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Avogadro's constant: Na = 6.022:10%° mol™*
Universal gas constant: R=8.314Jmolt K
Standard pressure: p° =1 bar = 10° Pa
Atmospheric pressure: Pam = 1 atm = 1.013 bar = 1.013-10° Pa
Zero of the Celsius scale: 273.15K
Faraday constant: F =9.649-10* C mol™*
Watt: 1W=1Js"t
Kilowatt hour: 1 kWh =3.6-10%J
Planck constant: h=6.626-1034Js
Speed of light in vacuum: c=2.998108ms?
Elementary charge: e=1.6022-10°C
Electrical power: P = AEXx|
Power efficiency: 7 = Pobtained/ Papplied
Planck-Einstein relation: E =hc/z
Ideal gas equation: pV = nRT
Gibbs free energy: G=H-TS
A/G° = —RT InK®

A/G° = —n F Ecel®
A/G = A/G° + RT InQ

Reaction quotient Q for a reaction [C]°[D]¢

a A(aq) + b B(aq) = c C(aqg) + d D(aq): Q= [A]?[B]°
Henderson—Hasselbalch equation: pH =pK, + log [[AH]
Nernst—Peterson equation: E=E°— f—; InQ

where Q is the reaction quotient of the _ RT -
reduction half-reaction atT =298 K, Fnl0~0059V

Beer—Lambert law: A=c¢lc

Rate laws in integrated form:

- Zero order: [A] = [A]o — kt
- First order: In[A] = In[A]o — kt
- Second order: 1/[A] = 1/[A]o + kt
Half-life for a first order process: typ =1n2/k
2iNi M;
Number average molar mass M: M, = SN
. iN; M}
Mass average molar mass Mw: M, = AL
Polydi ity i : _ My
ydispersity index Ip: I, = 7
Note
The unit of molar concentration is either “M” or “mol L™"":
1M=1mol L* 1 mM=102mol L* 1uM=10"°mol L*
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Sl Jguo

1 18
1 2
H 2 13 14 15 16 17 | He
1.008 4.003
3 4 5 6 7 8 9 10
Li | Be B|C|N/|O|F |[Ne
6.94 9.01 10.81 | 12.01 | 14.01 | 16.00 | 19.00 | 20.18
11 12 13 14 15 16 17 18
Na | Mg| 3 4 5 6 7 8 9 10 11 12 | Al|Si|P|S|Cl]|Ar
2299 | 2431 26.98 | 28.09 | 30.97 | 32.06 | 35.45 | 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|Ca|[Sc| Ti|V |Cr|Mn|Fe|Co| Ni |Cu|Zn |Ga|Ge|As | Se| Br|Kr
39.10 | 40.08 | 44.96 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.38 | 69.72 | 72.63 | 74.92 | 78.97 | 79.90 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr|Y | Zr | Nb|Mo|Tc |Ru|Rh|Pd|Ag|[Cd|In |Sn|Sb|Te | | | Xe
85.47 | 87.62 |88.91 | 91.22 | 92.91 | 95.95 - 101.1 | 102.9 106.4 | 1079 | 1124 | 114.8 | 118.7 | 121.8 | 127.6 | 126.9 | 1313
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Bafpszn| Hf | Ta| W |Re |Os | Ir | Pt |Au|Hg | Tl | Pb| Bi | Po| At | Rn
132.9 137.3 178.5 | 180.9 | 183.8 | 186.2 190.2 | 192.2 195.1 | 197.0 | 200.6 | 204.4 | 207.2 | 209.0 - - -
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr |Ra |5 | Rf |Db|Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh|Fl |[Mc|Lv|Ts|Og
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La|{Ce | Pr | Nd|/Pm|Sm|Eu|Gd|Tb | Dy |Ho| Er |Tm | Yb | Lu

138.9 140.1 140.9 144.2 - 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Ac | Th|Pa| U |[Np|Pu|Am|Cm | Bk | Cf |Es|Fm |Md | No | Lr

- 232.0 | 231.0 | 238.0 - - - - - - - - - - -

£V,
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Physical hazards

H225 Highly flammable liquid and vapor
()’“\’JL"MJ )lfr“% )B‘f 9 éil")
H226 Flammable liquid and vapor
Gy Jlasl )5 5 mbe)
H228 Flammable solid
(g Jlesl alz)
H271 May cause fire or explosion; strong oxidizer
(58 ooinST 09l ()] ats by (659w 251 el Consl (Sae)
H272 May intensify fire; oxidizer
(CRERR RIS QP STIR-{ IRVRV-A JUESVROWI K O0))
H290 May be corrosive to metals

(03l 053 38 (gl ol Koe)

Health hazards

H301 Toxic if swallowed
(Gl (goms Gy & j50 10)
H302 Harmful if swallowed
(Gl pan Hawaly &)y50 10)
H304 May be fatal if swallowed and enters airways
(Al 0auisS Conl (oo 353 2l98 (5o s )15 9 00 oaaly 5T
H311 Toxic in contact with skin
(ol soms Cowgy b ol o)
H312 Harmful in contact with skin
(Gl paro gy b les )
H314 Causes severe skin burns and eye damage
(g so b (Gwgy Slo Sigu 5 (ool ol 2 50)
H315 Causes skin irritation
(9850 Towgy S0, e 5)
H317 May cause an allergic skin reaction
(55 Grmlas Sgy (STy czge ol (Sav)
H318 Causes serious eye damage
(950 i (§92 o] 2 90)
H319 Causes serious eye irritation
(05 o0 iz (§9z S 25 > g0)
H331 Toxic if inhaled
(ol gom Bliazwl &jew )3)
H332 Harmful if inhaled
(Gl parn Bliicinl O jg0 ,0)
H333 May be harmful if inhaled
(Aol pae Cunl Sow licinl O a0 1)
H334 May cause allergy or asthma symptoms or breathing difficulties if inhaled
(09 (punitis S0 by oo il laailias 595 crgo ol (o Bliiinl &)90 50)
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H335 May cause respiratory irritation
(D9 (ol S 25 g sl (5Sa0)
H336 May cause drowsiness or dizziness
(05 (25 L (Sogll Dl crge sl (So0)
H351 Suspected of causing cancer
(Ol o olmyl &) S 5S)
H361 Suspected of damaging fertility or the unborn child
(o= Linl 6)|°)l‘. w—w" ol 4 S i)
H371 May cause damage to organs
(plast sl | Sl R %))
H372 Causes damage to organs through prolonged or repeated exposure
(6,55 b @ae (SYsb wles 51 0 baplail (sl ol sl
H373 May cause damage to organs through prolonged or repeated exposure

(6,55 b o Vsb olos il 4o baalail (gl sl olomy) 1Sa1)

Environmental hazards

H400 Very toxic to aquatic life
(b3l ly oo slm)
H402 Harmful to aquatic life
(b sy pie)
H410 Very toxic to aquatic life with long lasting effects
(@30 Y5k D3I LT sl o o)
H411 Toxic to aquatic life with long lasting effects
(oe Yob SIFTL Ll gl com)
H412 Harmful to aquatic life with long lasting effects

(e Vob SIETL Lyl gl pae)

51st IChO — Practical Exam



For all problems
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<2 bvowis 3190

S 5b w5

Deionized water in: oj5g:0 ol
- Wash bottle (bench)

Deionized Water

Not hazardous

- Plastic bottle (bench) Gl 2
- Plastic canister (hood) ss» .}
Ethanol, in a wash bottle Ethanol H225, H319
Sample of white wine, 300 mL in .
amber plastic bottle wiw ol age Wine sample H225, H319
For problem P1
sHloss 3190 S50 s # GHS gbw,bs
4-nitrobenzaldehyde, 1.51 g in amber )
4-nitrobenzaldehyde H317, H319

glass vial  aealliug s f

H225, H290, H304, H314,

Eluent A, 20 mL in glass vial > Eluent A H319, H336, H410

- . H225, H290, H304, H314,
Eluent B, 20 mL in glass vial s> Eluent B H319, H336, H410
Oxone® (potassium
peroxomonosulfate salt), 7.87 g in o
plastic bottle sl o Oxone H314
SlilgwgigesmS s
Sample of 4-nitrobenzaldehyde for

T TLC standard H317, H319
For problem P2
(lowis 310 &35 s ¢ GHS gbo,bs
1 M potassium thiocyanate solution,
KSCN 1M H302+H312+H332, H412

20 mL in plastic bottle blwss sl

0.00200 M potassium thiocyanate
solution, 60 mL in plastic bottle

KSCN 0.00200 M

Not hazardous

1 M perchloric acid solution, 10 mL
in plastic bottle ool &G 15

HCIO4

H290, H315, H319

0.00200 M iron(I11) solution, 80 mL
in plastic bottle (1)l Jgloxe

Fe(111) 0.00200 M

Not hazardous

0.000200 M iron(ll) solution, 80 mL
in plastic bottle  (I11) a1 Jglxo

Fe(111) 0.000200 M

Not hazardous

0.3% hydrogen peroxide solution, 3
mL in amber glass bottle

ST (359,040

H20>

Not hazardous

51st IChO — Practical Exam
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For problem P3

sHloww 3190 S s GHS gbo,bs
0.01 M iodine solution, 200 mL in
brown plastic bottle &, Jsl=e 12 H372
0.03 M sodium thiosulfate solution,
200 mL in plastic bottle =l guss psows Na25203 Not hazardous
éoll/tllé\laOH solution, 55 mL in plastic NaOH H290. H314
2.5 M sulfuric acid solution, 80 mL in
plastic bottle .l Sy silsus H2S04 H290, H315, H319
0.5 M potassium iodide solution,
25 mL in plastic bottle wu; el KI H372
Potassium iodate, ca 100 mg (exact
mass written on the label), in glass vial
Gyl oz 2 (59 o350 ie) Sl el KlOs H272, H315, H319, H335
(Gl 00l ailogs
Starch solution, 25 mL in plastic bottle
s e n Starch Not hazardous

51st IChO — Practical Exam



O g
For all problems
obais| O jugaxi Sl
Pipette filler bulb J™ 1
Safety goggles Sae 1
1 L plastic bottle for organic waste, labeled “Organic 1
waste” Gﬂ Slge 33,,90 8,1
Paper towels Sls> Jlaxws 15 sheets
Precision WIipers — (;,s,5 juei slp o5 on o sl3elS) 30 sheets
Spatula (large) (S, Jgile! 1
Spatula (small) (Sz58) Jsl! 1
Stopwatch Fegig,S 1
Pencil olae 1
Eraser SSSL 1
Black pen Siia 5095 1
Felt-tip pen for glassware glacs o, g9, yide sl Sk 1
Ruler S s 1
S o Ol g KKeY
=
Colorimeter S5, 5 per lab
Gloves ot e 0 55 | B0 8 1 it
Ice bucket & Jow 1 per lab
For problem P1
olbas! Ol s Sloxy

Laboratory stand with: oS aly 1
- Clamp holder with small clamp S>g5 05 2
- Clamp holder with large clamp Sy 008 1
Erlenmeyer flask with ground joint, 100 mL | 1
Erlenmeyer flask with ground joint, 50 mL ~ J, 1
Reflux condenser Sy 1
Hotplate stirrer ey 1
Crystallizing dish 95l S 1
Magnetic stirring bar S 1
Suction flask PESRNN 1
Buchner funnel with rubber adapter JEESNRU 1
Zipped bag with 3 pieces of filter paper Sl dels 1
Petri dish RTRENE 1

51st IChO — Practical Exam
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TLC elution chamber, labeled “TLC elution TLC siis 1
chamber”

D s e 7% | TLC o |
TLC graduated spotters (in the Petri dish) g dlg) 4
Plastic tweezers St () et 1
Glass rod slacs alee 1
Graduated cylinder, 25 mL e gl 1
Beaker, 150 mL o 2
Plastic powder funnel Slele Jlasl gl (Sewdly b 1
Disposable plastic pipette (oo k8) (Sewd o 2
s oy o T [ MGy
Pre-weighed amber glass vial, 10 mL, with odlip e sladad &b 1
stopper, labeled with Student Code S 3901 ld U b ond jascine

Magnetic stirring bar retriever cife 59,8 7 Gl omabline al 1

For problem P2

S o Ol g KKeY
Volumetric pipette, 10 mL o> S
Graduated pipette, 10 mL Ty Co
Graduated pipette, 5 mL Ty S
Test tube stand sl
Test tube Uiale;l gl 15

Test tube stopper ialesl alg) Sl g y0

Colorimeter cuvette, path length 1.0 cm xS, oKws Joo

Beaker, 100 mL o ’

Disposable plastic pipette (oo ,a8) (Sl o 15

For problem P3

obais Ol i Slass
Laboratory stand with burette clamp )3 05 5 4l 1
Burette, 25 mL Sy 1
Glass transfer funnel lass s 1
Erlenmeyer flask, 100 mL o) 3
Erlenmeyer flask, 250 mL o) 3
Beaker, 150 mL Jo 1
Beaker, 100 mL Jon 2
Volumetric flask, 100 mL, with stopper oz b 1
Volumetric pipette, 50 mL o> o 1
Volumetric pipette, 25 mL o> o 1

51st IChO — Practical Exam
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Volumetric pipette, 20 mL o> s 1
Graduated cylinder, 25 mL e il 1
Graduated cylinder, 10 mL e gl 1
Graduated cylinder, 5 mL T gl 1
Disposable plastic pipette  (,5>0,hd) Sccewds o 3
Parafilm oldlb 20 sheets

51st IChO — Practical Exam
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Problem | Question Yield Purity TLC P1.1 P1.2 Total
P1 ,
13% of Points 12 12 8 2 3 37
total Score

Ad 39 30 S luS S 1g 39 i 0w Jgol Sals P1 sloT

b oS Kl 00 S s L LT olasTanld o pae sle SiaSTy a5 Wlos )57 crw lilouand aidS glaans Job o
)i.‘...Sb Q‘ﬁ"&‘b uwﬁ*uy}oj.ws‘f p...wLu cu.....ul.o)] u.!‘ )o AR u..&ls ‘) JL‘)L:? L.SLa)"))j‘) JJ} 9 (5)‘55.@‘1 L' 0‘).0.2 s)m
el bl g O 51 (oglsee 1o (2iSTg eyl p ogdle .85 oo 1,8 ooliiwl 0,40 Oxone® Sygo 4 ol jo KasSTly ol aigd sl
g oo AL o sl Pl laie 4 aS 048 o

L Jgamme ogls 0,5 S>3 TLC sla D> 48,5 aolie (Jpame (40,5 jokite ¢ sumdllyng - SioluST o iales] ol jo
Sgd o plxl TLC 5 oolaz!

Lgd axsy ) “Organic waste” 5, ;00 31 0 WL TLC sla P> 5 Joibl 4 bgsye slag g0 14z g

SLFCTY)

a9 ini—F iy LS|

WS belo pa LI, JobI5mML 5 o120 ML Jlaie

B 18 el Hlajley o ailas 45100 ML ule J)) S5l |, cake

ai M a5 1 Jolal bglia 51 loiie alas by y2 o) 515 1 ol o0 355 Db 5 smallyng ¥ 51151 G e Y
|, OXONE)| 787 G ke o 5 538 5y 1, (500 b o il &y ,05 b 1, ol S 8Ll T ol s
RV T ] - N PVRCI PRVIEN TS (e LS

3545 G JS8) 0 Jato Lajls; (03,5 5o L) 0 yee 9 005 JO ) ol e Sy a5 (Syn0pS ¥
ol Loy (sl 1y yim g 00,8 5L 1, O 5wl dalss Led 035 oliule)] Jotums .oy jus YU | el oa anigs HELP
5,5 anlys

13 Do 50Kz 0,3 (K 3305 ey L) 055 S, sy 4 4883 45 ke 4y b o @yl g aiSTy bglie 4 0
ool 00 (g AT e Jn (g9, i sloo 05 plovl o] 4 LS, aSil gl (il

e

large clamp

small clamp

S, Lyl o STy bglie ools &l gl olfis US55 ) UK

51st IChO — Practical Exam 12
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s Dol SO ai8s Ve e sl 2iSTy gl U asay o5l g a0 0 1) ren e S Jogels 1) o 5
oy Bl S 45,35 )+ ke (sl a0m ozl 5 e 158 ol 8 ] (555 5 il 5 S 31, STy gl
L aS oS Hlgu M )1 S g dlo 5 (s g cad jl ool LS Loyl cow (0,5 Blo sl olKiws S v
Lot 535 o8tglojT Jstacs gy YU ) Col o azing HELP )T gq, 45 5,5 (F USi5) ilodds e auly s 0,65 5
SS Jeate M a ) 3 )l 4548 a8 ol anles lis Led 4 g el Salgs

-<—  Bilichner funnel

-------- -~— Filter paper
-<——— Rubber adapter

48 «—— Small clamp

‘ : Vacuum

A oS 4y 53,5 Blo gl ol UK Y IS

w‘od)lw:y‘)f}ywd&c‘)w‘bl&aJ&y&uj.ohojwu#)auib‘)sﬁbxls A
)}Jod.;‘) J.ol> Jyw MJL&C‘ |) :)bjdu).:).: )“"’9"“"'*‘965) |) | OJ«OT Cawdy JBM)‘AS‘SJﬁwLM»W K\

@x20 ML Sla>) .o gabes 05928 I b JalS”

@ Joilew! 3l oolainl L .owsS o 1) D5 05w KB Jpamo b oS jgue Jgame 5l dids O Gow 4 lop aups o)l Je
C caodhe T (55, 45 w0 LB ML o &) (shaiens G, (slosed Aiges S )b o 5o 1, Jpame 5 Jgilel S5 S lutin
I8 LS leT T (ase 61 ) 0T 5 w8, 0o 0yl gy

w3 el o3, T wlas 4 5O ML o)) K 5o 1 ouilondly el Jpamo ples 1)

Y ol g JgbIL 1, s J)l g g a8 g P “Organic waste” 3,00 3, b 3 al) Slo 5 Jelxe Y
M e b U Jebl 5500

51st IChO — Practical Exam 13
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Jyamo 3,5 jebio I

S bolo va L1, Jebl 5121 mL 3 T 519 mL loss )

opkeie )l Ll 53 88 Joibl 5 T bglie 5l grlio e b 1wty Jlogls, alas LEO ML ) jo oS Jpame ¥
HELP )] (55, 45 (5,500 JS5) 0 eoliaal wp05 00,5 lgms S sl o5 al8iws olos 51 j5kaie ol (sl .o
S (o0 et Lo sl |y e e 5 00,8 5L 1 Ol el walgs Lo 035 olKlejl Jotume .y WU 1) ol 00y aigs
DS a8lol 5, YL I Pl gt

ool (110 1 17 ) as 03ls S a5 (6,5 s, ol 5| Jpams 65z gly 0 yslie Jpamo aSiyl 5lowy ¥
Sladed S5 sloged aiges Bk Sy 31y oad jelte Jpamme 5l Jplwl So G lade 4 S5 Jplowl jleolinal b aws

AgyI80 LS GmalesT I i sl 1) (T 5wy 1 B35 p0 0l 0525 R e 1 (55, 45 05 2 1O ML o2 4,
Ay |, Sk
YU ) cool oo atisgs HELP T (55, 45 5,15 5 &9 39y “Organic waste” 5,50 3,1 o1, blo »; Jsl=e b

B3 |y oyme Ol g oael valys Lo 535 olfiulej] Jstuws o9y

TLC ;61 LI
) i BB S L 0T gy i o U150 CM (o5 glisf a1, A P oS 00l [, TLC S )
055 gl Pl b Sl J51s glon b asS o ouwilign (Ceels 2t

S5, 45 Cel 00 0315 5, (sloged (slaaind B, Sy 0 daling bl diges G Lad s oS oobel 1y vdiges Y
B,1) 5ol 5l L8 Jaame 5l (oS jlade crized Lo (058 0 00ls (Lis S LTLC [0) .5ls 5425 TLC standard cedle ol
1ML sgam j0 lacd,l 5l plaS o 4y aularslis (LS WS S5, gloged (slacuds B,bgs 1o 1) (R G,1) 4ol 5l o Jeame 5 (C

gl o b oS aslsl gl )
5 S oy (Cod ool 5l YL e il SO ) £g,8 s 8o a olae 5l eoliwl b owsS o0kl 1, TLC ey Y

b sl oo ools lis ¥ S j0 a5 jshilen | o] awd 3 Caodle slae b awes 1,81, a5 0550 diges ¥ aualss o a5 slal>
f%%wsyb)W@u‘"@‘@mﬁl@JW)R 9 Goks 3l 8 Jgaze) C ¢ (adsl osle) S slacdle
ey aS B UM b g A M) dummma g Sy ol oo 9 YL 0 1) 08 o onliiul a8 Mo g g | 055 (5 390] GI0

W G158 Coly 5, mge Ayl eoliiul L) badiges (0usS oo coliiu]

Student Code Eluent A / Eluent B
AN /
N ¥
R EEEEEE S 4---
1 em ¢ S C R

TLC o 0,5 0olo] ¥ IS

51st IChO — Practical Exam 14
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Gra BB LT T g, g aadd HI,8 TLC i Jslo |, TLC cody ooty 3l ooliiul b .awds plxil 1, TLC 567 ¥
L1, D 5pe 5 0 gyl e 5l ooliial b 1) Coly sy oy oL 511 CM alols 4y Ly &5 Pl b auds 03l auilivg
Ded S Cody B awes ol g 0SS s olos

59 dlae 5l eolazwl b oyls J1,8 S i jue (55, a5 Mo UV Y 5 1, TLC ey oS oW I, TLC coly O

AaliSO 0 P10 Wgds o 0nyd A least den

2w “Organic waste” p,,90 8,6 0, b P> 5

WS GG B P-Lf gl F X e v

3 518 Cul et S o] (5, Lod (53501010 oS o5 (Stdly &S ol il A

51st IChO — Practical Exam 15
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Gl iy 4 ol Fwly yo (ol JolS 5l am ) slaleds (0usS JolS Boss i L) 5 slales) TLC ).JLJ 30 bl Lo
5505 oad 35 gy ) clalass &) IS o (SaS o0 o0l
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