj-djd eGnii YDZ . k 1h!G!Lddeaucine & alpfisbleutire y &
8 p-allo-isoleucine has an identical absolute value of specific optical rotation as L-isoleucine
but the sign is opposite. The melting point is the same for both isomers.

Gnj. 5 Lj &\ iliisChyl- A&fdSisoleucine y dz OZ1 " ! & OF b allodsolgudiiiea - !
1.7 %G
5 D-allo-isoleucine and L-isoleucine have different values of specific optical rotation but they
have the same melting points.

i ChjU &) Lo At @ BDZ EdzF14iGa GpLnsoleucindp- alle isoleucine
5  D-allo-isoleucine and L-isoleucine have different values of specific optical rotation and
different melting points.

} sDZ . dz i Gnj- Lj& & GnG iGpLniddeDdne @zallo isdteudife + = F

5  p-allo-isoleucine is not optically active.

@iv M@ . - hllo isoleucine

12 WwT B hpIOF wT pmMBFROp FRAH DB
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2.2 Assign the absolute configurations for each stereoisomer of isoleucine.

isoleucine g ol 3@F 2 Il R-DZ -Blhdl  hs + . |

CH; O CH; O CH; O CH; O
NH, NH, NH, H,
A B C D

2S,3R (L-allo-isoleucine)

2R,3S (D-allo-isoleucine)

2S,3S (L-isoleucine)

2R,3R (D-isoleucine)

2.3 The equilibrium constant Ke, for L-isoleucine epimerization has the value of 1.38 (at 374 K).

If we set molar Gibbs free energy of L-isoleucine Gﬁ =0 kJ mol'?, determine the Gibbs free
energies for all structures Ai D from question 2.2 at 374 K.

aT@BAK t ni -1 .4¥&¢-BJleucine . Heépimerization ¢ ! 18Z, B3 /4. h@d 51 DZ
Al1dz” "RR . "¢ § GG, mET Il yaGki-isoleucine ! t . I'{ hiS&EDE N,
374K -2 Z% 4. D114 o005

A kJ mol'!
B kJ mol'*
C kJ mol'*
D kJ mol'!

2.4 If we take into account stereocisomerism at all stereocentres, what is the maximum possible
number of the stereocisomers of the tripeptide lle-lle-1le?

13 WwT B hpIOF wT pmMBFROp FRAH DB
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FOBY Ia1 fstereocentres) hu™ 3 &- 2 Il Esterdolsamerisingl 38 R i «BIaF d& 10
@a  Ulp-lle- lle :(tripeptide) - ~ = J 'k i I&térebigomers) ™ 3@F 2 I &.DZ.-xlleé DZ 1 - Y
(Y. 1a hsz-

The number of stereoisomers is

At the start of the epimerization, we can neglect the reverse reaction. The epimerization then follows
the first-order kinetics:

1dAZ&Kepimerizatiot | D ZGO D4 - (§G-NE 2 BAG C NjAepiredization) ! +& t DZ&Z Zu
dT1a0& |
k
L-isoleucine L D-allo-isoleucine

The value of the rate constant at 374 K is ki(374 K)=9.02x10'°h'! and at 421Kit is
ky(421 K) = 1.18 x 1072 h' .,

k(374K)=9.02x10°h ! 13Kt ni--1Z& . HUGA_ p
K(421K)=1.18x 102 W1 14RL Kt ni--"1Z%

In the following calculation, shorten the concentration of L-isoleucine to [L] and of D-allo-isoleucine
to [D].

D] NJ p-alloisdteucine ° [ Kk L-isoleycine ° _  H k -~ . P@A5 Ut
We can define a quantity de (diastereomeric excess):

. diastereomeric excesg d® (@& F Gde! @1 Gzt & 3 ‘pdZ
d tth 1100 ( %
e ) ( %) .

2.5 Let us boil L-isoleucine for 1943 hours at 374 K. What is the value of de (with three significant
figures) for L-isoleucine a) before boiling and b) after boiling?

L-isoleucine U ! p(dPridaN) gedZpyih] SHB74K + ni - | 4943 T & isdledcHaG ™ 4 DZ
OD& a0 DE 1 4

a) Before boiling ¢ AMNKOF b 3L
Calculation:
de = % (with 3 significant figures)

14 WwT B hpIOF wT pmMBFROp FRAH DB
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b) After boilingc AMKF p 13
Calculation:
de = %

2.6 How long does it take to convert 10% of L-isoleucine to D-allo-isoleucine at 298 K?
P98 K - B- &loisoleucine T Ltigoleucine 1 dt 0@ k- pla1ddi 3. & #

Calculation:

15 WwT B hpIOF wT pmMBFROp FRAH DB
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t= years

In fact, the reverse reaction cannot be neglected. The correct kinetic scheme is expressed as
O! G, ,\hGH 1t~ Ha! IB@A3E2 GF NjGalk Ul 5 !
K1

L-isoleucine D-allo-isoleucine

ko
Let us define the deviation of concentration from its equilibrium value L ¢
OBl JJoAA - NOZ1 2 | Hi & 'gfa
X=L T Leg
It is possible to derive that x evolves with time according to the following equation:
4 1 G| Ga&Z WA K 3 & Glipalh 2
x=x( P el kitket
where x(0) is the deviation from equilibrium at t = 0 h.
t=0h 1d7 oR& -7 °  Ha ONA). . o
2.7 Let us boil 1.00 mol dm'? L-isoleucine solution for 1943 hours at 374 K. The rate constant for
the forward reaction is ki(374 K) = 9.02 x 10'® h'!, K, for L-isoleucine epimerization has the
value of 1.38 (at 374 K). In the following calculation, shorten the concentration of L-isoleucine
to [L] and of D-allo-isoleucine to [D]. Evaluate (with three significant figures) a) [Lleq, b)
diastereomeric excess (de) after boiling.
b 2 W0, HOBAIK t+ ni - | 4943¢ -Z(00 iBodipi® Ij° - isblekicney 1 0" &1D%
L- isoleucined &admerizationd 1 3 D&, ¥ 86 1. hU&@78 K)=9.02x10°h* 1 Nj T G"EZ & |
74K - 1 Z2 BT
(.[D] NJ, . o allgidoleucine ° [ KA L-isoleycime ° _ H k .~ . PAB Ut .
(t2p Gamiba t ).y, G |CBeY B 0% 4@4 FIGH) &g ° . )i kod

a) Calculation:

16 WwT B hpIOF wT pmMBFROp FRAH DB
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[Lleq = mol dm'3

b) Calculation:

17 WwT B hpIOF wT pmMBFROp FRAH DB
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de = % (with 3 significant figures)

Amino acids with a single chiral centre undergo racemization, e.g. L-arginine racemizes:
L- 1.~ . ni U8 Wécinzatikt FF B& s Whaal O! & | BZ-°akf dbd dzyB & Kk
-arginine
ki

L-arginine D-arginine
ki

The time evolution of concentrations is governed by

ct tlp@z&dA BY¥dz ¥4 3R
s
L]

1|[—

Here [D] and [L] are concentrations of D- and L-arginine at time t, k; is the rate constant, and the term
C is set according to the initial concentrations.

d@p & -1InfagE UF Z &5 fuddNjt s  OBL- argininea D- arginined® | ELINED]. o

+  Fa. #&0al
Holy Roman Emperor Lothar 11l passed away during his journey to Sicily in 1137. To facilitate the
repatriation of the remains, his body was immediately after his death boiled in water (373 K) for a
certain time. Let us try to estimate the boiling time with the help of chemical kinetics. We know that

the rate constant k; of arginine racemization within the protein at 373 K and pH = 7 has the value of
5.10 x 10'3 h't,

18 WwT B hpIOF wT pmMBFROp FRAH DB
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©DX Ij T & i NIGENIFLj njd 1 BEFGHDZ + " 16 - dy (i Botdar INJODKEIdza "4k & dz0 &
¢-ZGODE =@z 0 . D2 ! & .ANKWIEHF 3¢/ Qi - | &f Tedz BIGI 4 n
pH=7 873K t ni 1Z &@57 1 MinT D& at kkDZFzZGs | | yagENZ B - IhEGAR
.5.10 x 101 3 hi 1 yaG¢Z

In order to analyse the isomeric composition of arginine in Lothar®& bones, we need to start with

transferring arginine into s olinatightyacidicéneironmantférs b o

4 hours at 383 K. The ratio of the optical isomers was [[—f% 0. 090Lot har6s wife Ri

boiled after her death. Her bones were hydrolyzed using the same procedure and in this case the

ratio was [[—'E% 0 .50 (Note that the racemization also takes place during the hydrolysis, with the rate

constant k3, different from k).
1. 7 Enbj e @lothar 7 1 * & 'O&U & ligor@@FicEomposiion O” # GH t 1188 Oz En
IB3Kt ni--"@ZEZ4G -t w1 : ¢ L & - Dotharp GE@OB "~ lip &NBABY a BZ 1! &
[[—'E]L 0 .10 9F8 G &G -, LjjGBa
j ~ Nijotkab & Gs Z + K& 1T a. "0&JA WS nfk # BR[DEUAREhptZES rig: Lotad n &
Y DE, ,tdZ NG M ek A BTAG @ O3 14+, !D& z[[—fylké OR®®B)9 .1 & . L
k12
2.8 How long was the Holy Roman Emperor Lothar IIl boiled in water in 1137?

Note: The racemization of arginine is an extremely slow process at temperatures typically
encountered in graves. As both bodies are only some 880 years old, we can neglect the natural
racemization during this time.

hue % CUh 0 & A Juf fghs RGO 3 § F Y bofrar llal dzfs DA - hua 0§ kDS hnd a
G G0y N esA-Glif: ddvgas 0 " - phfa-Aet Ukl Faiyhe F #14EW
e _aDZLR4; 4

Calculation:
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tboiling = h
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SYR-1

Theoretical
Problem 3

8% of the total

Question 3.1 3.2 3.3 3.4 35 3.6
Points 2 6 7 3 7 8
Score

Question 3.7 3.8 3.9 3.10 3.11 Total
Points 6 10 5 2 6 62
Score

Problem 3. Emergabgctranobility

Contemporary means of transportation rely on burning fossil fuels, although the efficiency of real
combustion engines is inherently limited and typically ranges between 20 and 40%.

3.1 Mark the factors that can make the efficiency of a heat engine higher:
aa- @@3}?’1&5@’ FHY  BAIERFEQM v | BLI 4 &
L840 R0 X " G elFA\Y yEA&

@l A.5 'DZ hl a

S 53 S

59

Adaria B0 -l ePF2H Yy |

Increasing the working pressure of the gas

Increasing the friction in the mechanical parts of the engine

oa

WpcBAK wWT bT XF bT B IOF

Increasing the burning temperature of the fuel in the engine

Wp c B IOF

Narrowing the working temperature interval of the engine
Wp & rd x K

Wp c B IOF

cT pwmUmHKF

HpdFrpibg HXOFT Y b

Wh T bCErp WO OET WX Ky H

UOF

X

F

®pc

n @ pERADI/B JUsh F pr NE

Fuel cells represent a way to improve the engine efficiency for future vehicles. The engine efficiency

can be improved by using hydrogen-based fuel cells.

i 1 pRMh, AGUG BT . K13 o U 0L 188 GaCEU | 1ad¥Edl .+, | tDiA pla@iP E K

3.2

The standard enthalpy

standard

isooctane and pure gaseous hydrogen.

21

of

f ormati on

combustion enHYGHwsply ) oE

a0

nai - .

o

nj! a

to°@H20l, il Q ui=d T RBt5eand the k J

i 5666 (HmdAhBae k U s
323.15 K). Calculate the values of specific (per unit of mass) combustion enthalpy of pure liquid

Wt B hp IOF Wt p M BFOPp FRYDH D p
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y 6 af &kt daa s(H0)) =1285.84 ki mol! E F G Bk + "@H%A ¢ F2aa
Ha g PBhDZH ! & 0& @Z215&t hi--" 1285 SI4AGEHE,) =15065.08 kJ mol !
Qayddal m - na Olageslaydaa ail o

RHsACgH; g =

(p:HSA H2 =

3.3 Calculate the standard electromotive force (EMF) of a fuel cell using gaseous oxygen and
hydrogen, both ideal gases at 100 kPa and 323.15 K, to produce liquid water. Use the following
entropy data for 323.15 K:

YRABAGRGE G0 nad Graj! B, . - pid0BIERESE 0 B G G, Gpklag fi.l AdA
.323.15Kc¢T & |, A0AkPh qizi. - 462 Axd&G3z ! 3
:323.15K - " Zt 1?24 GpLiBs

S°(H20,l) = 70 K™ mol'%, S°(H,,g) = 131 J KL mol't, S°(0,,g) = 205 J K'* mol' .

Calculations:

EMF = \%
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3.4 Determine the ideal thermodynamic efficiency (d) of a fuel cell producing liquid water at
353.15K.. At this temperature, t he H(IH.Ohla) py DR81cC
moftand the corresponding reac@iFomn2Ci5biBE &de moy

353.15K -ZHCIARGIAN K@+ DF() + . ! G, 1! & & . 3.
nitps &5 gla 3tH{H0,l) = 7281.64 kJ mol'* yaGkRGIaFe: kt "AFY1Mk &3, 181 dirj -1al] N} Z
34G°=1225.85 kImol'! yaGZE Z G5 | D

3.5 A polymer membrane electrolyzer facility operates at the voltage of 2.00 V and is powered by
a 10.0 MW wind turbine plant which was running at full power from 10 pm to 6 am. The
electrolysis yielded 1090 kg of pure hydrogen. Calculate the electrolysis yield defined as the
mass of produced hydrogen divided by its theoretical produced mass.
Ly Agft B2.00 VLI p%#. Y HkyBLY SAW-- TG 3y, 2 OFlsaB NBWA Y ¢ C, - Il &
UDF o Y- yi. YA ai0.cVIVIE 2 aefdpAd BpfDMR oK DA [BaD I

8§ _1a x " 1090ikg T 8F ¢- NIDFGEETY 6 &am "Al@PDX0 pdratuY F, I & x DZ
B - hyHgEx UK - NBrFHARY B Y hytElex UK - NahFHh, b ITAT NP+ TRIA-DZ . ea

Calculations:

= . 0,
dLelectro|y5|s /o

3.6 Calculate the mass of hydrogen required to drive the distance between Prague and Bratislava
(330 km) at the average speed of 100 km h'! with a car fitted with a 310 kW electric engine
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running on average at a 15% rate of its maximum power. Assume that the efficiency of the
hydrogen cell producing electrical energy is 75%, the efficiency of the electric engine is 95%,
and the Gibbs energy change for combustion of hydrogen fuelisq@G= T 226 "k J mol

y & -100 ken F'&off -5 2ARY d830km F3 G, "t 4-sA +4-G x G &uF ™ |

x " UbkigleeHMED - 3ljt C 1 AL s B8E . y SIDAWXLPAPEF- T 24 T OF s- NJ

x "~ WA .5 ANJ0&- -~ ©095% ¢ A- +1UgE NiBOF ~Bae@K EBRoAAR + g NHBG- IBA™ T 7R
.3G=1226 kImol't ¢ |j

Calculations:

m = kg

The low efficiency of hydrogen production and the safety issues connected with its storage impede
spreading the hydrogen-based transportation technology. Hydrazine (N2H.) fuel cells might be a
suitable alternative.

-paaill_nm! & I DZ +:FGlI!a EI 148 G.n1!1 " hk iG« I
] GIASh(NH,) 188 i@ @Pyik

The following standard reduction potentials for aqueous hydrazine systems are available:
RG: 1 & O5 192084&i- _nla &G’

T
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N2(g) + 5 H*(ag) + 4 €' Y NzHs*(aq) EA 18.23V
N2Hs*(ag) + 3H(aq) +2€e' Y 2 ,Ndd) EA =.28#V/1
N2(g) + 4 HoO(l) + 4 €' Y NzHa(aq) + 4 OH' (aq) EA b£.16V
NoHi(aq) + 2 HO()+2e" Y 2 3(dd) + 2 OH' (aq) EA =.104/0
2H.0()+2€e Y Hg)+2O0H (aq) EA 76.83V.

3.7 Fillin the following Latimer diagrams with the forms of hydrazine and ammonia prevailing at the
given conditions and write the redox potential value for each arrow representing the
electrochemical half-reaction. Record all the necessary calculations.

I e#Zniglaawad :  p .. +&a ¢Gvz:l4a ua s!a O5 ¢-FG.
teia 1A SGHEEC. ) AHZHCVIEE EZ

a) Acidic environment cYB (HAGM
P} > >
A
b) Basic environment p m A @H AIBM
N e >
A
Calculations:

Due to the toxicity, odour and its environmental impact, it is extremely unfavourable to produce
ammonia in fuel cells.

{pladiP CodipBedag a2 514 £ 1:5W018 AJat, f@at 1A K
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3.8 Write down the net reaction for the decomposition of hydrazine under basic conditions to (i)
ammonia and nitrogen and (ii) nitrogen and hydrogen and calculate the corresponding
equilibrium constants at T = 298.15 K.

.kudt 0o8a U1 nai) - anjldaal)] a¥pipat @R iAMmEP A G k . + HBC
.7T=298.15K -t 2598414 ! &

Equations for hydrazine decomposition: 4T CFppTnlOF

Calculations:
Hydrazine decomposition to NH3 and N3 in a basic environment:
P pKF LUNAVBIMzn FOm a7 C

K=

Hydrazine decomposition to H, and N in a basic environment:
pmvAL b, nHOw AT

Rechargeable lithium-based batteries are an alternative to fuel cells. Lithium-ion batteries
commonly use graphite for one of the electrodes, in which lithium clusters intercalate in between
the graphite sheets. The other electrode is made of lithium cobalt oxide, which can reversibly
absorb lithium ions moving from one electrode to the other during the charge and discharge
processes. The half-reactions relevant for the system can be formally written as:
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UeGolp Balag@ b1, . . DEGe 7 eCOEAIPAE GZOK! EO-h ON 1A <!
y | ABL BIEP 1 itk -PU&GEU V1BRE 3 'hd pOF Gy DA 14, + €i 1l "~z
b AG. H 13: ¢ . g205%Pamdii, kOApa MHeEp aDZ 6ZF ARGEAAFI ¥ A «
0! G, ! & ds, "1z & UDEEs kB

(©), +Li*+e ¥ Li(C), EA=§ 3.05V,

CoO, +Li*+e' Y LiCoO, EA=+0.19 V.

3.9 Using the formalism given above, write down the overall chemical reaction occurring in the
battery during the discharge process. Give the oxidation states of the cobalt atom.

Ez- 2 HB V3azT F- _lla T3 é&-. tplh Fl@FYiashicad .l ap €
NIV FY- IBFEShT §iFat b & 1L 0

3.10 Tick the boxes to get the correct statements which are valid for the discharge of the lithium-based
battery described in 3.9:

" EFVisa - |l
. Hezl Auz S TS . 1Az BT .7 YF ITaks 38&F Fup d&-HDY VWBZ . Il . 2 F_ ~
D GF, Il a

because lithium ions are reduced here.

FoMgh amMT X T 4
because lithium atoms are oxidized here.

. FoKK b BbOYME

E [ | because cobalt ions are reduced here.

cathode A 3
Li(C)n electrode is

anode p N1H

cathode A7 ;W IOROB M B F

because cobalt ions are oxidized here.

FOK K Cotap 15 Wbk

LiCoO:, electrode is
anode p NTH

3.11 Assume that a Cs unit, a CoO- unit and Li atom form the active battery mass required to transfer
one electron between the electrodes. Using the corresponding standard EMF, calculate the
theoretical specific reversible charge capacity (in mAh g'?) and the energy density (in kWh
kg'?) of such a model lithium ion battery related to the whole active battery mass.

W ¢iCoG ¢ -Gy ada 1dF{Rkt forildee®plal huod ya A" tdiilatIGHAY GAtDEYA0 ~
cath) + prBhdla cdiBupy sBZ 1§ ! & O. 3z Hads ] EMEt! ‘hHl & | &
H@Ea t 21 GY " DZ t D8 !GA§1GREZCGHY |A& 1TdEWE Rg!™ 7 Lj
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Calculations:
Charge capacity g c | 1O, @/l H mAh g'?
Calculations:
Energy density wllF AKOF wTF XD kwWh kg'!
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Theoretical Question | 4.1 |42 |43 | 44 | 45 | 46 | 4.7 | 4.8 | Total
Problem 4 Points | 2 | 5| 1| 2| 71| 2] 3 2 24

6% of the total Score

Problem £olumn chromatography of radioactive copper
Nl BIOF EFc XA FTTHOOMbEF

64Cu for positron emission tomography is prepared by the bombardment of a zinc target with
deuterium nuclei (further referred to as the activated target).

- zK G: 5 WI''h X LE@) TpdE 20 - Nj- 0KE&Qz vdl2 7 PBBuT Z-2_ 10144 DA
(G a0 -nE| &
4.1 Write down the balanced equation for the %4Zn nucleus bombardment with deuterium nuclei,

giving 54Cu. Specify the corresponding atomic and mass numbers of all species. Disregard the
charges.

. CF- . hBavhh. NUPHCA AukRY . U ‘4. R ¥izosiaszdi~-06 Y.1a hdzAT ¢
CF_ . .adabZ F

CO— O O L] ,
el:| +e|:| Yel:l I:I + e

The activated target is dissolved in concentrated hydrochloric acid (HCI (aq)) to give a mixture
containing Cu?* and Zn?* ions and their respective chlorido complexes.

& & Ziradx" &l &1, 2QPBEZ0 (HCI (aq) *H:1ABEAI1BE o CBGE Fah -njt A& 6
.Gnj" dz E3 K t TC
4.2 Calculate the mole fraction of negatively charged copper species with respect to the amount

of copper prepared by zinc target activation. Assume [CI'] =4 mol dm'3. For the overall
complexation constants, b, see Table 1.

X LiQP& G- nj! & bAaAG@Hj'EH "¢ FDZIgaE A ! A GGl 71 o ded
1 yasd.naioDh 'Egk - huai A &1 [DBEF=4mokL’ DM k V &
Before you start the calculation, write down the charges in the upper right boxes:
D A_oFigcFlLa T Ua T3

cu™ cuct®  [cuc]™  [cuck” cuciy
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Table 1. Overall complication constants b of Cu and Zn species (charges were omitted in the
formulas).

(HT HbHOF xec® MiFCua B F BbTc BifHEDBBHOR 2 F M X
I

O )
i in [CuCli]
1 2 3 4
bi 2.36 149 0.690 0.055

Calculation:

Mole fraction ¢ IOmMmB3#OF p HBbIOF

(answer with 2 digits after decimal point)

(ATbTpl K

The mixture containing Cu?* and Zn?* ions and their respective chlorido complexes was separated
with an anion exchange resin. Dry resin in OH' form was dispersed in water and the suspension was
transferred into a column. To occupy all sites with CI' ions (i.e. to obtain resin in a CI' form), the resin
was washed with hydrochloric acid and then with deionized water to wash out all the unbound CI'

ions.
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N k& '8 ElIL Sk .OL1, LjU& Zy'ad? e®Ei@ BA IQEDARY Bk G: nj
yi. OF eyl 6dA tYy” "k dz ypadil: ! & ¥ TOH BgsT I D&
YKk AldeGLjlgoa y_.:n 1dz “DZ DZ & GLj1 60l 3+a°GCaz NG

4.3 Everything was initially at laboratory temperature before washing with hydrochloric acid. Does
the column temperature change during the washing with hydrochloric acid?

i CAayPBahEbl - PF-HE TSFH “.©6 ya.-_ " eFd B Fla
YI z1 S*+HAT . "Nla ~.8©
No.

Yes, the temperature decreases.

1 51 5

Yes, the temperature increases.

The mixture containing Cu?* and Zn?* ions and their respective chlorido complexes was transferred
onto the resin-filled column. Hydrochloric acid solution was used as an eluent.

yizDh &- . .18 Sk . N k& ! GA RE¥BEF eER A1 BB JARAIK & C
eluetE oFEkEG.- H RG: ! a

Using the simple experimental formula, you can calculate quantities that determine average elution
properties of both copper species and zinc species on the column.
xIlLfa AG UGHWBo&xc0& HFG] 6&1P i- _ k O,!'8&8 &G _:h! a4

i1z a |

The retention volume Vg (the mobile phase volume at which 50% of the compound has been eluted
from the column) can be calculated as follows:

ODB  GiH (115 GAPASRyUAI , Wi X 8) A KV 0 @G. o
VR = Dg X Mresindry,0H form + Vo

4.4 Using average mass distribution coefficients Dg (Dg(Cu species) = 17.4 cm?® g'%, Dy(Zn species)
= 78.5 cm?® g'!), calculate the retention volumes Vg in cm?® of both copper species and zinc
species if the mass of dry resin in OH" form Myesin,dry,0r form = 3.72 g and the void volume of a
column Vo = 4.93 cm3.

[M)(Zn species) = 78.5 crig' Y) a Oy (O (Cuspecies) =17.4cmgtt ¥ | D2 & GadzGz &z |, | |
GH Es3.! & ail 0G.!X&L N8 & G& 4 pamHicG Wik & @Ba _ p 1 |
W=493cm? @i G5! & Mdinkyodn@3.729 04
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Calculation:
Vr(Cu species dFf p=T Bt cm? (answer with 1 digit after the decimal point)
(WpcFkFm wrp
Vr(Zn species 9 f B=T Bt cm? (answer with 0 digit after the decimal point)
(WrTpl K WxF)3

If you cannot find the answer, use Vr(Cu species) = 49.9 cm?® and Vgr(Zn species) = 324 cm? for

further calculations.
VR(Zn species) = 324 mVR(Cu species) =49.9cm® a p 3 g BBFIPAGAKF b m HchtORa Ky BF
WT FOF BidHc A

Using the simple experimental formula, separation of two sets of species, A and B, can be
considered complete if

yGaam® BaAe G . ''& 1dz 1, Z1:  dz E~-35 i G" |
Vo0.001(A) T Vo.999(B) > 10V,

where Vo001 is the mobile phase volume at which 0.1% of A has been eluted from the column, and
Vo.999 iS the mobile phase volume at which 99.9% of B has been eluted from the column.

y Ol 8 U  1TWid ail UY HAlz®R0 1éd& P NI 5 Sk y W Uo, |
i1: zBR1&DEdzB. ¢ aa t+! 4

Vo_ O(OA)VR# 17V 6. g(ﬂp/LC

Vo.ooB)VrREB) 1716 . 9dy/L

Vo . ole 89 VA( Bi)Vo. o(oB)

4.5 Based on a calculation, decide whether copper species were separated completely from zinc
species. The volume of the column filled with the swollen resin V. = 10.21 cm?, the resin particle
diameter dp = 0.125 mm, and the height of the wet resin in a swollen state in the column
Lc =13.0cm.
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peaki. S dylla s _© pa .!'dZla ¢cF- ", W xY YUDFhIFd 8F
Tz . 7abf2NfA404p5mMm ¢l A _+ a-WaE 16G2F end® | UNj_-“Alzah a- I
L=130cmi ¢ . yIa_ JdIBa hhu

Vo.001(A) = cm?®

Vo.099(B) = cm?

It is possible to separate copper species from zinc species.
WxCF 4dFBT Bt aK EH

F] True ﬁ False

4.6 theoretical value of the total ion exchange mass capacity of the dry resin used in this problem,
Qm.theor, iIn mmol g'L. Consider tetralkylammonium groups were the only ones responsible for
ion exchange of the resin. No other nitrogen containing groups were present. The mass fraction
of nitrogen in the dry resin was 4.83%.

- _ mnalg! - 6G I D, ~lla LIl T3 VG@uneo, huzl-& _UlIFa, lhi
FOCHRAA CFYS . DZ G- ax hDZ g Fdf ¥ Udy SdidE DI a¢ fer e lll AD
64.88F_ lla A_ta-la T3 x" WA-"_I

Qm theor = mmol g'* (answer with 2 digits after decimal point)
(ATbTpl K ATHbXF33 WIF T

Calculate the If you cannot find the answer, use Qm meor = 4.83 mmol g'* for further calculations.
8 EF FFheor 483 mmol gty - . 24 UhubFwWO&a A#Y

In reality, not all tetraalkylammonium groups are involved in the ion exchange. To determine the total
ion exchange volume capacity, Qy, the column filled with 3.72 g dry resin converted to the CI' form
was washed with the excess of sodium sulfate solution. The effluent was collected in a 500 cm?
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volumetric flask, which was then filled with water to the mark. An aliquot of 100 cm® was
potentiometrically titrated with 0.1027 mol dm' 2 silver nitrate. The silver nitrate solution volume at
the equivalence point was 22.20 cm?®. The volume of the column filled with the swollen resin, V., was
10.21 cmé.

o

c@UU _DA' & OLioU& yiG” 1 & ¢ o tz1 -6-__1 . OLj

Jipt1.6l & eG. 2 "H y1DZ del 1#B « [F&G 51 ! 8 GNREBAR gXEA Sgik B ki IC

AG. p 180T cEFR.1di24] o REIEN A 18K A 800 cnPG o Giai Obto&: 1. 1ay-n °k

i 190 z®a®0cn?® . 5Gh ! & & \Wj Wj1DZ Bz B! &!0f@&&mSAdn™ dz0 v - nj
10.21cm? §y GHNJO" © 1 & NT kA

4.7 Calculate the Q, of the swollen resin in mmol of active tetraalkylammonium groups per cm? of
the swollen resin.

AT A d@#abD@n® Y thi- |y I ad¥abAr £ gADAUDADHOl . A0 A S -SidE . | ©4

Q= mmol cm' 2 (answer with 2 digits after decimal point)
(ATbTPpl K ATbXF33 W3FTHF)

If you cannot find the answer, use Q, = 1.00 mmol cm' 2 for further calculations.
h d FCA@ELQMIolecm®3 y - . “2a UOhobfFwla AfY

4.8 Calculate the mole fraction (x) of the tetraalkylammonium groups actively involved in the ion

exchange.
TdfvU0a i F_"lla T3 éF. _ G WWFIH#“Tnaa-y
X = (answer with 3 digits after decimal point)
(wrpl K dF xfF3 2blX3 WwWIAF T b F)
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Question 51152 |53 |54 55|56 |57]58 59

Theoretical Points 3 3 1 5 3 2 4 1 2
Problem 5 Score

8% of the | Question |5.10|5.11|5.12|5.13|5.14|5.15|5.16|5.17 | Total
total Points 5 | 7| 3| 2|6 |1 |1 ]| 1] 50

Score

Problem BohemiangrameB T Kk M 3 HOF X 1 Y J1 IOF

Bohemian garnet (pyrope) is a famous Czech blood coloured semi-precious stone. The chemical
composition of natural garnets is expressed by the general stoichiometric formula of A3B2(SiOa4)s,
where A" is a divalent cation and B" is a trivalent cation. Garnets have a cubic unit cell that contains
8 formula units. The structure comprises 3 types of polyhedra: the A" cation occupies a dodecahedral
position (it is surrounded with eight O atoms), the B" cation occupies an octahedral position (it is
surrounded with six O atoms) and Si" is surrounded with four O atoms arranged into a tetrahedron.

d. | z BAHEDF 1&6.chj%t 3. 182 HANT play1bidiPEi GolB-o&iN[Oa 18 O Njiad 124
¥l C. BEIAONAYI KEIINB" & . 5 Gl EA1NA" OF @By(5iQ); + dzGz! & + 3 . ! &
Al V1 KBaFs Cljnlde 4-zdAdz48153 1 dz E3 . nj! & ®NBEA & '=db@tPd E&a 1 @d &
@Gz NhaU& O BEyH EaZaa OBl yEhgGprdodetahedral Gnjna ~ «~ Z2 G~ A
liint! & OzZGRi0 § &Hi aysSPisaA &G didz
The most common garnet mineral is almandine with the formula of Fes;Alx(SiO4)s. Its unit cell
parameter is a = 11.50 A.

yaGZc - o1 Lo t FIASIO); . . @ hknmandine 1 6- - 11 1T& O=zNj "GZ & (.
a=1150A

5.1 Calculate the theoretical density of almandine.
.almandine x 7 ull "~ i Ay _ e HDEEM@FWII a

r= gcm'3
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The Bohemian garnet has the composition of Mgz:Al(SiO4)s. Pure compound is colourless and the
colour of natural garnets comes from chromophores i transition metal cations that substitute the
host material cations. The red colour of the Bohemian garnet comes from trace amounts of Cr'' ions
in the octahedral sites and Fe' ions in the dodecahedral sites.

&1G #znak1dEey 1ad |2&y1! O i MPEZ Y1318 HIIAMgALSIO)s. . H . 14 O _ Nji’

.Y, .18 ¢i Gdz eGLj1 _ kGH E, dzlaghromoplidres 841 Q!5G dzaljh ! §

HpdE'OB GLj1 6 4a NIl & i1 dAHDE & GH-k 1¢Xp BBdiEzDD dURY1 RO
.Gnjna =« Z

5.2 Draw the splitting diagram for the [Cr'"Og]°** d-orbitals and fill it with electrons.
¢ al a ¢ Flied -Uaz L {Gr'O°E sty skla - DZ 1 3 39 TsfAl &

5.3 Identify the 1% transition row element(s) whose trivalent cation(s) M"" placed in an octahedral
position is/are diamagnetic in the low-spin arrangement and paramagnetic in the high-spin
arrangement.

LIWAUAULUSYAPZ T ga zFh- Il aMlT id'Uka T f RHEX d20@EH 20 %4 1x DZ
V2+-.01a G -gha Ai ULVzi S~ lall"E@ahsd ik _ & D

5.4 The figure below shows d-orbitals splitting in the dodecahedral crystal field. Fill in the electrons
for the [Fe"Osg]%d chromophore for both existing arrangements.

™ d #0104 ¢ FY® . Uk 3B ¢HURZELz0t a0 & - DDA 3 . LPANE  AlgaY oy f
X Ty 71 [FE'QRRY G hl

a) high-spin arrangement b) low-spin arrangement
bCMIOF MYbpe WTCM
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5.5 Derive the inequalities (e.g. P < E:1 + E> + Es3) for the pairing energy (P) magnitude in relation
to energies E1, E> and Es for both arrangements.

GEUE ¢cFs F-(P)FeA@SdiFioDE +(5+ & B DF . UWaAR l-al)a

a) high-spin arrangement:
bCMNIF NYhps

b) low-spin arrangement:
b&IV®hK NT Cm b

y-Y
X" yzi BAIl a
P
NT Emb
P

5.6 Assuming that P > Es, identify the 1% transition row element(s) whose divalent cation M" placed
in dodecahedral position is diamagnetic in the low-spin arrangement and paramagnetic in the

high-spin arrangement.
I_kU& spFHFh™ I &

M- 1la G Ela

T ot GACEINIFEdEY jdEX DT BB - U OTA> 5 b ha 6- 2

A~ Dzi A4 au TsTREDARGFRARINAT F&§ A

The figures below show simplified absorption spectra of four coloured minerals i blood-coloured
Bohemian garnet, green uvarovite, blue sapphire and yellow-orange citrine.

o0 QB0 Sl DEb A .71 ¢ _

37

I & todFsyDiZapi FyDZ Ust U hie , _ DZ

TR 2T Caxz™ 6 Qi Uilk

(

.

Wt B hp IOF Wt p M BFOPp FRYDH D p
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Absorbance
Absorbance
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O
Absorbance
O

Absorbance

T T T T T T T T T T T T T T T T
300 350 400 450 500 550 600 650 700 &(nm) 300 350 400 450 500 550 600 650 700 @&(nm)

5.7  Match the spectra with the minerals. bi Fy-lla ULUDZ U
Bohemian garnet: Sapphire:
cxm™MIKF XT1 4YIOF
Uvarovite: Citrine:
pY>3bvFF XTUNIO /

5.8 If illuminated with monochromatic blue-green (blue-green) light, how will the Bohemian garnet

look?
YT .70 _ 1l a §-syoERa. GROTiaps#r ife F Ta § - B4
ARedpBcCF A Bluedp CF A Yellow-orange ¢ FOfF Y b pA2Blapkly b
A Yellowp Y HF A Blue-greenp Y 3dFp CA Violet ¢t BY %3 A WhiteK T 3

Andradite is another garnet mineral; its chemical composition is CasFe>(SiO4)s. A double cation
substitution i Ti" for Fe"' in the octahedral position and Fe"' for Si" in the tetrahedral position i gives
rise to black schorlomite. Its chemical composition can be expressed as

Cas[Fe, Til;" ([Si,Fe]“'O.)s.
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¢ .8 &Gl . k Gh DLaF&SiO OF G1 & . L & €NJ | Andkadite o 0 B £ BY -
-NhaU& G? 'FE" ¢y o ®ddi@ OSNFa U . k DECGe GIF"c @ @E&j1l 5BA Y
E3a«! GA OFG.:  h! & schorlomite - feffi1s] 1iEa d[Z Ve | ! & ¥8: &
. Ca[FeTi]5™ ([ Si, Fe|“0,),

5.9 Calculate the percentage of SiV ions in a sample of schorlomite that must be substituted with
Fe'', if we know that 5% of Fe!' ions in octahedral position are substituted with Ti'V,

badzf- Fe"'as & F NI aschoflomite . T, oDX IFT18 ¢ F@* U™ Wz 3~ I
TV oG FNIl a._~z2a sH¢cRBdEEyels o E

p= %

The colour of the mineral is caused by two chromophores: [Fe"'Og]° and [Fe"'O4]*. The central ions
of both chromophores have equal number of unpaired electrons.

dh t 2° H [Fe"G]* e a0 UdBITd NBEG: 1at NEe G (181dA A1Z y-Z14y1!1 ¢ 6
tnad _:14& ~ g eée&&jar 5ihadzal
5.10 Draw the d-orbitals splitting diagrams for both chromophores and fill in the electrons.
¢ al a-cFAgal @k, x 7- ~ 3 ‘dDZal tall- &Z 0 kgl hBHITHRI. 4 &

[Fe“IOG]OCt: [FeIIIOA]tet:

Tetrahedral field causes a smaller splitting than the octahedral field (s 3 g & o+ Surprisingly for

the Fe' ion, the energy of the first did transition (although very weak) for the octahedral
chromophore is smaller (11000 cm'?) than for the tetrahedral one (22000 cm'?).

AMT U W2 Bx DD Wik MO 1 pOF BEXHIF b b ¥em@nn 1 wTOFa fc Y »wROF 4
c T AEEDGY cm'Y) bYlF A ik@vkg v TXMGAN D TddHF 2 ( pIdibdl BOR L F n Y MIBEH B B F
.22000cm'l) At mMBF ClI

5.11 Calculate the size of pairing energy (P) and t h e asn dzesgitting. fAssume that the
pairing energy is equal in both chromophores.

. x 21 93SDA-hla GH T 3 a@uzAdfcF DF ¢ A@p&Aabtsfows @~ b
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P= cm'!
Doct = cmil
et = cm't

Synthetic garnet YAG (YttriumAluminiumGarnet), used in optoelectronics, has the composition
of Y3AlsO12. Its structure is derived from the general garnet structure AsB2(SiO4)s by placing the ions
Y'"and Al to the A, B and Si positions.

dd YsAkO, - H .18 at Ut F{YttdudAluen@iumGareY AQGOZEG " 63 ap
.SiaBaAy uvail A'aY'e'Gaji s Ua&a yYWBgSQ)ep Szl & d_ 1 z! &

5.12 Based on your knowledge of the relative ion radii, determine which cation occupies which
position.

1 IGRYr & 181 d¥fir 1% 4Fs @1 KBy &i-o U . 181 @AG G 13 Szdi BRGy

A: B: Si:

5.13 For the use in LED technology, YAG is doped with Ce'". Determine the values of x and y in the
formula of YAG in which 5% of yttrium atoms are substituted with cerium.

1568 y &- " . YRGt 5 _ dy alS olp .Ce" yIGRYAGD G, pLEDtS "8l kU O5 pa-
pb12 I GK p-

YXCeyAI5012
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I f you donodtx=RRiy=0ssul t, use
y=0.75mx =225 ap>bPBHBF wtTbXKF n4dl

5.14 The Ce"-doped YAG is prepared by annealing the mixture of Y,0s, Al,O; and CeO; in H;
atmosphere. Use the formula from 5.13, write down a balanced equation for this reaction with
the smallest whole-number stoichiometric coefficients.

x DZ TeM A AL,0;AY,0; 3" 0 (bl _lla €dgl FbhiAGolta- EH <9
b, " T 14.YDPdb ¢cUiDFyYyDZ - £Ta 5y 4al-8 DZehigd HlIV&R2

Doping the YAG structure with rare-earths ions enables the production of lasers with emission
wavelengths ranging from the UV to the mid-IR region. In the scheme below, simplified fi f energy
transitions of selected rare-earths ions are shown.

# T Uogsd ki 8 nidy& aed i° | 12raeds1 di g 2ciGat wi (Be AfBR, 1&HAG. . H kK p G,
Ci G, f) & Qai celfiBp G&DZ z¥ Y . " dz e UGI IRL}AlI ¥vo~ & @V o d

v o v

21277 cm?!
]
1

Energy
26316 cm™

27 397 cm!
15338 cm!

16 667 cm™
18383 cm!

1

L.

|\
9709 cm™?

le
I<
&
<

Er¥*  Sm3* Tm3  pr3+ Yb3*  Nd3*  Tb3
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5.15 Which cation has a transition which corresponds to blue light emission.

ati e« e f/aADZAT r - IaUE dZLgal b HHr &

A Sm3* A Pr3*
A Nd®*

A Er¥* A Tm?3*
A Yb3 A Tb3*

5.16 Calculate the emission wavelength of this light.
_H LF@/FF BpkB p H2p IR myBibB B &

nm

5.17 According to a legend, Noah used a stick with a garnet stone for illumination during his voyage.
Assuming only the photoluminescence effect, determine the colour of the laser light emitted

from his stick if the stone were the blood-coloured Bohemian garnet.
@PFTOlI @ % y2lUa F-

i THNEOUST & bk SR A" +61 PF_ka
DS A T.71F o "s/Bs j - IBpfHAALR Yx DZy/ . I

A Yellow-orange ¢ tOF Y b pA2Blapkly hbfF

ARedpBcCF A Bluedp CF

2

A WhltEK T 7

A Yellowp Y HF A Blue-greenp Y 3¢ CA Violet ¢ T BY x 2
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Theoretical Question 6.1|162|63|64|65]| 66 6.7 6.8 Total
Problem 6 Points 18| 4 | 8| 3| 4 | 12 | 16 3 68
7% of the total Score

Problem @.et's go mushroompngt AY FOF 9 X B J1 h IOF

Mushrooming belongs to Czech and Slovak traditional pastimes. While some of our mushroom
species are edible, some are inedible or even poisonous.

Inky cap (Coprinopsis atramentaria) is considered edible and delicious. It contains a natural
compound called coprine (E), which can be easily synthesized from ethyl 3-chloropropanoate (1).

nNIFFNYY3ZA UxBL &gl - RPHE"™ BRSOz aBA/ Y b T BDE R
AT YT . HDEY £¢~ p '© ad. 41+ Aex DZLoprinopsis atramentaria - Yighi- Ao7ad Ul
1 . H-ethyll 3 chlpropropanoate) x DZ Ljy "~ _E ¥ z1 Fas

0 (CIC)
1. Na, Et,0, reflux
Cl/\)J\OEt 2 (CHZ) SiCl - C8H18C)2Si M» C5H1002 % C3H7NO
1 I A MeOH B 5 () .
NHBoc

HO - . 0, C . E

WCOOtBu 1. DCC, HOBt> b M’ oprine (E)

© 2.€ 40°C CgH14N204

2 F

TH
o "
Boc = }a)k J< DCC = /C//N\O HOBt = N gys }}4
N” N
0 \
OH

6.1 Draw the formulae of compounds Ai E including stereochemistry when necessary. Hint: The first
reaction affording compound A proceeds via an organometallic compound which then cyclizes.

-AYHa . AT _ 1 UFkel eprvaiDBEIAE] | T pTep YT 3sdbk: IlBE Al & DZ ¢ F_ H- -
Lil o % .t [ WFEFY DX H .DZ

A B C
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In the human body, coprine undergoes hydrolysis to L-glutamic acid (3) and compounds C and 4,
which are responsible for the coprine adverse side-effects. They inhibit the enzyme acetaldehyde
dehydrogenase, which is involved in the metabolism of alcohol. When the enzyme is
inhibited, acetaldehyde formed by alcohol dehydrogenase accumulates in the body, causing strong
symptoms of hangover (so called antabuse effect). The active site of the enzyme contains a cysteine
SH group, which is blocked either by compound C or 4.

FAlj & *x H- -~ *ltglutargiFacid3 . H--1a PF- YU pRiEGaRUgEl N
Is3lj F . opacetaldéhiide dehydrogenase s 7~ Wza & s h+ll & pFO Il & Nl
s Nja Naz ..e’a s a- "1 sz~ dz0a 3¢z addji aur S llea 'ald. sl

I BH adee DI cysteine Al szitiZx DUFARUTS-IF ¢~ aqantabuse - ") NFANgs6 aYag D7
4 . H-cll.aH-Adl Fdb F Dz

|IZ

H2
) hydrolysis
Coprine (E) ————— = HO COOH +

C
O
hydrolysis

HO_ OH SH

é

Enzyme = acetaldehyde dehydrogenase

V
-n

6.2 Using the pictogram for acetaldehyde dehydrogenase above, draw the structure F of the
enzyme inhibited by compound 4.

4 U bp B IOF I F Auprs ifekaldehyexBehydrogenase . O X3F BIOF
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The antabuse effect got its name after antabuse (5), the most known drug used in
alcohol-addiction treatment. This drug can be synthesized according to the following scheme.

OF Bpw @BHEF c TF vpuv@itabws¥ 5 p Rk H fl BOIOF m g mntabdsel F. KBAMK p TNXA
ccbodoF AA>BAK FUTM _ FI

S
NaOH reagent | )J\
SN + G H - N\ S/S\H/NV
H
oo s
6.3 Draw the formulae of compounds G and H. Hint: Compound H contains five carbon atoms.

(AM2p Db YUFHp M bHsAOFN P bB T4 F: IHlovec HIF

Y

G H

6.4 Mark all possible reagents which could be used for I from the following list.

"+ O G- dfas 13a 1x 0B ~1l: TpFH-DZIIREIh Ay VS
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AN m-chloroperbenzoic acid (NCPBA) N diluted H,O;

A Zn/CH;COOH N NaBH4

Nl N hot concentrated H.SO,4
N K.COs, H,0O N AlCls

The way antabuse inhibits acetaldehyde dehydrogenase is similar to the effect of compounds
C and 4.

4 @ presEpAMPTd Bacetaldehyde dehydrogenase  antébise _ HOF AT %X |

4

S
/\J\/S N~ — 4
SH + N S
e

5

Enzyme = acetaldehyde dehydrogenase

6.5 Using the pictogram for acetaldehyde dehydrogenase above, draw the structure J of the
enzyme inhibited by antabuse (5). Hint: Three sulfur atoms should be in the structure

. 9 aA Q%eitkgitgPOFa dogtdidehyde dehydrogenase un bl Y ¢ A TIAPYHBOF a
wt XIPPPP M 26X Spahtmbuse: Wyl c

False morel (Gyromitra esculenta) is another interesting mushroom. Although it was considered
edible in the past (esculentus means edible in Latin), there is clear evidence that this mushroom is
poisonous due to the content of gyromitrin (M). This natural compound can be prepared from
N-methylhydrazine (6):

T TF-waull 3 hu I FFNY%R - ¥ HGyr@mmmasculesty AY yF - = lj-GAIR - <"
gyromitrin A+Y Ljdac~©a . _ o yFe dsculehtusa Ta_ 'lit (blaF &
(6) N-methylhydrazinex DZ Ty~ _ -~ lla . HOM) & &

46 WwT B hpIOF wT pmMBFROp FRAH DB



SYR-1

INTERNATIONAL CHEMISTRY OLYNRRIBWAKIRCZECH REPUBLIC, 2018

——>  Gyromitrin (M)

6.6 Draw the formulae of compounds Ki M.
K-M 9fF 3bpB OF I

In human body, gyromitrin (M) hydrolyzes and provides N-methylhydrazine (6), which is strongly
hepatotoxic. Gyromitrin (M) hydrolysis occurs as soon as it enters the acidic environment in human
stomach where both its amide and imine groups are hydrolyzed.

BrbptpMN-methylhydrazine (6) Y bp B IOF gwréhiitrirb(M)Hber B OB HOF  aiF BFFkeuH-T
ATBTUFMcphppBCH wnedAc WOM wt 1T bhxyr@&ifjitormr(M) @p As B 1O

Let us focus on the hydrolysis of the amide moiety within the gyromitrin molecule. The vibrational
wavenumber of the stretching mo dseto 10293.0tcrheandtieel e v a

potential energy surface does not significantly alter its shape with isotope substitution effect.

c T mB KBFC-Np WA RF p pOKr AG FAGyweRitronn AIOF . wCT CT aBY prTtBUF
. p CF OXIOF FbMpyilTRE T F1h% Yh audi¥a AR 30 M

6.7 Calculate the highest possible hypothetical kinetic isotope effect at the temperature of human
body, 37 °C, for the given hydrolysis reaction assuming that both relevant nitrogen and carbon
atoms were simultaneously substituted, **N with the *N isotope and *2C with the **C isotope.
Consider that only the zero point vibrational energy affects the rate constants. Assume that the
molar masses of all isotopes are integers. In all further steps consider five significant digits.

X "TG | HREDA v BNE BYEI37°C s . . I &4 & 4- © JhHOVO -apWD.i. Of \

g, B@ - 7 BN IM4DECY AT d 04 2 A & S B3l ETRAl @A G UA T JADS sHE £

i 4-Ya,  l Olpg 19 ah V4 -pa 64- " 34 ULUDZpLa-F&KDIGCFKAYH
vt 0l 1l & ¢ afzs MDY Fir § 37 - .
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6.8 After making these isotopic changes, the rates of hydrolysis are not significantly different.
Which of the following is the most likely the rate determining step?

EKFYbIF wKp® ppch cblop TWMAD R Mcrk bF B Tp ©

A Nucleophilic attack of water on a protonated amidic moiety
A CIN bond cleavage
A Protonation of the gyromitrin molecule
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Theoretical Question 711|172 |73 |74 |75 | 7.6 Total
Problem 7 Points 0| 6 | 15| 9 | 11| 6 57
7% of the total Score

Problem 7. Cidofovir

Cidofovir (1), originally designed and prepared by the group of Professor Holy in former
Czechoslovakia, is a nucleotide analogue with antiviral activity. It is used to treat viral infections,

mostly in patients with AIDS.

YFpTHMTRAUKEPH F T bF TMAPBMBbT I b a8 cCidsfevir ()W p 3 OF
AIDS w?2PhbbBF wWKfFxBIF JYx KFpBY wtf N8B

NH,

N/

A

9
H\\\\O\/P(OH)Z

OH
Cidofovir (1)

o)

The key intermediate in the synthesis of cidofovir is optically pure diol 2, which can be prepared from
L-mannitol (3).

(3) L-mannitol Wp fF edovirg e T Y ¢ bh® W huypsEHFQFT HOH] [p &Y M KRFE
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acetone
ZnC|2 Na|O4 NaBH4
T, A —_— B —_— c
C12H2206
| OH
L-Mannitol (3) 1. NaH aqueous OH
2. PhCH,Br HCI )
5 D —_—

OCH,Ph
2

7.1 Draw the structures of compounds AI D, including stereochemistry. One molecule of A
produces two molecules of B.

BUDbp BiOFC @Y WHOBIOF B8 cph « FNBA-BpOET 3 bp B HOF

A C12H220s6 B
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7.2 Draw the structural formulae of all alternative stereocisomers of compound 3 which could be
used in the same reaction sequence to afford only the same product 2.

nAK GWwdheaFO hIOF ¢ T b®)1hBbBps A0 whibe B O tOlw DIOP Y HOF
(2) “bp B IOF

Diol 2 is further modified to provide compound I. The synthesis of phosphonate 4 used to convert
compound F to G will be discussed later.

p MMEFOFNACm b p aviOhExphonate 4 M bpB IbaBpBPOF . n AK bmHbc A0 |
b it L ayb
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OH MMT-CI

Y

H:OH NEts
OCH,Ph O MMT-CI

2
cl O OCH;
O (C20H470Cl)

CH5COOH
H,0

52

E
C30H3004

SYR-1

9
TsO _ P(OEt),
NaH 4
— [ °
Ts =
Q
Calhe o
(0]
CH3S0,CI
NEt;
> |

Wt B hp IOF Wt p M BFOPp FRYDH D p
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7.3 Draw the structures of compounds Ei |, including stereochemistry. Use the abbreviation MMT
for the (4-methoxyphenyl)diphenylmethyl group.

(4-methoxyphenyl)diphenylmethyl WKWE Cn MMT boF#&EE be J1bh BF E-| Yer OFppYBHBBF b

The same scheme as on the previous page, for | E C30H3004
easier orientation
OH MMT-CI
NEt NaH
~OH * E — [F]
O MMT-CI CaoMa00s
O-oon
O (C20H470ClI)
1
TsO . P(OEt), CH3COOH CH380,Cl
4 H,0 NEt3
G H
Ts = Ci16H2706PS
Q
mo—{ -5t
(o]
F G
H | C16H2708PS
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Phosphonate 4 can be prepared according to the following scheme:

c hdF A ARbospl@fateXdTomr Yc b a4

TsCl
YO\/Br Ly . g _1.FEONa Et(::‘a L —MNEb . soP(OEY),
O ’ 4
7.4 Draw the structures of compounds Ji L.
J-L 9dF 2 bp B OF
J K

The reaction of | (from question 7.3) with cytosine (5) leads to a 3:1 mixture of isomeric compounds
M and N. The formation of these two products may be understood by realizing that cytosine (5) can
also exist as an aromatic tautomer P. The reaction of M with cyclohexa-1,4-diene and palladium
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hydroxide on carbon leads to compound O. The phosphonic ester moiety in compound O reacts with
bromotrimethylsilane to provide cidofovir (1).

NIAKM W2 bpBIOWIHKD ppTBMCTF 6 (78 Bb M AKIOMNiestHF O b AT
P PR ™M HPmeIA K TTIbhMAgRT CmiyT IOF8 bIOF M AT 2bph 05 p I iC
wKmMBTEO hkp¥KWR nd9K bwmibc 98cighex@d bdiene TVpBLIR Y8 PR T

(1) cidofovir _ f Bx&motrimethylsilane M8 Y bp B F ™M P WHBPHDAF LT >

NP | Cytosine
oél\N )
H
Compound |
> 082003 . M N N
(75%) (25%)
Pl
: arn O
Pd(OH), / C N)E
O)\N C
(CHy),SiBr Kﬁovwomz
1
Cidofovir OH

7.5 Draw the structures of the two isomers M, N, and of compound O, including stereochemistry
and the structure of the aromatic tautomer P of cytosine (5). Transformation of M to O is the
removal of a protecting group.

M bwmab) AoTCRmbp®mARKOF pTBMbMbIOF MHINBMHWE @ TPE D MED K F
wWT F B ¢ IOF  uy KUypBrtBikOmy FOF C

M (75%) N (25%)
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7.6 Draw the structures of the two simple organic side products Q and R formed during the
conversion of M to O.

O UDbp MIOH bp EOBOFWY SHBIVMRHR IBEI® 2 bp B A0 WAT HKOF U

from cyclohexadiene

R

from the protecting group

56
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Theoretical Question 81/82|83|84 |85 | 86 8.7 8.8 Total
Problem 8 Points 14 | 14| 2 | 16 | 6 8 9 6 75
9% of the total Score

Problem &aryopyllemret AT TmMT pF bHOF

b-Caryophyllene (3) is a naturally occurring sesquiterpene present in clove tree and in some
traditional Czech and Slovak plants, such as the hop plant or small-leaved linden.

bYxpYIOF UWpsesquitergendvm TwKev sMiem n FOw ®(B) b-@aryophylleng A W -
PLPTNOHBOF aAmMTCT CHFA YWh/tOR) YUTHaEF Tow SHRKKOFoMK

The synthesis of b-caryophyllene starts from a single enantiomer of dienone A. The reaction of A
with silyl ketene acetal 1 followed by immediate reduction and aqueous work-up affords ketone 2.
This intermediate then undergoes reaction with tosyl chloride, providing B. Basic cyclization of this
compound affords C. Finally, the reaction of C with ylide D provides b-caryophyllene.

silyl ketene M8 b K payieEnone Ap 1 camC MY U P pordsyophglene IOF pT1 Yc b
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(3) b-caryophyllene
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B-Caryophyllene (3)
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8.1 Draw the structures of compounds Ai D, including the appropriate stereochemistry. Hint: In
transformation A Y 2, the silyl ketene acetal acts as a nucleophile.

b2WTA g8 bfF YbxwF My Ks IOH/Jc &F DYAIOM f BilpviSHFGRFEIM B
b T T sifylkketan® acetal fOF

A C10H140 B
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One of the double bonds in 2 as well as in 3 has trans configuration and the scaffold is stable enough
due to the large ring size. trans-Cyclooctene (4) is the smallest ring that can accommodate a trans
double bond. It can be prepared according to the following scheme:

atc UFBT uwEsSHTRIDRY O B HPREPB! &T AUIOMBbMT Cof prcXaOFM JA
FKpTYch a®BIOF . §ABP b ORYT K MitaTsHycpyctenei4) 1p T BbLAAF
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single THF AcOH 4
step + enantiomer

8.2 Draw the structure of reagent E and intermediates F and G, including the appropriate
stereochemistry. For F and G, tick the box indicating the stereochemical outcome.

UhF K BAAOF p Y OB @b b | 4OFT AIRMOMER AL B D H o8 WM™ kbYOF wa
bHFc@®Fp YOF bbl OE Gn WD upsTelKT I

E F
§ achiral
A single enantiomer
N racemic mixture
A mixture of diastereoisomers

59 WwT B hpIOF wT pmMBFROp FRAH DB



SYR-1

INTERNATIONAL CHEMISTRY OLYNRRIBWAKIRCZECH REPUBLIC, 2018

G

A achiral

A single enantiomer

A racemic mixture

ﬁ mixture of diastereoisomers

8.3 Draw the structure of the enantiomer of cycloalkene 4.

cycloalkene 410 ¢ C m Y HOFr VMadBFHRFIGFA KA T

A,

The two double bonds in b-caryophyllene display different reactivity: the double bond in the ring
(endocyclic) is more reactive than the other one (exocyclic) due to the ring strain.

wT KOp Brklycyqlic) WwUcATc K1 C F X QUWOROrhetEDydppyiGine caJpy B 5§ B R BIOE
W UnFtKOF n T eocyrlig)h2wyY Ac OF O6p F
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CH;COOOH
Ha + Hb ==

(1 equiv.)

Ja+Jb

8.4 Draw the structures of compounds Ha + Hb, | and Ja + Jb, including the appropriate
stereochemistry. Hint: Ha + Hb and Ja + Jb are pairs of diastereomers.

Ja+ Wa+Hb w/jc.ersHF xB IOF ¢ ORBgptYtOf He bHDICFF AHQMBKBIEBIIOR B 3
- (AFTSMY 4G O0FFalls 3 DF

Ha + Hb
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Ja+Jb

Interestingly, the reactivity of the double bonds is reversed when isocaryophyllene (5) is used instead
of b-caryophyllene (3).

b- 4 B isachr@phyllene (5) ap> bhAUYEBPME wT WYTHREOF_ AT BABBIK
.caryophyllene (3)

1. BH5 THF ("/5 equiv.)
> Ka + Kb
2. H202, NaOH

5

8.5 Draw the structures of compounds Ka and Kb. Hint: Ka + Kb are a pair of diastereomers.
(AFTSCMY g1 OT YRR K 5-Hup/Kbbeitga o F b ovekERHEBIOF a b

Ka + Kb
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Isotope-labelled compounds are invaluable tools for reaction mechanism investigation, structure
determination, and mass or NMR spectroscopy studies. Let us have a look at the synthesis of some

labelled analogues of b-caryophyllene.

AT XA iR T A ayBOFIOF jyT f8b MY ek X 3 ppdYb v 9
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8.6 Draw the structures of compounds L and M including the appropriate stereochemistry.
. Wyt OF ppyaOFHO Huy THEBOF 9 YNOFM A T FariasT bO@IFD pibl F

L M C14H20D,0

b-Caryophyllene (3) undergoes acid-catalyzed cyclization, which leads to a complex mixture
of products. Among them, the pair of diastereomers Na + Nb and the pair of diastereomers 7a + 7b
are the most abundant. The reaction starts with protonation of the more reactive internal double bond
affording cation O. This cyclizes without the cleavage of a carbon-carbon single bond to yield
diastereomeric tricyclic cations Pa and Pb, which undergo hydration to give the target alcohols Na
and Nb. Alternatively, the cations Pa and Pb rearrange with the cleavage of a carbon-carbon single
bond to cations Qa and Qb, which deprotonate to compounds 7a and 7b.
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H,SO,4 (aq.) rearrangement
4>[o]—>lPa+Pb] — [Qa+Qb]

|

H H
C15H260 . C
Na + Nb

7a 7b

8.7 Draw the structures of the three intermediates O, Pa, Qa leading to the diastereomer 7a
including the appropriate stereochemistry.

WF K Fp(e C M ¥) pprp®dm B Bpe b B OFPa, Qi0wmy TPAPAWHORT hIGHIBIOR: shtdb
. 9F 9DbpBKOF MnKO wr
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Qa

8.8 Draw the structures of diastereomers Na + Nb.

Na+Nb Wt p T)b FrF tORHMY 2 br B HB WBIOF wa

Na + Nb Ci15H260
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