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çƑ˶˹ǂƴ˭ǁä 
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¶ АЧТ аϸ϶ϦЂϜ  аЯЧЮϜϣϠЂϝϲЮϜ ϣЮфϜм ϢϝАЛвЮϜ. 

¶ жшϜ ϣ϶ЂжЮϜЪϣтвЂϼЮϜ ϣтϾтЯ м ϞЯАЮϜ ϸжК ϣϲϝϦв дϝϲϦвъϜ ϞтϦЪ двϝлϠЯА ШжЪвт ϝлϠ ЯЮϱтЎмϦ .АЧТ 

¶ ) дϝϲϦвъϜ ϣТϼО ϢϼϸϝПв пЮϖ ϣϮϝϲϠ ϤжЪ ϜϺϖпЮϖ аϝвϲЮϜ  мϒЮ(ϣУтУ϶ ϣϠϮм ЬмϝжϦ ̪ТϼϜ) ϰ̵мЮ(Й ϣЦϝАϠ IChO ̭ϝЦϼϾЮϜ 
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¶ Ђ РϼІвЮϜ амЧт̮Ϡ дϝϲϦвшϜ ̭ϝлϦжϜ ЬϠЦ 30  ϣЧтЦϸъϜ ̭ϝлϦжϜ ϞϼЦ дК йтϠжϦЮϝϠдϝϲϦв. 

¶ ϣϠϝϦЪЮϜ дК Р̵ЦмϦ ϼмТ  Р̵ЦмϦЮϜ ϢϼϝІϖ ̭ϝАКϖSTOP ̪аϹКм ϣϠϝϦЪЮϜ дК РЦмϦЮϜ дв ϼϪЪц  РЊжϸϣЧтЦ ШЮϺ ϸЛϠ 
.ШϠ Јϝ϶ЮϜ рϼДжЮϜ дϝϲϦвъϜ ̭ϝПЮϖ пЮϖ рϸϔтЂ 

¶ ϸЛϠ ϼвϒ ̭ϝАКϖ РЦмϦЮϜ .ШϸЛЧв сТ ϼДϦжϜм дϝϲϦвъϜ РЯПв сТ оϼ϶ϒ Ϣϼв дϝϲϦвъϜ ϼϦТϸ ЙЎ ̪ РϼІвЮϜ сϦϓтЂ  пЯК
 ЙвϮЮ дϝϲϦвъϜϤϝУЯПвЮϜ. 
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Physical constants and equations 

Avogadro's constant: NA = 6.022 × 1023 molī1 

Universal gas constant: R = 8.314 J Kī1 molī1 

Speed of light: c = 2.998 × 108 m sī1 

Planck's constant: h = 6.626 × 10ī34 J s 

Faraday constant: F = 9.6485 × 104 C molī1 

Standard pressure: p = 1 bar = 105 Pa 

Normal (atmospheric) pressure: patm = 1.01325 × 105 Pa 

Zero of the Celsius scale: 273.15 K 

Mass of electron: me = 9.109 × 10ī31 kg 

Unified atomic mass unit: u = 1.6605 × 10ī27 kg 

Ångström: 1 Å = 10ī10 m 

Electronvolt: 1 eV = 1.602 × 10ī19 J 

Watt: 1 W = 1 J sī1 

 

Ideal gas equation: pV = nRT 

The first law of thermodynamics: ȹU = q + W 

Power input for electrical device: 

 

P  = U I  

where U is voltage and I electric current 

Enthalpy: H = U + pV 

Gibbs free energy: G = H  ï TS 

 ȹG
o = ï RT lnK = ï zFEcell

o
 

 ȹG = ȹGo + RT lnQ 

Reaction quotient Q 

for a reaction a A + b B ᵶ c C + d D:  Q = 
CcDd

AaBb
 

  

Entropy change: 

 

ȹS = 
q
rev

T
 

where q
rev

 is heat for the reversible process 

Heat change 

for temperature-independent cm: 

ȹq = ncmȹT 

where cm is molar heat capacity 
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Van ôt Hoff equation: d lnK

dT
 = 
ȹrHm

RT
2
     ᵼ     ln

K2

K1
 = ï
ȹrHm

R

1

T2
 ï 
1

T1
 

HendersonïHasselbalch equation: pH = pKa + log
A
ï

HA
 

NernstïPeterson equation: E = E
o
 ï 
RT

zF
lnQ 

 

Energy of a photon: E = 
hc

ɚ
 

Relation between E in eV and in J: EeVϳ  = 
EJϳ

q
e
Cϳ

 

LambertïBeer law: A = log
I0

I
 = Ůlc 

Wavenumber: ɜ = 
ɜ

c
 = 
1

2 ć

k

ɛ
 

Reduced mass µ for a molecule AX: ɛ = 
mA mX
mA + mX

 

Energy of harmonic oscillator: En = hɜ (n +
1

2
) 

 

Arrhenius equation: k = A e
 
Ea
RT 

Rate laws in integrated form: 
 

Zero order: [A] = [A]
0
 ï kt 

First order: ln[A] = ln[A]
0
 ï kt 

Second order: 
1

[A]
 = 
1

[A]
0

 + kt 
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Theoretical 

Problem 1 

Question 1.1 1.2 1.3 1.4 1.5 1.6 Total 

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) species, the sequence of one strand read in the 5ǋŸ3ǋ direction matches 

the 5ǋŸ3ǋ reading on the complementary strand. Hence, a palindromic dsDNA consists of two 

identical strands that are complementary to each other. An example is the so-called  

DrewïDickerson dodecanucleotide (1): 

 
(1) 

 (Ɨƶĉƞå̇ǃå) Ɨ˻ǆāï̠ǈǚˮǃå èǚ˴Ǆ˴˯ǃå ̇ˮ˯ƶƙPalindromic ƑƓ˹ƛ Ɠǈ˗ǃå ÿƓḪ åîƎƼ ÜƓǈ˗ǃå ǑƼ þƓ˸˯ǋǚǃ ç̇ ˻˰˸ǃå èǚ˴Ǆ˴˯ǃå ˥ǆ ûƓˠǃå Ǒ
 (Ɨˠɂ̇ ˵ǃå êāí̊ ǆ)(ds DNA)  ǉƓ˱ƙǙå ǑƼ Ǌ˹ǆ Ćí̇ƽǆ ĆûƓ˟ ɆḪ çßå̇ƿ ÿ˦ḧ˯ƪ ÝĄƓ˻ǆāï̠ǈǚƕ5ǋŸ3ǋ Ɠ˱ƙǙå ǑƼ çßå̇ǀǄǃ ĄƗǀȺƓɣǆ ǉ5ǋŸ3ǋ 

ɆƕƓǀ˸ǃå (Ɨˠɂ̇ ˵ǃå) ûƓˠǃå ǏǄƵ ÿǚĊ˸ɜȻ ˥ǀ˻ȺƓɣ˯ǆ ˥ƿ˻Ɠ˟ ˥ǆ ÿ˦ḧ˯ǒ Ǒǆāï̠ǈǚˮǃå ûƓɣǃå ǑƑƓ˹ƛ Ɠǈ̠ǃå Ċÿá ɏá Ücomplementary 
 Ċ˸˴Ȼ Ɠǆ Ɠǈ̠ǃå ˥ǆ ÷˦˹ǃå å̆ǋ ǏǄƵ ąýƓ˰ǆ Ɠ˹ǒ̠ǃā ÜƓ˸ǌ˷ ƶˮǃ Ǐ"DrewĲDickerson dodecanucleotide" āïí Ɇ˴Ǆ˴ƙ)- ÿ˦ƪ̇Ḫí

 ˥ǆ ÿ˦ɜ˸ǃå12  Ɇɜ˵ǃƓȺ ɆĊ˰˸˸ǃå (̠˻ƙ˦˻Ǆɜ˻ǈ1 (ǏǄƵǕå ǑƼ). 
 

1.1 How many different palindromic double-stranded DNA dodecanucleotides (i.e., dsDNA species 

with twelve base pairs) exist? 

 ˥ǆ ĆɆ˴Ǆ˴ƙ í˦ƞ˦ǃ Ɠ˹ǒ̠ǃ ĄǙƓ˸˯ơå ʕǂ12  ɏá ûƓˠǃå ǑƑƓ˹ƛ) ˗˻ƙ˦˻Ǆɜ˻ǈ12 ˯Ḫ ˣ˹ɜ˸Ȼ) Þ˕ƿ˦ǃå ˛ƽǈ ǑƼ Ǒǆāï˗ǈǚɁā Ü(ûƓ˟ ɆḪ ǑƼ ƗȺƓ
(Ɨ˟ Ǆ˦ƺǆ ƗȺƓƞǗå ̞ǈƓḪ ÿã ̇ƽ˶ǃå ýƓ˹˯ƪ ƗǃƓ˲ǃå ǉ̆ǋ ǑƼ ˥ḧǃā ÜæƓ˴˲ ǃå Ɨǀɂ̇˟ Ơ˻ư˦ƙ ÿāí ɊǀƼ ƗȺƓƞǗå 

 

 

1.2 How many different palindromic double-stranded DNA undecanucleotides (i.e., dsDNA species 

with eleven base pairs) exist? 

 xǄ þĉʕɚǄ ǏǄĀî̞ǆǘƓ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆì Ʉ˲ǂ˲Ɨ ìʕƜʕǁ Ƒ˷ǐ̞ǁ ăǗƑ˶˭Ɵä sǀ11  ˕˹Ɨˤ˹ǂɚ˹ǆ 

5 -CGCGAATTCGCG-3  

 | | | | | | | | | | | | 
3 -GCGCTTAAGCGC-5  
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The melting temperature of dsDNA, Tm is defined as the temperature at which 50% of the original 

amount of DNA double strands are dissociated into separate strands.  

 ÿã Ɠǋ̠˹Ƶ ÿ˦ɜȻ Ǒ˯ǃå çïå̇˲ǃå Ɨƞïí Ǒǋ ûƓɣǃå ǑƑƓ˹ƛ Ɠǈ̠Ǆǃ (ÿƓɁā̆ǃå) ïƓǌ˶ǈǙå Ɨƞïí50% ƑƓ˹ƛ Ɠǈ˗Ǆǃ Ɨ˻Ƒå˗˯ƕǙå Ɨ˻˸ḧǃå ˥ǆ ˗ƿ ûƓˠǃå Ǒ
 Ċḧƽƙ.(ƗȻíƓơá èƓƿƓ˟) çí̇ ƽǆ Ɇƪǚƪ Ǐǃã ˕ḧ 

1.3 Consider the DrewïDickerson dodecanucleotide (1). Assume that a GïC nucleobase pair 

contributes to the DNA duplex stability more than an AïT pair does. What is the probability 

that its Tm increases when a single randomly selected base pair is replaced by a GïC pair? 

Āîì Ʉ˲ǂ˲Ɨ ˖ƢƉ˷ǁ-ì xǄ þʕɚ˶ǁä þʕƨ̠Ḩ12  Ʉɚ˳ǁä) ˕˹Ɨˤ˹ǂɚ˹ǆ1(  ƕȹ̞˹Ɨʕ˹ǂɚ˹˷ǁä éäĀïǓä ĉþà îƑˬ˭Ƴä ǍǂƳĀ ÜG- C ä̠ ƾ˭ƨä Ǐ˞ƴƗ ăäî
 éäĀïǓä ˣǄ ˗ˮǀà úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆ˕ǂǁA- T æìƑɀï üƑ˶˭Ɵä ˤǉ ƑǄ ÛTm éäĀïǓä ̞Ɵà Ƒ˷ǁĉ̞Ɠ äíâ Ʉ˲ǂ˲˭ǁä ä̟Ǌǁ  éĀ̆Ɠ ăƑ˹Əäʕ˳Ƴ ǈǁ ƕǆĉʕɚ˶ǁä

G- C  ňƕˬ˲ Ḩ˷ ƛƗƑ˷ǁä ƕȸƑ˭Ḩ lɚ˷˶ȹ)  ňƕɀʕ˫Ǆ (çƑȸƑ˲˰ǁä îƑǊ˟Ǖ ǏƳäì ǗĀ 

Probability ϣтЮϝвϦϲъϜ 

 

 

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 cinit = 1.00 × 10ī6 mol dmī3 was heated to Tm and 

equilibrium was reached. 

1.4 Calculate the equilibrium constant of association of single strands at Tm for both non-

palindromic and palindromic DNA. 

úƑ˞ǁä ƕȹìƑƟà æì̠ƻ˶ǁä Ƒǆ̞ǁä Ʉƨǘƨ xǄ ăƑƽǘ˞ǆä Ƒǆ̞ǂǁ éĀì̆˶ǁä þĀ̆ǂ˰ǁä Ʉĉɚ˳Ɨ lǄ˹Ƒ˷ǐìʕǄ̠Ɨ þǑä ̊ƽƑ˷˷ƨ ȹ ɂ˹ḨĀ ǍǂƳ ˡǁí ˕˶˭ƴ
.æîä̠˰ǁä ƕƜîìĀ Ƒǆ̞ǁä Þɍ̆Ɯ üʕ˝  þïäʕ˭ǁä ˓ƓƑƙ ɂǂ˭˱ȹƕ˹ǂ˶ƴǁ ƲƺƑ˳Ɨ ɇƑˬƗîä Āà ƙ Ƒǆ˕ǁä Ʉ˹ɚ˳˭ǁ æì˗ƻ˶ǁä Ʉƨǘ˲ǁä ƕˬ˲˷ǁƑȸ úƑ˞ǁä ǏƏƑ˷

.ǏǄĀî˕ǆǘƓ ˗˹Ʒ Ƒǆ˕ǁä þƑḨ ˤǁ Ƒ˶˹ƺ þäïˤ˭ǁä ˓ƓƑƙ ˣƳ ǏǄĀî˕ǆǘˬǁä Ƒǆ˕ǂǁ 

Ü˒ǂ˞ǁä ä˖ǉ ɄƜǓ  üˤǂ˰Ǆ ˡȹ˕ǁ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆ˕ǁä ˣǄdsDNA  ǏƏä˕˭ƓǗä Ǉ̆ ˹Ḩ˗Ɨ3īdm mol 6ī10 × = 1.00 initc .  ˓˶ƽĀ
 îƑǊ˴ǆǗä ƕƜîì Ǎǁâ ǈ˷˹˱˲˭ƓTm þäïˤ˭ǁä Ǎǁâ üˤǂ˰˶ǁä ɄƬĀĀ. 

 þïäʕ˭ǁä ˓ƓƑƙ ˒ Ɵ˲äƕ˹ǂ˶ƴǁ Ƒǆ˕ǁäĀ ǏǄĀî˕ǆǘˬǁä ˗˹Ʒ Ƒǆ˕ǁä ˣǄ Ʉḥǁ îƑǊ˴ǆǗä ƕƜîì ˕˷Ƴ ƕȹìƑƟǓä Ʉƨǘ˲ǁä ɇƑˬƗîä ǏǄĀî˕ǆǘˬǁä 
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Non-palindromic dsDNA 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

K =  

Palindromic dsDNA 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

K = 

 

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 ī6.07 kJ molī1 per one 

GïC pair, and ī1.30 kJ molī1 per one AïT pair present in a dsDNA. 

1.5 How many base pairs are there in the shortest dsDNA oligonucleotide that has Tm 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 × 106 for a non-palindromic dsDNA, Kp = 1.00 × 105 

for a palindromic dsDNA. Is the shortest oligonucleotide palindromic or non-palindromic? 
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 ̇ ˬ˹Ɯ ƕƽƑ̋ ĊçĆîĈĉ̞ćƽƕ˹ǂ˶ƴǁ ˬɀ˗˯Ɨ ňɇĀ˗ƪ ˕˷Ƴ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆì Ʉ˹ɚ˳˭ǁ Ƒǆ˕ǁä ˣǄ ˣ˹Ɨì˗ƻǄ ˣ˹˭ǂ˲ǂƨ ɇƑˬƗîä ƑǊĉǆà ̞ƜĀĀ Üňƕƻǂ˭˱Ǆ ňƕ˹
 ɍĀƑ˲Ɨ1īmol kJ 6.07ī  xǄ ̞Ɵäʕǁä éĀ̆ǂǁ Āà ňéĀï ĉɄḥǁC-G  ɍĀƑ˲ƗĀ Ü1īmol kJ 30.1ī  ˣǄ ˕Ɵäˤǁä éĀ˘ǂǁT-A  Ǐƺ

.úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆ˕ǁä 

 ƕ˶˹ƽ ǈǁ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆì ɍ̆˯ ǁ xĈḥĊ˶ćǄ üʕ  ̋˴̠ ƽà ʕǉ ƑǄTm  úʕƺ330 K Ýä ä̟ǉ þĉʕḥ˭ǐ ̞˹Ɨʕ˹ǂɚ˹ǆ sḨ xǄ ɍàÞɍ̆˯ ǁ. 
 þïäʕƗ ˓ƓƑˮǁ ƕ˹ǁƑ˭ǁä s˹ƾǁä Ʉ˶ƴ˭ƨäƕ˹ǂ˶Ƴ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆì Ʉ˹ɚ˳˭ǁ æì˗ƻ˶ǁä Ʉƨǘ˲ǁä ɇƑˬƗîä 

 ǏǄĀî˕ǆǘˬǁä ˗˹Ʒ úƑ˞ǁä ǏƏƑ˷ƙ Ƒǆ˕ǂǁ ƕˬ˲˷ǁƑȸ610 × = 1.00 npK  ǏǄĀî˕ǆǘˬǁä Ƒǆ˕ǂǁĀ501 × = 1.00 pK 

ƗlƑȸƑ˲Ɵ ̠ĈǊɣćƗ þà ˒ ȹ˯ 

Calculation of the number of base pairs: 

 

 

 

 

 

 

 

 

 

The needed length of a non-palindromic dsDNA: 

 ûƓˠǃå ǑƑƓ˹ƛ Ɠǈ˗ǃå ǑƼ Ɨǆðǚǃå èå˗˻ƙ˦˻Ǆɜ˻˹ǃå í˗Ƶ ˙˻ƹǑǆāï˗ǈǚˮǃå  

 

 

 

 

 

 

The needed length of a palindromic dsDNA: 

Ǒǆāï˗ǈǚˮǃå ûƓˠǃå ǑƑƓ˹ƛ Ɠǈ˗ǃå ǑƼ Ɨǆðǚǃå èå˗˻ƙ˦˻Ǆɜ˻˹ǃå í˗Ƶ 

The shortest oligonucleotide is  

жЮϝϠ ̯ϜϺϖϝвлЮмА ϤϠЂϲ дтϺЮϜ дтЯЂЯЂϦЯЮ ϣϠЂмк ϼЊЦцϜ ЬЂЯЂϦЮϜ ̪ 

 δ palindromic (P) свмϼϸжыϠЮϜ ЬЂЯЂϦЮϜ 

 δ non-palindromic (NP)    свмϼϸжыϠЮϜ ϼтО ЬЂЯЂϦЮϜ 
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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 Tm of the DrewïDickerson dodecanucleotide (1) on 

the logarithm of the initial duplex concentration cinit is shown below. (Note: a standard concentration 

c0 = 1 mol dmī3 is introduced.) 

ƼƓ˵˯ǃå Ɨ˻Ǆ˸Ƶ) Ɨ˻Ǆ˸ƶǃå ǉ̆ǌǃ ̨ˮ˻ƞ ƗƿƓ˟ ̠˸ ƶ˯ƙ ̟ ơ˻ ÝɊǀƼ Ɨ˻ƙāðǕå ̨ƪĈǕå êåāðá ǏǄƵ Ɠǈ̠ǃå Ɇƪǚƪ ƴƼƓ˵ƙ ̠˸ ƶ˯Ȼ Ǚ ĆɆɜ˵Ⱥ (ƴḪ Ć̇ˮ˻
 Ɋɣ˳˸ǃå ̇ĉǌsĈɂā Üçïå̇˲ǃå Ɨƞïí ǏǄƵ ǑǃƓ˯ǃå) ïƓǌ˶ǈǙå Ɨƞïí æ˦Ǆǀǆ ˥˻ƕ Ɨƿǚƶǃå(Tm Ǆ˴˯ǃāïí" Ɇ˴- ɏî) "ÿ˦ƪ̇Ḫíåùǃ12  (˗˻ƙ˦˻Ǆɜ˻ǈ

 Ɇɜ˵ǃå)1 ǉ̊ǆï) ûƓɣǃå ǑƑƓ˹ƛ Ɠǈ̠Ǆǃ ǑƑå̠˯ƕǙå ̊˻Ḫ̇˯Ǆǃ ɏ̇ćˮĉ˹ǃå ʕ˯ɂïƓƹ˦Ǆǃåā (initc(. 
 :Ɨˢơǚǆ0c  ɏāƓ˴ɂā ÜǑƶƞ̇ǆ ̊˻Ḫ̇ƙ ˦ǋ3īdm mol = 1 0c )˝Ǆ˳˯Ǆǃ Ǌ˻ǄƵ Ɠ˹˸Ċ˴ƿ (˙˰ǂá Ǚ èå˗ơå˦ǃå ˥ǆ. 

 

 

cinit / 10ī6 mol dmī3
 
 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 
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1.6 Calculate the standard enthalpy ȹH° and the standard entropy ȹS° of the association of DNA 

single strands to form the palindromic double-stranded DrewïDickerson dodecanucleotide (1). 

Assume that ȹH° and ȹS° do not vary with temperature. 

 Ɨ˻ƪƓ˻ǀǃå Ɨ˻ˮǃƓ˯ǈǗå ˔˴ơåɝH°  Ɨ˻ƪƓ˻ǀǃå Ɨ˻Ɂā˙˯ǈǗåāɝS°  Ɨ˻˹ƕ Ɇ˻ɜ˵˯ǃ çí̇ ƽ˸ǃå Ɠǈ˗ǃå Ɇƪǚƪ ɉƓˮƙïå Ɨ˻Ǆ˸ƶǃāïí"-ƑƓ˹ƛ "ÿ˦ƪ̇Ḫí Ɨ˻
ûƓˠǃå Ü Ċÿá ô Ƽ̇ ǏǄƵ xǃîāɝH°  āɝS° ǌ˯˸ ƿ˻ ̇Ċ˻ƺ˯ƙ Ǚ˸.çïå̇ ˲ǃå Ɨƞïí ƴǆ Ɠ 

 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ȹHÁ= 

ȹSÁ= 
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Theoretical 

Problem 2 

Question 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 Total 

Points 1 4 4 2 6 10 17 14 58 

8% of the total Score          

Problem 2. Repatriation of remains in the middle ages 

пАЂмЮϜ ϼмЊЛЮϜ сТ ϤϝТ̳ϼЮϜ ЬЧж :ϣтжϝϪЮϜ ϣЮϓЂвЮϜ 

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-Ile) 

((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. 

 ɏ̇ Ȼ˱  ɆƵƓƽƙĈʕƪċā̇ć˯ǃå (Ǒ˸ƪåï Ɲɂ̊ ǆ Ɇ˻ɜ˵ƙ) racemization  çïå̇˲ǃå èƓƞïí ̠˹Ƶ ĆßɊˮƕƗǃ˗˯ƶ˸ǃå  Ü(˦˱ǃå çïå̇ ơ èƓƞïí)Ɠ˯ǃƓɁāǑǃ  ˥ɜ˸Ȼ
ÿá íƓƽ˯˴ĈȻ ɆƵƓƽ˯ǃå å˘ǋ ˥ǆ ǑƼ ˗ǒ˗˲ƙ ˙˸Ƶ íå˦˸ǃå Ɨɂ˦˻˲ǃå ˣǃ˘Ḫā ǑƼ Ɨƪåïí Ɠǌ˳ɂïƓƙ  ɏïå̇˲ǃå ǆ āá ˥˻˳˴ ǃ˯ ̞ưĊ̇ƶƙ ̞ǈƓḪ ÿã).(ǊȺƓƬ Ɠ 
˘ƤƋ˹ǃ ˥˻ƪ˦ǃā˚ǒǗå L- isoleucine (L- Ile)  ((2S,3S)- 2- amino- 3- methylpentanoic acid)  ĄǙƓ˰ǆ ǏǄƵ ˣǃî ˖˻ơ Ý

 (̝ǂƓ˸˯ǆ ɆĊɜ˵Ȼ) ̝ǂƓ˸˯ǒ Ǌ˻Ƽ ḧǃå ̇ ÿ˦Ɂ a  ĉɊƶ˻ǃ (2R,3S)- 2- amino- 3- methylpentanoic acid  úā˙ƶ˸ǃåāˣǃ˘Ḫ  ùƕD-
allo- isoleucine Ü ̇Ċ˻ƺ˯ɂāǑƼ  ý˦˲˯ǃå å˘ǋ ą̠ơåāɊǀƼ  ˥ǆ  ̊ Ḫ̇ ˸ǃå˥ɂ ˻ƹå̇ ƽǃå˥˻ stereogenic centres Ƽ ˥ǒí˦ƞ˦˸ǃå å̆ǃ Ýßɏ̊ ǃ˱å Ǒ

 Ǐ˸˴ƙǉ˘ǋ  Ɨ˻Ǆ˸ƶǃåepimerization  ˥ǆ ĄǙ̠ƕĈʕƪċā̇ć˯ǃå racemization. 
2.1 Choose all true statements. 

à̠ ƽä çäîƑˬƴǁä Üƕ˹ǁƑ˭ǁä ƲƮĀ æîƑƪâ ˕˷Ƴ ɄḨ  ňæ̞ƟäĀ  ňƕ˰˹˰Ƭ ƑǊ˷Ǆ: 
 δ D-allo-isoleucine and L-isoleucine have the same values of specific optical rotation but 

they have different melting points. 

D- allo- isoleucine  āL- isoleucine ǃƓ˸ǌ ǌ˶ǈå èƓƞïí ɄǄ˯˳ƙ ˥ḧǃā ǑƵ˦˹ǃå ǑƑ˦˷ǃå ÿåïā˗ǃå Ɨ˸˻ƿ ˛ƽǈˤǋïƓ 
 δ D-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. 

D- allo- isoleucine  ƴǆ ǑƵ˦˹ǃå ǑƑ˦˷ǃå ÿåïā˗ǃå Ɨ˸˻ƿ ˛ƽǈ ǊǃL- isoleucine  ˥ḧǃȺçïƓƬƎ ƗƽǄ˯˳ǆ  āƓƞïíè  Ɠǌ˴ƽǈ Ǒǋ ïƓǌ˶ǈǙå
˥˻ˮǂƓ˸˯˸Ǆǃ 

 δ D-allo-isoleucine and L-isoleucine have different values of specific optical rotation but they 

have the same melting points. 

D- allo- isoleucine  āL- isoleucine ǃƓ˸ǌ ˸˻ƿƓ˯ ÿåïāí Ɨ˻Ƒ˦ư Ɨ˻Ƶ˦ǈ ƗƽǄ˯˳ǆ ˥ḧǃā ˤǌǒ˗ǃ ˛ƽǈ Ɨƞïí ˶ǈǙåïƓǌ 
 δ D-allo-isoleucine and L-isoleucine have different values of specific optical rotation and 

different melting points. 

D- allo- isoleucine  āL- isoleucine Ɠ˸ǌǃ ˸˻ƿƓ˯ ƗƽǄ˯˳ǆ ïƓǌ˶ǈå èƓƞïíā ƗƽǄ˯˳ǆ Ɨ˻Ƶ˦ǈ Ɨ˻Ƒ˦ư ÿåïāí 
 δ D-allo-isoleucine is not optically active. 

D- allo- isoleucine  ˛˻ǃ ĄǙƓĊƶƼ  ĄƓ˻Ƒ˦ư 
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2.2 Assign the absolute configurations for each stereoisomer of isoleucine. 

ì˕Ɵ  ˣǄ Ʉḥǁ ƕƾǂ˞˶ǁä çǘ˹ɚ˳˭ǁäçƑˬǀƑ˶˭˶ǁä ƕ˹Ʒä̠ ƻǁä øǂǁ isoleucine 

 

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

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

  2S,3S (L-isoleucine) 
   

  2R,3R (D-isoleucine) 

 

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

If we set molar Gibbs free energy of L-isoleucine Gm
Á

 = 0 kJ molī1, determine the Gibbs free 

energies for all structures AïD from question 2.2 at 374 K. 

ǏǄƵ  Ċÿá ô Ƽ̇˕ƕƓƛ  ÿðå˦˯ǃå epK ǃƗ˻Ǆ˸ƶ  ùǃåepimerization  ˔Ḫ̇ ˸ǃisoleucine-L  ɏāƓ˴Ȼ 1.38  Ɨƞï˗ǃå ˗˹Ƶ)K 374(Ü åîɀā 
Ɠ˹Ǆƶƞ  ƗƿƓ˟˛ˮ˻ƞ  ùǃ Ɨ˻ǃ˦˸ǃå ç̇ ˲ǃåL- isoleucine  ɏāƓ˴ƙGm² π Ë* ÍÏÌÜ ˔˴ơå  èƓƿƓ˟˛ˮ˻ƞ  Ɇḧǃ ç̇ ˲ǃåǏ˹ˮǃå ˥ǆ A 
 Ǐ˯ơD  ýå˓˴ǃå ǑƼ2.2  ˗˹Ƶ374 K. 

 

 

 

 

 

 

A kJ molī1 

B kJ molī1 

C kJ molī1 

D kJ molī1 

 

2.4 If we take into account stereoisomerism at all stereocentres, what is the maximum possible 

number of the stereoisomers of the tripeptide Ile-Ile-Ile? 
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ˤǁ Ƒǆ˖Ƣà Ǐƺ þƑˬ˲ ć˰ǁä ˒ǀƑ˶˭ǁä ǏƷä̠ ƻǁä (stereoisomerism)  ƕ˹Ʒä̠ ƻǁä ˘ǀä̠ ˶ǁä Ʋ˹˶˯ǁ(stereocentres) Ǐƺ  ɍ̆˯ ǁäÛÞ  ƑǄ
 ˣǄ ˣɚ˶Ǆ ì˕Ƴ ˗ˬǀà ˤǉçƑˬǀƑ˶˭˶ǁä ƕ˹Ʒä̠ ƻǁä )stereoisomers Ǐƙǘƙ Ǐƺ (˕˹˭ˬ˹ˬǁä :(tripeptide) Ile- Ile- Ile  Ǘ) ňöäì 

(Ʉ˰ǁä ƕƾɀ˗˝ ê̠ ˳ǁ. 

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: 

˗˹Ƶ ƗȻå˗ƕ  Ɨ˻Ǆ˸Ƶùǃå epimerizationÝ Ɠ˹˹ɜ˸Ȼ ýƓ˸ǋã ɆƵƓƽ˯ǃå ÜǑ˴ɜƶǃå Ơˮ˶ƙā ǑƼ  ƗǃƓ˲ǃå ǉ˘ǋƗ˻Ǆ˸Ƶ epimerization  ĄǚƵƓƽƙ ǆ˥ 
Ɨˮƙ̇ ˸ǃå ǏǃāǕå: 

 

The value of the rate constant at 374 K is k1(374 K) = 9.02 × 10ī5 hī1 and at 421 K it is  

k1(421 K) = 1.18 × 10ī2 hī1. 

Ɨ˸˻ƿ ˕ƕƓƛ ƗƵ̇ ˴ǃå ˗˹Ƶ Ɨƞï˗ǃå K 374  ˦ǋ1īh 5ī10 × 9.02 = K) (3741k 
˗˹Ƶā Ɨƞï˗ǃå K 421  ˦ǋ1īh 2ī10 × K) = 1.18 (4211k. 

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

to [D]. 

ǑƼ  ˚˻Ḫ̇ ƙ ˙˶˯Ƥå ÜƗ˻ǃƓ˯ǃå èƓȺƓ˴˲ǃåL- isoleucine  Ǌ˯˻˸˴˯ƕ[L]  ˚˻Ḫ̇ ƙāD- allo- isoleucine  Ǌ˯˻˸˴˯ƕ[D]. 

We can define a quantity de (diastereomeric excess): 

˥ɜ˸ǆ ÿá úĊ̇ƶǈ  ˤƪƓȺ Ɨ˸˻ƿde )˞ƑƓƽǃå  ɏ̇ǆ˻˦ɂ̇˯˻ƪƓȻ̠ǃå diastereomeric excess:( 

 de = 
L ï D

L + D
 Ĭ 100(%). 

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? 

åîã Ɠ˹˻Ǆƹ L- isoleucine  ç˗˸ǃ1943  Ɨƞï˗ǃå ˗˹Ƶ ƗƵƓƪ374 KÜ  Ɨ˸˻ƿ ÿ˦ḧ˯ƪ ʕḪde )Ɠǌˮ˯ǂå  ùƕ3 þƓƿïá  ùǃ (Ɨɂ˦˹ƶǆL- isoleucine 
)a (Ɇˮƿ ǑǄƺǃå ā )b (˗ƶȺ ǑǄƺǃå. 

a) Before boiling  сЯПЮϜ ЬϠЦ 

Calculation: 

 

 

 

 

de =              % (with 3 significant figures) 
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b) After boiling  сЯПЮϜ ϸЛϠ 

Calculation: 

 

 

 

 

 

 

de =               % 

 

2.6 How long does it take to convert 10% of L-isoleucine to D-allo-isoleucine at 298 K? 

ˤǂ  Ɇɂ˦˲ƙ ̞ƿ˦ǃå ˥ǆ û̇ƺ˯˴Ȼ10 ˥ǆ %L- isoleucine  ǏǃãD- allo- isoleucine  ˗˹Ƶ298 KÞ 

Calculation: 
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t =                  years 

In fact, the reverse reaction cannot be neglected. The correct kinetic scheme is expressed as 

ǑƼ  ÜƗǀ˻ǀ˲ǃåǙ  ɆǋƓ˱ƙ ˥ɜ˸ȻɆƵƓƽ˯ǃå Ǒ˴ɜƶǃåƼ ÜǃƓƗǃíƓƶ˸ Ɨ˻Ḫ̇ ˲ǃå Ɨ˲˻˲˶ǃå ˔˯ḧƙ ǑǃƓ˯ǃƓḪ 

 
Let us define the deviation of concentration from its equilibrium value Leq 

úĊ̇ƶ˹ǃ úå̇ ˲ǈå ˚˻Ḫ̇ ˯ǃå ˥Ƶ ˸˻ƿǊ˯  ˗˹Ƶ ÿðå˦˯ǃå Leq ḪǑǃƓ˯ǃƓ: 
 x = L ï Leq 

It is possible to derive that x evolves with time according to the following equation: 

Ȼ˥ɜ˸ ûƓǀ˯Ƭå  ˙˻ƺƙ ƗƿǚƵx  ƴǆ˥ǆ̊ ǃå ƗǃíƓƶ˸ǃƓȺ Ɨ˻ǃƓ˯ǃå: 
 x = x(0) Ĭ e ï k1 +  k2t  

where x(0) is the deviation from equilibrium at t = 0 h. 

˖˻ơ x(0) Ǒǋ úå̇ ˲ǈå  ˚˻Ḫ̇ ˯ǃå˥Ƶ Ɨ˸˻ƿ  ÿðå˦˯ǃå  ˥ǆ̊ ǃå ˗˹Ƶt = 0 h. 
2.7 Let us boil 1.00 mol dmī3 L-isoleucine solution for 1943 hours at 374 K. The rate constant for 

the forward reaction is k1(374 K) = 9.02 × 10ī5 hī1, Kep 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) [L]eq, b) 

diastereomeric excess (de) after boiling. 

åîã Ɠ˹˻Ǆƹ ý˦Ǆ˲ǆ isoleucine-L  ǉ̊ ˻Ḫ̇ ƙ)3īmol dm 1.00 (ç˗˸ǃ 1943  Ɨƞï˗ǃå ˗˹Ƶ ƗƵƓƪK 374Ü ǏǄƵā ô̇ Ƽ  Ċÿá  ƗƵ̇ ƪ ˕ƕƓƛ
 ɆƵƓƽ˯ǃå˙ƬƓˮ˸ǃå ˦ǋ 1īh 5ī10 × 9.02 = K) (3741kÜ  ˕ƕƓƛāÿåð˦˯ǃå epK Ɨ˻Ǆ˸ƶǃ ùǃå epimerization ǃùǄ soleucinei-L 
 ɏāƓ˴Ȼ 1.38  ˗˹Ƶ)374 K.( 
)ǑƼ  ˚˻Ḫ̇ ƙ ˙˶˯Ƥå ÜƗ˻ǃƓ˯ǃå èƓȺƓ˴˲ǃåL- isoleucine  Ǌ˯˻˸˴˯ƕ[L]  ˚˻Ḫ̇ ƙāD- allo- isoleucine Ǌ˯˻˸˴˯ƕ [D].( 

˔˴ơå )a ˚˻Ḫ̇ ƙ (eq]L[ ) āb (ǃå˞ƑƓƽ  ɏ̇ǆ˻˦ɂ̇˯˻ƪƓȻ̠ǃå )de (˗ƶȺ ÿƓ˻Ǆƺǃå. )ùƕ Ɨ˱˻˯˹ǃå ˔˯ǂå3 þƓƿïá (Ɨɂ˦˹ƶǆ 

a) Calculation: 
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[L]eq =              mol dmī3 

 

b) Calculation: 
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de =              % (with 3 significant figures) 

Amino acids with a single chiral centre undergo racemization, e.g. L-arginine racemizes: 

ƴ˷˳ƙ ô˦˸˲ǃå  Ɨ˻˹˻ǆǕåƗɂāƓ˲ǃå ǏǄƵ  Ǒǃå̇ ˻Ḫ ˚Ḫ̇ ǆchiral ˗˻ơā ɆƵƓƽ˯ǃ ˤƪā˙ƙ recimizationÜ ˥˻˹˻ƞïǕå ˤƪā˙ƙ ɆƵƓƽ˯Ḫ L-
arginine: 

 
The time evolution of concentrations is governed by 

˙˻ƺ˯ƙ ˚˻ǂå̇ ˯ǃå ƴǆ ïā˙ǆ ˥ǆ̊ ǃå ˔˴ơ åƗƿǚƶǃ :Ɨ˻ǃƓ˯ǃå 

ln

1 + 
[D]
[L]

1 ï 
[D]
[L]

 = 2k1t + C 

Here [D] and [L] are concentrations of D- and L-arginine at time t, k1 is the rate constant, and the term 

C is set according to the initial concentrations. 

˖˻ơ ]D[  ā]L[  Ɠ˸ǋå̊ ˻Ḫ̇ ƙ arginine-D ā arginine-L  ǑƼ Ɨˢ˲Ǆǃå tÜ ā1k  ˦ǋ˕ƕƓƛ ƗƵ̇ ƪ  ÜɆƵƓƽ˯ǃåƓĊǆá C ˦ǌƼ å˗ǀǆ ïɖĊǄƶ˯ǒ 
˚˻ǂå̇ ˯ǃƓȺ Ɨ˻Ƒå˗˯ƕǙå. 

Holy Roman Emperor Lothar III 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 k1 of arginine racemization within the protein at 373 K and pH = 7 has the value of 

5.10 × 10ī3 hī1. 
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èƓǆ ï˦˟å̇ ˮǆǗå  ǑǈƓǆā˙ǃåLothar III ýǚƤ  Ɨ˹ǒ˗ǆ Ǐǃã Ǌ˯ǄơïǑǄ˻˴˻ƪ þƓƵ 1137Ü Ɇ˻ǌ˴˯ǃā Ɇǀǈ ǊƙƓƼĈï  (Ǌ˯˰ƞ)Ǐǃã Ýǉíǚƕ ʕƙ ƹ ǑǄ
Ǌ˯˰ƞ ǑƼ  ßƓ˸ǃåç˗˸ǃ  ˥ǆ˥ǆ̊ ǃå  Ɨƞï˗ǃå ˗˹Ƶ)373 K ( Ąç̇ƬƓˮǆ  .Ǌƙ˦ǆ ˗ƶȺæƓ˴ơ ˔Ǆˠǃå å˘ǋ ǑƼ ýāƓ˲˹ƪ  ç˗ǆǑǄƹ Ɨ˰˱ǃå  ç˗ƵƓ˴˸Ⱥ

Ɨ˻Ḫ̇ ˲ǃå ßƓ˻˸˻ḧǃåÝ  ĄƓ˸ǄƵ ÿá  ɆƵƓƽ˯ǃå ƗƵ̇ ƪ ˕ƕƓƛk1  Ɨ˻Ǆ˸ƶǃˤƪā˙ƙ ƞïǕå˥˻˹˻  í˦ƞ˦˸ǃåǑƼ ˥˻ƙā˙ˮǃå ˗˹Ƶ  Ɨƞï˗ǃå373 K  āpH = 7 
 ɏāƓ˴Ȼ 5.10 × 10ī3 hī1. 

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

transferring arginine into solution. Lotharôs bones were hydrolyzed in a highly acidic environment for 

4 hours at 383 K. The ratio of the optical isomers was 
[D]

[L]
 = 0.090. Lotharôs wife Richenza was not 

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

ratio was 
[D]

[L]
 = 0.059. (Note that the racemization also takes place during the hydrolysis, with the rate 

constant k1
ͻ
, different from k1). 

˥ǆ  Ɨƪåïí Ɇƞá˔˻Ḫ̇ ˯ǃå  ǑˮǂƓ˸˯ǃåisomeric composition ǃ ˥˻˹˻ƞïǖǑƼ  ï˦˟å̇ ˮǆǗå þƓˢƵLotharÜ  ĄǙāá ̝ Ȼ˱ ǈ ÿáɆǀ˹ ˥˻˹˻ƞïǕå 
å Ǐǃãý˦Ǆ˲˸ǃ Ü(ĄĊǚ˲ ǆ˹ ǊǄƶ˱ǈ ÿá) ˣǃ˘ƕ þƓ˻ǀǄǃā ˕ˮǒîĈá þƓˢƵ Lothar  ç˗ǒ˗Ƭ Ɨ˭˻ƕ ǑƼƗư˦˸˲ǃå ç˗˸ǃ 4 èƓƵƓƪ ˗˹Ƶ Ɨƞï˗ǃå 383 K Ü
 ˕ǈƓḪāƗˮ˴ǈ èƓˮǂƓ˸˯˸ǃå Ɨ˻Ƒ˦˷ǃå [D]

[L] = 0.090. 

 ƓĊǆáƗƞāð Lothar Ɠǌ˸ƪåā Richenza  ǏǄƺĈƙ ʕǃā Ɠǌ˯˰ƞ˗ƶȺ Ɠǌƙ˦ǆ˕ˮǒîĈá ̠ƿā Ü  þƓˢƵ ƗȺåîã Ɨǀɂ̇ ˟ ˛ƽ˹ƕ ƓǌǆƓˢƵLotharÜ  ǉ˘ǋ ǑƼā
 Ɨˮ˴˹ǃå ˕ǈƓḪ ƗǃƓ˲ǃå[D]

[L] = 0.059 Ɨ˻Ǆ˸Ƶ ÿá ɌơǙ) .ˤƪā˙˯ǃå ˙˸˯˴˯ƪ  ĄƓ˷Ȼá ßƓ˹ƛá ǑƼ Ɨ˻Ǆ˸Ƶ  ÜƗȺåîǗå ˥ḧǃā˕ƕƓ˰ƕ  ƗƵ̇ ƪk1'  ɄǄ˯˳ǆ
 ˥Ƶ1k.( 

2.8 How long was the Holy Roman Emperor Lothar III 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. 

ˢḥǁ ǂ˹ćƷ ˓ƽʕǁä xǄƕˮƜ ˓  ǏǆƑǄĀ˗ǁä îˤ˝ä̠ ˬǄǕäLothar III  ýƑƳ ÞƑ˶ǁä Ǐƺ1137 ÝƲǄ ˢǂƴǁä  ĉþà  ƕ˹ǂ˶ƳˢƨĀ˗Ɨ ƜîǓäˣ˹˷˹ ƕ˫˹˞ȸ 
 ăä̞Ɯ˕˷Ƴ çƑƜîì æîä̠ ˰ǁä æìƑ˭ƴ˶ǁä ɄƢäì îˤˬƾǁä  ĀƑ˶ȿ  ĉþà  ˗˶Ƴˣ˹˭ˮ˯ǁä 880 ƕ˷ƨ Ɉƾƺ ˣɚ˶˹ƺ  ɄǉƑ˯˭ǆ þàˢƨĀ˗˭ǁä ǁäǏƴ˹ˬ˞ üǘƢ 
Ǉ˖ǉ æ̠ ˭ƻǁä ƕ˹˷Ǆ˘ǁä. 

Calculation: 
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tboiling =                h 
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Theoretical 

Problem 3 

 
8% of the total 

Question 3.1 3.2 3.3 3.4 3.5 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. Emerging electro-mobility  

 :ϣϪЮϝϪЮϜ ϣЮϓЂвЮϜϠϼлЪЮϜ ϣтЮϝЧϦжъϜϚϝϢϸϮϦЂвЮϜ ϣт 

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: 

 Ʉƾ˷ǁä ɄƏƑƨĀ ˕˶˭ƴƗƕ˹ǁƑ˰ǁä  ɍîʕƻƟǓä ìʕƽʕǁä ú̠Ɵ ǍǂƳÜ  ˡǁíĀ ĉþà xǄ sƷ̠ǁä ǍǂƳ ˹ƾ˹ƾ˰ǁä úä̠ ˭ƟǗä çƑḨ˗˰Ǆ æÞƑƻḨ æìĀ˕˰Ǆ ƕ
ƑǊ˭ƴ˹ˬ˞ȸÛ  ˣ˹Ɠ æìƑƳ êĀä̠ ˭ƗĀ20  Ā40ĕ . 

 ĉ̞Ɵ æÞƑƻḨ Ʉƴ˯Ɨ þà ˣɚ˶ȹ Ǐ˭ǁä ɄǄäˤƴǁä ìǍǂƳà ɍîä̠˰ǁä û̠˰ ǁ˶ä: 
ἦ Increasing the friction in the mechanical parts of the engine 

ШϼϲвЯЮ ϣтЪтжϝЪтвЮϜ ̭ϜϾϮцϜ сТ ШϝЪϦϲъϜ ϢϸϝтϾ 

ἦ Increasing the burning temperature of the fuel in the engine 

ШϼϲвЮϜ сТ ϸмЦмЮϜ Фϼϲ ϢϼϜϼϲ ϣϮϼϸ ϢϸϝтϾ 

ἦ Narrowing the working temperature interval of the engine 

 ХттЎϦЬϝϮв  ϣϮϼϸЮϜ ϢϼϜϼϲϝкϸжК ЬвЛт сϦЮϜ ϜШϼϲвЮ 

ἦ Increasing the working pressure of the gas 

 АПЎ ϢϸϝтϾϜϾϝПЮ ШϼϲвЮϜ иϸжК ЬвЛт рϺЮϜ 

          

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. 

ǚƤ þå̠˳ ƪ˯ƓȺ ü̇˲˸ǃå çßƓƽḪ ˥˻˴˲ ƙ ˥ɜ˸Ȼ ̟ ơ˻ ÜƗ˻Ǆˮǀ˯˴ ǃ˸å èƓćˮćǂċ̇ć˸ǃå ǑƼ ü̇˲˸ǃå çßƓƽḪ ˥˻˴˲ ǃ˯ ƗǄ˻ƪā í˦ƿ˦ǃå ƓȻǚƤ Ɇ˰˸ƙ í˦ƿ˦ǃå ƓȻ
˥˻ƞāï˗˻ǌǃå ǏǄƵ ç˗˸˯ƶ˸ǃå. 

 

3.2 The standard enthalpy of formation of liquid water is ȹfH°(H2O,l) = ī285.84 kJ molī1, and the 

standard combustion enthalpy of isooctane is ȹcH°(C8H18,l) = ī5065.08 kJ molī1 (both at 

323.15 K). Calculate the values of specific (per unit of mass) combustion enthalpy of pure liquid 

isooctane and pure gaseous hydrogen. 
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 Ċÿá ć̞ċ˸ǄƵ åîãǃå ɆĊɜ˵ƙ Ɨ˻ˮǃƓ˯ǈã ɆƑƓ˴ǃå ßƓ˸1īkJ mol285.84 īO,l) = 2°(HHfɝ ÜɆĊɜ˵ƙ Ɨ˻ˮǃƓ˯ǈã Ċÿáā Ǘå ā˚ǒá ÿƓ˯Ḫā
1īkJ mol5065.08 ī,l) = 18H8°(CHcɝ ˗˹Ƶ Ɠ˸ǋǚǂ) Ɨƞï˗ǃå K 323.15( ˔˴ơå .Ɨ˻Ƶ˦˹ǃå ûå̇ ˯ơǙå Ɨ˻ˮǃƓ˯ǈã ) Ɇḧǃþå̇ ƹ ˦Ǆ˻Ḫ (
ǃǘ ā˚ǒá.Ǒǀ˹ǃå ɏðƓƺǃå ˥˻ƞāï̠˻ǌǃåā Ǒǀ˹ǃå ɆƑƓ˴ǃå ÿƓ˯Ḫā 

 

ȹcHsÁC8H18 =  

 

 

 

ȹcHsÁH2 = 

 

 

 

 

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:  

˔˴ơå ç˦ ǀǃå  ƗǂĊ̇˸˲ǃåƗ˻ƑƓɁ̇ ǌḧǃå åƗǒƪƓǒǀǃ (EMF) ƗǄ˻Ǆ˳ǃ  ̱ϸнЦм  ðƓƹā ˥˻˱˴ḪāǕå ðƓƹ þ˗˳˯˴ƙ ˥˻ƞāï˗˻ǌǃåƓƙǈǗå êƓǆǃå ßƪǃƑƓý ˙ˮ˯Ƶå Ü
 ˥ɂðƓƺǃå ǚǂǒǃƓƛǆ ˗˹Ƶ ˥ǒɊƺ˷ǃå 100 kPa   āçïå̇ ˲ǃå Ɨƞïí 323.15 K. 
 þ˗˳˯ƪåˤ˻ƿ Ɨ˻Ɂā˙˯ǈǗå  ˗˹Ƶ Ɨ˻ǃƓ˯ǃå323.15 K: 

            S°(H2O,l) = 70 J Kī1 molī1, S°(H2,g) = 131 J Kī1 molī1, S°(O2,g) = 205 J Kī1 molī1. 

Calculations: 

 

 

 

 

 

 

 

 

 

EMF =                V 
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3.4 Determine the ideal thermodynamic efficiency (ɖ) of a fuel cell producing liquid water at 

353.15 K. At this temperature, the enthalpy of formation of water is ȹfH°(H2O,l) = ī281.64 kJ 

molī1 and the corresponding reaction Gibbs energy change is ȹrG° = ī225.85 kJ molī1. 

 ĉĊ̠ơ) Ɨ˻ǃƓ˰˸ǃå Ɨ˻ɜ˻ǆƓ˹ǒí˦ǆ̇ ˯ǃå çßƓƽḧǃå íʂ ̠˹Ƶ ɆƑƓ˴ǃå ßƓ˸ǃå Ɲ˯˹ƙ Ćí˦ƿā Ɨ˻Ǆ˳ǃ (353.15 K. 
 ɏāƓ˴ƙ ßƓ˸ǃå ɆĊɜ˵ƙ Ɨ˻ˮǃƓ˯ǈã ÿ˦ḧƙ Üçïå̇˲ǃå ˥ǆ Ɨƞï̠ǃå ǉ̆ǋ ̠˹Ƶ1īkJ mol281.64 īO,l) = 2(H°Hfɝ  ˮ˻ƞ ƗƿƓ˟ ǑƼ ̇Ċ˻ƺ˯ǃåā ˛

ɆƵƓƽ˯Ǆǃ Ȼ ɏāƓ˴1īkJ mol 225.85ī=  °Grɝ 
 

 

 

ɖ =                  % 

 

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. 

 ǍǂƳ çƇ˳˷˶ǁä Ɍ˕Ɵâ Ʉ˶ƴƗǁä Ʉ˹ǂ˰˭ǁäǏƏƑȿ̠ Ǌḥ  þʕ Ḩ˶ ̞˷Ƴ ƕ˹ǂ˶ƴǁä Ǉ̟ǉ ĉs˭ƗĀ Ûɍ̠˶ ǁ˹ʕƓ ňÞƑ˳Ʒ ýä̞˱ ƨ˭Ƒȸ Ǉî˕ƽ2.00 V  Û  Ā Ǉ̟ǉ Ǎĉƾǂ˭Ɨ
ƑǊ˭ƳƑ˞˭ƨä (êƑɀ̠ǁä ǍǂƳ Ʉ˶ƴƗ) ňƕ˹Əäʕǉ ňçƑƻĆ˷ĆƳ xǄ ƕƽƑ˞ǁä æƉ˳˷ ǁ˶ä10.0 MW  .(ɇäĀ ƑƸ˹Ǆ) ˕˷ƳĀ ɄǄƑɚȸ Ʉ˶ƴƗ çƑƻ˷ƴǁä Ǉ˖ǉ ˓ǆƑḨ ƑǄ

 ƕƳƑ˲ǁä ˣǄ ƑǊ˭ƳƑ˞˭ƨä10 pm(ăäÞƑ˲Ǆ)  Ǎ˭Ɵ6 am (ăƑƟƑˬƬ)Û ǏƏƑȿ̠ Ǌḥǁä Ʉ˹ǂ˰˭ǁä ƛ˭ǆà1090 kg  ƾ˷ǁä ˣ˹ƜĀî˕˹Ǌǁä ˣǄ.Ǐ 
 ƕ˯ƗƑ˷ǁä xƜ˹Āî̞˹Ǌǁä ƕǂ˭Ḩ ǍǂƳ ăƑ˹ǂ˶Ƴ ƕ˯ƗƑ˷ǁä xƜ˹Āî̞˹Ǌǁä ƕǂ˭Ḩ ƕ˶˲ ƾȸ lǁíĀ ǏƏƑȿ̠Ǌḥǁä Ʉ˹ǂ˰˭ǁä ìĀì̠Ǆ ˒ Ɵ˲äɀ˗ˠǆ ăƑ 

 

Calculations: 

 

 

 

 

 

 

 

 

 

ɖ
electrolysis

 =                    % 

 

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 hī1 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 fuel is ȹrG = ī226 kJ molī1. 

ä Ƒƺǘ˲˹Ɨä̠ ȿĀ ÷ä̠ Ɠ ˣ˹Ɠ æîƑ˹˲ǁä æìƑ˹ƾǁ ƕǄïǘǁä ˣ˹ƜĀî˕˹Ǌǁä ƕǂ˭Ḩ ˒˲Ɵkm 330 Ƒǉî̞ƽ ňƕ˹˞ƨĀ ňƕƳ̠˲ ȸ 1īm hk 100  ýä˕˱˭ƨƑȸ
 ǈ˭ƳƑ˞˭ƨä ǏƏƑȿ̠ ǊḨ û˗˰˶ȸ æìĀ˘Ǆ æîƑ˹ƨ310 kW  ü˕ƴ˶ȸ Ʉ˶ƴȹ15ǈƗˤƾǁ Ǎ˴ƽǓä ˕˰ǁä ˣǄ ĕÜ ǁä ƕ˹ǂƢ æÞƑƻḨ ĉþà ó˗˭ƺä ˣ˹ƜĀî˕˹Ǌ
 ɍĀƑ˲Ɨ ƕ˹ƏƑȿ̠Ǌḥǁä ƕƽƑ˞ǁä ƛ˭˷Ɨ Ǐ˭ǁä75%  Ü ɍĀƑ˲Ɨ ǏƏƑȿ̠Ǌḥǁä û̠˰ ǁ˶ä æÞƑƻḨĀ95% ìˤƽĀ úä̠ ˭ƟǗ ˙ˬ˹Ɯ ƕƽƑ˝ ˗˹ƸƗĀ  ˣ˹ƜĀî˕˹Ǌǁä

 ˤǉ1īkJ mol226 ī=  Grɝ . 
 

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 (N2H4) fuel cells might be a 

suitable alternative.  

 āï˗˻ǌǃå ǏǄƵ Ɨ˸ƑƓǀǃå Ɇǀ˹ǃå Ɠ˻ƞ˦ǃ˦˹ḧƙ ïƓ˵˯ǈå ɖ˻ƶƙ Ǌ˹ɂ̊ ˳˯ƕ Ɨˠˮƙ̇ ˸ǃå Ɨǆǚ˴ǃå ƓȻƓ˷ƿā ˥˻ƞāï˗˻ǌǃå êƓ˯ǈã çßƓƽḪ ôƓƽ˳ǈå ÿã ˗ƿā Ü˥˻ƞ
ɂ˥ðåï̠˻ǌǃå í˦ƿā ƓȻǚƤ ÿ˦ḧƙ) 4H2N( .ĄƓˮƪƓ˹ǆ Ąǚǒ̠ƕ 

 
The following standard reduction potentials for aqueous hydrazine systems are available: 

:ßƓ˸ǃå ǑƼ ˥ɂðåï˗˻ǌǃå èƓˮḪ̇ ˸ǃ Ɨ˻ǃƓ˯ǃå Ɨ˻ƪƓ˻ǀǃå ÷ƓƞïǗå èƓǈ˦˸Ḫ ǑǄǒ Ɠ˸˻Ƽ 
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3.7 Fill in 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. 

 Ɨ˸˻ƿ ˔˯ǂåā çƓˠƶ˸ǃå úā˙ˢǃå ǑƼ ç˗ƑƓ˴ǃå Ɠ˻ǈ˦ǆǕåā ˥ɂðåï˗˻ǌǃå ýƓɜƬƋȺ Ɨ˻ǃƓ˯ǃå ˙˻˸˻ƙǙ èƓˠˠ˳ǆ ǖǆå ÿ˦ Ḫ˸ ç˗˴ǂǕå ƓƞïǗåā÷  ǏǄƵ
 Ċ˰˸Ȼ ʕǌƪ Ɇǂ .ǑƑƓ˻˸˻Ḫā˙ǌḧǃå ɆƵƓƽ˯ǃå Ʉ˶ǈ Ɇ˔˯ǂå .Ɨɂïā˙˷ǃå èƓȺƓ˴˲ǃå ɆḪ 

a) Acidic environment  сЎвϲ АЂм (pH = 0) 

 

 

 

 

 

b) Basic environment рмЯЦ АЂм (pH = 14) 

 

 

 

 

 

 

Calculations: 

 

 

 

 

 

 

 

 

 

 

Due to the toxicity, odour and its environmental impact, it is extremely unfavourable to produce 

ammonia in fuel cells. 

í˦ƿ˦ǃå ƓȻǚƤ ǑƼ Ɠ˻ǈ˦ǆǕå êƓ˯ǈã ĄƓƿǚ˟ã Ɇ˷ ƽ˸ǃå ̇˻ƹ ˥˸ Ƽ ÜǑ˭˻ ǃˮå ̇˻ƛƋ˯ǃåā Ɨ˲Ƒå̇ǃåā Ɨ˻˸ ǃ˴å ̝ˮ˴Ⱥ. 

N2(g) + 5 H+(aq) + 4 eī Ÿ N2H5
+(aq) EÁ = ҍ0.23 V 

N2H5
+(aq) + 3 H+(aq) + 2 eī Ÿ 2 NH4

+(aq) EÁ = +1.28 V 

N2(g) + 4 H2O(l) + 4 eī Ÿ N2H4(aq) + 4 OHī (aq) EÁ = ҍ1.16 V 

N2H4(aq) + 2 H2O(l) + 2 eī Ÿ 2 NH3(aq) + 2 OHī (aq) EÁ = +0.10 V 

2 H2O(l) + 2 eī Ÿ H2(g) + 2 OHī (aq) EÁ = ī0.83 V. 

N2   

N2   
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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. 

 ˔˯ǂåɆƵƓƽƙ ƗǃíƓƶǆ ) Ǐǃã ɏ˦Ǆƿ Ɋƪā ǑƼ ˥ɂðåï̠˻ǌǃå ɆǄ˲ƙi) ā ˥˻ƞā˙˯˻˹ǃåā Ɠ˻ǈ˦ǆǕå (ii ˔˴ơåā Ü˥˻ƞāï˗˻ǌǃåā ˥˻ƞā˙˯˻˹ǃå (ƛ ˕ƕå˦
 ÿðå˦˯ǃåƗǀƼå˦˸ǃå  ˗˹ƵT = 298.15 K. 

Equations for hydrazine decomposition:  дтϾϜϼϸтлЮϜ ЬЯϲϦ ϤъϸϝЛв                                          :       

 

 

 

 

 

 

 

Calculations: 

Hydrazine decomposition to NH3 and N2 in a basic environment: 

пЮϖ дтϾϜϼϸтлЮϜ ЬЯϲϦ 3NH м 2N  сТрϸКϝЦ АЂм: 
 

 

 

 

 

 

K =  

Hydrazine decomposition to H2 and N2 in a basic environment: 

 пЮϖ дтϾϜϼϸтлЮϜ ЬЯϲϦ2H  м2N  сТрмЯЦ АЂм: 
 

 

 

 

 

 

 

 

K = 

 

 

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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Ⱥǃå ƓȻǚ˳ǃ Ɇǒ˗ƕ Ǒǋ ˥˲˵ǃå çíƓƵǗ ƗǄƕƓǀǃå þ˦˻˰˻Ǆǃå èƓɂïƓˠí˦ƿ˦ ā Ü èƓɂïƓˠȺ þ˗˳˯˴ƙþ˦˻˰˻Ǆǃå èƓǈ˦ǒá ơ̠Ǖ ̞ Ƽ˻å̇˱ǃå ĄçíƓƵ  ÜæƓˠƿǕå
 ç̇ ˻ˮḧǃå ƗȻí˦ǀ˹ƶǃå èƓˮḪ̇ ˸ǃå ƴ˸˱˯ƙ ˖˻ơƕ þ˦˻˰˻Ǆǃ˕˻Ƽå̇ ƺǃå ƠƑƓƽƮ ˥˻ƓĊǆá Ü  ˙ƤǓå ˔ˠǀǃå ÿĊ˦ḧ˯˻Ƽ ˕ǃƓɁ˦ḧǃå ˗˻˴ǂá ˥ǆ ā˻Ǆǃå ɏ˘ǃåā Üþ˦˻˰

 ƴ˻ˠ˯˴Ȼñ˦ɜƵ Ɇɜ˵Ⱥ ǒá óƓ˶˯ǆå Ć̝ɣƿ ˥ǆ ü̇˲˯ƙ Ǒ˯ǃå þ˦˻˰˻Ǆǃå èƓǈ˦  Ǐǃã ˙Ƥà ǑƼ ƗȺƓ˯Ḫ ˥ɜ˸Ȼ .Ƹɂ̇ ƽ˯ǃåā ˥˲˵ǃå èƓ˻Ǆ˸Ƶ ßƓ˹ƛá
 èǚƵƓƽƙ Ʉ˶ǈǀĊǄƶ˯˸ǃåƗ þƓˢ˹ǃå å˘ǌƕ ǑǃƓ˯ǃå ˦˲˹ǃå ǏǄƵ: 

 
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. 

ǇǘƳà îˤḨ˖˶ǁä éíˤ˶˷ǁä ýä˕˱˭ƨƑȸÜ ˒˭ǀä ƕǁìƑƴǄ  ƕɀîƑ˞ˬǁä Ǐƺ è˕˰ȹ ɍ˖ǁä Ǐǂḥǁä ǏƏƑ˹˶˹ḥǁä ɄƳƑƻ˭ǁä ǏƺÞƑ˷ƙà  ƕ˹ǂ˶Ƴƶɀ˗ƻ˭ǁäÜ 
˒˭ǀä Üˡǁ˖ǁ ƕƺƑƮǕƑȸ ýƑƽîà ˓ǁƑȿˤḥǁä æî˖ǁ æ˕˲ǀǓä ƕǁìƑƴ˶ǁä Ǐƺ˗˝ Ǐƺ. 

 

 

 

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: 

 çƑƴȿ̠ ˶ǁä Ǐƺ:ƕ˹ǁƑ˭ǁä 
Ʉ˶Ɯ ǍǂƳ Ʉ˴˰˭ǁ ˒ƨƑ˷˶ǁä Ʋȿ˗˶ǁä Ǐƺ æîƑƪâ ƲƮ Ǆ˭ƾƺäˤƕ  ƕ˹ǂ˶Ƴ Ǐƺ è˕˰ȹ ƑǄ ƲǄƶɀ˗ƻƗ Ǐƺ ƕƺˤƬˤ˶ǁä ýˤ˹ˮ˹ǂǁä ƕɀîƑ˞ȸ  ˒ǂ˞ǁä

ɔƓƑ˲ǁä. 
 

Li(C)n electrode is 

 cathode АϠлв  
because lithium ions are reduced here. 

 амтϪтЯЮϜ Ϥϝжмтϒ дц Й̲Ϯϼ̳Ϧϝжк. 

 anode ϸЛЊв  
because lithium atoms are oxidized here. 

 дцϼϺϝжк ϸЂЪϓϦϦ амтϪтЯЮϜ ϤϜ. 

 

LiCoO2 electrode is 

 cathode АϠлв  
because cobalt ions are reduced here. 

ЮϜ Ϥϝжмтϒ дцϤЮϝϠмЪ  Й̲Ϯϼ̳Ϧϝжк. 

 anode ϸЛЊв  
because cobalt ions are oxidized here. 

ц дϤϝжмтϒ ϤЮϝϠмЪЮϜ ϝжк ϸЂЪϓϦϦ. 

 

 

3.11 Assume that a C6 unit, a CoO2 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 gī1) and the energy density (in kWh 

kgī1) of such a model lithium ion battery related to the whole active battery mass. 

 ç̠ơā ˥ǆ ÿĊ˦ḧ˯ƙ Ɨ˻ƑƓɁ̇ǌḧǃå æƓɣƿǕå ˥ƕ˻ ̠ơåā ÿā̇˯ḧǃã Ɇǀ˹ǃ Ɨǆðǚǃå ƗǃƓĊƶƽǃå ƗɂïƓɣˮǃå ƗǄ˯Ḫ ÿá ô ƽ̇Ⱥ6C  ç˗ơāā2CoO  çïîāiL Ü
 āþå˗˳˯ƪƓɁ Ɨ˸˻ƿ EMF ˻ƪƓ˻ǀǃåƗ ǀƼå˦˸ǃåƗ ǑƵ˦˹ǃå Ǒ˴ɜƶǃå ˥˲˵ǃå Ɨƶƪ ˔˴ơå ÜƗɂ̇ ˢ˹ǃå  ˦ ƕ)å ç˗ơ1īmAh g ˦ ƕ) ƗƿƓˠǃå ƗƼƓ˰Ḫā (åç˗ơ 
1īkWh kg èƓɂïƓˠȺ ˥ǆ êî˦˸˹ǃå å˘ǋ Ɇ˰˸ǃ ( èƓǈ˦ǒá ƗɂïƓˠˮǄǃ Ɨ˻Ǆḧǃå ƗǄ˯ḧǃå Ǐǃå Ɨˮ˴ǈ þ˦˻˰˻ǄǃåƗǃƓĊƶƽǃå. 
 

(C)
n
 + Li

+ + eï  Ÿ  Li(C)
n
 E

Á = ï 3.05 V, 

CoO2 + Li
+ + eï  Ÿ  LiCoO2 E

Á
= +0.19 V. 
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Calculations: 

 

 

 

 

 

 

 

 

 

 

 

 

Charge capacity дϲІЮϜ ϣЛЂ (cq,s =                              mAh gī1 

Calculations: 

 

 

 

 

 

 

 

 

 

Energy density ϣЦϝАЮϜ ϣТϝϪЪ (ɟ
el

)=                                  kWh kgī1 
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Theoretical 

Problem 4 

Question 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 Total 

Points 2 5 1 2 7 2 3 2 24 

6% of the total Score          

 

Problem 4. Column chromatography of radioactive copper 

  :ϣЛϠϜϼЮϜ ϣЮϓЂвЮϜЙІвЮϜ ЀϝϲжЯЮ ϝтТϜϼОмϦϝвмϼЪЮϜ ϸмвЛϠ ЬЊУЮϜ 

64Cu for positron emission tomography is prepared by the bombardment of a zinc target with 

deuterium nuclei (further referred to as the activated target). 

˙˻˷˲ƙ ˤ˯ǒ Cu64  Ǒƶˠǀ˸ǃå ˙ɂ˦˶˯ǄǃȺ ˦ ˹ƕ ˣǈ̊ ǃå ˥ǆ ú˗ǋ ú˘ƿ ɖɂ̇ ˟ ˥Ƶ Ǒǈā˙˯ɂð˦ˮǃå ïå˗ƮǗƓ Ɏ  ˗ƶȺ Ɠ˸˻Ƽ Ǌ˻ǃã ïƓ˵Ȼ) þ˦ɂ̇ ˯ǒ˗ǃå
.(Ɋć˵˹Ĉ˸ǃå ú̠ǌǃå ʕƪƓȺ 

4.1 Write down the balanced equation for the 64Zn nucleus bombardment with deuterium nuclei, 

giving 64Cu. Specify the corresponding atomic and mass numbers of all species. Disregard the 

charges. 

æäˤǆ ù˖ƾǁ ƕǆĀïˤ˶ǁä ƕǁìƑƴ˶ǁä ˒˭ǀä Zn64  ʕ ˷Ɠ Ɍ  ǍǂƳ üˤ˴˰ǂǁ ýˤɀ˗˭ǐ˕ǁäCu64ǂ˭ḥǁä ìä˕ƳǓäĀ ƕɀî˖ǁä ìä˕ƳǓä ì˕Ɵ . .çƑ˶˹˲˯ǁä Ʉḥǁ ƕ˹
 ƲǄâçƑ˷˰˳ǁä üƑ˶ǉ. 

 

 

é                    + é                    Ÿ  é                   +   é 

 

 

The activated target is dissolved in concentrated hydrochloric acid (HCl (aq)) to give a mixture 

containing Cu2+ and Zn2+ ions and their respective chlorido complexes. 

 ̊Ḫ̇˸ǃå ßƓ˸ǃå ï˦ǄḪ ˞ ơ˸ ǑƼ Ɋć˵˹Ĉ˸ǃå ú̠ǌǃå ƗȺåîã ʕ˯ǒ)HCl (aq)(  èƓǈ˦˻ƙƓḪ ǏǄƵ ɏ˦˯˲Ȼ Ɋ˻ǄƤ ßƓɣƵǗ +2Cu ā +2Zn  èå˗ǀƶǆā
Ɠǌ˹ǆ ɆɜȺ ƗƮƓ˳ǃå āï˦Ǆḧǃå. 

4.2 Calculate the mole fraction of negatively charged copper species with respect to the amount 

of copper prepared by zinc target activation. Assume [Clī] = 4 mol dmī3. For the overall 

complexation constants, ɓ, see Table 1. 

˔˴ơå  Ǒǃ˦˸ǃå ˙˴ḧǃåƪ Ɨǈ˦˲˵˸ǃå ñƓ˲˹ǃå èƓ˸˻˴˱ǃˮǄ ˻ĄƓ  Ɨˮ˴ǈ ˣǃîāã ǏǃƗ˻˸Ḫ åƓơǈǃå ú˗ǌǃå þå˗˳˯ƪƓȺ ç̇ ˷˲˸ǃå ñ Ɋć˵˹Ĉ˸ǃˣǈ̊ Ǆǃ. 
˚˻Ḫ̇ ƙ ÿá ô̇ ˯Ƽå mol/L 4 =] ī[Cl  Ü ˕ƕå˦ƛ ǏǄƵ ý˦˶˲ǄǃɆĊɜ˵ƙ  ǑǄḧǃå ˗ǀƶ˸ǃå ɼ  ƴƞåïǃå ýā˗˱1. 

Before you start the calculation, write down the charges in the upper right boxes: 

ȸƑ˲˰ǁä Ǐƺ Þ˕ˬǁä ɄˬƽçƑä ˒˭ǀä ÛçƑ˷˰˳ǁ çƑƴȿ̠ ˶ǁä Ǐƺ :Ǎ˷˶˹ǁä 

Cu         [CuCl]            [CuCl2]          [CuCl3]        [CuCl4] 
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Table 1. Overall complication constants ɓ of Cu and Zn species (charges were omitted in the 

formulas). 

 ϤϠϜмϪЬ̵ЪІϦ ϸЧЛвЮϜ сЯЪЮϜ ɓ  ϤϝвтЂϮЮCu  ) РϺϲ аϦϤϝжϲІЮϜ НтЊЮϜ сТ( 


Ͻ

 ,  

  i in [CuCli]  

  1 2 3 4  

ɓi  2.36 1.49 0.690 0.055  

 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

   Mole fraction сЮмвЮϜ ϼЂЪЮϜ = 

(answer with 2 digits after decimal point) 

(дтϦтϼІК дтϦжϝ϶Ϡ ϣϠϝϮъϜ)  

 

The mixture containing Cu2+ and Zn2+ ions and their respective chlorido complexes was separated 

with an anion exchange resin. Dry resin in OHī form was dispersed in water and the suspension was 

transferred into a column. To occupy all sites with Clī ions (i.e. to obtain resin in a Clī form), the resin 

was washed with hydrochloric acid and then with deionized water to wash out all the unbound Clī 

ions. 
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 èƓǈ˦ǒá ǏǄƵ ɏ˦˯˲˸ǃå Ɋ˻Ǆ˳ǃå Ɇ˶ Ƽ ʕƙ +2Cu ā+2Zn Ɲ˹ƙå̇ ǃå Ɇǀǈ ˤƙ .Ǒǈ˦˻ǈǕå ýíƓˮ˸ǃå Ɲ˹ƙåï ƴǆ Ɠ˸ǌƕ ƗƮƓ˳ǃå ï˦Ǆḧǃå èå˗ǀƶǆā 
 ɆɜƬ ǏǄƵ úƓ˱ǃå īOH Ɇ˲˹˸ǃå  èƓǈ˦ǒƋȺ Ɨˠˮƙ̇ ǆ ƴƿå˦˸ǃå ƴ˻˸ƞ Ɇƶ˱ǃ .í˦˸ƶǃå Ǐǃã ɖǄƶ˸ǃå Ɇǀǈ ˤƙā ßƓ˸ǃå ǑƼīCl  ý˦˶˲Ǆǃ ɏá)
Ɇɜ˵ǃƓȺ Ɲ˹ƙåï ǏǄƵīCl( èƓǈ˦ǒá ƴ˻˸ƞ ˥ǆ ˝Ǆ˳˯Ǆǃ èƓǈ˦ǒǕå ÷ā˚˹ǆ ßƓ˸ǃƓȺ ˤƛ ßƓ˸ǃå ï˦ǄḪ ˞˸˲Ⱥ Ɲ˹ƙå̇ ǃå Ɇ˴ƹ ˤƙ ÜīCl ˮƙ̇ ˸ǃå ˙˻ƹƗˠ. 

4.3 Everything was initially at laboratory temperature before washing with hydrochloric acid. Does 

the column temperature change during the washing with hydrochloric acid? 

 Ʉǉ .ÞƑ˶ǁä îˤǂḨ ˜˶Ɵ ýä˕˱˭ƨƑȸ Ʉ˹˲Ƹǁä Ʉˬƽ ˡǁíĀ ˗ˬ˱˶ǁä æîä̠ Ɵ ƕƜîì ˕˷Ƴ ƕȹä˕ˬǁä Ǐƺ ÞǏƪ ɄḨ þƑǀä̠ Ɵ ƕƜîì ˗˹Ƹ˭Ɨ ìˤ˶ƴǁä æî
ÝˡɀîˤǂḨĀî˕˹Ǌǁä ˜˶Ɵ ýä˕˱˭ƨƑȸ Ʉ˹˲Ƹǁä ÞƑ˷ƙà 

ἦ No. 

ἦ Yes, the temperature decreases.  

ἦ Yes, the temperature increases.  

 

The mixture containing Cu2+ and Zn2+ ions and their respective chlorido complexes was transferred 

onto the resin-filled column. Hydrochloric acid solution was used as an eluent. 

èƓǈ˦ǒá ǏǄƵ ɏ˦˯˲˸ǃå Ɲɂ̊˸ǃå Ɇǀǈ ʕƙ +2Cu ā+2Zn ǆ þå˗˳˯ƪå ˤƙ .Ɲ˹ƙå̇ ǃƓȺ ß˦ Ǆ˸˸ǃå í˦˸ƶǃå Ǐǃå Ɠ˸ǌƕ ƗƮƓ˳ǃå āï˦Ǆḧǃå èå˗ǀƶǆā ý˦Ǆ˲
 ɆƑƓ˴Ḫ ßƓ˸ǃå ï˦ǄḪ ˞˸ơɆ˻ơ̇ ƙ eluent.  

Using the simple experimental formula, you can calculate quantities that determine average elution 

properties of both copper species and zinc species on the column. 

 ƗơåðǗå ɆƑƓƪ óå˦Ƥ í˗˲ƙ Ǒ˯ǃå èƓ˻˸ḧǃå Ɋƪ˦˯ǆ æƓ˴ơ ˣ˹ɜ˸Ȼ ÜƗˠ˻˴ˮǃå Ɨ˻ˮɂ̇ ˱˯ǃå Ɨƺ˻˶ǃå þå˗˳˯ƪƓȺǚḧǃǃåā ñƓ˲˹ǃå èƓ˸˻˴ƞ  ˣǈ̊
í˦˸ƶǃå ǏǄƵ. 

The retention volume VR (the mobile phase volume at which 50% of the compound has been eluted 

from the column) can be calculated as follows: 

ˤ˱ơ æƓ˴ơ ˥ɜ˸Ȼ RV  êā̇Ƥ Ǌ˻Ƽ ʕƙ ɏ̆ǃå ü̇˲˯˸ǃå ï˦ɣ ǃå ʕ˱ơ) ëå̊Ĉ˸ǃå ʕ˱ ǃ˲å50ǑǄǒ Ɠ˸Ḫ (í˦˸ƶǃå ˥ǆ ˔Ḫ̇ ˸ǃå ˥ǆ Ė: 

VR = Dg × mresin,dry,OH form + V0 

4.4 Using average mass distribution coefficients Dg (Dg(Cu species) = 17.4 cm3 gī1, Dg(Zn species) 

= 78.5 cm3 gī1), calculate the retention volumes VR in cm3 of both copper species and zinc 

species if the mass of dry resin in OHī form mresin,dry,OH form = 3.72 g and the void volume of a 

column V0 = 4.93 cm3. 

 þå˗˳˯ƪƓȺèǚǆƓƶǆ ÷ð˦ƙ ƗǄ˯ḧǃå Ɨ˻ˠƪ˦ǃå 1īg 3species) = 17.4 cm(Cu gD( gD ā )1īg 3(Zn species) = 78.5 cmgD Ü
 ƗơåðǙå þ˦˱ơ ˔˴ơåRV  ç˗ơ˦ƕ3cm  ˣǈ̊ ǃå èƓ˸˻˴ƞā ñƓ˲˹ǃå èƓ˸˻˴ƞ ǚḧǃ Ɇɜ˵ǃå āî úƓ˱ǃå Ɲ˹ƙå̇ ǃå ƗǄ˯Ḫ ˕ǈƓḪ åîãīOH Ü

 g = 3.72 resin,dry,OH formm  øïƓƽǃå í˦˸ƶǃå ˤ˱ơā3= 4.93 cm 0V. 
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Calculation: 

 

 

  

 

 

 

 

VR(Cu species ϤϝвтЂϮ) =   cm3 (answer with 1 digit after the decimal point) 

(ϢϸϲϜм ϣтϼІК ϣжϝ϶Ϡ ϣϠϝϮъϜ) 

VR(Zn species ϤϝвтЂϮ) =   cm3 (answer with 0 digit after the decimal point) 

)(ϣтϼІК ϣжϝ϶ рϜ дмϸϠ ϣϠϝϮъϜ 

 

If you cannot find the answer, use VR(Cu species) = 49.9 cm3 and VR(Zn species) = 324 cm3 for 

further calculations. 

Ϧ аЮ ϜϺϖпЯК ЬмЊϲЮϜ дв дЪвϦ ϣϠϝϮшϜ ϣЧϠϝЂЮϜаϸ϶ϦЂϜ ̪ 3(Cu species) = 49.9 cmRV м(Zn species) = 324 RV 

 3cmЮϤϝϠϝЂϲЯ ϣтЮϝϦЮϜ. 

 

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

considered complete if  

èƓ˸˻˴˱ǃå ˥ǆ ˥˻˯Ƶ˦˸˱ǆ Ɇ˶Ƽ ïƓˮ˯Ƶå ˥ɜ˸Ȼ ÜƗˠ˻˴ˮǃå Ɨ˻ˮɂ̇ ˱˯ǃå Ɨƺ˻˶ǃå þå˗˳˯ƪƓȺA  ā B  ÿƓḪ åîã ĄǚǆƓḪ 

V0.001(A) ï V0.999(B) > 10Vc 

where V0.001 is the mobile phase volume at which 0.1% of A has been eluted from the column, and 

V0.999 is the mobile phase volume at which 99.9% of B has been eluted from the column. 

˖˻ơ 0.001V  êā˙Ƥ Ǌ˻Ƽ ˤƙ ɏ˘ǃå ü̇ ˲˯˸ǃå ï˦ˠǃå ˤ˱ơ ˦ǋ 0.1% ˥ǆ A ā Üí˦˸ƶǃå ˥ǆ  0.999V  ˦ǋ ɏ˘ǃå ü̇ ˲˯˸ǃå ï˦ˠǃå ˤ˱ơ
 Ɇ˴ƹ āá Ɨǃåðã Ǌ˻Ƽ ˕˸ƙ99.9˥ǆ Ė B í˦˸ƶǃå ˥ǆ. 

 V0.001(A) = VRA  1 ï 6.91dp/Lc  

 V0.001(B) = VR(B)  1 ï 6.91dp/Lc  

 V0.999(B) = 2VR(B) ï V0.001(B) 

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 Vc = 10.21 cm3, the resin particle 

diameter dp = 0.125 mm, and the height of the wet resin in a swollen state in the column 

Lc = 13.0 cm. 
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 ìˤ˶ƴǁä ˢ˯Ɵ þâ .ˡǆ˘ǁä çƑ˶˹˲Ɯ ˣƳ ɄǄƑḥǁƑȸ ðƑ˰˷ǁä çƑ˶˹˲Ɯ Ʉ˴ƺ ˢƗ ˕ƽ þƑḨ äíâ Ƒ˶˹ƺ ì˕Ɵ ÛçƑȸƑ˲˰ǁä ǍǂƳ äìƑ˶˭Ƴää Þˤǂ˶˶ǁ
ƛ˷Ɨä̠ ǁƑȸ ˷˶ǁäƛˬ˭  ˤǉ3= 10.21 cm cVÛ   ˤǉ ƛ˷Ɨä̠ ǁä çƑ˶˹˲Ɯ ˗˞ƽĀmm = 0.125 pdÛ  öƑƻƗîä þàĀä Ǐƺ ˒˝˗ǁä ƛ˷Ɨä̠ ǁ

˭˷˶ǁä ƕǁƑ˰ǁä˯ˬìˤ˶ƴǁä Ǐƺ ƕ cm 13.0 = cL  . 

 

 

 

V0.001(A) =   cm3 

 

 

 

V0.999(B) =   cm3 

It is possible to separate copper species from zinc species. 

ШжϾЮϜ ϤϝвтЂϮ дК ЀϝϲжЮϜ ϤϝвтЂϮ ЬЊТ дЪввЮϜ дв. 

ἦ True                   ἦ False  

 

4.6 theoretical value of the total ion exchange mass capacity of the dry resin used in this problem, 

Qm,theor, in mmol gī1. 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%. 

 ƕɀ˗ˠ˷ǁä ƕ˶˹ƾǁä ˒˲Ɵäm,theorQ  æ˕ƟˤƓ ƕǁƉ˲˶ǁä Ǉ˖ǉ Ǐƺ ý˕˱˭˲˶ǁä ùƑ˯ǁä ƛ˷Ɨä̠ ǂǁ ǏǆˤǐǓä üìƑˬ˭ǂǁ ƕ˹ǂḥǁä1īg mmol  .  ˗ˬ˭Ƴäà þ
çƑƳʕ ˶˯Ǆ ýˤ˹ǆˤǄǗä Ʉ˹ḥǁä ǏƳƑȿî ƛ˷Ɨä̠ ǁä ˣǄ çƑǆˤǐǓä üìƑˬƗ ˣƳ ƕǁĀˑ˲˶ǁä æ˕˹Ɵˤǁä ǏǉƢà çƑƳʕ ˶˯Ǆ ûƑ˷ǉ ˣḥƗ ˢǁ . ɍʕ˭˰Ɨ Ɍ̠

 ùƑ˯ǁä ƛ˷Ɨä̠ ǁä Ǐƺ ˣ˹ƜĀ˗˭˷ǁä ˣǄ ˗ˬǀǓä Þ̆ ˯ǁä þƑḨĀ .ˣ˹ƜĀ˗˭˷ǁä ǍǂƳ4.83 ĕ 
 

 

 

  

Qm,theor =   mmol gī1  (answer with 2 digits after decimal point) 

                                          (дтϦтϼІК дтϦжϝ϶Ϡ ϣϠϝϮъϜ ) 

 

Calculate the If you cannot find the answer, use Qm,theor = 4.83 mmol gī1 for further calculations. 

ý˕˱˭ƨä ÛƕȸƑƜǕä ǍǂƳ üˤ˴˰ǁä ˣǄ ˣɚ˶˭Ɨ ˢǁ äíâ  1īg = 4.83 mmol m,theorQ  çƑȸƑ˲˰ǂǁäƕ˹ǁƑ˭ǁ. 

In reality, not all tetraalkylammonium groups are involved in the ion exchange. To determine the total 

ion exchange volume capacity, Qv, the column filled with 3.72 g dry resin converted to the Clī form 

was washed with the excess of sodium sulfate solution. The effluent was collected in a 500 cm3 
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volumetric flask, which was then filled with water to the mark. An aliquot of 100 cm3 was 

potentiometrically titrated with 0.1027 mol dmī3 silver nitrate. The silver nitrate solution volume at 

the equivalence point was 22.20 cm3. The volume of the column filled with the swollen resin, Vc, was 

10.21 cm3. 

 

ÜƗ˻Ǆḧǃå Ǒǈ˦ǒǕå ýíƓˮ˯ǃå ˤ˱ơ Ɨƶƪ ˗ǒ˗˲˯ǃ .Ǒǈ˦ǒǕå ýíƓˮ˯ǃå ǑƼ þ˦˻ǈ˦ǆǕå Ɇ˻ḧǃå ǑƵƓɁï èƓƵ˦˸˱ǆ ɆḪ üïƓ˵ƙ Ǚ Üƴƿå˦ǃå ǑƼ vQ ˤƙ Ü
ùƕ í˦˸ƶǃå ßɆǆ g 3.72 ǃå ˥ǆƝ˹ƙå̇  Ɇɜ˵ǃå Ǐǃå ǊǄɂ˦˲ƙ ˤƙā úƓ˱ǃåīCl í˦˶ǃå èƓ˯ɂ̇ ˮḪ ý˦Ǆ˲ǆ ˥ǆ ˞ƑƓƼ ƗƼƓưƓȺ ǊǄ˴ƹ ˤƙ ˤƛ ˥ǆā .þ˦ǒ

Ǒ˸ ơ˱ ûïāí ǑƼ Ɨơå̊˸ǃå ɆƑå˦˴ǃå ƴ˸ƞ ʕƙ3cm 500 ÜɆ˸ǂĈá ʕƛ  ç̇ǒƓƶǆ ʕƙ .Ɨǆǚƶǃå Ǐ˯ơ ßƓ˸ǃƓȺ ûïā̠ǃå 3mc 100 ñƓ˻ƿ ɖɂ̇ ˟ ˥Ƶ
 ùƕ ˗ǌ˱ǃå 3īdm mol 0.1027 Ɨ˷ƽǃå èå̇ ˯ǈ ˥ǆ˯ǈ ý˦Ǆ˲ǆ ˤ˱ơ ÿƓḧƼ .å̇ ˓ƼƓḧ˯ǃå Ɨˠǀǈ ˗˹Ƶ Ɨ˷ƽǃå è3cm 22.20ˤ˱ơā .  í˦˸ƶǃå

˯˹˸ǃå Ɲ˹ƙå̇ ǃƓȺ ß˦ Ǆ˸˸ǃåƝˮ Ü cV ÿƓḪ Ü3cm 10.21. 

4.7 Calculate the Qv of the swollen resin in mmol of active tetraalkylammonium groups per cm3 of 

the swollen resin. 

˒˲Ɵä vQ ǁä̠ ǁ ƛǆƗ˭˷˶ǁäƛˬ  æ˕ƟäˤƓmmol  ˣǄǄƜǄнƑƳç ǏƳƑȿî àɄ˹ḥǁ ýˤ˹ǆˤǄǗä ƕ˞˳˷ǁä Ʉţǁ 3cm Ǆе ä̠ ǁäƛǆƗ ˭˷˶ǁäƛˬ. 

 

 

 

 

 

Qv =    mmol cmī3 (answer with 2 digits after decimal point)  

(дтϦтϼІК дтϦжϝ϶Ϡ ϣϠϝϮъϜ)                                                    

If you cannot find the answer, use Qv = 1.00 mmol cmī3 for further calculations. 

ý˕˱˭ƨä ÛƕȸƑƜǕä ǍǂƳ üˤ˴˰ǁä ˣǄ ˣɚ˶˭Ɨ ˢǁ äíâ  3īcm = 1.00 mmol vQ ä çƑȸƑ˲˰ǂǁƕ˹ǁƑ˭ǁ. 
 

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

exchange. 

) Ǐǁˤ˶ǁä ˗˲ḥǁä ˒˲Ɵäx( ǏǆˤǐǓä üìƑˬ˭ǁä Ǐƺ ɇƑ˳˷Ɠ ûîƑ˳Ɨ Ǐ˭ǁä ýˤ˹ǆˤǄǓä Ʉ˹ḥǁä ǏƳƑȿî çƑƳʕ ˶˯Ǆ ˣǄ 

 

 

x =    (answer with 3 digits after decimal point) 

                                                      (ϣтϼІК Ϥϝжϝ϶ ϨыϪϠ ϣϠϝϮъϜ) 
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Theoretical 

Problem 5 

 
8% of the 

total 

Question 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 

Points 3 3 1 5 3 2 4 1 2 

Score          

Question 5.10 5.11 5.12 5.13 5.14 5.15 5.16 5.17 Total 

Points 5 7 3 2 6 1 1 1 50 

Score          

Problem 5. Bohemian granet свткмϠЮϜ ХтЧЛЮϜ 

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(SiO4)3, 

where AII is a divalent cation and BIII is a trivalent cation. Garnets have a cubic unit cell that contains 

8 formula units. The structure comprises 3 types of polyhedra: the AII cation occupies a dodecahedral 

position (it is surrounded with eight O atoms), the BIII cation occupies an octahedral position (it is 

surrounded with six O atoms) and SiIV is surrounded with four O atoms arranged into a tetrahedron. 

å ̝ Ḫ˻˯̇ǃå ˥Ƶ ̇˻ ƶˮ˯ǃå ʕ˯ǒ .ç̇˻ǌ˵ǃå Ɨ˻ɜ˻˵ ǃ˯å Ɨ˸ɂ̇ḧǃå ǊˮƬ þ̠ǃå ÿ˦Ǆƕ Ɨǈ˦Ǆ˸ǃå ïƓ˱ơǙå ̠ơå ˦ǋ (ǑɁā̇ǃå) Ǒ˸ ǋ˻ˮ˦ǃå ɖ˻ǀƶǃå ɖ˻ǀƶǄǃ ǑƑƓ˻˸˻ḧǃ
 ƗǆƓƶǃå Ɨƺ˻˶ǃå ɖɂ̇ ˟ ˥Ƶ Ǒƶ˻ˮˠǃå3)4(SiO2B3A ˖˻ơ IIA  ÿ˦ƙ˻ƓḪ ˦ǋā ˓ƼƓḧ˯ǃå ǑƑƓ˹ƛ IIIB  ɏ˦˯˲Ȼ .˓ƼƓḧ˯ǃå Ǒƛǚƛ ÿ˦ƙ˻ƓḪ ˦ǋ 

ɖ˻ǀƶǃå  ǏǄƵ ɏ˦˯˲ƙ Ɨ˻ˮƶɜǆ ç̠ơā Ɨ˻ǄƤ ǏǄƵ8  ˥ǆ Ɇɜ˻ǌǃå ɄǃƋ˯ǒ .Ɨƺ˻Ʈ èå˗ơā3  ÿ˦ƙ˻Ɠḧǃå Ɇƺ˵Ȼ :ǉ˦ƞ˦ǃå èåí̠ƶ˯ǆ ˥ǆ ÷å˦ǈáIIA 
 Ɠǌƞā ˙˵Ƶ Ɠ˹ƛǙå ÿƓḪïå ƴƿå˦ǆdodecahedral  èåïî ÿƓ˸˰ƕ ƓĄ˟Ɠ˲ǆ)O(  ÿ˦ƙ˻Ɠḧǃå Ɇ˯˲ ɂā ÜIIIB ) ǊƞāǕå ǑǈƓ˸˰ǃå ÿƓḪïå ƴƿå˦ǆ ƓĄ˟Ɠ˲ǆ

 èåïî ˕˴ȺO ā (IVSi  èåïî ƴɁïƋȺ Ɠ˟Ɠ˲ǆO  ǉ˦ ƞ˦ǃå ǑƵƓɁï ÿƓḪïå ǑƼ Ɨƶư˦˯ǆ. 

The most common garnet mineral is almandine with the formula of Fe3Al2(SiO4)3. Its unit cell 

parameter is a = 11.50 Å. 

 ˦ ˻Ƭ Ǒƶ˻ˮˠǃå ɖ˻ǀƶǃå ÷å˦ǈá ˙˰ǂá ÿã ˥ǒ˗˹˻˸ǃå ˦ǋ ƓƵalmandine āî ˔˻Ḫ̇ ƙ 3)4(SiO2Al3Fe. ú̇ ơ ý˦˟ ç˗ơ˦ǃå Ɨ˻ǄƤ  ɏāƓ˴Ȼ 
 a = 11.50 Å. 

5.1 Calculate the theoretical density of almandine. 

 Üɔˬƨ ƑǄ ǍǂƳ ăäìƑ˶˭Ƴäǔǁ ƕɀ˗ˠ˷ǁä ƕƺƑˮḥǁä ˒˲Ɵä ˣǐ˕˷˹˶ǁäalmandine.. 

 

 

 

 

 

r =  g cmī3 
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The Bohemian garnet has the composition of Mg3Al2(SiO4)3. Pure compound is colourless and the 

colour of natural garnets comes from chromophores ï transition metal cations that substitute the 

host material cations. The red colour of the Bohemian garnet comes from trace amounts of CrIII ions 

in the octahedral sites and FeII ions in the dodecahedral sites. 

˔˻Ḫ̇ ˯ǃå Ǒ˸˻ǋ˦ˮǃå ɖ˻ǀƶǃå ˣǄ˯˸Ȼ 3)4(SiO2Al3Mg ˦˱˸ ǆ ̠ƞå˦ƙ ˥ǆ Ǒƶ˻ˮ ǃɣå ɖ˻ǀƶǃå ÿ˦ǃ ǑƙƋɂā Üÿ˦Ǆǃå ʕȻ̠Ƶ ÿ˦ɜȻ Ǒǀ˹ǃå ̝Ḫ̇˸ǃå . èƓƵ
 èåï˦Ƽ˦ǆā˙ḧǃå Ǐ˸˴ƙ Ɨ˻ǈ˦ǃ chromophoresĲ ā .Ʉ˻˷˸ǃå çíƓǆ èƓǈ˦˻ƙƓḪ Ɇ˲ǆ Ɇ˲ƙ Ǒ˯ǃå ǑǃƓǀ˯ǈå ÿ˗ƶǆ èƓǈ˦˻ƙƓḪ ˥Ƶ çïƓˮƵ Ǒǋ Ǒ˯ǃå

èƓǈ˦ǒá ˥ǆ ƗǄ˻˭ư èƓ˻˸Ḫ ̠ƞå˦ƙ ˥ǆ Ǒ˸ ǋ˻ˮ˦ǃå ɖ˻ǀƶǄǃ ̇ ơ˸Ǖå ÿ˦Ǆǃå ǑƙƋȻ IIICr  èƓǈ˦ǒáā ǊƞāǙå Ɨ˻ǈƓ˸˰ǃå ƴƿå˦ǆ ǑƼIIFe å˦ǆ ǑƼ ƴƿ
Ɠǌƞā ˙˵Ƶ Ǒ˹ƛǙå. 

5.2 Draw the splitting diagram for the [CrIIIO6]oct d-orbitals and fill it with electrons. 

ˢƨîä Ɉ˞˱Ǆ çäîä˕Ǆ Ǐƺ ɄƬƑ˰ǁä ýƑ˲ƾǆǗä-d  ˕ƾƴ˶ǂǁoct]6OIII[Cr  ḥǁǕä Ʋɀïˤ˭Ɠ ˢƽ ˢƙçƑǆĀ˗˭ çäîä˕˶ǁä Ǐƺ. 
 

 

 

 

 

 

5.3 Identify the 1st transition row element(s) whose trivalent cation(s) MIII placed in an  octahedral 

position is/are diamagnetic in the low-spin arrangement and paramagnetic in the high-spin 

arrangement. 

 üĀǗä ǏǁƑƾ˭ǆǗä ɂ˴ǁä ˣǄ ǏǁƑƾ˭ǆǗä (˗ƬƑ˷ƴǁä) ˗˴˷ƴǁä ì˕ƟIIIM ƲƽˤǄ Ǐƺ ˑƺƑḥ˭ǁä Ǐƙǘˮǁä ƑǊǆˤ˹ƗƑḨ ƲƮˤ˭ǐ Ǐ˭ǁä ǈƜĀǓä ǏǆƑ˶ˮǁä 
Ǐ˲ ˹̋Ƒ˷ƸǄƑȹäì þʕɚȹ Ǐ˭ǁäĀ .ƲƻƗ˗˶ǁä ü˘Ƹǁä Āí Ʋɀïˤ˭ǁä Ǐƺ Ǐ˲˹˝Ƒ˷ƸǄäîƑȿĀ ˜ƻ˱˷˶ǁä ü˘Ƹǁä Āí Ʋɀïˤ˭ǁä Ǐƺ 

 

 

 

 

 

 

5.4 The figure below shows d-orbitals splitting in the dodecahedral crystal field. Fill in the electrons 

for the [FeIIO8]dod chromophore for both existing arrangements. 

 x Ćˬ˹ǐǇƑǆìà Ʉɚ˳ǁä çäîä˕Ǆ Ǐƺ ɄƬƑ˰ǁä ýƑ˲ƾǆǗä-d ƜĀ ̠˳ ƳƑ˷ƙǗä ɍîʕǂˬǁä üƑ˯˶ǁä Ǐƺƕ˹ǆˤǂǁä çƑƳˤ˶˯˶ǂøǁ çƑǆĀ˗˭ḥǁǕä ǔǄä .ƑǊ 
 dod]8OII[Fe ˣ˹ƴɀïˤ˭ǁä ǘḥǁ. 
 

a) high-spin arrangement  b) low-spin arrangement 

                                                                                     ЬϾПЮϜ ЌУ϶жв ЙтϾмϦ      ϦЬϾПЮϜ ЙУϦϼв ЙтϾм 
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5.5 Derive the inequalities (e.g. P < E1 + E2 + E3) for the pairing energy (P) magnitude in relation 

to energies E1, E2 and E3 for both arrangements. 

æäĀƑ˲˶ǁä ý˕Ƴ çƑƽǘƳ ƛ˭˷˭ƨä (çƑ˰Ɯä̠ ˭˶ǁä)  ɄˮǄ)3E+  2E+  1E<  Pƕ˶˹ƾǁ ( ƕƽƑ˞ǁ  éĀä̆ ˭ǁä)P(  çƑƽƑ˞ǁƑȸ ƕǆîƑƾǄ1E  Û 2E  
Ā 3E ˣ˹ƴɀïˤ˭ǁä ǘḥǁ. 

a) high-spin arrangement:  P  

 ЬϾПЮϜ ЙУϦϼв ЙтϾмϦ       

b) low-spin arrangement:  P 

в ЙтϾмϦЌУ϶ж  ЬϾПЮϜ       

 

5.6 Assuming that P > E3, identify the 1st transition row element(s) whose divalent cation MII placed 

in dodecahedral position is diamagnetic in the low-spin arrangement and paramagnetic in the 

high-spin arrangement. 

 þà ó˗ƻȸ3E>  PüĀǓä ǏǁƑƾ˭ǆǗä ɂ˴ ǁä xǄ (̠ƬƑ˷ƴǁä) ̠˴ ƴ˷ǁä ìĈ̞Ɵ Û IIM Ǐƺ ˑƺƑḥ˭ǁä ǏƏƑ˷ˮǁä ǈǆˤ˹ƗƑḨ ƲƮˤ˭ǐ ɍ˖ǁä à˷ƙǗä þƑḨîǏ 
ǊƜĀ ˗˳Ƴ ăƑ Ǐ˲ ˹̋Ƒ˷ƸǄƑȹäì þʕɚȹ Ǐ˭ǁäĀ  ˜ƻ˱˷˶ǁä ü˘Ƹǁä Āí Ʋɀïˤ˭ǁä ǏƺƻƗ˗˶ǁä ü˘Ƹǁä Āí Ʋɀïˤ˭ǁä Ǐƺ Ǐ˲˹˝Ƒ˷ƸǄäîƑȿĀ.Ʋ 

 

 

 

The figures below show simplified absorption spectra of four coloured minerals ï blood-coloured 

Bohemian garnet, green uvarovite, blue sapphire and yellow-orange citrine. 

 ƕǆˤǂǄ þìƑƴǄ ƲȿîǓ ƕ˞˲ˬǄ òƑ˴˭Ǆä ùƑ˹˝à ǇƑǆìà üƑɚƪǓä ˗ǊˠƗ-  ʕ ˬǁä ɔ˹ƾƴǁä çʕƽƑ˹ǁä Û̠˵ ƢǓä ɔ˹ƾƴǁä ÛɍʕǄ̞ǁä þʕǂǁä Āí Ǐ˶ ǉ˹
ǏǁƑƾƗ̠ˬǁä ̠ƻƬǓä xɀ̠˭ ǁ˲äĀ Ûúîïǔǁä. 
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5.7 Match the spectra with the minerals.   þìƑƴ˶ǁä ƲǄ ùƑ˹˝Ǔä ɔƓƑ˝                                                     

Bohemian garnet:  Sapphire: 

                                                                                        ФϼϾъϜ ϤмЦϝтЮϜ                     :кмϠЮϜ ХтЧЛЮϜсвт

  

 

Uvarovite:  Citrine: 

                                                                                          дтϼϦЂЮϜ                          ϜϼЎ϶ъϜ ХтЧЛЮ

  

 

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

look? 

 ˢƗ äíââ ÞˤƮ îä̠ Ǆà úîïà þʕǂǁä ɍìƑƟ- úîïä) ̠˵ Ƣä-(˗˵ƢäÜ ÝǏ˶˹ǉˤˬǁä ɔ˹ƾƴǁä Ā˕ˬ˹ƨ ɂ˹Ḩ 

Ã RedϼвϲϜ Ã BlueФϼϾϜ   Ã Yellow-orange сЮϝЧϦϼϠ ϼУЊϜ    Ã BlackϸмЂϜ 

 

Ã YellowϼУЊϜ Ã Blue-green ФϼϾϜ-ϼЎ϶Ϝ     Ã Violet сϮЂУжϠ              Ã WhiteЌтϠϜ 

 

Andradite is another garnet mineral; its chemical composition is Ca3Fe2(SiO4)3. A double cation 

substitution ï TiIV for FeIII in the octahedral position and FeIII for SiIV in the tetrahedral position ï gives 

rise to black schorlomite. Its chemical composition can be expressed as  

Ca
  

3[Fe,Ti]
oct 

2 ([Si,Fe]tetO
  

4)
  

3. 

A
b

s
o

rb
a

n
c
e

ɚ(nm)450400 500 600 700650550350300

A
b

s
o

rb
a

n
c
e

ɚ(nm)450400 500 600 700650550350300

ɚ(nm)450400 500 600 700650550350300

A
b

s
o

rb
a

n
c
e

A
b

s
o

rb
a

n
c
e

ɚ(nm)450400 500 600 700650550350300

A B 

C D 
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 ˕ǒåíåï˗ǈǙåAndradite ǑƑƓ˻˸˻ḧǃå Ǌˮ˻Ḫ̇ ƙ .ɖ˻ǀƶǄǃ ˙Ƥà ÿ˗ƶǆ ˦ǋ 3)4(SiO2Fe3Ca èƓǈ˦˻ƙƓḧǄǃ ˥˻ǃå˗ˮ˯ƪå Ɇ˶˲Ȼ .- ˤ˯ǒ ˖˻ơ
 èƓǈ˦ǒå ýå˗ˮ˯ƪåIIIFe   èƓǈ˦ǒƋȺIVTi  ǑƼ ǊƞāǙå Ɨ˻ǈƓ˸˰ǃå ƴƿå˦˸ǃåèƓǈ˦ǒá ý˗ˮ˯˴ƙā IVSi  èƓǈ˦ǒƋȺIIIFe Ɨ˻ƵƓɁ̇ ǃå ƴƿå˦˸ǃå ǑƼ ǊƞāǙå-  
Ǐǃã ɏí˓ǒ Ɠ˸ǆ  ǒ̞Ɠǆ˦ǃï˦ɜƪ í˦ƪá ɖ˻ǀƵ ÿ˦ḧƙschorlomite Ɇɜ˵ǃƓȺ ǑƑƓ˻˸˻ḧǃå ˔˻Ḫ̇ ˯ǃå ˥Ƶ ˙˻ˮƶ˯ǃå ˥ɜ˸Ȼ .

3423 )],([],[ OFeSiTiFeCa
tetoct. 

5.9 Calculate the percentage of SiIV ions in a sample of schorlomite that must be substituted with 

FeIII, if we know that 5% of FeIII ions in octahedral position are substituted with TiIV. 

çƑǆˤǐǓ ƕɀˤ˫˶ǁä ƕˬ˲˷ǁä ˒˲Ɵä IVSi  ˓ǐƑǄˤǁîˤɚ˲ǁä ƕ˷˹Ƴ Ǐƺschorlomite  øƓ ƑǊǁä˕ˬ˭ƨä ˒˯ȹ Ǐ˭ǁäIIIFe Ü  Ƒ˷Ḩ äíâǆ þà ù˗ƴ
5% çƑǆˤǐà ˣǄ IIIFe  øƓ ƑǊǁä˕ˬ˭ƨä ˢƗ ˕ƽ Ǉʕ Ɯˤǁä ƕ˹ǆƑ˶ˮǁä ƲƮäˤǄ ǏƺIVTi 

 

 

 

p =   % 

 

The colour of the mineral is caused by two chromophores: [FeIIIO6]oct and [FeIIIO4]tet. The central ions 

of both chromophores have equal number of unpaired electrons. 

:èåï˦Ƽ˦ǆā̇ḧǃƓȺ çƓ˴˸ǃå Ɨ˻ǈ˦Ǆǃå èƓƵ˦˸ ˱˸ǃå ˥ǆ ˥˻˹ƛå ˥Ƶ ÿ̠ƶ˸ǃå ÿ˦ǃ ʕ˱ ǒ˹ oct]6OIII[Fe   ātet]4OIII[Fe .ǃ Ɨɂ̊ Ḫ̇ ˸ǃå èƓǈ˦ǒǕå ǚḧ
èåï˦Ƽ˦ǆā˙ḧǃå Ɨƞāå̊ ˯˸ǃå ˙˻ƹ èƓǈā˙˯ḧǃǗå ˥ǆ āƓ˴˯ǆ í˗Ƶ Ɠǌǃ. 

5.10 Draw the d-orbitals splitting diagrams for both chromophores and fill in the electrons. 

îäƨб ƢǄБГçäîä˕Ǆ Ǐƺ ƕǂƬƑ˰ǁä ýƑ˲ƾǆǗä çä- d.ˣɀ˗˹ƺˤǄĀ˗ḥǁä ǘḥǁ ƙб ƽб ƗƓ ƲɀïĀäƗţǁǕϽĀƑǆç çäîä˕˶ǁä Ǐƺ. 

[FeIIIO6]oct: [FeIIIO4]tet: 

   

 

 

 

 

 

Tetrahedral field causes a smaller splitting than the octahedral field (ætet = 
4

9
 æoct). Surprisingly for 

the FeIII ion, the energy of the first dïd transition (although very weak) for the octahedral 

chromophore is smaller (11000 cmī1) than for the tetrahedral one (22000 cmī1). 

имϮмЮϜ сКϝϠϼЮϜ ЬϝϮвЮϜ сТ аϝЂЧжъϜ дмЪт ϒЬЦ  сжϝвϪЮϜ ЬϝϮвЮϜ сТ аϝЂЧжъϜ двимϮмЮϜ (ætet = 
4

9
 æoct)  дв . дмтц ϣϠЂжЮϝϠ ϣІкϸЯЮ ϼтϪвЮϜ

IIIFeϒ ̪ ЬмцϜ ЬϝЧϦжъϜ ϣЦϝА дdïd )Ϡ ϣϠЂжЮϝϠ (ϸтϸІЮϜ ϝлУЛЎ дв аОϼЮϝϼмТмвмϼЪЯЮ  сжϝвϪЮϜйϮмцϜ  ϝлжЪЮмϒЬЦ )1īcm 11000 дв ( сТ ШЯϦ

) йϮмъϜ сКϝϠϼЮϜ1īcm 22000.( 

5.11 Calculate the size of pairing energy (P) and the sizes of ȹoct and ȹtet splitting. Assume that the 

pairing energy is equal in both chromophores. 

äƨƟϟ  ƕ˶˹ƽВƕƽƑ äéĀä̆ ˭ǁ) P( çƑǄƑ˲ƾǆǗä ˢ˹ƽĀ octɝ   Ātetɝ  .ˣɀîˤƺˤǄĀ˗ḥǁä ǘḨ Ǐƺ ƕɀĀƑ˲˭Ǆ éĀä̆ ˭ǁää ƕƽƑ˝ þà ó˗˭ƺä . 
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P =  cmī1 

ȹoct =  cmī1 

ȹtet =  cmī1 

  

Synthetic garnet YAG (YttriumAluminiumGarnet), used in optoelectronics, has the composition 

of Y3Al5O12. Its structure is derived from the general garnet structure A3B2(SiO4)3 by placing the ions 

YIII and AlIII to the A, B and Si positions. 

ǑƵƓ˹˶ǃå ɖ˻ǀƶǃå YAG )YttriumAluminiumGarnet( ˔˻Ḫ̇ ˯ǃå āî ÜƗ˻Ƒ˦˷ǃå èƓ˻ǈā˙˯ḧǃǗå ǑƼ þ˗˳˯˴˸ǃå Ü12O5Al3Y å . ɖ˯Ƭ
þƓƶǃå ɖ˻ǀƶǃå ˔˻Ḫ̇ ƙ ˥ǆ Ǌˮ˻Ḫ̇ ƙ  3)4(SiO2B3A èƓǈ˦ǒǕå ƴưā ɖɂ̇ ˟ ˥Ƶ IIIY ā IIIAl ƴưå˦˸ǃå ˗˹Ƶ A ā B āSi . 

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

position. 
Ɨ˻ǃƓ˯ǃå ƴưå˦˸ǃå ˥ǆ ƴư˦ǆ ɏá Ɇƺ˵Ȼ ÿ˦ƙ˻ƓḪ ɏá í̠ơ ÜƗ˻ˮ˴˹ǃå ïƓɣƿǙå úƓ˶ǈƋȺ xƼ˯̇ƶǆ ǏǄƵ ßƓ˹ƕ. 

A:  B: Si: 

 

5.13 For the use in LED technology, YAG is doped with CeIII. Determine the values of x and y in the 

formula of YAG in which 5% of yttrium atoms are substituted with cerium. 

Ɨ˻˹ǀƙ ǑƼ þå˗˳˯ƪǙå Ɇƞå ˥ǆ LEDþƓ˲ƿå ˤ˯ǒ Ü YAG  ÿ˦ǒƋȺIIICeíĉ̠ơ . ˤ˻ƿ x ā y Ɨƺ˻Ʈ ǑƼ YAG  ýå˗ˮ˯ƪå ˤ˯ǒ ˖˻ơ5%  ˥ǆ
þ˦ɂ̇ ˻˴ǃƓȺ þ˦ɂ̇ ˯ǒǗå èåïî. 

 

YxCeyAl5O12 

 

 

x = y = 
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If you donôt get result, use x = 2,25 ,y=0.75 

 аϸ϶ϦЂϜ ϣϮтϦжЮϜ пЯК ЬмЊϲЮϜ дв дЪвϦϦ аЮ ϜϺϖx = 2,25 мy=0.75. 

5.14 The CeIII-doped YAG is prepared by annealing the mixture of Y2O3, Al2O3 and CeO2 in H2 

atmosphere. Use the formula from 5.13, write down a balanced equation for this reaction with 

the smallest whole-number stoichiometric coefficients. 

øǁä ˗˹˵˰Ɨ ˢ˭ǐ YAG øǁƑȸ ƕ˶˰ƾ˶ǁä IIICe  Ɉ˹ǂƢ (ÞǏ˞ˬǁä ˣ˹˱˲˭ǁä) ˣǐ˕ǂƗ ɔɀ˗˝ ˣƳ3O2Y  Ā 3O2Al  Ā 2CeO  ˣǄ ˤƜ Ǐƺ
2H.  ý˕˱˭ƨä ˣǄ ƕƸ˹˴ǁä5.13ƕ˰˹˰Ƭ ìä˕ƳƉȸ çǘǄƑƴǄ ˗ƸƬà ýä˕˱˭ƨƑȸ ɄƳƑƻ˭ǁä ä˖Ǌǁ ƕǆĀïˤǄ ƕǁìƑƴǄ ˒˭ǀä Û. 
 

 

 

 

 

 

 

 

 

 

 

 

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 fïf energy 

transitions of selected rare-earths ions are shown. 

˔˻Ḫ̇ ƙ þƓ˲ƿå ˗˹ƵYAG ǆ˥ ëāå̇˯ƙ Ɨ˻ƛƓƶˮǈå Ɨ˻ƞ˦ǆ ýå˦˟á èåî ï̊ǃ˻ ƗƶƬá êƓ˯ǈã ˥ǆ ˥Ċɜ˸Ȼ çïíƓ˹ǃå Ɨ˻ưïǕå èƓǈ˦ǒǕå þå̠˳ ƪ˯ƓȺ ƶƬǕå Ɨ
UV   Ɨǀˠ˹ǆ Ʉ˶˯˹ǆ ǏǃãIRƗƿƓˠǄǃ Ɨˠ˴ˮǆ èǙƓǀ˯ǈå ô̇ Ƶ ˤ˯ǒ ÜǉƓǈíá Ɋˠ˳˸ǃå ǑƼ . f Ĳ f Ɨ˻ưïǕå èƓǈ˦ǒǕå ˞ƶˮǃ çïƓ˯˳˸ǃå çïíƓ˹ǃå. 
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5.15 Which cation has a transition which corresponds to blue light emission. 

 úîïǓä Þʕ˵ ǁä èƑƴˬǆä ƲǄ ɔƺäʕ˭ǐ ɍ̟ǁä üƑƾ˭ǆǗä ǈȹ̞ǁ þʕ Ɨ˹ƑḨ ɍà. 

Ã Er3+ Ã Sm3+ Ã Tm3+ Ã Pr3+ 

Ã Yb3+ Ã Nd3+ Ã Tb3+ 

5.16 Calculate the emission wavelength of this light. 

ϜЃϲ ϞнВ Ьнв ϣϮϜϝЛϡжъϨ ϼϜϸЊшϜ мϒ ϜϝϷЮ ЈϻлϠϜ ϜнЏЮ ̭

 

 

ɚ =   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. 

æîˤ˞ƨǓ ƑƾƺĀÜ ǈ˭ǂƟî ÞƑ˷ƙà æÞƑƮǖǁ ɔ˹ƾƴǁä ˗˯Ɵ ˣǄ Ƒ˴Ƴ êʕ ǆ ý˕˱˭ƨäÜ  Ā þʕǁ ìĈ̞Ɵ ÛɈƾƺ ǏƏʕ˵ ǁä ̠˹ƙƉ˭ǁä óä̠˭ƺƑȿƮ î˘˹ǂǁä Þˤ
.ý̞ǁä þʕǁ Āí Ǐ˶ ǉ˹ˬʕǁä ɔ˹ƾƴǁä ʕǉ ̠˯ ǁ˰ä þƑḨ äíâ ǇƑ˴Ƴ xǄ ̝ƴˬ˷ ǁ˶ä 

Ã RedϼвϲϜ Ã BlueФϼϾϜ   Ã Yellow-orange сЮϝЧϦϼϠ ϼУЊϜ    Ã BlackϸмЂϜ 

 

Ã YellowϼУЊϜ Ã Blue-green ФϼϾϜ-ϼЎ϶Ϝ     Ã Violet сϮЂУжϠ              Ã WhiteЌтϠϜ 
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Theoretical 

Problem 6 

Question 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 Total 

Points 18 4 8 3 4 12 16 3 68 

7% of the total Score          

Problem 6. Let's go mushrooming ϼмАУЮϝϠ ХвЛϦЮϜ 

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). 

 xǄ îʕ ƻ˞ǁä ̞ƴăƗƲ˹Ʈäˤ˶ǁä ƕƴ˭˶˶ǁä Ƒ˹ǀƑƺˤǂƨĀ ˡ˹˳˭ǁä ǏƺÛ  Ǐƺ ˗˞ƻǁä öäˤǆà ˜ƴȸˣǐ˕ǂˬǁä ƑǊ˵ƴȿĀ Û Ʉǀǔǁ ƕ˰ǁƑƬ  ƞǁƑƬ ˗˹Ʒ
 ăȹ .ƕǄƑƨ Ǎ˭Ɵ Āà Ʉǀǔǁƴ  ˗˞ƺ ˗ˬ˭Coprinopsis atramentaria  ǐ̞ Ǐƴ˷Ƭ ˒Ḩ̠Ǆ ǍǂƳ ɍʕ˭˰ȹ ̝ Ɵ˹  æ̟ǐ̟ǂǁä îʕ ƻ˞ǁä xǄ ǍƳ

 ˣɀîƑȿˤḥǁäE   ˣǄ ǈƴ˹˷˴Ɨ  ˣɚ˶ȹ ɍ˖ǁäethyl 3- chloropropanoate ) ˒Ḩ˗˶ǁä (1 

 

6.1 Draw the formulae of compounds AïE including stereochemistry when necessary. Hint: The first 

reaction affording compound A proceeds via an organometallic compound which then cyclizes. 

 ˣǄ çƑˬḨ̠ ˶ǁä ˢƨîä A    Ǎǁâ  E  ɄƳƑƻ˭ǁä è̞ ȹ˰ :ƕɣƟǘǄ ÛăƑɀîĀ̠Ʈ lǁí þʕɚȹ Ƒ˶˷Ƴ ǏƷä̠ƻǁä Ʉɚ˳ǁƑȸ ä ƛ˭˷ǐ ɍ˖ǁä üĀǓä˒Ḩ̠ ˶ǁ A  ˗ˬƳ
 ˒Ḩ̠ Ǆ ɍʕ Ƴ˵Ǐǆ˕ƴǄ .ǈǁ ɔǂ˰Ɨ ƕ˹ǂ˶Ƴ è˕˰ȹ ˢƙ 

A 

 

B 

 

C 
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D 

 

E 

 

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. 

 è˕˰ȹ ɄƢäì ˢ˲ƜþƑ˲ǆǕä  ˒Ḩ˗˶ǁä ÞƑ˞ƳǕ ˣɀîƑȿˤḥǂǁ ƕǊ˶ǂƟ ƕ˹ǂ˶Ƴ3 L- glutamic acid ˬḨ˗˶ǂǁ ƕƺƑƮâ ˣ˹C  Ā4  Ƒ˶ǉĀ
þǗˑ ˲˶ǁä  ˣɀîƑȿˤḥǂǁ æîƑ˵ǁä ƕ˹ˬǆƑ˯ǁä îƑƙǑä ˣƳǁ ƕƺƑƮâ ˢɀ˘ǆä Ɉ˹ˬˮ˭acetaldehyde dehydrogenase  ˢǉƑ˲ȹ ɍ˖ǁäĀ  Ǐƺ

 .üˤƸǁä åǘƾ˭ƨä ƕ˹ǂ˶ƳɄ˶ƴȹ  ä˖ǉ ˢɀ˘ǆǓäǉ˕ǁà ˓ƨà ˢǀä̠ ˭ǁ ˢɀ˘ǆǕä Ɉ˹ˬˮƗ ɍìˑ˹˹ƨ ˡǁ˖ǁ Û˕˹ǉ˕ǁà ˓˹ƨà Ʉ˹ɚ˳Ɨ ǍǂƳ ˢ˲˯ǁä Ǐƺ ˕˹
 ̠˹ƙƉƗ) ƕǁƑ˶ƙĀ ƕɀʕƽ óä̠Ƴà ăƑˬ˲ˬ Ǆantabuse ǍǂƳ sɀ̆ǆǓä xǄ üƑƴƻǁä ƲƮʕ ǁ˶ä ɍʕ˭˰ȹ (cysteine   æ̠ Ǆï ˣ˹˭˲˹˲ǁäSH   Ā Ǐ˭ǁä

 ˒Ḩ˗˶ǁƑȸ ƑǄâ ƑǊƺƑƾȹä ˢ˭ǐC  ˒Ḩ˗˶ǁä Āà4.  

 

 

Enzyme = acetaldehyde dehydrogenase 

6.2 Using the pictogram for acetaldehyde dehydrogenase above, draw the structure F of the 

enzyme inhibited by compound 4. 

  ̮Ю ХϠϝЂЮϜ АА϶вЮϜ двacetaldehyde dehydrogenase ϣтжϠЮϜ аЂϼϜ ̪F   ϞЪϼвЮϝϠ АϠϪвЮϜ атϾжчЮ4 
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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. 

 ̮ЮϜ ϼтϪϓϦ ЬЊϲantabuse  ϞЪϼвЮϜ дв аЂшϜ ϜϺк пЯКantabuse 5  вЮϜ ̭ϜмϸЮϜ мϒ ϼϝЧЛЮϜ мкмЛ дϝвϸϖ ϬыК сТ Рмϼ

:сϦфϜ АА϶вЯЮ ϝЧТм ̭ϜмϸЮϜ ϜϺк ЙтжЊϦ дЪвт .ЬмϲЪЮϜ 

 

 
6.3 Draw the formulae of compounds G and H. Hint: Compound H contains five carbon atoms. 

 дϝϠЪϼвЮϜ аЂϼϜG  мH   ϞЪϼвЮϜ рмϦϲт :ϣДмϲЯв)H  (дмϠϼЪ ϤϜϼϺ Ѐв϶ пЯК 

G 

 

H 

 

 

 

 

 

 

 

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

 ɂƪäˤḥǁä Ʋ˹˶Ɯ ˗˭Ƣä ˒Ḩ˗˶ǁä þƑɚǄ ƑǊǁƑ˶ƴ˭ƨä ˣɚ˶˶ǁäI ɔƓƑ˲ǁä Ɉ˞˱˶ǁä Ǐƺ îˤḨ˖˶ǁä  .ƕ˹ƗǑä ƕ˶ƏƑƾǁä ˣǄ 

 

F 
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ἦ m-chloroperbenzoic acid (mCPBA) ἦ diluted H2O2   

ἦ Zn/CH3COOH ἦ NaBH4 

ἦ I2 ἦ hot concentrated H2SO4 

ἦ K2CO3, H2O ἦ AlCl3 

 

The way antabuse inhibits acetaldehyde dehydrogenase is similar to the effect of compounds 

C and 4. 

 ̮ЮϜ  АтϠϪϦ  ϣЧтϼА дϖantabuse   ̮ЯЮacetaldehyde dehydrogenase  дтϠЪϼвЮϜ ϼтϪϓϦЮ ̯ϝлϠϝІвC   м4 

 

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 

дв ̯ϜϸтУϦЂв иыКϒ сАтА϶ϦЮϜ аЂϼЮϜ    ̮Юacetaldehyde dehydrogenaseϠ аЂϼϜ ̪ϣтж ϞЪϼвЮϜ  J    атϾжчЮ  ̮Ϡ АϠϪвЮϜ

antabuse 5   ϤϜϼϺ ϨыϪ ϸϮмт :ϣДϲыв :ϤтϼϠЪ ϣтжϠЮϝϠ 

 

 

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): 

˗Ƣß ˗˞ƺ ýƑ˶˭ǉǘǁ ˗˹ˮǄ ǍƳ˕ǐ ( Gyromitra esculenta)  .  ƑǊǆà ˣǄ ˢƷ̠ ǁä ǍǂƳɄǀǔǁ ƕ˰ǁƑƬ ˗ˬ˭ƴƗ ˓ǆƑḨ ǏƮƑ˶ǁä Ǐƺ 
 Ǐ˷˹ƗǘǁƑȸ Ʉǀǔǁ ƕ˰ǁƑƬ) esculentus  (  ǍǂƳ ǈƏäˤ˭Ɵâ ˒ˬ˲ȸ ýƑƨ ˗˞ƻǁä ä˖ǉ þà ǍǂƳ ƕ˰ƮäĀ ƕǁìà ûƑ˷ǉ ˣḥǁ gyromitrin 

 ) M (  ÛˣǄ Ǐƴ˹ˬ˞ǁä ˒Ḩ˗˶ǁä ä˖ǉ ˗˹˵˰Ɨ ˣɚ˶ȹ methylhydrazine-N )6( 

J 
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6.6 Draw the formulae of compounds KïM. 

 ϤϝϠЪϼвЮϜ НтЊ аЂϼϜK-M 

K 

 

L 

 

M 

 

 

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. 

йвЯϲϦт   ϞЪϼвЮϜ дϝЂжшϜ аЂϮ сТgyromitrin (M)  ϞЪϼвЮϜ пЯК ЬмЊϲЯЮN-methylhydrazine (6)    ̯ϝвϝЂ ϸЛт рϺЮϜ

 йвЯϲϦт .ϸϠЪЯЮgyromitrin (M) цϜ сϦϼвϾЮ ϣлвЯϲ ШЮϺ ϣϮтϦж Ϩϸϲтм ϢϸЛвЯЮ сЎвϲЮϜ АЂмЮϜ сТ йЮм϶ϸ ЬϝϲдтвтцϜм ϸтв 

Let us focus on the hydrolysis of the amide moiety within the gyromitrin molecule. The vibrational 

wavenumber of the stretching mode of the relevant CīN bond amounts to 1 293.0 cmī1 and the 

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

 ̮ЮϜ ϣϚтϾϮ двЎ ϸтвцϜ ϢϼвϾ ϣлвЯϲ пЯК ϾЪϼж ϝжКϸgyromitrin  ϣтАϝАϦвϜ ϼлДϦ .  ϣАϠϜϼЮϜ ϾϜϾϦкϜN-C К сϮмвЮϜ ϸϸЛЮϜ ϸж

1293 аЂ-1  ϼтПϦт ъ ϣЦϝАЮϜ дмвЪ ϱАЂ дϒм йЯЪІтмжЛвϝ .ϼϚϝДжЮϜ ЬϸϝϠϦ ϼтϪϓϦ двЎ 

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, 14N with the 15N isotope and 12C with the 13C 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. 

 ˒˲Ɵà ăƑɀ̠ɣǆ àǏḨ˗Ɵ ˗˹ƙƉƗ ǍǂƳ  ˣɚ˶Ǆ ˢ˲˯ǁä æîä̠ Ɵ ƕƜîì ˕˷Ƴ ˗˹ˠ˷ǂǁ37 °C  ăƑƮ̠ ƻ˭Ǆ Ǎ˞ƴ˶ǁä ƕǊ˶ǂ˰ǁä ɄƳƑƻ˭ǁƬ ìˤƜĀ ˣ˹Ɠ ƕǂ
  ̠˹ˠ˷ǂǁ Ǐǆß  üä̞˭ˬƨä ɍà ˓ƽʕǁä ̇ƻǆ Ǐƺ üìƑˬ˭ǁä ä̟ǉ èĀ̞ƟĀ x˹ƜĀ̠˭˷ǁäĀ þʕȿ̠ḥǁä ǏƗîíN14   øƓN15   ˗˹ˠ˷ǁäĀ ĀC21  øƓC13 ˖Ƣ.

í Ɉƾƺ îƑˬ˭ƳǗä ˣ˹ƴȸ ˡǁ çä̠ ˹ƙƉƗ ƕɀˤƨǁä Ʉ˭ḥǁä þà óä̠ ˭ƺä ƲǄ ƕƳ̠ ˲ǁä ˓ƓƑƙĀ ƕɀ˗ƻ˴ǁä ƕɀïä̆ ˭ǉǗä ƕƽƑ˞ǁä˶˯ǁ ƕ˹ǁˤ ìä˕Ƴà ˗ƏƑˠ˷ǁä Ʋ˹˶
ƕɀˤ˷ƴǄ ýƑƽîà ˙˶˱ȸ ˡ˭ƓƑƜâ ɈƳà Ûƕ˰˹˰Ƭ ƕƾƟǘǁä çäˤ˞˱ǁä Ʋ˹˶Ɯ Ǐƺ 
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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? 

 ϼтϪϓϦ ϸϮмт ъ ̪ϼϚϝДжЮϜ ϤϜϼтПϦ ϣЂϜϼϸ ϸЛϠалв КϝУϦЮϜ ϣКϼЂ ϸϸϲϦ сϦЮϜ ϢмА϶ЮϜ ск ϝвТ ϣлвЯϲЮϜ ϣКϼЂЮЬ 

ἦ Nucleophilic attack of water on a protonated amidic moiety 

ἦ CīN bond cleavage 

ἦ Protonation of the gyromitrin molecule 
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Theoretical 

Problem 7 

Question 7.1 7.2 7.3 7.4 7.5 7.6 Total 

Points 10 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. 

ϞЪϼвЮϜ ϼЎϲ̯ Cidofovir (1) ϝтЪϝТмЯЂмЪтІϦ дв сЮмк ϼмЂТмϼϠЮϜ ЬвК ХтϼТ ЬϠЦ дв ̯ϝЧϠϝЂмкм ϞЪϼв йтϠІϠϤϜϸтϦмтЯЪжЮϝ 

 ϣϠЂϦЪвЮϜ ϣКϝжвЮϜ ЈЧж ЌϜϼвϒ ϣϮЮϝЛвЮ сЂмϼтТ ̭Ϝмϸ ϸЛϠϝвтТ ЬвЛϦЂϜм ϤϝЂмϼтУЯЮ ϢϸϝЎв ϣтЮϝЛТ ЙвAIDS  

 

 

 

The key intermediate in the synthesis of cidofovir is optically pure diol 2, which can be prepared from 

L-mannitol (3). 

ϼтЎϲϦ дЪвт  ϢϸϝвЮϜϣтϼкмϮЮϜ ϣтАЂмЮϜ  ϢϸϝвЮϜ)2(  ϼтЎϲϦЮ  ϣвϾыЮϜcidofovir    ϢϸϝвЮϜ двL-mannitol (3) 
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7.1 Draw the structures of compounds AïD, including stereochemistry. One molecule of A 

produces two molecules of B. . 

 ϤϝϠЪϼвЮϜ пжϠ аЂϼϒA-D  Ϡ ЬЪІЮϝϨтϲ сОϜϼУЮϜ  ϞЪϼвЮϜ дв ϸϲϜм ̭рϾϮA  дтϚтϾϮ сАЛт ϞЪϼвЮϜ дв B 

A                                                    C12H22O6 

 

B 
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C D 

 

7.2 Draw the structural formulae of all alternative stereoisomers of compound 3 which could be 

used in the same reaction sequence to afford only the same product 2. 

ϣтмжϠЮϜ НтЊЮϜ аЂϼϒ  ϞЪϼвЯЮ ϣжЪввЮϜ ϣтОϜϼУЮϜ  ϤϝϠЪϼвЮϜ ЙтвϮЮ(3) КϝУϦЮϜ сТ ЬвЛϦЂϦ дϒ дЪвт сϦЮϜм ϤыϣЧϲыЮϜ  пЯК ЬмЊϲЯЮ

 ϞЪϼвЮϜ(2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 ϞЪϼвЮϜ пЯК ЬмЊϲЯЮ ϣЧϲъ ЬтϸЛϦ ϣтЯвК ЬЊϲтI  ϞЪϼв ЬвЛϦЂϜ .phosphonate 4 мϲϦЮϞЪϼвЮϜ Ьт F   пЮϖG  м рϺЮϜ

 ̯ϝЧϲъ йϦІЦϝжв аϦтЂ 
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7.3 Draw the structures of compounds EïI, including stereochemistry. Use the abbreviation MMT 

for the (4-methoxyphenyl)diphenylmethyl group. 

 ϤϝϠЪϼвЮϜ пжϠ аЂϼϜE-I  ЮϜ ЬвЛϦЂϜ , сОϜϼУЮϜ ЬЪІЮϝϠв ϱЯАЊMMT  ЮϜ пЯК ЬϜϸЮϜ ϢϼвϾ(4-methoxyphenyl)diphenylmethyl 

The same scheme as on the previous page, for 

easier orientation 

 

E                                                  C30H30O4 

 

F G 

H 

 

I                                               C16H27O8PS 
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Phosphonate 4 can be prepared according to the following scheme: 

 ϼтЎϲϦ дЪвтPhosphonate 4 сϦфϜ АА϶вЮϜ ХТм: 

 

7.4 Draw the structures of compounds JïL. 

 ϤϝϠЪϼвЮϜ пжϠ аЂϼϒJ-L 

J 

 

K 

L 

 

 

 

The reaction of I (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 



  SYR-1 
INTERNATIONAL CHEMISTRY OLYMPIAD / SLOVAKIA & CZECH REPUBLIC, 2018 

Ϝ ϼϝϠϦ϶ъϜϣтвЂϼЮϜ ϣтϼмЂЮϜ ϣтϠϼЛЮϜ ϣ϶ЂжЮϜ ̪рϼДжЮ  55 

 
 

hydroxide on carbon leads to compound O. The phosphonic ester moiety in compound O reacts with 

bromotrimethylsilane to provide cidofovir (1). 

 ϞЪϼвЮϜ ЬКϝУϦ рϸϔтI  ЬϜϔЂЮϜ дв)7.3(  ϣϠЂжϠ рϼтвмϾтϜ ϭтϾв пЯК ЬмЊϲЯЮ дтϾмϦтЂЮϜ Йв1:3 тϠЪϼвЮϜ дв дM   мN  пЯК

ϞтϦϼϦЮϜ ХЧϲϦЮϜм дтϠЪϼвЮϜ дтϺк ЬтЪІϦ алТ дЪвт .ϸмϮм дв  дтϾмϦтЂЮϜ5 Ьы϶ дв ЬтЪІϦ  рϼАК ϼтвмϦмϦЮ ϞЪϼвЯP  рϸϔт .

 ϞЪϼвЮϜ ЬКϝУϦM  Йвcyclohexa-1,4-diene  ϞЪϼвЮϜ пЯК ЬмЊϲЯЮ дмϠϼЪ/амтϸыϠЮϜ ϸтЂЪмϼϸткмO  ϣКмвϮв ЬКϝУϦϦ .

 ϼϦЂшϜ ШтжмУЂмТ ϢϸмϮмвЮϜ ϞЪϼвЮϜ сТO   Йвbromotrimethylsilane  ̭ϝАКшcidofovir (1) 

 

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. 

 дтϼтвмϾтцϜ пжϠ аЂϼϒM  мN   ϞЪϼвЮϜмO  рϼАЛЮϜ ϼтвмϦмϦЮϜ ШЮϺ сТ ϝвϠ сОϜϼУЮϜ ЬЪІЮϝϠP   дтϾмϦтЂЯЮ(5) .дϖ  ЬмϲϦM  

 пЮϖO  ϢϼϝϠК дКϣтϝвϲЮϜ ϣКмвϮв ϣЮϜϾϖ 

M (75%) 

 

N (25%) 
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O 

 

P 

 

 

7.6 Draw the structures of the two simple organic side products Q and R formed during the 

conversion of M to O. 

 дтϠЪϼвЯЮ ϣАтЂϠЮϜ ϣтϼАЛЮϜ ϣтмжϝϪЮϜ пжϠЮϜ аЂϼϜQ   мR  ϣЯЪІϦвЮϜ  ϞЪϼвЮϜ ЬмϲϦ Ьы϶M  ϞЪϼвЮϜ пЮϖO 

Q                                from cyclohexadiene 
 

R                          from the protecting group 
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Problem 8. Caryopyllene дтЯтТмтϼϝЪЮϜ 

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. 

b-Caryophyllene (3)  мк ϣКмвϮв пЮϖ свϦжт сЛтϠА ϞЪϼв sesquiterpenelv  ЬУжϼЧЮϜ ϢϼϮІ сТ ϸмϮмв мкм

тЯЧϦЮϜ ϣтЪϝТмЯЂЮϜм ϣтЪтІϦЮϜ ϤϝϦϝϠжЮϜ ЌЛϠ сТмϼтПЊЮϜ дмТϾтϾЮϜ мϒ ЈУЧЮϜ ϤϝϠж ЬϪв ̪ϣтϸ. 

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. 

ЮϜ ϼтЎϲϦ ϒϸϠт ̮b-caryophyllene  )3 ( сϚмЎ ϞЪϝвϦв двϸтϲм dienone A   Ϩтϲ ЬКϝУϦтA  Йвsilyl ketene 

acetal  )1 ( ϣтЯвК ϝлтЯϦ ИϝϮϼϜϢϼІϝϠв ш сϚϝв АЂмϠ дмϦтЪЮϜ ̭ϝАК2 . Йв ЬКϝУϦ пЮϖ сАЂмЮϜ ϞЪϼвЮϜ ϜϺк ЙЎ϶т ϸтϼмЯЪ

) ЬтЂмϦЮϜTsCl( ̭ϝАКш̪B̭ϝАКш рмЯЦ АЂмϠ ХЯϲϦ ϣтЯвК ϨϸϲϦ . C ЬКϝУϦт ̯Ϝϼт϶ϒм .C  ЙвD    ̭ϝАКш

b-caryophyllene   )3( 

  

Theoretical 

Problem 8 
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Points 14 14 2 16 6 8 9 6 75 

9% of the total Score          
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8.1 Draw the structures of compounds AïD, including the appropriate stereochemistry. Hint: In 

transformation A Ÿ 2, the silyl ketene acetal acts as a nucleophile. 

 НтЊЮϜ аЂϼϜϣтмжϠЮϜ  ϤϝϠЪϼвЯЮA -D .ϞЂϝжвЮϜ сОϜϼУЮϜ ЬЪІЮϜ ШЮϺ сТ ϝвϠ ̪дв ЬϝЧϦжшϜ ϸжК :ϣДϲыв A Ŷ 2 ̪ ЬвЛт

ЮϜ̮silyl ketene acetal ЬтТмЯЪтжЪ. 

A C10H14O B 

C D 
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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: 

оϸϲϖ ϞЛЯϦ  сТ ϣтϚϝжϪЮϜ АϠϜмϼЮϜ2  сТ ШЮϺЪм3 ЬтЪІϦ  ЀжϜϼϦ иϺкмϣЮϝЧЂЮϜ )scaffold( йтТ ϝвϠ ϢϼЧϦЂв  аϮϲ ϞϠЂϠ ϣтϝУЪЮϜ

ϼтϠЪЮϜ ϣЧЯϲЮϜ. trans-Cyclooctene (4) ϾвЮϜ ϣАϠϜϼЮϜ ϞКмϦЂϦ дϒ дЪвт ϣЧЯϲ ϼПЊϒ ск ϝкϼтЎϲϦ дЪвт .ЀжϜϼϦ ϣϮмϸ

:сЮϝϦЮϜ АА϶вЯЮ ϝЧТм 

 

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. 

 НтЊЮϜ аЂϼϜϣтЯЪтлЮϜ мϒ ϣтмтжϠЮϜ  РІϝЪЯЮE  дттАЂмЮϜ дтϠЪϼвЮϜ мF  мG вϠϜ сОϜϼУЮϜ ЬЪІЮϜ ШЮϺ сТ ϝЂϝжвЮϞ 

 ϣвыК ЙЎЮ̮ F  мG сТ сОϜϼУЮϜ ЬЪІЮϜ пЮϖ ϼтІт рϺЮϜ ЙϠϼвЮϜ ЬЊϝϲЮϜ 

E 
F 

 

 

 

 

 

ἦ achiral 

ἦ single enantiomer 

ἦ racemic mixture 

ἦ mixture of diastereoisomers 
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G 

 

 

 

 

 

ἦ achiral 

ἦ single enantiomer 

ἦ racemic mixture 

ἦ mixture of diastereoisomers 

 

 

8.3 Draw the structure of the enantiomer of cycloalkene 4. 

 ϣПтЊЮϜ аЂϼϜϣтмжϠЮϜ Ю сϚмЎЮϜ ϞЪϝвϦвЯЮ ̮cycloalkene 4 

 

 

 

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. 

дϝϦАϠϜϼЮϜ дϝϦтϚϝжϪЮϜ  сТb-caryophyllene  ϝлЮϣтЮϝЛТ  сТ ϣтϚϝжϪЮϜ ϣАϠϜϼЮϜ :ϣУЯϦ϶вϜ) ϣЧЯϲЮendocyclic ϼϪЪϒ (ϣтЮϝЛТ 

) ϣЧЯϲЮϜ Ϭϼϝ϶ оϼ϶цϜ двexocyclic ϸϝлϮшϜ ϞϠЂϠ (пЯК .ϣЧЯϲЮϜ 
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8.4 Draw the structures of compounds Ha + Hb, I and Ja + Jb, including the appropriate 

stereochemistry. Hint: Ha + Hb and Ja + Jb are pairs of diastereomers. 

 НтЊЮϜ аЂϼϜϣтмжϠЮϜ  ϤϝϠЪϼвЯЮHa + Hb   мI  мJa + Jb  .ϞЂϝжвЮϜ сОϜϼУЮϜ ЬЪІЮϜ ШЮϺ сТ ϝвϠ:ϣДϲыв Ha + Hb  мJa + 

Jb ϝвк дϝОмϝЊв .(дϝтϚмЎ ϼтО дϝϠЪϝвϦв) 

Ha + Hb 
 

I 
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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). 

 дϒ ̪аϝвϦкыЮ ϼтϪвЮϜ двмϣтЮϝЛТ ЀЪЛжϦ ϣтϚϝжϪЮϜ дтϦАϠϜϼЮϜ ϞЯЧжϦ мϒ  аϸ϶ϦЂт ϝвϸжКisocaryophyllene (5)  дв ъϸϠb-

caryophyllene (3). 

 

8.5 Draw the structures of compounds Ka and Kb. Hint: Ka + Kb are a pair of diastereomers. 

 НтЊЮϜ аЂϼϜϣтмжϠЮϜ  ϤϝϠЪϼвЯЮKa  мKb . :ϣДϲывKa + Kb  ϝвкϣтϼтϦЂϝтϸ (дϝтϚмЎ ϼтО дϝϠЪϝвϦв) 

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. 

 

 дв ХЧϲϦЯЮ двϪϠ ϼϸЧϦ ъ ϤϜмϸϒ ск ϼϚϝДжЮϝϠ ϣвмЂмв ϤϝϠЪϼвЮϜϣтЮϐ  ϣПтЊЮϜ ϸтϸϲϦм ̪ЬКϝУϦЮϜϣтмжϠЮϜ ̪м  ϣтТϝтАв ϣЯϦЪЮϜ дтжϼЮϜм

рммжЮϜ сЂтАϝжПвЮϜ NMR ϼДжж ϝжКϸ .ИϝжАЊъ Ю ϣвмЂмвЮϜ ϼϚϝДжЮϜ ЌЛϠ ̮b-caryophyllene.  

 

 

 

8.6 Draw the structures of compounds L and M including the appropriate stereochemistry. 

 аЂϼϜпжϠ НтЊ дтϠЪϼвЮϜ L  м M ϝвлЮ ϣтОϜϼУЮϜ ̭ϝтвтЪЮϜ ϢϝКϜϼв Йв (ϣтОϜϼУЮϜ НтЊЮϜ). 

L 

 

M                                               C14H20D2O 

 

 

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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ЙЎ϶т  b-Caryophyllene  )3Ю ( ϣтЯвЛм ЌвϲЮϝϠ ϢϾУϲв ХЯϲϦ сϦЮϜϝлжК ϭϦжт ϭтϾв  дв ϸЧЛвϜϭϦϜмжЮ.  ̪ϝвлжтϠ дтϠ дв

ϣтϼтϦЂϝтϸЮϜ ϬϜмϾцϜ ШЯϦ Na + Nb  мϼтϦЂϝтϸЮϜм 7a + 7b м .ϢϼТм ϼϪЪцϜ ск ϒϸϠт ϣжϦϼϠ Йв ЬКϝУϦЮϜЮЯ ϣϮмϸϾвЮϜ ϣАϠϜϼ

 ϼϪЪцϜ ϣтЯ϶ϜϸЮϜϣтЮϝЛТ  дмтϦϝЪЮϜ сАЛϦЮOϜ Ϩϸϲт  . дмϸϠ ХЯϲϦЮатАϲϦ дмϠϼЪЮϜ дтϠ ϣтϸϝϲцϜ ϣАϠϜϼЮϜ ï  ϤϝжмтϦϝЪ ϬϝϦжш дмϠϼЪЮϜ

ϣтϼтϦЂϝтϸ  ϤϝЧЯϲЮϜ ϣтϪыϪPa  мPb дϜϺЯЮϜ ̪ дϝЛЎ϶тϣкϝвщЮ  ̭ϝАКшЬмПЮϜ  ϞмЯАвЮϜNa  мNb .дК ̯ϝЎмК  аϦт ШЮϺ Ϝ ϢϸϝК

Ю ϞтϦϼϦ ϤϝжмтϦϝЪЯPa  мPb  дмϠϼЪ ϣтϸϝϲцϜ ϣАϠϜϼЮϜ ϼЂЪ Йвï  дтжмтϦϝЪЮϜ пЮϖ дмϠϼЪQa  мQbϦ сϦЮϜм ̪ ЬмϲϦИϾжϠ  дмϦмϼϠЮϜ

дв 7a   м7b  . 

 

 

 

 

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

including the appropriate stereochemistry. 

 

 НтЊЮϜ аЂϼϜϣтмжϠЮϜ  ϣтАЂмЮϜ ϤϝϠЪϼвЯЮO, Pa, Qa ЮϜ ϞЪϝвϦвЮϜ пЮϖ рϸϔϦ сϦЮϜм) рϼтϦЂϝтϸсϚмЎ ϼтО( 7a.  ϢϝКϜϼв Йв

.ϤϝϠЪϼвЮϜ иϺлЮ ϣтОϜϼУЮϜ НтЊЮϜ 

O  Pa 
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Qa  

8.8 Draw the structures of diastereomers Na + Nb. 

 

 НтЊЮϜ аЂϼϜ дϝϠЪϝвϦвЯЮ ϣтмжϠЮϜ ϼтОЮϜ) дϝтϚмЎϣтϼтϦЂϝтϸЮϜ (Na + Nb. 

Na + Nb                                                                                                                     C15H26O 

 

 

 

 

 

 

 

 

 


