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General instructions                                                                                            حعيٍمبث عبمت 

 This theoretical exam booklet contains 73 pages. 

 .طلؾخ ٣73ؾز١ٞ ًز٤ت الآزؾبٕ اُ٘ظش١ ػ٠ِ 

 You may begin writing as soon as the Start command is given. 

 .Start ك٢ اٌُزبثخ ثٔغشد إػطبء الأٓش اُجذء٣ٌٔ٘ي 

 

 You have 5 hours to complete the exam. 

 .عبػبد لإًٔبٍ الاخزجبس 5ُذ٣ي 

 

 All results and answers must be clearly written in pen in their respective designed areas on 

the exam papers. Answers written outside the answer boxes will not be graded. 

ٌَُ ٜٓ٘ب ػ٠ِ أٝسام الآزؾبٗبد. ُٖ  خظظخ٣غت إٔ رٌٕٞ ع٤ٔغ اُ٘زبئظ ٝالإعبثبد ٌٓزٞثخ ثٞػٞػ ثبُوِْ ك٢ أُ٘بؽن أُ 

 .أٌُزٞثخ خبسط ٓشثؼبد الإعبثبدالإعبثبد  رظؾ٤ؼ٣زْ 

 

 If you need scratch paper, use the backside of the exam sheets. Remember that nothing 

outside the designed areas will be graded. 

أٝسام الاخزجبس. رزًش أٗٚ ُٖ ٣زْ روذ٣ش أ١ ش٢ء خبسط أُ٘بؽن  خِق، كبعزخذّ ٓغٞدحإرا ً٘ذ ثؾبعخ إ٠ُ ٝسم 

 .خظظخأُ

 

 Use only the pen and calculator provided. 

 .اعزخذّ كوؾ اُوِْ ٝاُؾبعجخ أُوذٓخ

 

 The official English version of the exam booklet is available upon request and serves for 

clarification only. 

 .ُ٘غخخ الإٗغ٤ِض٣خ اُشع٤ٔخ ٖٓ ًز٤ت الآزؾبٗبد ٓزٞكشح ػ٘ذ اُطِت ٝروذّ ُِزٞػ٤ؼ كوؾا

 

 If you need to leave the exam room (to use the toilet or have a snack), wave the 

corresponding IChO card. An exam supervisor will come to accompany you. 

. ع٤ؤر٢ IChO ثطبهخ ؼرا ً٘ذ ثؾبعخ إ٠ُ ٓـبدسح ؿشكخ الآزؾبٕ )لاعزخذاّ أُشؽبع أٝ ر٘بٍٝ ٝعجخ خل٤لخ( ، كوْ ثز٣ِٞإ

 .ٓششف الآزؾبٕ ُٔشاكوزي

 

 For multiple-choice questions: if you want to change your answer, fill the answer box 

completely and then make a new empty answer box next to it. 

 ، كوْ ثَٔء ٓشثغ الإعبثبد ثبٌُبَٓ صْ هْ ثئٗشبء ٓشثغ إعبثخبساد: إرا ً٘ذ رش٣ذ رـ٤٤ش إعبثزيثبُ٘غجخ ُلأعئِخ ٓزؼذدح اُخ٤

 كبسؽ عذ٣ذ ثغٞاسٙ

 The supervisor will announce a 30-minute warning before the Stop command. 

 Stop  ده٤وخ هجَ أٓش الإ٣وبف ٣33وّٞ أُششف ثبلإػلإ ػٖ رؾز٣ش ٓذرٚ 

 

 You must stop your work immediately when the Stop command is announced. Failure to 

stop writing by ½ minute or longer will lead to nullification of your theoretical exam. 

ػٖ اٌُزبثخ ُٔذح ده٤وخ أٝ أًضش  ُْ رزٞهقارا ٣غت إٔ رزٞهق ػٖ ػِٔي ػ٠ِ اُلٞس ػ٘ذٓب ٣زْ الإػلإ ػٖ أٓش الإ٣وبف. 

 .ع٤ؤد١ إ٠ُ إُـبء الاخزجبس اُ٘ظش١ اُخبص ثي

 

 After the Stop command has been given, place your exam booklet back in your exam 

envelope, then wait at your seat. The exam supervisor will come to seal the envelope in 

front of you and collect it. 

، صْ اٗزظش ػ٠ِ ٓوؼذى. ع٤ؤر٢ ٓششف زجبس ٓشح أخشٟ ك٢ ٓظشٝف الاخزجبس، أػذ ًز٤ت الاخStop ٣وبفثؼذ إػطبء أٓش الإ

 .الآزؾبٕ لإؿلام أُظشٝف أٓبٓي ٝعٔؼٚ

GOOD LUCK! 
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Physical constants and equations      اىثىابج واىمعبدلاث اىمبدٌت  

In these tasks, we assume the activities of all aqueous species to be well approximated by 

their respective concentration in mol L
−1

. To further simplify formulas and expressions, the 

standard concentration c° = 1 mol L
−1

 is omitted. 

mol Lك٢ ٛزٙ اُزغبسة، ٗلزشع إٔ أٗشطخ ع٤ٔغ أُؾب٤َُ أُبئ٤خ ٣زْ روش٣جٜب ع٤ذاً ٖٓ خلاٍ رش٤ًض ًَ ٜٓ٘ب ك٢ 
−1  

 رْ ؽزف . 

c° = 1 mol Lاُزش٤ًض اُو٤بع٢ 
−1 

 .ُزجغ٤ؾ اُظ٤ؾ ٝاُزؼج٤شاد

Avogadro's constant: NA = 6.022∙10
23

 mol
−1

 

Universal gas constant: R = 8.314 J mol
−1

 K
−1

 

Standard pressure: p° = 1 bar = 10
5
 Pa 

Atmospheric pressure: Patm = 1 atm = 1.013 bar = 1.013∙10
5
 Pa 

Zero of the Celsius scale: 273.15 K 

Faraday constant: F = 9.6485∙10
4
 C mol

−1 

Watt: 1 W = 1 J s
−1

 

Kilowatt hour: 1 kWh = 3.6∙10
6
 J 

Planck constant: h = 6.6261∙10
−34

 J s 

Speed of light in vacuum: c = 2.998∙10
8
 m s

−1 

Elementary charge: e = 1.6022∙10
−19

 C 

Electron-volt 1 eV = 1.6022∙10
−19

 J 

Electrical power: P = ΔE × I  

Power efficiency: η = Pobtained/Papplied  

Planck-Einstein relation: E = hc/λ = hν 

Ideal gas equation: pV = nRT 

Gibbs free energy: G = H − TS 

 
ΔrG° = −RT lnK° 

ΔrG° = −n F Ecell° 

 ΔrG = ΔrG° + RT lnQ 

Reaction quotient   for a reaction 

a A(aq) + b B(aq) = c C(aq) + d D(aq): 
  

[C] [ ] 

[A] [ ] 
 

Henderson−Hasselbalch equation: pH   p     log
   ]

   ]
 

Nernst–Peterson equation:      o  
  

z 
ln   

where Q is the reaction quotient 

of the reduction half-reaction 
at T = 298 K, 

  

 
ln10   0 0 9   

Beer–Lambert law: A = εlc 

 

Rate laws in integrated form: 
 

- Zero order: [A] = [A]0 − kt 

- First order: ln[A] = ln[A]0 − kt 

- Second order: 1/[A] = 1/[A]0 + kt 

Half-life for a first order process: 
   

 
 

Number average molar mass Mn:     
∑      
∑    

 

Mass average molar mass Mw:     
∑      

 

∑       
 

Polydispersity index Ip:  p   
 w

 n
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Periodic table 

 

 

 

 

 

 

 

  

1                                18 

1 

H 

1.008 
2 

  

13 14 15 16 17 

2 

He 

4.003 
3 

Li 
6.94 

4 

Be 

9.01 

5 

B 

10.81 

6 

C 

12.01 

7 

N 

14.01 

8 

O 

16.00 

9 

F 

19.00 

10 

Ne 

20.18 
11 

Na 

22.99 

12 

Mg 

24.31 
3 4 5 6 7 8 9 10 11 12 

13 

Al 
26.98 

14 

Si 
28.09 

15 

P 

30.97 

16 

S 

32.06 

17 

Cl 
35.45 

18 

Ar 

39.95 
19 

K 

39.10 

20 

Ca 

40.08 

21 

Sc 

44.96 

22 

Ti 
47.87 

23 

V 

50.94 

24 

Cr 

52.00 

25 

Mn 

54.94 

26 

Fe 

55.85 

27 

Co 

58.93 

28 

Ni 
58.69 

29 

Cu 

63.55 

30 

Zn 

65.38 

31 

Ga 

69.72 

32 

Ge 

72.63 

33 

As 

74.92 

34 

Se 

78.97 

35 

Br 

79.90 

36 

Kr 

83.80 
37 

Rb 

85.47 

38 

Sr 

87.62 

39 

Y 

88.91 

40 

Zr 

91.22 

41 

Nb 

92.91 

42 

Mo 

95.95 

43 

Tc 

- 

44 

Ru 

101.1 

45 

Rh 

102.9 

46 

Pd 

106.4 

47 

Ag 

107.9 

48 

Cd 

112.4 

49 

In 

114.8 

50 

Sn 

118.7 

51 

Sb 

121.8 

52 

Te 

127.6 

53 

I 

126.9 

54 

Xe 

131.3 
55 

Cs 

132.9 

56 

Ba 

137.3 
57-71 

72 

Hf 

178.5 

73 

Ta 

180.9 

74 

W 

183.8 

75 

Re 

186.2 

76 

Os 

190.2 

77 

Ir 

192.2 

78 

Pt 

195.1 

79 

Au 

197.0 

80 

Hg 

200.6 

81 

Tl 
204.4 

82 

Pb 

207.2 

83 

Bi 
209.0 

84 

Po 

- 

85 

At 

- 

86 

Rn 

- 
87 

Fr 

- 

88 

Ra 

- 

89-
103 

104 

Rf 

- 

105 

Db 

- 

106 

Sg 

- 

107 

Bh 

- 

108 

Hs 

- 

109 

Mt 

- 

110 

Ds 

- 

111 

Rg 

- 

112 

Cn 

- 

113 

Nh 

- 

114 

Fl 
- 

115 

Mc 

- 

116 

Lv 

- 

117 

Ts 

- 

118 

Og 

- 

                                   

   
57 

La 

138.9 

58 

Ce 

140.1 

59 

Pr 

140.9 

60 

Nd 

144.2 

61 

Pm 

- 

62 

Sm 

150.4 

63 

Eu 

152.0 

64 

Gd 

157.3 

65 

Tb 

158.9 

66 

Dy 

162.5 

67 

Ho 

164.9 

68 

Er 

167.3 

69 

Tm 

168.9 

70 

Yb 

173.0 

71 

Lu 

175.0 

   
89 

Ac 

- 

90 

Th 

232.0 

91 

Pa 

231.0 

92 

U 

238.0 

93 

Np 

- 

94 

Pu 

- 

95 

Am 

- 

96 

Cm 

- 

97 

Bk 

- 

98 

Cf 

- 

99 

Es 

- 

100 

Fm 

- 

101 

Md 

- 

102 

No 

- 

103 

Lr 

- 
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1H NMR 

 

Chemical shifts of hydrogen (in ppm / TMS) 

 

 

phenols:                      

                        

       alcohols:               

                        

    alkenes:        alkynes:  CH3—CR3:    

                        

          amines:            

                        

 amide NH—COR:            :R—CH2—OR’   

                        

     :carboxylic acids    CH3—NR2:     CH3—SiR3:  

                        

    :aldehydes             :ketones   

                        

    aromatics:     benzylic CHn—C6H5:        

                        

11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 

 

 

H-H coupling constants (in Hz) 

 

Hydrogen type |Jab| (Hz) 

R2CHaHb 4-20 

R2HaC—CR2Hb 

2-12 

if free rotation: 6-8 

ax-ax (cyclohexane): 8-12 

ax-eq or eq-eq (cyclohexane): 2-5 

R2HaC—CR2—CR2Hb 
if free rotation: < 0.1 

otherwise (rigid): 1-8 

RHaC=CRHb 
cis: 7-12 

trans: 12-18 

R2C=CHaHb 0.5-3 

Ha(CO)—CR2Hb 1-3 

RHaC=CR—CR2Hb 0.5-2.5 

eq = equatorial, ax = axial  
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IR spectroscopy table 

 

Vibrational mode σ (cm
−1

) Intensity 

alcohol O—H (stretching) 

carboxylic acid O—H (stretching) 

N—H (stretching) 
 

≡C—H (stretching) 

=C—H (stretching) 

C—H (stretching) 

–(CO)—H (stretching) 
 

C≡N (stretching) 

C≡C (stretching) 
 

aldehyde C=O (stretching) 

anhydride C=O (stretching) 

ester C=O (stretching) 

ketone C=O (stretching) 

amide C=O (stretching) 
 

alkene C=C (stretching) 

aromatic C=C (stretching) 
 

CH2 (bending) 

CH3 (bending) 
 

C—O—C (stretching) 

C—OH (stretching) 

NO2 (stretching) 

3600-3200 

3600-2500 

3500-3350 

 

3300 

3100-3000 

2950-2840 

2900-2800 

 

2250 

2260-2100 

 

1740-1720 

1840-1800; 1780-1740 

1750-1720 

1745-1715 

1700-1500 

 

1680-1600 

1600-1400 

 

1480-1440 

1465-1440; 1390-1365 

 

1250-1050 

1200-1020 

1600-1500; 1400-1300 

strong 

strong 

strong 

 

strong 

weak 

weak 

weak 

 

strong 

variable 

 

strong 

weak; strong 

strong 

strong 

strong 

 

weak 

weak 

 

medium 

medium 

 

strong 

strong 

strong 
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Problem 

T1 

6% 

Question 1 2 3 4 5 6 7 8 9 10 11 Total 

Points 3 4 4 2 3 2 2 4.5 2.5 3 3 33 

Score             

Problem T1: Infinite well and butadiene 

 هئٌواىبىحبدر اىدهذي اىلاوهبئً : اىبئT1اىمسأىت 

The buta-1,3-diene molecule is often written CH2=CH–CH=CH2, with alternating single and 

double bonds. Nevertheless, its chemical reactivity is not consistent with this description and 

the π ele trons  re  etter  es ri e   y   distribution along the three bonds: 

، ٓغ سٝاثؾ أؽبد٣خ ٝص٘بئ٤خ ٓز٘بٝثخ. ٓغ رُي، ٗشبؽٚ CH2=CH–CH=CH2ثبُشٌَ  ٣buta-1,3-dieneٌزت ػبدح عض١ء 

 ثؤٜٗب ٓزٞصػخ ػ٠ِ ؽٍٞ اُشٝاثؾ اُضلاس: πا٤ٔ٤ٌُبئ٢ ؿ٤ش ٓزٞاكن ٓغ ٛزا اُشٌَ ٝالأكؼَ ٝطق إٌُزشٝٗبد 

 

This system can be modeled as a 1D box (i.e. infinite well) where the electrons are free. The 

energy of an electron in an infinite well of length L is:     
    

     
, where n is a non-zero 

positive integer. 

)ثئش عٜذ١ لا ٜٗبئ٢( ؽ٤ش الإٌُزشٝٗبد رٌٕٞ ؽشح. ؽبهخ  ٣1Dٌٖٔ رٔض٤َ ٛزا اُ٘ظبّ ػ٠ِ أٗٚ ط٘ذٝم أؽبد١ اُجؼذ 

    ٢ٛ:  Lٜٗبئ٢ ؽُٞٚ لاإٌُزشٕٝ ك٢ ثئش 
    

     
 .غٍر صفريػجبسح ػٖ ػذد طؾ٤ؼ ٓٞعت  n، ؽ٤ش 

1. Two different models are studied. Sketch at least the three lowest-energy levels En for 

each model in the respective diagrams, showing how the relative energy levels differ 

within and between models. 

ك٢ سعٔٚ اُج٤ب٢ٗ أُخظض،  ىنو ومىرج Enػ٠ِ الأهَ اُضلاصخ ٓغز٣ٞبد الأهَ ؽبهخ  ارسمع٤زْ دساعخ ٗٔٞرع٤ٖ ٓخزِل٤ٖ. 

 ٞرط ٗلغٚ ٝث٤ٖ اُ٘ٔٞرع٤ٖ. اُ٘ٔ ك٢ٓغز٣ٞبد اُطبهخ خزِق رٓٞػؾبً ٤ًق 



Candidate: SAU-2 

51st IChO – Theoretical Exam 9 

 

Model 1 (« localized »): The π ele trons  re 

localized on the extremal bonds and evolve in 

two separate infinite potential wells of length 

d. 

ػ٠ِ  πرزٔشًض إٌُزشٝٗبد  )إىنخرووبث مخمرمزة(: 1اىىمىرج 

لاٜٗبئ٤٤ٖ ٓ٘لظ٤ِٖ ؽٍٞ ك٢ ثئش٣ٖ  ٞػغٝرز اُوظٟٞاُشٝاثؾ 

 .dاُٞاؽذ ْٜٓ٘ 

Model 2 (« delocalized »): The π ele trons 

are delocalized on the whole molecule and 

evolve in a single infinite potential well of 

length 3d. 

ؿ٤ش  πإٌُزشٝٗبد  )إىنخرووبث غٍر مخمرمزة(: 2اىىمىرج 

ك٢ ثئش لا ٜٗبئ٢  ٞػغٓزٔشًضح ػ٠ِ ؽٍٞ اُغض١ء ٝرز

 .3dٝاؽذ ؽُٞٚ 

2. Place the π ele trons for mo el 1 in the previous  i gr ms  n  express the total energy of 

the π system in mo el 1,  s   fun tion of h, me and d. 

 .h ،me ٝ ،d، ًذاُخ ُـ 1ك٢ اُ٘ٔٞرط  πاُطبهخ ا٤ٌُِخ ُ٘ظبّ  امخبك٢ اُشعْ اُج٤ب٢ٗ اُغبثن ٝ 1ُِ٘ٔٞرط  πإٌُزشٝٗبد  ضع

 

 

 

 

 

 

E(1) =  
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3. Place the π ele trons for mo el 2 in the previous  i gr ms  n  express the total energy of 

the π system in mo el 2,  s   fun tion of h, me and d. 

 .h ،me ٝ ،d، ًذاُخ ُـ 2ك٢ اُ٘ٔٞرط  πبهخ ا٤ٌُِخ ُ٘ظبّ اُط امخبك٢ اُشعْ اُج٤ب٢ٗ اُغبثن ٝ 2ُِ٘ٔٞرط  πإٌُزشٝٗبد  ضع

 

 

 

 ( )    

 

The  onjug tion energy is the tot l energy of the   tu l π system, minus the sum of the 

energies of ethylene molecules involving the same number of electrons. 

ً ٜٓ٘ب ٓغٔٞع ؽبهبد عض٣ئبد  π( ٢ٛ اُطبهخ ا٤ٌُِخ ُ٘ظبّ conjugation energyؽبهخ اُزشاكن ) اُؾو٤و٢، ٓطشٝؽب

ethylene  الإٌُزشٝٗبد.ٖٓ ؼذد اُُٜب ٗلظ 

4. Express the  onjug tion energy ΔEc of butadiene, as a function of h, me and d. 

 .٤h ،me ٝ ،dٖ، ًذاُخ ُـ ئُِج٤ٞربد ΔEcؽبهخ اُزشاكن  امخب

     
 

 

 

 

Models 1 and 2 are too simplistic. A new model will be detailed in the following. 

 ط عذ٣ذ ك٢ الأعلَ.ررؼزجش ٓجغطخ عذاً. ع٤زْ ششػ ٗٔٞ 2ٝ  1اُ٘ٔبرط 

5. Draw three other resonance structures of butadiene using Lewis notation. 

 ثبعزخذاّ رٔض٤َ ٣ُٞظ.ٖ ٣ئأشٌبٍ س٤٘٤ٗخ أخشٟ ُِج٤ٞربد صلاس ارسم

 

   

To take into account the size of carbon atoms, model 2 is now modified into model 3, as 

follows:  

- the new length of the well is L and is located between the abscissa 0 and L;  

- the carbon atoms are located at the abscissas L/8; 3L/8; 5L/8 and 7L/8. 

 ، ًبُزب3:٢ُإ٠ُ ٗٔٞرط  2لأخز ؽغْ رساد اٌُشثٕٞ ك٢ الاػزجبس، رْ رؼذ٣َ ٗٔٞرط 

 ؛Lٝ  3أُؾٞس اُغ٢٘٤ ث٤ٖ  ػ٣ٝ٠ِزٞاعذ  Lاُجئش اُغذ٣ذ ُٚ ؽٍٞ  -

 .5L/8  ٝ7L/8؛ 3L/8؛ L/8 ػ٘ذرساد اٌُشثٕٞ ٓٞعٞدح ػ٠ِ أُؾٞس اُغ٢٘٤  -
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For each level n, the π w vefun tion is: 

 أُٞع٤خ: π، رٌٕٞ داُخ ٗظبّ nٌَُ ٓغزٟٞ 

  ( )    √
 

 
   (

   

 
) 

 n  the π ele tron  ensity for   system with N π ele trons is: 

 :πإٌُزشٝٗبد  Nالإٌُزش٤ٗٝخ ُ٘ظبّ ٌٕٓٞ ٖٓ  π ًضبكخٝرٌٕٞ 

 ( )     ∑|  ( )|
 

   

   

 

The four π w vefun tions, whi h  orrespon  to the mole ul r or it ls of the π system,  re 

depicted below (arbitrary order). 

 (.بخرحٍب عشىائً، ٓشعٞٓخ ثبلأعلَ )π، اُز٢ رٔضَ أُذاساد اُغض٣ئ٤خ ك٢ ٗظبّ خأُٞع٤خ الأسثؼ πدٝاٍ ٗظبّ 

 

6. Sort the energies of the four π w vefun tions (EA, EB, EC and ED). 

 π (EA ،EB ،EC ٝ ،ED.)ؽبهبد اُذٝاٍ أُٞع٤خ ُ٘ظبّ  رحب

 

<                <                <       

 

7. Give the labels (A, B, C or D) of the orbitals that are filled with electrons in butadiene. 

 ٖ.ئ٣ِٔٞءح ثبلإٌُزشٝٗبد ك٢ اُج٤ٞربدأُُِٔذاساد ( D، أٝ A ،B ،C) اُشٓٞص خب ام
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8. Within model 3, give the v lues of the π w vefun tions    for occupied levels at 

positions 0, L/4 and L/2, for n = 1 and n = 2, as a function of L. 

، ًذاُخ ُـ n = 1  ٝn = 2، ُـ L/4 ٝ ،L/2، 0 أُٞاػغُِٔغز٣ٞبد أُِٔٞءح ػ٘ذ    أُٞع٤خ  πه٤ْ دٝاٍ  اعظ  ، 3ُِ٘ٔٞرط 

L. 

  ( )    
 

 

 

 

 

 

  (
 

 
)    

 

 

 

 

 

  (
 

 
)    

 

 

 

 

 

   ( )    
 

 

 

 

 

  (
 

 
)    

 

 

 

 

 

   (
 

 
)    

 

 

 

 

 



Candidate: SAU-2 

51st IChO – Theoretical Exam 13 

9. Within model 3, give the v lue of the π electron density at positions 0, L/4 and L/2. 

 .L/4 ٝ ،L/2، 3 ٔٞاػغالإٌُزش٤ٗٝخ ػ٘ذ اُ πخ اٌُضبكه٤ٔخ  اعظ  ، 3ُِ٘ٔٞرط 

 ( )    
 

 

 

 

 (
 

 
)   

 

 

 

 

 (
 

 
)   

 

 

10. Draw the π ele tron  ensity  etween 0  n  L. 

 .Lٝ  3الإٌُزش٤ٗٝخ ث٤ٖ  π رٞصع اٌُضبكخ ارسم

 

11. Sort the following CC  on s ( 1,  2, …,   )  y in re sing length, using the sym ols   

or <: 

 :> أٝ  ( ثبصد٣بد ؽُٜٞب، ثبعزخذاّ اُؼلآبد = B1 ،B2 ،... ،B5اُزب٤ُخ ) CCسٝاثؾ رحب 

B1: C1C2 in the butadiene molecule 

B2 : C2C3 in the butadiene molecule 

B3 : C3C4 in the butadiene molecule 

B4 : CC in the ethane molecule  

B5 : CC in the ethene molecule 
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Problem 

T2 

7% 

Question 1 2 3 4 5 6 7 8 9 10 Total 

Points 1 4 2 3 3 6 4 1 8 2 34 

Score            

Problem T2: Hydrogen production by water-splitting 

 ىهٍذروخٍه بىاسطت حفنٍل اىمبءإوخبج ا :T2اىمسأىت 

Data: 

 أُؼط٤بد:

Compound أُشًت H2(g) H2O(l) H2O(g) O2(g) 

∆fH° (kJ mol
−1

) 0 −285.8 −241.8 0 

Sm° (J mol
−1 

K
−1

) 130.6 69.9 188.7 205.2 

Molecular hydrogen (H2) can be used as an alternative to carbon dioxide-emitting fuels. 

Hence, lowering the cost and the environmental impact of its production is a major challenge. 

In this field, water-splitting is a promising candidate technology.  

٤َ اُزٌِلخ ٝاُزؤص٤ش ( ًجذ٣َ ُِٞهٞد أُ٘زظ ُـبص صب٢ٗ أًغ٤ذ اٌُشثٕٞ. ٝثبُزب٢ُ، ٣ؼذ رو٣H2ٌِٖٔ اعزخذاّ عض١ء ا٤ُٜذسٝع٤ٖ )

 اُج٤ئ٢ أُظبؽت لإٗزبعٚ رؾذ٣بً سئ٤غ٤بً. ك٢ ٛزا أُغبٍ، ٣ؼذ رل٤ٌي أُبء رو٤٘خ ٓششؾخ ٝاػذح.

1. Write down the balanced equation of liquid water splitting reaction using a stoichiometric 

coefficient of 1 for water. 

 .ُِٔبء 1ثبعزخذاّ ٓؼبَٓ ٌٓبكئ َ رلٌي أُبء اُغبئَ أُؼبدُخ أُٞصٝٗخ ُزلبػ امخب

 

 

 

 

2. Using only the provided thermodynamic data, justify numerically whether this reaction 

is thermodynamically favorable at 298 K. 

 .K 298ص٤شٓٞد٣٘ب٤ٌ٤ٓبً ػ٘ذ  ٓلؼلا َٛ ٣ٌٕٞ اُزلبػَ وضح رٌبضٍب  ثبعزخذاّ أُؼط٤بد اُض٤شٓٞد٣٘ب٤ٌ٤ٓخ أُشكوخ كوؾ، 

Calculations: 

 

 

 

 

 

 

Reaction thermodynamically favorable? 

 ص٤شٓٞد٣٘ب٤ٌ٤ٓب؟ً لؼََٛ اُزلبػَ ٓ

                              Yes    No    
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Water splitting can be performed electrochemically using two electrodes in an acidic water 

bath, connected by a generator (Fig. 1). Gas bubbles are formed at both electrodes. 

اُشٌَ. ثُٔٞذ ًٜشثبء ) ٓٞط٣ٖ٤ٌُٖٞٔ إعشاء رلٌي أُبء إٌُزش٤ٔ٤ًٝبئ٤بً ثبعزخذاّ هطج٤ٖ ًٜشثبئ٤٤ٖ ك٢ ؽٔبّ ٓبئ٢ ؽٔؼ٢، 

 (. ر٘جؼش كوبػبد اُـبص ػ٘ذ ًلا اُوطج٤ٖ.1

 
Fig. 1 – Water-splitting electrochemical cell. 

 ء. خ ُزلٌي أُب٤خ٤ِخ اٌُزش٤ٔ٤ًٝبئ -1اُشٌَ 

3. Write down the balanced net electrochemical half reactions occurring at each electrode. 

 اُزلبػَ الإٌُزش٤ٔ٤ًٝبئ٢ اُظبك٢ أُٞصٕٝ لأٗظبف اُخ٤ِخ ػ٘ذ ًَ هطت. امخب

On electrode (1):        

 

On electrode (2):      

     

4. Using only the provided thermodynamic data (or question 2), derive the condition on the 

applied voltage between electrodes, Eapplied compared to a value Eth (to determine), for 

the process to be thermodynamically favorable at 298 K, when all reactants and products 

are in their standard state. Tick the right condition and give the numerical value with 3 

decimal places. 

اُششؽ ػ٠ِ كشم اُغٜذ اٌُٜشثبئ٢ أُطجن ث٤ٖ اُوطج٤ٖ،  اشخق(، 2ثبعزخذاّ أُؼط٤بد اُض٤شٓٞد٣٘ب٤ٌ٤ٓخ كوؾ )أٝ عؤاٍ 

Eapplied  ٓوبسٗخ ثو٤ٔخEth  ػ٘ذ ٓلؼِ(، ُزٌٕٞ اُؼ٤ِٔخ إٌدبدهب)٣غت ً ع٤ٔغ ، ػ٘ذٓب رٌٕٞ K 298خ ص٤شٓٞد٣٘ب٤ٌ٤ٓب

 خبٗبد ػشش٣خ. 3اُو٤ٔخ اُشه٤ٔخ ُـ  وضعاُششؽ اُظؾ٤ؼ ٖٓ اُخ٤بساد  خراخأُزلبػلاد ٝاُ٘ٞارظ ك٢ ؽبلارْٜ اُو٤بع٤خ. 

Calculation: 
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 Eapplied = Eth 

 Eapplied > Eth   where Eth = ……    (give the result with 3 decimal places) 

 Eapplied < Eth 

If you could not calculate Eth, the value 1.200 V 

can be used in the rest of the problem. 

 ك٢ ثو٤خ الأعئِخ. V 1.200، اعزخذّ اُو٤ٔخ Ethإرا ُْ رزٌٖٔ ٖٓ ؽغبة 

Experimentally, a higher voltage is needed to observe water splitting. For a given Pt cathode, 

the minimum voltage necessary to observe water splitting, Emin, depends on the nature of the 

anode, as displayed in the table below: 

ُزل٤ٌي  ٣ِضًّٜشثبئ٢  كشم عٜذأهَ ، رْ ٓلاؽظخ إٔ Ptػ٤ِٔبً، ٣ِضّ كشم عٜذ ًٜشثبئ٢ أًجش ُزل٤ٌي أُبء. ٌُبصٞد ٓؼ٤ٖ ٖٓ 

 ، ٣ؼزٔذ ػ٠ِ ؽج٤ؼخ الأٗٞد، ًٔب ٛٞ ٓٞػؼ ك٢ اُغذٍٝ اُزب٢ُ:Eminأُبء، 

Anode Emin (V) 

IrOx 1.6 

NiOx 1.7 

CoOx 1.7 

Fe2O3 1.9 

The difference between Emin and Eth is responsible for losses in the device. 

 عججٚ خغبئش ك٢ اُغٜبص. Emin  ٝEthاُلشم ث٤ٖ 

5. Give the expression of the device power efficiency elec (fraction of the power used for 

water splitting) as a function of Eth and Emin. Assuming an identical current value I, 

calculate the water electrolysis power efficiency when a Pt cathode and a Fe2O3 anode are 

used. Give the most efficient anode.  

اٌُٜشثبء أُغزخذٓخ ك٢ رل٤ٌي أُبء( ًذاُخ ُـ  هذسح)ٗغجخ  elec ُِغٜبص اٌُٜشثبئ٤خ اُوذسحاُؼلاهخ اُش٣بػ٤خ ٌُلبءح  امخب

Emin  ٝEth َػ٠ِ كشع ر٤بس ًٜشثبئ٢ ٓٔبص .I ،اٌُلبءح اٌُٜشثبئ٤خ ُزؾ٤َِ أُبء ػ٘ذٓب ٣غزخذّ ًبصٞد ٖٓ  احسبPt  ٝ

 الأٗٞد الأًضش ًلبءح. امخب. Fe2O3أٗٞد ٖٓ 

elec =  

 

 

Power efficiency when a Pt and a Fe2O3 electrodes are used: 

 

 

elec =         %     
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Most efficient anode ًلبءحالاًضشٗٞد الأ :   

If you could not calculate elec, the value elec = 75% 

can be used in the rest of the problem. 

 ك٢ ثو٤خ الأعئِخ. elec = 75%، اعزخذّ اُو٤ٔخ elecإرا ُْ رزٌٖٔ ٖٓ ؽغبة 

An alternative to water electrolysis is direct photocatalytic water-splitting. It uses a 

semiconductor that can be activated by absorbing light. 

ٚ ٓٞطَ ٣ٌٖٔ رلؼ٤ِٚ ثبٓزظبص ٣ؼذ رلٌي أُبء ثبُؾلض اُؼٞئ٢ أُجبشش ثذ٣لاً ُزؾ٤َِ أُبء ًٜشثبئ٤بً. ٣زْ اعزخذاّ شج

 اُؼٞء.

 
Fig. 2 – Activation condition and equivalent electrode potentials of different semiconductors. 

Dashed lines correspond to water oxidation and reduction potentials. SHE = Standard 

Hydrogen Electrode 

عٜٞد الأهطبة اٌُٜشثبئ٤خ أٌُبكئخ لأشجبٙ ٓٞطلاد ٓخزِلخ. اُخطٞؽ أُزوطؼخ رٔضَ عٜٞد الأًغذح ششؽ اُزلؼ٤َ ٝ -2اُشٌَ.

 = هطت ا٤ُٜذسٝع٤ٖ اُو٤بع٢. SHEٝالاخزضاٍ ُِٔبء. 

V
 v

s
 S

H
E

 

Name of semiconductor اسم شبه الموصل 

Potential of equivalent cathode  للكاثود المكافئالجهد الكهربائي  

 : Minimal light energy to activate أقل طاقة ضوئية للتفعيل 

Potential of equivalent anode الجهد الكهربائي للآنود المكافئ 
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Fig. 3 – Left axis: Spectral distribution of the solar photon flux . The photon flux is the 

number of photons per unit area per unit time arriving on the semiconductor. Right axis and 

dashed line: cumulative photon flux (i.e. fraction of the photon flux with smaller wavelength).  

ػٖ ػذد اُلٞرٞٗبد  . رذكن اُلٞرٞٗبد ػجبسحأُؾٞس ػ٠ِ ا٤ُغبس: اُزٞص٣غ اُط٤ل٢ ُزذكن اُلٞرٞٗبد اُشٔغ٤خ   –  3اُشٌَ

ػ٠ِ ا٤ٔ٤ُٖ ٝاُخؾ أُزوطغ: اُزذكن اُزشا٢ًٔ ُِلٞرٞٗبد ٞس ٌَُ ٝؽذح ٓغبؽخ ٌَُ ٝؽذح ص٤٘ٓخ رظَ إ٠ُ اُشجٚ ٓٞطَ. أُؾ

 )أ١: ٗغجخ رذكن اُلٞرٞٗبد ٓغ الأؽٞاٍ أُٞع٤خ الأطـش(.

6. Estimate the fraction of the solar photon flux that can activate the following 

semiconductors: TiO2, CdS, Si. State explicitly the equations and units used for the 

computation. 

ر ع٤ذاً أُؼبدلاد  وضح. TiO2 ،CdS ٝ ،Siٗغجخ رذكن اُلٞرٞٗبد اُشٔغ٤خ اُز٢ رغزط٤غ رلؼ٤َ أشجبٙ أُٞطلاد اُزب٤ُخ:  قذ  

 ٜب ك٢ ؽغبثبري.زٝاُٞؽذاد اُز٢ اعزخذٓ

Explanation / calculation: 
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Approximate 

fraction  

 اُ٘غجخ اُزوش٣ج٤خ

TiO2 % 

CdS % 

Si % 

The activation of the semi-conductor results in a modification of the surface potentials, so that 

it can be seen as two electrodes of different potentials. 

 رلؼ٤َ اُشجٚ ٓٞطَ ٣٘زظ ػ٘ٚ رؼذ٣َ ُِغٜٞد اٌُٜشثبئ٤خ ُِغطؼ، ُٜٝزا ٣ظٜش ًوطج٤ٖ ًٜشثبئ٤٤ٖ ٓخزِل٢ اُغٜذ.

7. Using the data in Fig 2, choose the semiconductor(s) in the following list that, once 

activated, can play both roles of anode and cathode for water-splitting reaction. 

اُشجٚ ٓٞطَ )أٝ أشجبٙ أُٞطلاد( ٖٓ اُوبئٔخ اُزب٤ُخ اُز٢، ػ٘ذ رلؼ٤ِٜب، ٣ٌٖٔ إٔ  اخخر، 2 اُشٌَ ثبعزخذاّ اُج٤بٗبد ك٢

 رِؼت دٝساً ًؤٗٞد ًٝبصٞد ك٢ رل٤ٌي أُبء:

ZrO2    ZnO              TiO2   WO3 

CdS    Fe2O3    CdSe   Si 

8. Give the semiconductor that, used as both cathode and anode, is expected to be the most 

efficient for water splitting upon a given solar shining. 

 اُشجٚ ٓٞطَ اُز١، ػ٘ذ اعزخذآٚ ًٌبصٞد ٝأٗٞد، ٣زٞهغ إٔ ٣ٌٕٞ الأًضش ًلبءح ك٢ رل٤ٌي أُبء ػ٘ذ إشؼبع شٔغ٢ ٓؼ٤ٖ. اعظ  
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The evolution of H2 and O2 when a semiconductor is irradiated by simulated solar light at 

T = 25 °C at patm was recently studied. Using an incident power light of P = 1.0 kW m
−2

 and a 

photoelectrode with a S = 16 mm
2
 surface, the production of V = 0.37 cm

3
 of H2(g) was 

measured after t = 1 hour of reaction. 

. T = 25 °C  ٝpatmػ٘ذ إشؼبع شجٚ ٓٞطَ ثؼٞء ٓؾب٢ً لإشؼبع اُشٔظ ػ٘ذ  H2  ٝO2رْ ٓؤخشاً دساعخ اٗجؼبس 

P = 1.0 kW mثبعزخذاّ ػٞء عبهؾ هذسرٚ 
−2

S = 16 mm خ عطؾٚٝهطت كٞرًٜٞشثبئ٢ ٓغبؽ 
2

، رْ ه٤بط 

V = 0.37 cm
3

  ٖٓH2(g) ؼذ صٖٓ اُ٘برظ ثt = 1 hour .َاُزلبػ ٖٓ 

9. Calculate the power efficiency direct of the conversion. 

 ُٜزا اُزؾٍٞ. directاٌُلبءح اٌُٜشثبئ٤خ  احسب

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

direct =         % 

If you could not calculate direct, the value direct = 10% 

can be used in the rest of the problem. 

 ك٢ ثو٤خ الأعئِخ. direct = 10%، اعزخذّ اُو٤ٔخ directإرا ُْ رزٌٖٔ ٖٓ ؽغبة 

Two modes of converting solar energy to hydrogen can thus be compared: direct 

photocatalysis, and indirect photo-electrolysis combining a photovoltaic panel with an 

electrolyzer. The efficiency of photovoltaic panels on the market is around panels = 20%. 

ًٜشثبئ٢ -٣ٌٖٔ ثبُزب٢ُ ٓوبسٗخ ٗٔط٤ٖ ٖٓ رؾ٣َٞ اُطبهخ اُشٔغ٤خ إ٠ُ ا٤ُٜذسٝع٤ٖ: اُؾلض اُؼٞئ٢ أُجبشش، ٝرؾٍٞ ػٞئ٢

٢ُ ابءح اُخلا٣ب اُشٔغ٤خ أُزٞكشح ثبلأعٞام رٌٕٞ ؽٞؿ٤ش ٓجبشش ٣ذٓظ خ٤ِخ شٔغ٤خ ٓغ اُزؾ٤َِ اٌُٜشثبئ٢. ًل

panels = 20%. 
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10. Compare the power efficiencies of the two modes, direct and indirect, using Fe2O3 and Pt 

electrodes for the electrolysis.  

 ك٢ اُزؾ٤َِ اٌُٜشثبئ٢. Fe2O3  ٝPt اهطبة ، ثبعزخذاdirect  ٝindirectّاٌُٜشثبئ٤خ ُِ٘ٔط٤ٖ،  ادث٤ٖ اٌُلبء قبرن

Calculation: 

 

 

 

 

 

 

 

 

 

 direct > indirect             direct   indirect                 direct < indirect  
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Problem 

T3 

5% 

Question 1 2 3 4 5 6 7 8 9 10 11 12 Total 

Points 1 3 3 3 4 2 7 2 2 3 4 6 40 

Score              

Problem T3: About silver chloride 

 عه ميىرٌذ اىفضت :T3اىمسأىت 

Data at 298 K: 

 :K 298اىمعطٍبث عىذ 

pKs1(AgCl) = 9.7; pKs2(Ag2CrO4) = 12 

Formation constant of the complex صبثذ ر٣ٌٖٞ أُؼوذ [Ag(NH3)n]
+
: n = 10

7.2
 

Potentials against the standard hydrogen electrode اُغٜٞد ٓوبسٗخ ثغٜذ ا٤ُٜذسٝع٤ٖ اُو٤بع٢:  

Standard potential of Ag
+
/Ag(s): E°(Ag

+
/Ag(s)) = 0.80 V 

Apparent potential of O2(aq)/HO
−
(aq) (in seawater): E'(O2(aq)/HO

−
(aq)) = 0.75 V 

Part A: Quotes from a chemistry lesson by Louis Joseph Gay-Lussac 

 Louis Joseph Gay-Lussac : اقخببسبث مه درس مٍمٍبء بىاسطتAاىدزء 

The following quotes from a chemistry lesson by Louis Joseph Gay-Lussac (French chemist 

and physicist, 1778–1850) deal with some properties of silver chloride.  

)ػبُْ ٤ٔ٤ًبء ٝك٤ض٣بء كشٗغ٢،  Louis Joseph Gay-Lussacرح ٖٓ دسط ٤ٔ٤ًبء ثٞاعطخ الاهزجبعبد اُزب٤ُخ أُؤخٞ

 ( رٜزْ ثجؼغ خظبئض ًِٞس٣ذ اُلؼخ.1778-1853

Quote A: ―I will now t lk   out silver  hlori e,   milk-white solid. It is easily obtained by 

pouring hydrochloric acid into an aqueous solution of silver nitr te ‖ 

ؽ٤ِج٤خ. ٣ٌٖٔ ثغُٜٞخ اُؾظٍٞ ػ٤ِٜب ثغٌت ؽٔغ -"عؤرؾذس ا٥ٕ ػٖ ًِٞس٣ذ اُلؼخ، ٓبدح طِجخ ث٤ؼبء :Aالاقخببس 

 ا٤ُٜذسًِٝٞس٣ي ك٢ ٓؾٍِٞ ٓبئ٢ ٖٓ ٗزشاد اُلؼخ."

Quote B: ―This s lt h s no t ste sin e it is insolu le ‖ 

 اُطؼْ لأٗٚ ؿ٤ش رائت.""ٛزا أُِؼ ػذ٣ْ  :Bالاقخببس 

Quote C: ―This  ompoun  is  ompletely insolu le in  l ohol  n  even in   i s, ex ept in 

 on entr te  hy ro hlori    i  whi h  issolves it re  ily ‖ 

ًِٞس٣ي أُشًض اُز١ الأؽٔبع، ٓب ػذا ؽٔغ ا٤ُٜذسٝك٢ "ٛزا أُشًت لا ٣زٝة أثذاً ك٢ اٌُؾٍٞ ٝلا ؽز٠  :Cالاقخببس 

 ٣ز٣جٚ ثغُٜٞخ."

Quote D: ―On the other h n , silver  hlori e is highly solu le in  queous solution of 

 mmoni  ‖ 

 "ػ٠ِ اُ٘و٤غ، رائج٤خ ًِٞس٣ذ اُلؼخ ػب٤ُخ ك٢ أُؾب٤َُ أُبئ٤خ ٖٓ الأ٤ٗٞٓب." :Dالاقخببس 

Quote E: ―Then, we   n m ke silver  hloride appear again by adding an acid which reacts 

with  mmoni  ‖ 

 ٣زلبػَ ٓغ الأ٤ٗٞٓب." ٝاُز١"ٖٝٓ صْ، ٣ٌٔ٘٘ب إٔ ٗغؼَ ًِٞس٣ذ اُلؼخ ٣ظٜش ٓغذداً ثئػبكخ ؽٔغ  :Eالاقخببس 

Quote F: ―If you t ke    owl m  e of silver to ev por te s lty se w ter, you will get impure 

sodium chloride, mixed with a milk-white soli  ‖ 
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"إرا أخزد ٝػبء ٓظ٘ٞع ٖٓ اُلؼخ ُزجخ٤ش ٓبء اُجؾش أُبُؼ، عزؾظَ ػ٠ِ ًِٞس٣ذ اُظٞد٣ّٞ ؿ٤ش اُ٘و٢،  :Fالاقخببس 

 ؽ٤ِج٤خ."-ٓخزِطبً ثٔبدح طِجخ ث٤ؼبء

1. Quote A: Write the balanced chemical equation of AgCl(s) synthesis. 

 .AgCl(s)أُؼبدُخ ا٤ٔ٤ٌُبئ٤خ أُٞصٝٗخ ُزؾؼ٤ش  امخب :Aقخببس الا

 

 

 

2. Quote B: Calculate the solubility s of AgCl(s) in water at 298 K in mol L
−1

. 

mol Lثٞؽذح  K 298ك٢ أُبء ػ٘ذ  AgCl(s)ُـ  sاُزائج٤خ  احسب :Bالاقخببس 
−1

. 

Calculation: 

 

 

 

 

 

s =             mol L
−1 

  

3. Quote C: In a highly concentrated solution of chloride ions, a well-defined complex of 

stoichiometry 1:2 is formed. On the following qualitative axis (with pCl increasing from 

left to right), place in each domain the silver-containing species that is predominant (or 

exists, for solids). pCl values at frontiers are not expected. 

ك٢ أُؾٞس اُ٘ٞػ٢ اُزب٢ُ  .1:2اُزش٤ًض ٖٓ أ٣ٞٗبد اٌُِٞس٣ذ، ٣زٌٕٞ ٓؼوذ ٓؾذد ث٘غجخ ٌٓبكئخ  ػب٢ُك٢ ٓؾٍِٞ  :Cالاقخببس 

ك٢ ًَ ٓغبٍ اُغغ٤ْ أُؾز١ٞ ػ٠ِ اُلؼخ الأًضش ش٤ٞػبً )أٝ أُزٞاعذ،  ضعٖٓ ا٤ُغبس إ٠ُ ا٤ٔ٤ُٖ(،  pCl)ؽ٤ش ٣ضداد ك٤ٚ 

 ًَ ٓغب٤ُٖ ؿ٤ش ٓطِٞثخ. ث٤ٖ pClثبُ٘غجخ ُِٔبدح اُظِجخ(. ه٤ْ 

 

 

Quote D: When ammonia is added to silver chloride, a well-defined complex of 

stoichiometry n is formed. 

 .nػ٘ذٓب ٣ؼبف الأ٤ٗٞٓب إ٠ُ ًِٞس٣ذ اُلؼخ، ٣زٌٕٞ ٓؼوذ ٓؾذد ث٘غجخ رٌبكئ٤خ  :Dالاقخببس 

4. Write the balanced equation corresponding to the synthesis of the complex [Ag(NH3)n]
+
 

from silver chloride and calculate the corresponding equilibrium constant. 

[Ag(NH3)n]أُؼبدُخ ا٤ٔ٤ٌُبئ٤خ أُٞصٝٗخ ُزؾؼ٤ش أُؼوذ  امخب
+

 صبثذ الارضإ. واحسبٖٓ ًِٞس٣ذ اُلؼخ  
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Equation: 

 

 

Calculation: 

 

 

 

 

 

 

K =      

   

If you could not calculate K, the following value  

can be used in the rest of the problem: K = 10
‒3 

K = 10، اعزخذّ اُو٤ٔخ Kإرا ُْ رزٌٖٔ ٖٓ ؽغبة 
‒3

 ك٢ ثو٤خ الأعئِخ. 

5. Ammonia is added to 0.1 mol of silver chloride in 1 L of water until the last grain of solid 

disappears. At this moment, [NH3] = 1.78 mol L
−1

. Determine the stoichiometry of the 

complex neglecting dilution effects. 

ٖٓ أُبء ؽز٠ اخزل٠ آخش عضء ٖٓ أُبدح اُظِجخ. ك٢ ٛزٙ  L 1ٖٓ ًِٞس٣ذ اُلؼخ ك٢  mol 0.1رْ إػبكخ الأ٤ٗٞٓب إ٠ُ 

1.78 mol L = [NH3]اُِؾظخ، 
−1

 اُ٘غجخ اُزٌبكئ٤خ ُِٔؼوذ، ٜٓٔلاً رؤص٤شاد اُزخل٤ق. حذد. 

Calculation: 

 

 

 

 

 

n =      

6. Write the balanced chemical equation corresponding to quote E. 

 .Eالاقخببس أُؼبدُخ ا٤ٔ٤ٌُبئ٤خ أُٞصٝٗخ أُظبؽجخ ُـ  امخب
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7. Assuming that seawater is slightly basic and rich in dioxygen, and that silver metal can 

reduce dioxygen in such conditions, write a balanced chemical equation corresponding to 

the formation of the solid mentioned in quote F. A stoichiometric coefficient of 1 will be 

chosen for dioxygen. Calculate its equilibrium constant at 298 K. 

ػ٠ِ كشع إٔ ٓبء اُجؾش هبػذ١ ه٤ِلاً ٝؿ٢٘ ثبلأًغغ٤ٖ اُض٘بئ٢، ٝإٔ ٓؼذٕ اُلؼخ هبدس ػ٠ِ اخزضاٍ الأًغغ٤ٖ اُض٘بئ٢ ك٢ 

اعزخذّ . Fالاقخببس أُؼبدُخ ا٤ٔ٤ٌُبئ٤خ أُٞصٝٗخ أُظبؽجخ ُزلبػَ ر٣ٌٖٞ أُبدح اُظِجخ أُزًٞسح ك٢  امخبٛزٙ اُظشٝف، 

 .K 298صبثذ الارضإ ػ٘ذ  سباح ُلأًغغ٤ٖ اُض٘بئ٢. 1ٓؼبَٓ ٌٓبكئ 

Equation: 

 

 

 

 

 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K =    

  

Part B: The Mohr method 

 Mohr طرٌقت: B اىدزء

The Mohr method is based on the colorimetric titration of Cl
−
 by Ag

+
 in the presence of 

potassium chromate (2K
+
, CrO4

2−
). Three drops (~ 0.5 mL) of a K2CrO4 solution at about 

7.76∙10
−3

 mol L
−1

 are added to V0 = 20.00 mL of a sodium chloride solution of unknown 

concentration CCl. This solution is then titrated by silver nitrate (Ag
+
, NO3

−
) at 

CAg = 0.050 mol L
−1

, which immediately leads to the formation of solid A. A red precipitate 

(solid B) appears at VAg = 4.30 mL. 

Clٓج٤٘خ ػ٠ِ أُؼب٣شح ا٤ُِٗٞخ ُـ  Mohrؽش٣وخ 
-

Agثٞاعطخ  
+

potassium chromate (2Kك٢ ٝعٞد  
+
, CrO4

2−
(. رْ 

10∙7.76راد رش٤ًض ؽٞا٢ُ  K2CrO4( ٖٓ ٓؾٍِٞ mL 0.5رؼبدٍ ؽٞا٢ُ إػبكخ صلاس هطشاد )
−3

 mol L
−1

إ٠ُ  
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V0 = 20.00 mL  ٍٜٞٓؾٍِٞ ًِٞس٣ذ اُظٞد٣ّٞ ثزش٤ًض ٓغ ٖٓCCl صْ رْ ٓؼب٣شح ٛزا أُؾٍِٞ ثٞاعطخ ٖٓٝ .silver 

nitrate (Ag
+
, NO3

−
CAg = 0.050 mol L( راد رش٤ًض 

−1
(. solid A، اُز٢ رؤد١ ٓجبششح إ٠ُ رٌٕٞ ٓبدح طِجخ )

 .VAg = 4.30 mL( ػ٘ذ إػبكخ ٣solid Bظٜش ساعت أؽٔش )

8. Write the balanced equations of the two reactions occurring during the experiment. 

Calculate the corresponding equilibrium constants.  

 ه٤ْ صٞاثذ الارضإ. احسبأُؼبدُز٤ٖ ا٤ٔ٤ٌُبئ٤٤ٖ أُٞصٝٗز٤ٖ ُِزلبػ٤ِٖ اُؾبط٤ِٖ ك٢ اُزغشثخ.  امخب

 

 

 

K°1 =       

 

 

 

K°2 =       

   

9. Identify the solids. 

 أُٞاد اُظِجخ. حذد

 

 

Solid A:  

 

Solid B:  

         

10. Calculate the unknown concentration CCl of chloride ions in the sodium chloride 

solution. 

 لأ٣ٞٗبد اٌُِٞس٣ذ ك٢ ٓؾٍِٞ ًِٞس٣ذ اُظٞد٣ّٞ. CClاُزش٤ًض أُغٍٜٞ  احسب

Calculation: 

 

 

 

 

 

CCl =      mol L
–1 

      

If you could not calculate CCl, the value CCl = 0.010 mol L
−1

 

can be used in the rest of the problem. 

CCl = 0.010 mol L، اعزخذّ اُو٤ٔخ CClإرا ُْ رزٌٖٔ ٖٓ ؽغبة 
−1

 ك٢ ثو٤خ الأعئِخ. 
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11. Calculate the minimal volume VAg(min) for which AgCl(s) precipitates. 

 .AgCl(s)ُزشع٤ت  VAg(min)اؽغت اُؾغْ الأد٠ٗ 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VAg(min) =                     mL   

 
 

12. Calculate the residual concentration [Cl
−
]res of chloride ions when silver chromate begins 

to precipitate. Justify why CrO4
2−

 is a good titration endpoint indicator by comparing two 

values. 

Cl]اُزش٤ًض أُزجو٢  احسب
−
]res  أ٣ٞٗبد اٌُِٞس٣ذ ػ٘ذٓب رجذأ ٖٓsilver chromate  .ثٔوبسٗخ ه٤ٔز٤ٖ ُٔبرا  وضحثبُزشعت

 ٌٕٞ٣CrO4
2−

 ًبشق ع٤ذ ُ٘وطخ ٜٗب٣خ أُؼب٣شح. 

Calculation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Cl
‒
]res =      mol L

‒1
          

CrO4
2−

 is a good titration endpoint indicator because: 
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Problem 

T4 

7% 

Question 1 2 3 4 5 6 7 8 Total 

Points 6 9 8 5 6 2 2 12 50 

Score          

Problem T4: From gunpowder to the discovery of iodine  

 ببرود إىى امخشبف اىٍىدمه اى:  T4ىتسأاىم

In the 19
th

 century, the French entrepreneur B. Courtois specialized in the production of 

nitrate A (MA(NO3)m), used for gunpowder. Initially imported from Asia, A was later 

produced from nitrate B (MB(NO3)n) using exchange reaction with compound C, obtained 

from algae. 

ٔغزخذّ ، اُA (MA(NO3)m) زشادك٢ إٗزبط اُ٘  B. Courtois، رخظض سعَ الأػٔبٍ اُلشٗغ٢ ك٢ اُوشٕ اُزبعغ ػشش

ثبعزخذاّ رلبػَ اُزجبدٍ ٓغ   B (MB(NO3)n) ك٢ اُجذا٣خ ٖٓ آع٤ب، ٝرْ إٗزبعٚ لاؽوًب ٖٓ اُ٘زشاد A ك٢ اُجبسٝد. رْ اعز٤شاد

 .ٖٓ اُطؾبُت ز١ رْ اُؾظٍٞ ػ٤ِٚ، اُ C تأُشً

1. Find the formulas of nitrates A and B knowing that they are anhydrous salts of alkaline or 

alkaline-earth metal (MA and MB). One of the nitrates contains no more than 1 w% of 

non-metallic impurities while the other contains 9 ± 3 w% of impurities. The content of 

metals MA and MB in the samples is 38.4 w% and 22.4 w% respectively.  Support your 

answer with calculations. 

ؽذ (. لا ٣ؾز١ٞ أMA  ٝMBأسػ٢ )ه١ِٞ لِض ه١ِٞ أٝ كِض ُأٜٗب أٓلاػ ؿ٤ش ٓبئ٤ّخ  إرا ػِٔذ A  ٝBط٤ؾ اُ٘زشاد  اوخذ

ٖٓ اُشٞائت. ٓؾزٟٞ   %w 3 ± 9ٖٓ اُشٞائت ؿ٤ش أُؼذ٤ٗخ ث٤٘ٔب ٣ؾز١ٞ ا٥خش ػ٠ِ   %w 1اُ٘زشاد ػ٠ِ أًضش ٖٓ 

 إعبثزي ٓغ اُؾغبثبد. دعما ػ٠ِ اُزٞا٢ُ.  %w%   ٝ22.4 w 38.4ك٢ اُؼ٤٘بد ٛٞ  MA  ٝMBأُؼبدٕ 
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A:     and B:     

To obtain A, 262.2 g of solid compound C were added to the solution containing 442.8 g of 

B. B is known to be in excess. As a result, 190.0 g of white precipitate D were formed and 

removed by filtration. The filtrate was evaporated, and the obtained solid mixture E was 

heated until the mass of the sample (containing only nitrites, NO2
−
) was constant. The only 

gaseous product was dioxygen: 60.48 L at 0 °C at 1 atm (dioxygen can be considered as an 

ideal gas). 

ٖٓ  . g  ٖٓ B 442.8إ٠ُ أُؾٍِٞ اُز١ ٣ؾز١ٞ ػ٠ِ  C ٖٓ أُشًت اُظِت  g 262.2، رٔذ إػبكخ  Aُِؾظٍٞ ػ٠ِ 

ٕ ٣، ٗز٤غخ ُزُيٓزٞاعذ ثشٌَ كبئغ.  Bأُؼشٝف إٔ  َٞ ٖ ؽش٣ن اُزشش٤ؼ. ػٝرْ اصاُزٚ  D ٖٓ ساعت اث٤غ  g 190.0زٌ

)اُز٢ رؾز١ٞ  ؽز٠ اُٞطٍٞ ا٠ُ ًزِخ صبثزخ ُِؼ٤٘خ E ػ٤ِٚاُز١ رْ اُؾظٍٞ ، ٝرْ رغخ٤ٖ اُخ٤ِؾ اُظِت رْ رجخ٤ش اُششبؽخ

NO2، زش٣زبدكوؾ ػ٠ِ اُ٘
−

)٣ٌٖٔ   atm 1ػ٘ذ ٝ  C° 0٘ذ ػ  L 60.48الأًغغ٤ٖ: ص٘بئ٢  ًبٕاُـبص١ اُٞؽ٤ذ  اُ٘برظ. (

 .(ًٝغغ٤ٖ ؿبصًا ٓضب٤ًُبُض٘بئ٢ الااػزجبس ا

2. Calculate the composition (in w%) of mixture E considering that it contained only 

compounds A and B and no other impurities, and that C was taken in pure anhydrous 

state. 

، ٝأٗٚ رْ ٝلا رٞعذ شٞائت أخشٟ A  ٝBأٗٚ ٣ؾز١ٞ كوؾ ػ٠ِ ٓشًجبد  أٓؼزجش E اُخ٤ِؾ( ٖٓ %w ث٘غجخ) رش٤ًت احسب

 .خ٘و٤اُ خٓبئ٤اُلاؾبُخ اُك٢  Cأخز 
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w% of A:    and of     B:     

3. Determine the formulas of compounds C and D and write the balanced reaction equation 

between B and C. 

 .B  ٝCٗخ ث٤ٖ ٝصٓؼبدُخ اُزلبػَ أُٞ امخبٝ C  ٝDط٤ؾ أُشًجبد  حذد
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C:      and D:      

 

Reaction between B and C: 

 B  ٝCاُزلبػَ ث٤ٖ                                                                                                              

 

 

In 1811, when working with algae ashes, Courtois observed that copper vessels were worn out 

faster than usual. While he was studying this phenomenon, his cat entered the laboratory and 

spilled the solution of concentrated sulfuric acid on the dry algae ashes: violet vapors instantly 

came out of the vessel (1, sulfuric acid is the oxidizing agent): iodine (I2) had just been 

discovered! Iodine was the cause of the copper corrosion (2). However, because of the 

medicinal applications of iodine, Courtois opened a new manufacture to produce it by 

reaction of algae with chlorine (3). 

ثشٌَ أعشع ٖٓ أُؼزبد. ًِذ هذ رآإٔ الأٝػ٤خ اُ٘ؾبع٤خ  Courtois، لاؽع ، ػ٘ذ اُؼَٔ ٓغ سٓبد اُطؾبُت٢1811 ػبّ ك

ٓؾٍِٞ ؽٔغ اٌُجش٣ز٤ي أُشًض ػ٠ِ سٓبد اُطؾبُت اُغبكخ:  ٝهؼذبكث٤٘ٔب ًبٕ ٣ذسط ٛزٙ اُظبٛشح، دخِذ هطزٚ أُخزجش ٝ

اُز١ رْ اًزشبكٚ  (I2) ، ؽٔغ اٌُجش٣ز٤ي ٛٞ اُؼبَٓ أُؤًغذ(: ا٤ُٞد1) اُلٞس ٖٓ اُٞػبءالأثخشح اُج٘لغغ٤خ ػ٠ِ  كبٗطِوذ

 ٓظ٘ؼب Courtois . ٝٓغ رُي، ثغجت اُزطج٤وبد اُطج٤خ ٤ُِٞد، كزؼ(2)عجت اُزآًَ اُ٘ؾبع٢ ٛٞ ! ًبٕ ا٤ُٞد ك٢ ٛزٙ اُزغشثخ

 .(3)عذ٣ذاً لإٗزبعٚ ػٖ ؽش٣ن رلبػَ اُطؾبُت ٓغ اٌُِٞس 

Nowadays, iodine is prepared from the set of reactants (NO3
−
, I
−
, H

+
) (4) or (IO3

−
, I
−
, H

+
) (5). 

NO3)، ٣زْ رؾؼ٤ش ا٤ُٞد ٖٓ ٓغٔٞػخ أُٞاد أُزلبػِخك٢ اُٞهذ اُؾبػش
−
, I
−
, H

+
IO3)أٝ   (4) (

−
, I
−
, H

+
) (5). 

4. Write balanced equations for reactions 1–5. 

 .5-1ٗخ ُِزلبػلاد ٝصٓؼبدلاد ٓٞ امخب

1  

 

2    

 

3    

 

4    

 

5    

 

The solubility of iodine is very low in water but significantly increases when iodide ions are 

added. Together they form ions such as triiodide, I3
−
:  
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ؽ٤ش رزؾذ ٓغ ثؼؼٜب . ٣ذأ٣ٞٗبد ا٤ُٞدُزٝثبٕ ك٢ ا٤ُٞد ٓ٘خلؼخ ُِـب٣خ ك٢ أُبء ٌُٖٝ ٣ض٣ذ ثشٌَ ِٓؾٞظ ػ٘ذ إػبكخ اهبث٤ِخ 

I3 ًضلاص٢ ا٤ُٞد٣ذأ٣ٞٗبد  ٌٓٞٗخ 
−

. 

 

I
−
(aq) + I2(aq) = I3

−
(aq)  (6) 

Equilibrium (6) can be studied through the extraction of I2 with dichloromethane. Indeed, I
−
 

and I3
−
 do not dissolve in organic solvents but I2 does and, when extracted, it is 15 times more 

concentrated in dichloromethane than in water. 

I زٝة٣، لا ٓغ ص٘بئ٢ ًِٞسٝ ٤ٓضبٕ. ك٢ اُٞاهغ I2لاص ( ٖٓ خلاٍ اعزخ٣6ٌٖٔ دساعخ اُزٞاصٕ )
−
 ٝ I3

−
ك٢ أُز٣جبد  

 .ٓ٘ٚ ك٢ أُبءٓشح  15اًضش ثٔوذاس بٕ ًِٞسٝ ٤ٓضص٘بئ٢ ك٢  ، ٣ٌٕٞ رش٤ًضٙٓب ٣غزخِضػ٘ذُزُي ٣زٝة،  I2 اُؼؼ٣ٞخ ٌُٖٝ

The following experiment was performed. To prepare the initial solution, a few crystals of 

solid iodine were dissolved in 50.0 mL of an aqueous solution of potassium iodide (0.1112 g). 

Then, 50.0 mL of dichloromethane were added, and the mixture was vigorously shaken until 

equilibration. After phase separation, each phase was titrated by 16.20 mL (organic phase) 

and by 8.00 mL (aqueous phase) of the standard aqueous solution of sodium thiosulphate 

pentahydrate (14.9080 g in 1.000 L of solution) in the presence of starch. The process is 

schematically represented below: 

ٖٓ ٓؾٍِٞ   mL 50.0خ ثؼؼخ ثِٞساد ٖٓ ا٤ُٞد اُظِت ك٢، رْ إراثاُزب٤ُخ. ُزؾؼ٤ش أُؾٍِٞ الأ٢ُٝ رْ إعشاء اُزغشثخ

اُخ٤ِؾ ثوٞح  سط، ٝرْ ٖٓ ص٘بئ٢ ًِٞسٝ ٤ٓضبٕ  mL 50.0(. ثؼذ رُي، رٔذ إػبكخg 0.1112ٓبئ٢ ٖٓ ٣ٞد٣ذ اُجٞربع٤ّٞ )

  mL 8.00)اُطٞس اُؼؼ١ٞ( ٝ  mL 16.20ثٔوذاس ؽٞسؼب٣شح ًَ ، رْ ٍٓ اُطٞسبلظاٗاُزٞاصٕ. ثؼذ  اُٞطٍٞ ا٠ُؽز٠ 

 L 1.000ك٢  sodium thiosulphate pentahydrate (14.9080 g ٖٓ ه٤بع٢ٓؾٍِٞ ٓبئ٢  ثبعزخذاّ)اُطٞس أُبئ٢( 

 أدٗبٙ: خطؾًٔب ٣ظٜش ك٢ أُرٔض٤َ اُؼ٤ِٔخ  ٌٖٔٞعٞد اُ٘شب. ٣ث( ؾٍِٖٞٓ أُ

 

 
Brown: ث٢٘, Blue: اصسم, Pink: ٝسد١, Dark Blue:اصسم ؿبٓن, DK purple: ث٘لغغ٢ ؿبٓن,      

CLess:ُٕٞ ٕٝثذ, Yellowish:ٓظلش 



Candidate: SAU-2 

51st IChO – Theoretical Exam 33 

5. Find the correspondence between the stages on the scheme (1–9) and the schematic 

pictures representing them (a–i). 

 (.a–i( ٝاُظٞس اُزخط٤ط٤خ اُز٢ رٔضِٜب )9-1ك٢ أُخطؾ ) اسالاؽٞث٤ٖ  اُزٞاكن أوخذ

Stages ؽٞاسالأ  Picture   اُظٞسح

1  

2  

3  

4  

5  

6  

7  

8  

9  

6. Write balanced equations for the two possible chemical reactions in the aqueous phase 

during the titration involving iodine species and sodium thiosulphate. 

خ ُِزلبػ٤ِٖ ا٤ٔ٤ٌُبئ٤٤ٖ أُؾز٤ِٖٔ ك٢ اُطٞس أُبئ٢ أص٘بء أُؼب٣شح اُز٢ رشَٔ أٗٞاع ا٤ُٞد ٝص٤ًٞجش٣زبد ٞصٝٗٓؼبدلاد ٓامخب 

 اُظٞد٣ّٞ.

 

 

 

 

7. Calculate the mass of iodine used to prepare the initial solution. 

 الاثزذائ٢. ٍٞؾِٔاُ زؾؼ٤شًزِخ ا٤ُٞد أُغزخذٓخ ُ احسب
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m(I2) =          g  

8. Calculate the equilibrium constant K° for equilibrium of reaction (6). 

 (.6ُزٞاصٕ اُزلبػَ )  °Kالارضإ اُضبثذ  صبثذ احسب

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K° =     
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Problem 

T5 

8% 

Question 1 2 3 4 5 6 7 8 9 10 11 12 
Tota

l 

Points 3 4 4 2 5 5 4 3 5 2 2 2 41 

Score              

Problem T5: Azobenzene – β-cyclodextrin complexes for the formation of nanomachines 

 اَلاث اىىبوىٌت نىٌهىخ Azobenzene – β-cyclodextrin عقذاثم:  T5اىمسأىت

Nanomachines are molecular assemblies that enable the transformation of an energy source 

into a nano-movement for applications such as drug delivery. Numerous nanomachines make 

use of the isomerization of azo compounds (R–N N−R’) upon irr  i tion   

 ٝطٍٞرطج٤وبد ٓضَ ٝرُي ثٜذف رؾ٣َٞ ٓظذس اُطبهخ إ٠ُ ؽشًخ ٗب٣ٞٗخ  رغزط٤غ٣ئ٤خ ا٥لاد اُ٘ب٣ٞٗخ ٢ٛ ٓغٔٞػبد عض

 .ػ٘ذ اُزشؼ٤غ (R – N   N − R) ٓشًجبد الأصٝ اعزلبدد ٖٓ رٔبًت . اُؼذ٣ذ ٖٓ ا٥لاد اُ٘ب٣ٞٗخاُذٝاء

1. Draw the stereoisomers of azobenzene (H5C6–N=N–C6H5) and draw a line between the 

two carbon atoms that are the furthest apart. Compare these two distances (dtrans and dcis). 

٣ٌٖٔ ػٖ  الاثؼذ ٓباٌُشثٕٞ  ب ث٤ٖ رسر٢خطً  وارسم  azobenzene (H5C6–N=N–C6H5) ِأُزٔبًجبد اُلشاؿ٤خ  ارسم

 (.dtrans   ٝdcisأُغبكبد ) بر٤ٖث٤ٖ ٛ قبرن. ثؼؼٜب اُجؼغ ك٢ ًلا أُزٔبًج٤ٖ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

trans  cis 

Comparison أُوبسٗخ:               dtrans                                dcis                                       
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Fig. 1 – Possible reactants for the synthesis of M. 

 .M ٤ذش٤أُزلبػلاد أُؾزِٔخ ُز - 1اُشٌَ 

2. M can be synthesized in two steps from simple reactants (Fig. 1). Choose among the 

suggested reactants (N to Q) the ones that can provide M with very high regioselectivity. 

Sodium nitrite (NaNO2) in cold aqueous hydrochloric acid is used as reagent for the first 

step of the synthesis. 

( رِي Qإ٠ُ  Nٖٓ ث٤ٖ أُزلبػلاد أُوزشؽخ )ٖٓ  اخخر(. 1ك٢ خطٞر٤ٖ ٖٓ أُزلبػلاد اُجغ٤طخ )اُشٌَ  M ٌٖٔ رظ٤٘غ٣

( ك٢ ؽٔغ NaNO2ػب٤ُخ ُِـب٣خ. ٣غزخذّ ٗزش٣ذ اُظٞد٣ّٞ ) ٓٞػؼ٤خ ثوذسح اٗزوبئ٤خ M رؤد١ ُز٣ٌٖٞاُز٢ ٣ٌٖٔ إٔ 

  .ش٤٤ذُِخطٞح الأ٠ُٝ ٖٓ اُز ٔزلبػَُجبسد ًا٤ُٜذسًِٝٞس٣ي أُبئ٢ ا

 

Reactants:                                           and    

 ٝ                                               : أُزلبػلاد                                                                                      

                    

Determination of the association constant Kt 

 Kt الاسرجبؽرؾذ٣ذ صبثذ 

β-cyclodextrin (C, Fig. 2) is a cyclic heptamer of glucose, which can form inclusion 

complexes with azo compounds. In tasks 3 to 6, we will determine by spectroscopy the 

association constant Kt, corresponding to the formation of the inclusion complex CMtrans as 

depicted in Fig. 2. 

شٌَ ٣، ٝاُز٢ ٣ٌٖٔ إٔ ِغًِٞٞص( ٓشًت ؽِو٢ عجبػ٢ ا٤ُٓٞٗٞٔشاد ُ 2، اُشٌَ  C)  ٣β-cyclodextrinؼزجش أُشًت 

، ع٘ؾذد ثٞاعطخ اُزؾ٤َِ اُط٤ل٢ 6إ٠ُ  3. ك٢ أُٜبّ ٖٓ داخَ اُؾِوخ ك٢ اُلشاؽ ٓشًجبد ا٥صٝثؾ٤ش ٣غزوجَ اسرجبؽ  ٓؼوذاد

 .2ًٔب ٛٞ ٓٞػؼ ك٢ اُشٌَ  CMtrans ٣ٌٖٞ أُؼوذُز ٞاكن، أُ Ktاُزشاثؾ صبثذ 
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Fig. 2 – Formation of the CMtrans inclusion complex. 

 .CMtrans اسرجبؽ ر٣ٌٖٞ ٓؼوذ – 2اُشٌَ 

Several solutions are prepared by mixing C and Mtrans in different proportions to reach initial 

concentrations [C]0 and [Mtrans]0. While [Mtrans]0 is identical for all solutions, [C]0 varies. We 

follow, at a fixed wavelength, the evolution of the difference in absorbance A between the 

absorbance of each solution and the pure solution. We note the molar absorption coefficients 

of CMtrans and Mtrans, εCMtrans and εMtrans, respectively. L is the path length of the beam 

through the sample. The absorbance of C (εC) is negligible. 

 ٝ  0[C] أ٤ُٝخ ٤ًضارشث٘غت ٓخزِلخ ُِٞطٍٞ إ٠ُ  C ٝ Mtrans ػٖ ؽش٣ن خِؾ ب٤َُؾ٣ٔزْ رؾؼ٤ش اُؼذ٣ذ ٖٓ اُ

[Mtrans]0.  ْإٔ ٖٓثبُشؿ [Mtrans]0 ب٤َُؾٔع٤ٔغ اُك٢  بصَٔٓز، [C]0 اُلشم  ـ٤ش، رؽٍٞ ٓٞعخ صبثذ ٘ذػ ،ربثؼ٘ب .٣زـ٤ش

 ٝ  CMtrans ٓؼبٓلاد الآزظبص ا٢ُُٞٔ ُـ ػجشٗب ػٖ. اُ٘و٢ ٍٞ ٔؾِآُؾٍِٞ ٝث٤ٖ آزظبص ًَ  A ٤خك٢ الآزظبط

Mtrans ثـ εCMtrans ٝεMtrans ػ٠ِ اُزٞا٢ُ ،. L ٘٤خخ. آزظبطٛٞ ؽٍٞ ٓغبس اُؾضٓخ ػجش اُؼ٤ C (εC) ِٜٔٓخ. 

3. Demonstrate that ΔA=  ·[CMtrans] and express α in terms of known constant(s). 

  ثٔظطِؾبد صبثذ )صٞاثذ( ٓؼشٝكخ. αػٖ  عبرٝ  ΔA=  ·[CMtrans] إٔ وضح

Demonstration:   اىخىضٍح

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 =                 
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4. Demonstrate that, when C is in large excess with respect to Mtrans (i.e. [C]0 >> 

[Mtrans]0), the concentration of C may be considered as constant, [C] ≃ [C]0. 

            ،صبثزبً ٣Cٌٖٔ اػزجبس رش٤ًض  (0 >> [Mtrans]0[C] )أ١  Mtransثبُ٘غ٤خ ا٠ُ  ثلبئغ ًج٤ش Cأٗٚ ػ٘ذٓب ٣ٌٕٞ  وضح 

[C] ≃ [C]0 

Demonstration: اُزٞػ٤ؼ 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Demonstrate that, when C is in large excess with respect to Mtrans (i.e. [C]0 >> 

[Mtrans]0), 

     
  [ ] 

     [ ] 
 and express β in terms of constant(s) and initial concentration(s). 

     ، كئٕ  (0 >> [Mtrans]0[C] )أ١  Mtransثبُ٘غ٤خ ا٠ُ  ثلبئغ ًج٤ش C ٌٕٞػ٘ذٓب ر أٗٚ، وضح
  [ ] 

     [ ] 
 

 ثٔظطِؾبد صبثذ )صٞاثذ( ٝرش٤ًض )رشا٤ًض( اثزذائ٤خ. βػٖ  عبرَٝ

Demonstration: اُزٞػ٤ؼ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

β =     
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6. Determine Kt using the following experimental curve (Fig. 3). 

 (.3ثبعزخذاّ أُ٘ؾ٠٘ اُزغش٣ج٢ اُزب٢ُ )اُشٌَ  Kt حذد 

 

Fig. 3 – Evolution of 1/ A as a function of 1/[C]0. 

 .0[C]/1ُخ ُـ لاذث  A /1 رـ٤ش - 3اُشٌَ 

Calculations: اُؾغبثبد 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

Kt =      
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Determination of the association constant Kc 

 Kc الارحببط  ثببج ححذٌذ

In tasks 7 to 9, we will determine by kinetic studies the association constant Kc, corresponding 

to the formation of the inclusion complex with Mcis, CMcis. A sample containing only Mtrans is 

irradiated, thus producing a known amount of Mcis, [Mcis]0. Mcis (free or within the inclusion 

complex) then thermally isomerizes into Mtrans. In the absence of C, the isomerization follows 

a first order kinetics with a rate constant k1. All complexation equilibria are faster than the 

isomerization processes. The kinetic scheme corresponding to this experiment is provided in 

Fig. 4. 

،  Mcisٓغ  ٓؼوذ الاسرجبؽ، أُٞاكن ُزش٤ٌَ Kcالاسرجبؽ صبثذ ، ع٘ؾذد ٖٓ خلاٍ اُذساعبد اُؾش٤ًخ  9إ٠ُ  7ك٢ أُٜبّ ٖٓ 

CMcis ٣زْ رشؼ٤غ ػ٤٘خ رؾز١ٞ ػ٠ِ .Mtrans ٓٔب ٣٘زظ ػ٘ٚ ٤ًٔخ ٓؼشٝكخ ٖٓ ، كوؾMcis  ،[Mcis]0  . ْ٣زٔبًتص Mcis 

الأ٠ُٝ ثٔؼذٍ  ُشرجخؽش٤ًخ ٖٓ ا ٣زجغ اُزٔبًت، C. ك٢ ؽبُخ ػذّ ٝعٞد Mtransؽشاس٣بً إ٠ُ ( ٓؼوذ الاسرجبؽأٝ داخَ  ؽش)

 .4ُزغشثخ ك٢ اُشٌَ ُٜزٙ ا ٞاكنٓخطؾ اُؾش٤ًخ أُ ٣ظٜش. ُزٔبًت. ع٤ٔغ رٞاصٕ اُزؼو٤ذ أعشع ٖٓ ػ٤ِٔبد اk1صبثذ 

 

Fig. 4 – Kinetic scheme for the isomerization of Mcis in the presence of C. 

 .Cك٢ ٝعٞد  Mcis رٔبًت  خٓخطؾ ؽش٤ً - 4اُشٌَ 

The rate of disappearance r for the total amount of Mcis (free and complexed) is defined as 

 ػ٠ِ أٗٚ) اُؾش ٝأُشرجؾ ثبُٔؼوذ(  Mcis  ٤ٌِٔخ ا٤ٌُِخ ُِ r ٓؼذٍ الاخزلبء ٣ؼط٠

r = k1[Mcis] + k2[CMcis] 

 

Experimentally, r follows an apparent first order kinetic law with an apparent rate constant 

kobs: 

 :kobsؼذٍ صبثذ ٓصبثذ ٓغ  ظبٛش٣بالأ٠ُٝ  شرجخٖٓ اُ اُؼلاهخ اُؾش٤ًخ r زجغرٖٓ اُ٘بؽ٤خ اُزغش٣ج٤خ، 

r = kobs([Mcis] + [CMcis]) 



Candidate: SAU-2 

51st IChO – Theoretical Exam 41 

7. Demonstrate that      
      [ ]

    [ ]
 and express γ and δ in terms of known constant(s). 

     إٔ   وضح
      [ ]

    [ ]
 ٓؼشٝف.( )صٞاثذصبثذ  ثٔظطِؾبد γ  ٝδػٖ  عبرٝ   

Demonstration: اُزٞػ٤ؼ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

γ  =                               and   δ =   

 

8. Choose in which condition(s) the half-life t1/2 corresponding to kobs can be expressed as 

       
   

   
 (     [ ] ) given that [C]0 >> [Mcis]0. Mathematically justify your answer. 

ثبُؼلاهخ           ٣ٌٖٔ اُزؼج٤ش ػ٘ٚ kobsأُٞاكن ا٠ُ    t1/2ٗظق اُؼٔش( ٣ٌٖٔ اُزؼج٤ش ػٖ ششٝؽ) ششؽ اخزش ك٢ أ١

      
   

   
 .اعبثزي س٣بػ٤ب ادعم .0 >> [Mcis]0[C]ؽ٤ش إٔ  ( [ ]     ) 

  Very slow isomerization of Mcis within cyclodextrin  

 cyclodextrin ػٖٔ Mcis ِرٔبًت ثط٢ء عذا                                                 

 Very slow isomerization of free Mcis 

 اىحر Mcis ِرٔبًت ثط٢ء عذا                                                                      

  CMcis very stable 

                                                                                                    CMcis ٓغزوش عذا 

  CMtrans very stable 

                                                                                              CMtrans  ٓغزوش عذا 
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Demonstration: اُزٞػ٤ؼ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9. Assuming the condition(s) in task 8 satisfied, determine Kc by a linear regression using 

the data below. You may use a calculator or plot a graph. 

خط٢ ثبعزخذاّ اُج٤بٗبد أدٗبٙ. ُاٗؾذاس الا ػٖ ؽش٣ن Kc حذد، ًبٗذ ٓشػ٤خ 8( ك٢ أُٜٔخ ششٝؽ)اُ ششؽع إٔ اُثلش

 ث٤ب٢ٗ. ٓخطؾ٣ٌٔ٘ي اعزخذاّ آُخ ؽبعجخ أٝ سعْ 

[C]0 (mol L
−1

) t1/2 (s) [C]0 (mol L
−1

) t1/2 (s) 

0 3.0 3.0·10
−3

 5.9 

1.0·10
−4

 3.2 5.0·10
−3

 7.7 

5.0·10
−4

 3.6 7.5·10
−3

 9.9 

1.0·10
−3

 4.1 1.0·10
−2

 12.6 
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Equation of the linear regression: ٓؼبدُخ الاٗؾذاس اُخط٢   

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Kc =     
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Formation of nanomachines 

 تالالاث اىىبوىٌ نىٌهح

 

   

 

       –  l                          c cl           cl      c   l       c        l    -

triggered isomerization, which allows delivery of a dye (grey circles). 

ٝرُي ػٖ ؽش٣ن رلبػَ اُزٔبًت أُؾلضػٖ   zo enzene    y lo extrin  ٓؼوذ الاسرجبؽ طبساٗش - 5اُشٌَ 

 .(سٓبد٣خ دٝائش) ظجـخاٍُ ٞثٞط ٝاُز١ ٣غٔؼؽش٣ن اُؼٞء، 

Another azobenzene compound (for which Kc << Kt), initially in the trans form, is covalently 

grafted on silica (Fig. 5). The silica pores are filled with a dye (rhodamine B, grey circles in 

Fig. 5). Upon addition of C, an inclusion complex is formed, which blocks the pores and 

prevents the release of the dye. 

(. 5رغب٤ًٔٛب ػ٠ِ اُغ٤ِ٤ٌب )اُشٌَ  ٓوؾْ، transثبُشٌَ ك٢ اُجذا٣خ ٌٕٞ ٣، ( Kc << Ktؽ٤ش آخش ) azobenzene  ٓشًت

،  الاسرجبؽ ؼوذ، ٣زْ رش٤ٌَ Cٓ  (. ػ٘ذ إػبكخ5، دٝائش سٓبد٣خ ك٢ اُشٌَ  rhodamine Bظجـخ )بُرٔزِئ ٓغبّ اُغ٤ِ٤ٌب ث

 .اُظجـخ رؾشس )خشٝط(أُغبّ ٣ٝٔ٘غ  ـِنٝاُز١ ٣

10. Choose the most appropriate condition (one choice only) so that the pores are initially 

blocked in the presence of C, and the dye can be released upon irradiation. 

 اُظجـخ ػ٘ذ اُزشؼ٤غ. رزؾشس، ٣ٌٖٝٔ إٔ Cٞعٞد ثأُغبّ ك٢ اُجذا٣خ  ؿِنأٗغت ششؽ )خ٤بس ٝاؽذ كوؾ( ثؾ٤ش ٣زْ  راخخ

  Kt >> 1    

 Kt >> 1 and Kc << 1  

 Kt / Kc << 1  

 Kt >> 1 and Kc >> 1   

 Kc << 1 

This azobenzene-silica powder loaded with a dye is placed in the corner of a cuvette (Fig. 6) 

so that the powder cannot move into solution. The powder is irradiated at a wavelength λ1 to 

trigger the release of the dye from the pores (Fig. 5). To monitor this release by absorbance 

spectroscopy we measure the absorbance of the solution at wavelength λ 2. 

ٖ إٔ ٣٘زوَ ( ثؾ٤ش لا 6ٌٔ٣)اُشٌَ  cuvette سًٖ اٗجٞثخأُؾَٔ ثظجـخ ك٢    ٣azobenzene-silicaزْ ٝػغ ٓغؾٞم 

ٔشاهجخ (. 5ُاُظجـخ ٖٓ أُغبّ )اُشٌَ  ل٤ض اٗطلامُزؾ λ1ٔؾٍِٞ. ٣زْ رشؼ٤غ أُغؾٞم ػ٘ذ اُطٍٞ أُٞع٢ اُإ٠ُ  أُغؾٞم

 .λ 2أُؾٍِٞ ػ٘ذ ؽٍٞ أُٞعخ  ٤خآزظبط هٔ٘ب ثو٤بط ػٖ ؽش٣ن اُزؾ٤َِ اُط٤ل٢ ُلآزظبصرؾشس اُظجـخ 
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Fig. 6 – Left: experimental setup used to monitor the release of the dye; right: absorption 

spectra of trans-azobenzene (full line), cis-azobenzene (dotted line) and rhodamine B (dashed 

line). 

-trans  ِ : أؽ٤بف الآزظبصا٤ٔ٤ُٖا٤ُغبس: الإػذاد اُزغش٣ج٢ أُغزخذّ ُٔشاهجخ إؽلام اُظجـخ ؛  - 6اُشٌَ 

azobenzene   ( ، ٝٓغزٔش)خؾ cis-azobenzene )خؾ ٓ٘وؾ(ٝ ، rhodamine B .)خؾ ٓزوطغ( 

11. Determine حذد λ1.  

λ1 =              nm 

 

12. Determine حذد λ2.  

λ2 =              nm 
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Problem 

T6 

8% 

Question 1 2 3 4 5 6 7 8 9 Total 

Points 4 4 5 3 10 2 9 6 5 48 

Score           

Problem T6: Characterization of a block-copolymer 

  اىىبحح مه مىوىمٍرٌه مخخيفٍه ضخمٍه ضخماىمشخرك  بىىٍمرىصٍف : ح T6اىمسأىت

Block-copolymers, obtained by linking different polymers (blocks), have unique properties, 

such as the ability to self-assemble. In this problem, the synthesis and characterization of such 

a macromolecule are studied. 

( أُخزِلخ، ُٜب خظبئض كش٣ذح، ٓضَ اٌُج٤شح)، اُز٢ ٣زْ اُؾظٍٞ ػ٤ِٜب ػٖ ؽش٣ن سثؾ اُج٤ُٞٔشاد اُؼخٔخاُج٤ُٞٔشاد 

 .اُؼخْ ٛزا اُغض١ءرزْ دساعخ رش٤ًت ٝرٞط٤ق ٓضَ  أُغؤُخغ اُزار٢. ك٢ ٛزٙ اُوذسح ػ٠ِ اُزغٔ

 

Study of the first block 

 الأوىى اىضخمت مدمىعتدراست اى

 

 
In this first part, we will study the water soluble homopolymer 1 (α-methoxy-ω-

aminopolyethyleneglycol).  

 (α-methoxy-ω-aminopolyethyleneglycol)  ُِزٝثبٕ ك٢ أُبء اُوبثَ 1اُج٤ُٞٔش أُزغبٗظ ، عٞف ٗذسط ك٢ ٛزا اُغضء الأٍٝ

The 
1
H NMR spectrum of 1 (DMSO-d6, 60 °C, 500 MHz) includes the following signals: 

٣شَٔ ؽ٤ق 
1
H NMR  1ُِٔشًت (DMSO-d6, 60 °C, 500 MHz)   :الإشبساد اُزب٤ُخ 

Index 
 اُذ٤َُ

δ (ppm) 
Peak Area 

ُؤخٓغبؽخ ا  

a 2.7* 0.6 

b 3.3 0.9 

c 3.4 0.6 

d ~ 3.5 133.7 

Table 1, *in the presence of D2O, the signal at 2.7 ppm disappears. 

 . ppm 2.7، رخزل٢ الإشبسح ػ٘ذ D2O  ، * ك٢ ٝعٞد 1اُغذٍٝ 
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1. Match the 
1
H NMR signals (a, b, c, d) from Table 1 with each of the corresponding 

protons.  

إشبساد طببق
1
H NMR  (a, b, c, d ٍٝاُغذ ٖٓ )اُجشٝرٞٗبد أُوبثِخ.ُ 1 ٖٓ ٌَ 

 

2. Express the average degree of polymerization n as a function of the area AOC2H4 of the 

NMR peak of the repeating unit and the area AOCH3 of the NMR peak of the methyl end 

group. Calculate n. 

 هٔخٖٓ  AOCH3 ٝأُغبؽخ أُزٌشسحٞؽذح ُِ NMR هْٖٔٓ  AOC2H4 ِٔغبؽخًذاُخ ُ nػٖ ٓزٞعؾ دسعخ اُجِٔشح  عبر

NMR  .احسب ُٔغٔٞػخ ا٤ُٔض٤َ اُٜ٘بئ٤خn. 

 

 

 

 

 

 

                                                                                             n =     

 

If you could not calculate n, the value n = 100 

can be used in the rest of the problem. 

  n = 100  اُو٤ٔخػ٘ذٛب ٣ٌٔ٘ي اعزخذاّ ،  n إرا رؼزس ػ٤ِي ؽغبة

 .غؤُخك٢ ثو٤خ أُ

Study of a diblock-copolymer 

 اىىبحح مه مىوىمٍرٌه مخخيفٍه ضخمٍه مشخركاىدراست بىىٍمر

The synthesis of the second block of the copolymer is performed through the reaction of 1 

with 2 (ε-(benzyloxycarbonyl)-lysine N-carboxyanhydride). This yields the block-

copolymer 3. 

                                  2ٓغ  1ٖٓ خلاٍ رلبػَ  ُِج٤ُٞٔش أُشزشى ٝرُي اُضب٢ٗ ؼخْا٤ُٓٞٗٞٔش آُٖ  اُزش٤٤ذ٣زْ ر٘ل٤ز 

(ε-(benzyloxycarbonyl)-lysine N-carboxyanhydride)    . ْٝاُز١ ٣ؤد١ ا٠ُ ر٣ٌٖٞ اُج٤ُٞٔش أُشزشى اُؼخ

3. 
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3. Draw the reaction intermediate that is formed in the first step of the addition of 1 to 2. 

The second step of the mechanism leads to the formation of a gas molecule, G. Draw its 

structure. 

إ٠ُ ر٣ٌٖٞ  رؤد١ ا٤ٌُٔب٤ٌ٤ٗخ. اُخطٞح اُضب٤ٗخ ٖٓ 2إ٠ُ  1اُز١ ٣زٌٕٞ ك٢ اُخطٞح الأ٠ُٝ ٖٓ إػبكخ اُٞعط٢ اُزلبػَ  ارسم 

 رش٤ًجٚ.اسعْ . Gعض١ء ؿبص ، 

 

 

 

 

 

 

 

 

G:     

  

4. Infrared (IR) measurements are performed to characterize the compounds. Match the 

three IR spectra with compounds 1, 2 and 3. 

 .3ٝ  2ٝ  1اُضلاصخ ٓغ أُشًجبد  IRأؽ٤بف  طببقزٞط٤ق أُشًجبد. ( ٣IRُزْ إعشاء ه٤بعبد الأشؼخ رؾذ اُؾٔشاء )
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5. The 
1
H NMR spectrum of copolymer 3 (in DMSO-d6, at 60 °C, 500 MHz) is reported in 

Fig. 1. Using some or all of the NMR signals, the areas of which are reported in Table 2, 

calculate its number average molar mass Mn, considering n from question 2. For your 

calculations, draw a circle around the group(s) of atoms you used and give their 

corresponding symbol(s) (α, β…).  

ؽ٤ق ٣ظٜش 
1
H NMR  ك٢  3 ُِج٤ُٞٔش أُشزشى(DMSO-d6 60، ػ٘ذ °C  ،500 MHzك ) ٌَثبعزخذاّ ٢1 اُش .

، ٓغ الأخز  Mnٓزٞعؾ ػذد اٌُزِخ ا٤ُُٞٔخ  احسب، 2ك٢ اُغذٍٝ اُز٢ عغِذ  ٝأُغبؽبد،  NMRثؼغ أٝ ًَ إشبساد 

دائشح ؽٍٞ ٓغٔٞػخ )ٓغٔٞػبد( اُزساد  ارسم، ٤بد اُؾغبث٤خ اُخبطخ ثي. ثبُ٘غجخ إ٠ُ اُؼ2ِٖٔٓ اُغؤاٍ  nك٢ الاػزجبس 

 ...(. α  ،βشٓٞص( أُوبثِخ )اُشٓض )اُ عظأواُز٢ اعزخذٓزٜب 

 
Fig. 1 – signals marked with * correspond to the solvent and water. 

 

Table 2 

Peak 

 اُؤخ

Area 

 أُغبؽخ

α 22.4 

ß 119 

γ 23.8 

δ 47.6 

ε 622 
 

 الإشبساد اُز٢ رؾَٔ ػلآخ * رزٞاكن ٓغ أُز٣ت ٝأُبء. - 1اُشٌَ 

Compound: 

 1  2  3 

Compound: 

 1  2  3 

Compound: 

 1  2  3 
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Mn =     kg mol
–1 

Provide your answer with two decimal places. 

٤ٖ ثؼذ اُلبطِخػشش٣ثبعزخذاّ سه٤ٖٔ إعبثزي  اًزت  
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This reaction of 1 with 2 yielded the copolymers 3a after 20 h, 3b after 25 h and 3c after 30 h 

of reaction at 40 °C. Results of size-exclusion chromatography (SEC) experiments are 

presented in Fig. 2. 

ٖٓ  h 30ثؼذ  3cعبػخ ٝ  25ثؼذ  h  ،ٝ3b 20ثؼذ  3aاُج٤ُٞٔشاد أُشزشًخ  ا٠ُ ر٣ٌٖٞ 2 ٝ 1 ث٤ٖٛزا اُزلبػَ ٣ؤد١ 

 .2( ك٢ اُشٌَ SECبعزجؼبد اُؾغْ )شاك٤ب ثاٌُشٝٓبرٞع. ٣زْ ػشع ٗزبئظ اُزغبسة C° 40اُزلبػَ ػ٘ذ 

 

Fig. 2 – SEC chromatograms of 3a, 3b and 3c as a function of the elution volume, Ve. 

 .Veثذلاُخ ؽغْ عبئَ الاصاؽخ،   SEC ٖٓ 3a   ٝ3b   ٝ3c شاك٤بعًشٝٓبرٞ - 2اُشٌَ 

6. Match the signals in Fig. 2 with the copolymers 3a, 3b and 3c. 

 .3a   ٝ3b  ٝ3cٓغ اُج٤ُٞٔشاد أُشزشًخ  2الإشبساد ك٢ اُشٌَ  طببق

3a:      X   Y   Z 

3b:          X   Y   Z 

3c:          X   Y   Z 

In order to calibrate the chromatogram, a mixture of standard polymers of known masses (3, 

30, 130, 700 and 7000 kg mol
−1

) has been studied (Fig. 3). 

ٝ  733،  133،  33،  3أُؼشٝكخ ) اٌُزَ، رٔذ دساعخ خ٤ِؾ ٖٓ اُج٤ُٞٔشاد اُو٤بع٤خ ٖٓ عشاّرٞرؼ٤٤ش اٌُشٝٓبٖٓ أعَ 

7333 kg mol
−1

 .(3( )اُشٌَ 

The log value of the molar mass is a linear function of the elution volume, Ve. 

 .Ve،  صاؽخالإ عبئَ ُؾغْ خط٢ربثغ اٌُزِخ ا٤ُُٞٔخ  ُٞؿبس٣زْ ه٤ٔخ
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Fig. 3 – SEC chromatogram of the mixture of standards. 

 .ُخ٤ِؾ ٖٓ اُج٤ٔ٤ُٞشاد اُو٤بع٤خ SEC ًشٝٓبرٞعشاك٤ب - 3اُشٌَ 

7. Based on the SEC curves in Fig. 2 and 3, determine Ve of the polymer that corresponds 

to curve X and use it to estimate the degree of polymerization m of its second block. 

Detail your calculation; you may use a calculator or plot a graph. 

دسعخ اُجِٔشح  ىخقذٌرٝاعزخذٓٚ  Xِج٤ُٞٔش اُز١ ٣زٞاكن ٓغ أُ٘ؾ٠٘ ُ Ve حذد،  3ٝ  2ك٢ اُشٌَ  SECاعز٘بداً إ٠ُ ٓ٘ؾ٤٘بد 

m  ٖٓٚث٤ب٢ٗ. ٓخطؾ. ٣ٌٔ٘ي اعزخذاّ آُخ ؽبعجخ أٝ سعْ ٝػؼ ؽغبثبري ثبُزلظ٤َاُضب٤ٗخ. اُؼخٔخ  ٓغٔٞػبر 

 

Ve =              mL 
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 m =     

    

Triblock copolymer synthesis 

 اىمشخرك اىىبحح مه ثلاد مىوىمٍراث مخخيفت ضخمتبىىٍمر حشٍٍذ

For biological applications, involving the formation of micelles, a triblock copolymer 9 can be 

synthesized through the introduction of a middle block, B, using monomer 5. 

س ٤ٓٞٗٞٓشاد ٓخزِلخ أُشزشى اُ٘برظ ٖٓ صلاث٤ُٞٔش، ٣ٌٖٔ رظ٤٘غ micellesر٣ٌٖٞ  ٝاُز٢ رزؼٖٔ، ُِزطج٤وبد اُج٤ُٞٞع٤خ

 .5ٔٞٗٞٓش اُ، ثبعزخذاّ  B، ك٢ اُٞعؾ ٓغٔٞػخٖ خلاٍ إدخبٍ ٓ 9ػخٔخ 
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8. Draw the structures of 5, 7 and 8. 

 .8ٝ  7ٝ  5 رشا٤ًتاسعْ  

5 (no other products than 6:A-B are obtained) 

  (A-B:6أخشٟ ؿ٤ش  ٗٞارظ)لا ٣زْ اُؾظٍٞ ػ٠ِ 

 

 

 

 

 

7 (a gas is formed in the final step) 

 )٣زٌٕٞ اُـبص ك٢ اُخطٞح الأخ٤شح(

 

 

 

 

 

8 

 

 

 

 

 

9. Amphiphilic block copolymers, such as 9: A-B-C, can be used for medical applications, 

as they self-assemble into micelles in water (pH = 7), which can be used as drug carriers. 

Assign each block of the copolymer to a property. Draw a scheme of the micelle with 

only 4 polymer chains. 

ٝاُز٢ رغزخذّ ، A-B-C :9، ٓضَ اُؼخٔخ أٌُٞٗخ ٖٓ اعضاء ٓؾجخ ُِٔبء ٝاعضاء ًبسٛخ ُِٔبء٣ٌٖٔ اعزخذاّ اُج٤ُٞٔشاد 

ا٠ُ  أشرٌٖ اعزخذآٜب ً٘بهلاد ُِؼوبه٤ش. ، ٝ ٣ٔ(pH = 7ك٢ أُبء ) micellesزغٔغ رار٤ب ك٢ ر ٝاُز٢، ُزطج٤وبد اُطج٤خك٢ ا

 علاعَ ث٤ُٞٔش كوؾ. 4ٓغ  micelleخ. اسعْ ٓخططًب ُـ زخبط٤ ؽغتاُج٤ُٞٔشاد أُشزشى ٝرُي ًَ ٖٓ  ث٤ُٞٔش ػخًَْ 
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 ًبسٙ ُِٔبء                                 ِٔبءٓؾت ُ                                                               

A:    hydrophobic   hydrophilic  

B:    hydrophobic   hydrophilic 

C:    hydrophobic   hydrophilic 
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Problem 

T7 

6% 

Question 1 2 3 4 5 6 7 8 9 10 11 Total 

Points 4 12 2 2 2 5 5 8 4 5 5 54 

Score             

Problem T7: Ring motion in a [2]catenane 

 catenane[2]: ؽشًخ اُؾِوخ ك٢ اُـ T7أُغؤُخ 

In 2016, the Nobel Prize in Chemistry was awarded to J.-P. Sauvage, Sir J. F. Stoddart and 

B. L. Feringa "for the design and synthesis of molecular machines". An example of these is 

[2]catenane, a molecule consisting of two interlocked rings. In this system, one macrocycle 

contains a single phenanthroline (bidentate) ligand and the second contains two ligands: a 

phenanthroline and a terpyridine (tridentate) ligand. A copper ion is coordinated by one ligand 

from each macrocycle. Depending on the oxidation state of the copper (+I or +II), two 

configurations are obtained (Fig. 1). 

٘ؾذ عبئضح ٗٞثَ ك٢ ا٤ٔ٤ٌُبء إ٠ُ ط.ة. عٞكبط، ٝاُغ٤ذ ط. ف. عزٞداسد ٝا 2316ك٢ ػبّ  ُٓ ُغ٤ذ ة. ٍ. ك٤ش٣٘ظ ّ، 

، عض١ء ٣زٌٕٞ ٖٓ ؽِوز٤ٖ ٓزشبثٌز٤ٖ. ك٢ ٛزا اُ٘ظبّ، catenane[2]" ًٔضبٍ ُٜب اُـ ُزظ٤ْٔ ٝر٤ُٞق ا٥لاد اُغض٣ئ٤خ"

ػ٠ِ ٓزظِز٤ٖ:  خٝاُضب٤ٗ ٘بئ٤خ اُغٖ(ص) phenanthroline ٓلشدحػ٠ِ ٓزظِخ ( macrocycle) خًش٣ٝبٓ خؽِورؾز١ٞ 

phenanthroline ِخ ٝ ٓزظterpyridine )ٖثٔزظِ) صلاص٤خ اُغ ً ٖٓ ًَ ٓزظِخ  حٝاؽذ خ. أ٣ٕٞ اُ٘ؾبط اسرجؾ ر٘بعو٤ب

 ٖ ٖٓ اُظ٤ؾ ا٤ُٜئ٤خ. ٤(، رْ اُؾظٍٞ ػ٠ِ اصII٘+أٝ  I+ًش٣ٝخ. اػزٔبداً ػ٠ِ ؽبُخ الأًغذح ُِ٘ؾبط )بٓ

 
Fig. 1 – Multi-stability of a ring in a [2]catenane.  

   catenane[2]الاعزوشاس ك٢ ؽِوخ  –رؼذد  – 1ٌَ. اُش

The synthesis of the macrocycle is the following: ًبُزب٢ُ :                                  خًش٣ٝباُؾِوخ أُ رش٤٤ذ
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1. Draw the structure of B.                                                                         B اسعْ اُظ٤ـخ اُج٘بئ٤خ ُـ    

B 

 

 

 

2. Draw the structures of E, F and G. 

 .E  ٝF  ٝGاسعْ اُظ٤ـخ اُج٘بئ٤خ ُـ 

E 

 

 

 

 

 

 

F 

 

 

 

 

 

 

 

G 

 

 

 

 

 

 

 

3. Out of the following the reaction conditions, choose which one(s) can produce E from D: 

 :E ٖٓ Dأ١ خ٤بس )خ٤بساد( ٣ٌٖٔ إٔ ر٘زظ  خخرثؾغت اُزب٢ُ ٖٓ ظشٝف اُزلبػلاد، ا

 H
+
, H2O 

 OH
−
, H2O 

 NaBH4, CH3OH 

 H2, Pd/C, THF 
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4. In the synthetic strategy, MsCl is used to obtain: 

 ُِؾظٍٞ ػ٠ِ:  MsClك٢ الاعزشار٤غ٤بد اُظ٘بػ٤خ، ٣غزخذّ 

 a leaving group خ ٓـبدسح      ٓغٔٞػ  

 a protecting group      ٓغٔٞػخ ؽٔب٣خ 

 a deactivating group    ضج٤ؾرخ ٓغٔٞػ

 a directing group     ٚٓغٔٞػخ رٞع٤ 

5. G is obtained by the reaction between F and LiBr in acetone. This reaction is:  

 . ٛزا اُزلبػَ ٛٞ:ك٢ الأع٤زٕٞ F  ٝLiBrٖٓ اُزلبػَ ث٤ٖ  ٣Gٌٖٔ اُؾظٍٞ ػ٠ِ 

 electrophilic aromatic substitution       اعزجذاٍ إٌُزشٝك٢ِ٤ أسٝٓبر٢ 

 nucleophilic aromatic substitution       اعزجذاٍ ٤ٌِٗٞك٢ِ٤ أسٝٓبر٢ 

 SN1 

 SN2 

6. Draw the transition state of the rate-determining step of the reaction F → G, showing the 

3D geometry. Depict only one reaction center. The main carbon chain can be represented 

as an R group.  

كوؾ ٓشًض رلبػَ  ٓضَّٝاُز٢ رج٤ٖ اُشٌَ اُٜ٘ذع٢ صلاص٢ الأثؼبد.  F → Gُخطٞح رؾذ٣ذ ٓؼذٍ اُزلبػَ  ٤خؾبُخ الاٗزوبُاُ ارسم

 . Rٔٞػخ ٝاؽذ. ٣ٌٖٔ رٔض٤َ عِغِخ اٌُشثٕٞ اُشئ٤غ٤خ ثبُٔغ

Transition state: اُؾبُخ الاٗزوب٤ُخ 

 

 

 

 

 

 

 

The synthesis of [2]catenane L uses the template effect of a copper complex: 

 ٔؼوذ اُ٘ؾبط: ُٝكن اُزلبػَ اُزب٢ُ  ٣template effectغزخذّ  catenane L[2]اُـ  رش٤٤ذ
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7. Write the full electronic configuration of Cu(0) in its ground state. Give the oxidation 

state of Cu in complex J and write the electronic configuration of Cu in the free ion 

corresponding to J. 

ٝ اًزت اُزش٤ًت  Jك٢ أُؼوذ  Cuالأسػ٤خ. أًزت ؽبُخ الأًغذح ُِـ  ك٢ ؽبُزٚ Cu(0)اُزش٤ًت الإٌُزش٢ٗٝ اٌُبَٓ ُِـ  امخب

 . Jك٢ الأ٣ٕٞ اُؾش أُوبثَ ُـ  ٢Cu ُِـ الإٌُزشٝٗ

Electronic configuration of Cu(0): 

 

 

 

Oxidation state of Cu in J: 

  

 

Electronic configuration of Cu in J: 

 

  

 

8. Select the geometry of the copper ion in L. Assuming an ideal geometry of the ligands 

around the copper center, draw the electronic levels of the d orbitals subject to the crystal 

field. Fill the orbital diagram. Give the maximum value of the spin (S) for this complex.  

 ارسم. ُِٔزظلاد ؽٍٞ أُشًض اُ٘ؾبع٢ٓضب٢ُ  ٢شٌَ ٛ٘ذعج. ثبكزشاع ٝعٞد Lاُشٌَ اُٜ٘ذع٢ لأ٣ٕٞ اُ٘ؾبط ك٢  اخخر

 ُٜزا أُؼوذ. (S)أػ٠ِ ه٤ٔخ ُِذٝسإ  أعظٓخطؾ أُذاساد.  إملأ. ك٢ أُغبٍ اُجِٞس١ dأُغز٣ٞبد الإٌُزش٤ٗٝخ ُِٔذاساد 

The geometry of Cu in L is:  

 Octahedral صٔب٢ٗ اُغطٞػ 

 Tetrahedral سثبػ٢ الأعطؼ 

 Square planar ٓشثغ ٓغز١ٞ    

 Trigonal bipyramid   ٓؼبػق ٛشّ صلاص٢ 

 

Splitting and filling of d orbitals: d   روغ٤ْ َٝٓء أُذاساد 

  

 

 

 

 

S =  

    

9. Out of the following compounds, choose the one(s) that can remove the copper ion in L 

to obtain the free [2]catenane: 

 .اُؾش catenane[2]ُِؾظٍٞ ػ٠ِ  Lبط ٖٓ اصاُخ أ٣ٕٞ اُ٘ؾ ٣غزط٤غٓشًت أٝ أًضش اُز١  اخخرٖٓ أُشًجبد اُزب٤ُخ، 

 

 CH3CN 

 NH4PF6 

 KCN 

 tren 
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In [2]catenane L, the copper ion can exist in two oxidation states (+I) or (+II), and each of 

them exhibits a different coordination sphere (tetra- or penta-coordinated, respectively).  

 ٓغبٍ ر٘غ٤ن رظُٜش، ًَٝ ٝاؽذح ْٜٓ٘ (II+)أٝ  (I+)ك٢ ؽبُز٢ أًغذح أ٣ٕٞ اُ٘ؾبط ٣ٌٖٔ إٔ ٣زٞاعذ ، catenane L[2]ك٢ 

 ر٘بعو٢، ػ٠ِ اُزٞا٢ُ(  –خٔبع٢  –ٓخزِق )سثبػ٢ 

 
Fig. 2 – [2]catenane L states  

The stability of Cu(I) complexes can be inferred by comparing their electronic structures to 

that of a noble gas. 

 .٤ًجٚ الإٌُزش٢ٗٝ ثزش٤ًت ؿبص ٗج٤َا٣ٌٖٔ الاعزذلاٍ ػ٤ِٚ ٖٓ خلاٍ ٓوبسٗخ رش Cu(I) ادصجبد ٓؼوذ

10. Fill in the blanks with a number or a tick:                                      إملاء اُلشاؿبد ثشهْ أٝ ػلآخ 

The Cu
I
N4  omplex h s   …   ele trons in the  oor in tion sphere of the met l  

Cuٓؼوذ اُـ 
I
N4  ..... ُٚٗٝك٢ ٓغبٍ ر٘بعن أُؼذٕ. بدإٌُزش 

The Cu
I
N5  omplex h s   …   ele trons in the  oor in tion sphere of the met l  

Cuٓؼوذ اُـ 
I
N5  ..... ُٚٗٝك٢ ٓغبٍ ر٘بعن أُؼذ بدإٌُزش.ٕ 

The Cu
I
N4 complex is  more /  less stable than the Cu

I
N5 complex. 

Cuٓؼوذ اُـ 
I
N4   أًضش\   ٖٓ ٓؼوذ اُـ أهَ اعزوشاسCu

I
N5  
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11. In the solid boxes with the designation of the involved complexes in Fig. 2 and complete 

the sequence to achieve electrochemical control of the system using the following 

notation for the dashed boxes:  (rotation); + e
‒
 ; ‒ e

‒
. 

     ك٢  ٓشثغاُزب٤ُخ ٓغ رؾذ٣ذ أُؼوذاد أُؼ٤٘خ ك٢ ًَ  أُشثؼبداُزغِغَ ُزؾو٤ن اُزؾٌْ اٌُٜش٤ٔ٤ًٝبئ٢ ُِ٘ظبّ ك٢  أممو

e +)دٝسإ(؛ أُزوطؼخ:  ٔشثؼبدي ثٞػغ اُشٓٞص اُزب٤ُخ ك٢ اُٝرُ. 2 اُشٌَ
‒
 

 
e ‒؛  
‒

 . 
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Problem 

T8 

6% 

Question 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total 

Points 2 6 2 2 11 2 4 3 4 2 6 8 2 6 4 64 

Score                 

Problem T8: Identification and synthesis of inositols 

 inositols اىـ شٍٍذ: ححذٌذ وحT8اىمسأىت 

In this pro lem, we  efine ―3D structure‖  n  ―perspective formula‖  s in i  te  for β-

glucose in the following figure. 

 ك٢ اُشٌَ اُزب٢ُ: β-glucoseزش٤ًت صلاص٢ الأثؼبد" ٝ "اُظ٤ـخ أُ٘بظشح" ًٔب ٛٞ ٓج٤ٖ ُـ ك٢ ٛزا اُغؤاٍ، ٗؾٖ ٗؼشّف "اُ

 

Inositols are cyclohexane-1,2,3,4,5,6-hexols. Some of these 6-membered carbocycles, in 

particular myo-inositol, are involved in a number of biological processes. 

رشبسى ك٢ ػذد  اُؾِوخعذاع٤خ  . ثؼغ ٛزٙ أُشًجبد اٌُشث٤ٗٞخInositols  ٞٛcyclohexane-1,2,3,4,5,6-hexolsاُـ 

 ٖٓ اُؼ٤ِٔبد اُؾ٣ٞ٤خ.

Structure of myo-inositol 

 myo-inositol اىصٍغت اىبىبئٍت ىيـ

1. Draw the structural formula of inositols, without stereochemical details. 

 ، ثذٕٝ رٞػ٤ؼ ا٤ٔ٤ٌُبء اُلشاؿ٤خ. inositolsاُظ٤ـخ اُج٘بئ٤خ ُِـ  ارسم

 

 

 

 

This family of molecules contains 9 different stereoisomers, including enantiomers. 

 ؼٞئ٤خ.اُ ٓزٔبًجبد كشاؿ٤خ ٓخزِلخ، ثٔب ك٤ٜب أُزٔبًجبد 9ٛزٙ اُؼبئِخ ٖٓ اُغض٣ئبد رؾز١ٞ ػ٠ِ 

2. Draw all 3D structures of the stereoisomers that are optically active.  

 اُلشاؿ٤خ اُز٢ ُٜب ٗشبؽ ػٞئ٢.  ٔزٔبًجبدًَ اُظ٤ؾ صلاص٤خ الأثؼبد ُِ ارسم
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The structure of a specific inositol, called myo-inositol, is studied here. Only one of its chair 

conformers is predominant and its structure can be deduced from its 
1
H NMR spectrum. The 

spectrum below was obtained at 600 MHz in D2O. No other signal from that compound was 

observed in the spectrum. The integration is indicated on the spectrum below each signal. 

زْ دساعزٚ ٛ٘ب. كوؾ ٝاؽذ ٖٓ ٤ٛئخ اٌُشع٢ ٛٞ اُـبُت ٝ عز، myo-inositolغ٠ٔ أُأُؾذد،  inositolاُظ٤ـخ اُج٘بئ٤خ ُِـ 

ط٤ـزٚ اُج٘بئ٤خ ٣ٌٖٔ اعز٘زبعٜب ٖٓ ؽ٤ق 
1
H NMR 600. رْ اُؾظٍٞ ػ٠ِ اُط٤ق أدٗبٙ ػ٘ذ MHz  ك٢D2O ٣لاؽع ُْ .

 َ اُز١ ٣ظٜش ك٢ اُط٤ق ٓٞػؼ رؾذ ًَ إشبسح.أ١ إشبسح أخشٟ ٖٓ ٛزا أُشًت ك٢ اُط٤ق. اُزٌبٓ

 

3. Give the molecular formula of the predominant compound derived from myo-inositol in 

this sample that is consistent with the number of protons observed in the 
1
H NMR 

spectrum. 

ك٢ ٛزٙ اُؼ٤٘خ اُز١ ٣زٞاكن ٓغ ػذد اُجشٝرٞٗبد اُز٢  myo-inositolٖٓ أُشزن اُظ٤ـخ اُغض٣ئ٤خ ُِٔشًت اُغبئذ  أعظ

ُٞؽظذ ك٢ ؽ٤ق 
1
H NMR 

 

 

4. Based on the number and integrations of the proton signals, give the number of symmetry 

plane(s) that exist(s) in this molecule. 

 ك٢ اُغض١ء. حأُٞعٞد ػذد ٓغزٟٞ )ٓغز٣ٞبد( اُزٔبصَ  ظأعاشبساد اُجشٝرٞٗبد،  داػزٔبداً ػ٠ِ ػذد ٝرٌبٓلا

 

 

 

5. Complete the following perspective drawing of the most stable conformation of myo-

inositol. Then label each hydrogen with the corresponding letter (a, b, c or d) according 

to the NMR spectrum above. Proton a must be on carbon a on the following 

representation. Draw its 3D structure. 
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،  aػ٠ِ ًَ رسح ٤ٛذسٝع٤ٖ ثبُؼلآبد ) عيم  . صْ myo-inositolالأًضش اعزوشاسا ٖٓ  اُظٞس ا٤ُٜئ٤خاُشعْ اُزب٢ُ ٖٓ  أممو

b  ،c  ٝd ٝكوب ُط٤ق )NMR  ٕٞاُغبثن. اُجشٝرa  ٌٕٞػ٠ِ اٌُشث٣ٕٞغت إٔ ٣ a  .رش٤ًجٜب  ارسمك٢ اُزٔض٤َ اُزب٢ُ

 اُضلاص٢ الأثؼبد.

 

 

 

 

3D structure: 

Synthesis of inositols اىـ  حشٍٍذ   

For medicinal applications, it is useful to synthesize some inositol phosphates on a large scale. 

We will study the synthesis of inositol 2 from bromodiol 1. 

ٖٓ  inositol 2 رش٤٤ذعٞف ٗذسط  .ػ٠ِ ٗطبم ٝاعغ inositolثؼغ كٞعلبد اُـ  ٤٤ذشٖٓ أُل٤ذ رُِزطج٤وبد اُطج٤خ، 

bromodiol 1. 

 
 

6. Choose the correct structural relationship(s) between 2 and 3. 

 .3ٝ  2اُؼلاهخ )اُؼلاهبد( اُج٘بئ٤خ اُظؾ٤ؾخ ث٤ٖ  اخخر

 enantiomers    

 epimers 

 diastereomers  

 atropoisomers  
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Inositol 2 can be obtained from compound 1 in 7 steps. 

 خطٞاد  7ك٢  1ٖٓ أُشًت  ٣Inositol 2ٌٖٔ اُؾظٍٞ ػ٠ِ 
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7. Draw the 3D structure of 4. 

 4اُزش٤ًت صلاص٢ الأثؼبد ُـ ارسم 

4 

 

 

 

 

8. The reaction leading to 5 occurs on the double bond with the highest electron density. 

Consider below the structure of 1-bromo-1,3-cyclohexadiene, which is a substructure of 

4. Circle the double bond with the highest electron density. On separate structures, 

represent all the electronic effects due to the bromine.  

                  أدٗبٙ رش٤ًت          اٗظشػ٠ِ اُشاثطخ أُضدٝعخ راد أػ٠ِ ًضبكخ إٌُزش٤ٗٝخ.  ٣5ؾذس اُزلبػَ أُؤد١ إ٠ُ 

11-bromo-1,3-cyclohexadiene  ٖاُشاثطخ أُضدٝعخ  ؽٍٞضع دائرة . 4رش٤ًت ٓشزن ٖٓ ، اُز١ ٛٞ ػجبسح ػ

 اُجشّٝ. ثغجتع٤ٔغ اُزؤص٤شاد الإٌُزش٤ٗٝخ  مث و رش٤ًج٤ٖ ٓ٘لظ٤ِٖك٢ الأػ٠ِ ًضبكخ إٌُزش٤ٗٝخ. 

 

 

9. Draw the 3D structure of the major diastereomer 5. 

 .5ؼٞئ٢ اُشئ٤غ٢ اُؿ٤ش ُزش٤ًت صلاص٢ الأثؼبد ُِٔزٔبًت ا ارسم

5 

  

 

 

 

10. Give the total number of stereoisomers of 5 possibly obtained by this synthesis, starting 

from enantiopure compound 1. 

 خٔزٔبًجبد اُؼٞئ٤ُاؽذ ا ، ٓجزذءا ٖٓش٤٤ذزز٢ ٣ٌٖٔ اُؾظٍٞ ػ٤ِٜب ٖٓ ٛزا اُاُ 5اُؼذد ا٢ٌُِ ُِٔزٔبًجبد اُلشاؿ٤خ ٖٓ  أعظ

 .1ِٔشًت ُاُ٘و٤خ 
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11. For the step 5 → 6, another product with the same molecular formula, denoted 6’, can be 

produced. Draw the 3D structures of 6 and 6’. 

ٝ  6اُزش٤ًت صلاص٢ الأثؼبد ُـ  ارسم، ٣ٌٖٔ إٔ ٣٘زظ.  ’6 ٣شٓض ُٚ ثـ ،ٗبرظ آخش ث٘لظ اُظ٤ـخ اُغض٣ئ٤خ، 6←  5ٖٓ  حُِخطٞ

6’ . 

6 6’ 

 

 

 

12. Draw the 3D structures of major diastereomers 8 and 9. 

 9ٝ  8اسعْ اُزش٤ًت صلاص٢ الأثؼبد ُِٔزٔبًجبد ؿ٤ش اُؼٞئ٤خ اُشئ٤غ٤خ 

13. Select the right set(s) of conditions A to obtain 2. 

 .2ُِؾظٍٞ ػ٠ِ  A( اُظؾ٤ؾخ ُٔغٔٞػبد)ا أُغٔٞػخ اخخر

 H2, Pd/C 

 K2CO3, HF 

 HCOOH, H2O 

 BF3·OEt2 

  

8 9 
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14. If the bromine is not present in compound 1, in addition to 2, another stereoisomer would 

be obtained. Considering that the stereoselectivity of the reactions that take place in the 

synthesis remains unchanged and that the following steps involve the same number of 

equivalents as for 2, draw the 3D structure of this stereoisomer and give its relationship 

with 2. 

 كشع إػ٠ِ . 2ثبلإػبكخ إ٠ُ  آخش كشاؿ٢ع٤زْ اُؾظٍٞ ػ٠ِ ٓزٔبًت ، 1ارا ًبٕ اُجشّٝ ؿ٤ش ٓٞعٞد ك٢ أُشًت 

، 2ًٔب ك٢  أٌُبكئبدرظَ ًٔب ٢ٛ ٝإٔ اُخطٞاد اُزب٤ُخ رجو٠ ث٘لظ ػذد  ش٤٤ذزالإٗزوبئ٤خ اُلشاؿ٤خ ُِزلبػلاد اُز٢ رؾذس ك٢ اُ

 .2ػلاهزٚ ٓغ  و وضحاُزش٤ًت صلاص٢ الأثؼبد ُٜزا أُزٔبًت اُلشاؿ٢  ارسم

 

 

 

 

 

 

 

 

 

 enantiomers 

 epimers 

 diastereoisomers 

 atropoisomers 

15. During the synthesis of 2 from 1, choose the removal step(s) of protecting or directing 

groups. 

 ئصاُخ ٓغٔٞػبد اُؾٔب٣خ أٝ اُزٞع٤خ.أُؼ٤٘خ ثخطٞح )خطٞاد(  خخر، ا1ٖٓ  2 ش٤٤ذأص٘بء ر

 1 → 4 

 4 → 5 

 5 → 6 

 6 → 7 

 7 → 8 

 8 → 9 

 9 → 2 
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Problem 

T9 

7% 

Question 1 2 3 4 5 6 7 8 9 10 11 12 13 Total 

Points 2 2 4 3 2 17 1 1 2 4 2 2 2 44 

Score               

Problem T9: Synthesis of levobupivacaine 

 levobupivacaine اىـ  شٍٍذح :T9 اىمسأىت

Part I.                                                                                                                     اىقسم الأوه 

The local anesthetic bupivacaine (marketed as Marcaine) is on the World Health Organization 

List of Essential Medicines. Although the drug is currently used as a racemic mixture, it was 

demonstrated that one enantiomer of bupivacaine, levobupivacaine, is less cardiotoxic and, 

therefore, safer than the racemate. Levobupivacaine can be synthesized from the natural 

amino acid L-lysine.  

( ٓذسط ك٢ هبئٔخ ٓ٘ظٔخ اُظؾخ اُؼب٤ُٔخ Marcaine)٣زْ رغ٣ٞوٚ ثبعْ أُبسع٤ٖ  bupivacaineأُخذس أُٞػؼ٢ 

٢ٔ٤، كوذ صجذ إٔ أؽذ أُزٔبًجبد اُؼٞئ٤خ ُِـ ُلأد٣ٝخ الأعبع٤خ. ػ٠ِ اُشؿْ ٖٓ إٔ ٛزا اُذٝاء ٣غزخذّ ؽب٤ًُب ًخ٤ِؾ ساع

bupivacaine ٞٛٝ ،levobupivacaineش٤٤ذ، أهَ ع٤ٔخ ػ٠ِ اُوِت، ٝثبُزب٢ُ أًضش أٓبًٗب ٖٓ أُشًت أُ٘بظش ُٚ. ٣ٌٖٔ ر 

Levobupivacaine   الأؽٔبع الأ٤٘٤ٓخ اُطج٤ؼ٤خ ٖٓL-lysine. 

 

1. Assign the absolute configuration of the stereogenic center in L-lysine hydrochloride and 

justify your answer by classifying the substituents in order of their priority. 

إعبثزي ثزظ٤٘ق  ووضح سبب. L-lysine hydrochlorideك٢  اُز٘بظش اُلشاؿ٢اُظ٤ـخ ا٤ُٜئ٤خ أُطِوخ ُٔشًض  عٍ ه

 ثبُزشر٤ت ؽغت أ٣ُٞٝزٜب.  أُغزجذلاد

Configuration: 

 R 

 S 

Priority 1 > 2 > 3 > 4: 

 

2. The prefix L in L-lysine refers to relative configuration. Choose all correct statements: 

 ؼجبساد اُظؾ٤ؾخ.ع٤ٔغ اُ اخخر٣ش٤ش إ٠ُ اُظ٤ـخ ا٤ُٜئ٤خ.  L-lysine ك٢ Lاُجبدئخ 

 All natural L-amino acids are levorotatory. 

  ا٤ُغبس ثبرغبٙ رذٝس Lع٤ٔغ الأؽٔبع الأ٤٘٤ٓخ اُطج٤ؼ٤خ 

 Natural L-amino acids can be levorotatory or dextrorotatory. 

 ا٤ٔ٤ُٖ أٝ ا٤ُغبس  ثبرغبٙ رذٝس إٔ ٣ٌٖٔ Lالأؽٔبع الأ٤٘٤ٓخ اُطج٤ؼ٤خ 

 All natural L-amino acids are (S). 

  (S) ٢ٛ Lع٤ٔغ الأؽٔبع الأ٤٘٤ٓخ اُطج٤ؼ٤خ 

 All natural L-amino acids are (R). 

 (٢ٛR ) L-ع٤ٔغ الأؽٔبع الأ٤٘٤ٓخ اُطج٤ؼ٤خ 

Often, we want only one of the amino groups in L-lysine to react. A Cu
2+

 salt with excess 

aqueous hydroxide can selectively mask the reactivity of one of the amino groups. After the 

complex is formed, only the non-complexed NH2 group is available to react.  



Candidate: SAU-2 

51st IChO – Theoretical Exam 70 

Cuِٓؼُِزلبػَ.  L-lysineك٢ ًض٤ش ٖٓ الأؽ٤بٕ، ٗش٣ذ ٝاؽذح كوؾ ٖٓ أُغٔٞػبد الأ٤٘٤ٓخ ك٢ 
2+

أُٞعٞد ٓغ كبئغ ٖٓ   

ؿ٤ش  NH2كوؾ ٓغٔٞػخ  ثؼذ رٌٕٞ أُؼوذ،  .ٝاؽذ ٖٓ ٓغٔٞػبد الأ٤ٖٓلبػ٤ِخ ُ ٣ؼَٔ ػ٠ِ ٝهب٣خ اٗزوبئ٤خ٤ٛذسًٝغ٤ذ ٓبئ٢ 

 ٓزبؽخ ُِزلبػَ.رٌٕٞ ٔشرجطخ اُ

3. Considering that L-lysine acts as a bidentate ligand and that two L-lysines coordinate to 

one Cu
2+

 ion in the presence of aqueous hydroxide, draw the structure of the intermediate 

complex. 

Cuٓغ أ٣ٕٞ ٝاؽذ رشرجؾ  L-lysineٖٓ  ز٤ٖٝعض٣ئ bidentate خ ص٘بئ٤خ اُغًٖٔزظ٣ِؼَٔ  L-lysine إاػزجش 
2+

ك٢  

 اُظ٤ـخ اُج٘بئ٤خ ُِٔؼوذ اُٞعط٢. ارسم، ٓبئ٢  ٤ٛذسًٝغ٤ذ

Complex 

 

 

 

 

 

Fortunately, in the synthesis of levobupivacaine shown below, the same amino group reacts 

even without Cu
2+

 salt.  

أُٞػؼ ثبلأعلَ، ٗلظ ٓغٔٞػخ الأ٤ٖٓ رزلبػَ ؽز٠ ك٢ ػذّ ٝعٞد ِٓؼ  levobupivacaineاُـ  رش٤٤ذُؾغٖ اُؾع، ك٢ 

Cu
2+

 . 
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From this point on, you can use the abbreviations proposed in the scheme above. 

 ٖٓ ٛزٙ اُ٘وطخ، ٣ٌٔ٘ي اعزخذاّ الاخزظبساد أُوزشؽخ ك٢ أُخطؾ أػلاٙ.

4. Draw the structure of compound A, including the appropriate stereochemistry. 

 ، ٓٞػؾبً اُزش٤ًت اُلشاؿ٢ أُ٘بعت.Aاُظ٤ـخ اُج٘بئ٤خ ُِٔشًت  ارسم

A 

 

 

 

 

5. Transformation of L-lysine into A is (choose proper answer(s)): 

 الإعبثخ )الإعبثبد( اُظؾ٤ؾخ( اخخرٛٞ ) Aإ٠ُ  L-lysineرؾٍٞ 

 an enantioselective reaction. رلبػَ اٗزوبئ٠ ػٞئ٢     

 an enantiospecific reaction.   رلبػَ ػٞئ٢ ٓؾذد 

 a regioselective reaction.   اٗزوبئ٢ ٓٞػؼ٢رلبػَ 

6. Draw the structures of compounds B–F, including the appropriate stereochemistry.  

 ، ٓٞػؾبً اُزش٤ًت اُلشاؿ٢ أُ٘بعت.B-Fاُظ٤ـخ اُج٘بئ٤خ ُِٔشًجبد  ارسم

 

B C14H20N2O4 

 

 

 

C C16H21NO6 

 

 

 

D 

 

 

 

 

 

 

 

 

 

 

 

E C29H34N2O6S 
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F C21H28N2O4S 

 

 

7. What is the role of DCC in the transformation C → D? 

 ؟C  ←Dك٢ اُزؾٍٞ  DCCٓب ٛٞ دٝس 

 Protecting group for the amino group. 

 .ُِٔغٔٞػخ الأ٤٘٤ٓخؽٔب٣خ ٓغٔٞػخ 

 Protecting group for the hydroxy group. 

.َُٔغٔٞػخ ا٤ُٜذسًٝغ٤ؽٔب٣خ ٓغٔٞػخ   

 Activating agent for the amide bond formation. 

 .شؾ ُزش٤ٌَ ساثطخ أ٤ٓذػبَٓ ٓ٘

8. TsCl is used in the synthesis to enable:  

 ُز٤ٌٖٔ:ش٤٤ذ ك٢ اُز ٣TsClغزخذّ 

 Nucleophilic substitution of an amino group. 

 الاعزجذاٍ ا٤ًُِ٘ٞٞك٢ِ٤ ُٔغٔٞػخ الأ٤ٖٓ  

 Electrophilic substitution of an amino group. 

 الأ٤ٖٓ   الاعزجذاٍ الإٌُزشٝك٢ِ٤ ُٔغٔٞػخ

 Nucleophilic substitution of a hydroxy group. 

٤ًُِ٘ٞٞك٢ِ٤ ُٔغٔٞػخ ا٤ُٜذسًٝغ٤َالاعزجذاٍ ا    

 Electrophilic substitution of a hydroxy group. 

 الاعزجذاٍ الإٌُزشٝك٢ِ٤ ُٔغٔٞػخ ا٤ُٜذسًٝغ٤َ

9. Mark all possible reagents which could be used as reagent H: 

 :Hرغزخذّ ُِزلبػَ ٓغ اُز٢  ٌٔ٘خػ٠ِ ع٤ٔغ أُزلبػلاد أُ علامتضع 

 diluted HCl       Zn/HCl 

 K2CO3       H2SO4 

 diluted KMnO4      diluted NaOH 

 SOCl2       PCl5  

10.  Draw the structure of levobupivacaine, including the appropriate stereochemistry.  

 ٓٞػؾبً اُزش٤ًت اُلشاؿ٢ أُ٘بعت.، levobupivacaineاُظ٤ـخ اُج٘بئ٤خ ُـ  ارسم

Levobupivacaine C18H28N2O 
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Part II. اىدزء اىثبوً    
The synthesis of levobupivacaine requires the use of enantiomerically pure L-lysine. A 

common method to confirm the enantiomeric purity of aminoacids is their transformation into 

amides using Mosher's acid (see the structure of the (S) isomer below).  

. ٛ٘بى ؽش٣وخ شبئؼخ ُزؤ٤ًذ ٗوبٝح أُزٔبًجبد ػٞئ٤باُ٘و٢  L-lysineاعزخذاّ اُـ   levobupivacaineاُـ  رش٤٤ذ٣زطِت 

( )اٗظش إ٠ُ اُظ٤ـخ ٤٘Mosher's acidخ ٢ٛٝ رؾ٣ِٜٞب إ٠ُ أ٤ٓذاد ثبعزخذاّ ؽٔغ ٓٞشش )اُؼٞئ٤خ ُلأؽٔبع الأ٤ٓ

 أدٗبٙ(.  (S)اُج٘بئ٤خ ُِٔزٔبًت

 

11. Draw the stru ture of the  mi e forme  when the α-amino group of L-lysine is 

derivatized with (S)-Mosher's acid. Clearly show the stereochemistry of each chiral 

center.  

. Mosher's-(S)ثٞاعطخ ؽٔغ  α-amino  ٖٓL-lysineٓغٔٞػخ  شزنراُظ٤ـخ اُج٘بئ٤خ ُلأ٤ٓذ أُزٌٕٞ ػ٘ذٓب  ارسم

 ث٤ٖ ثٞػٞػ اُزش٤ًت اُلشاؿ٢ ٌَُ ٓشًض ٤ًشا٢ُ.

 

 

 

 

 

 

12. How many products will be formed from racemic lysine and (S)-Mosher's acid (consider 

th t only the α-amino group of lysine is derivatized)?  

-α)خز ثؼ٤ٖ الاػزجبس إٔ ٓغٔٞػخ  Mosher's-(S)ٝ ؽٔغ  lysineأُؾٍِٞ اُشاع٢ٔ٤ ُـ ٖٓ رزٌٕٞ اُز٢  مم عذد اىىىاحح

amino  ُِـlysine  ؟ (أُشزوخ٢ٛ 

 Two diastereoisomers. بًج٤ٖ ؿ٤ش ػٞئ٤خ ٓزٔ  

 Four diastereoisomers. أسثغ ٓزٔبًجبد ؿ٤ش ػٞئ٤خ 

 A racemic mixture of two enantiomers. ٓخِٞؽ ساع٢ٔ٤ ُٔزٔبًج٤ٖ ػٞئ٤خ 

 Four compounds: two enantiomers and two diastereoisomers. 

 أسثغ ٓشًجبد: ٓزٔبًج٤ٖ ػٞئ٤خ ٝٓزٔبًج٤ٖ ؿ٤ش ػٞئ٤خ

13. Choose the method(s) which can be used to quantitatively determine the enantiomeric 

purity of lysine after its derivatization with (S)-Mosher's acid: 

ٓغ            ثؼذ اشزوبهٚ  lysineزٔبًجبد اُؼٞئ٤خ ُِـ ٔ٘وبٝح ا٢ًُٔ ُاُطش٣وخ )اُطشم( اُز٢ ٣ٌٖٔ اعزخذآٜب ُزؾذ٣ذ  اخخر

 Mosher's-(S)ؽٔغ 

 NMR spectroscopy.      NMR ٓط٤بف    

 Liquid chromatography.   اُغبئَ اُزؾ٤َِ اٌُشٝٓٞرٞعشاك٢ 

 Mass spectrometry.  ٓط٤بف اٌُزِخ 

 UV-vis spectroscopy.  أُشئ٤خ-ٓط٤بف الأشؼخ اُلٞم ث٘لغغ٤خ  


