The 39" Mendeleev Olympiad (2005)

Synthesis of an inorganic substance

(author — Zhirov A.L)

In th}S task, you ha\.fc to synthesize a substance X using iodine, potassium
chloride, and potassium carbonate as the initial reagents. Next, you will

txmmenti(.:ally analyze the synthesized product and draw a conclusion about its
composifion.

Latimer diagrams

Latune{ diagrams are used as a simple form of delivering information about redox
properties of compounds of a particular chemical element in aqueous medium (see
the e)lta'mples below). The diagrams are composed in a way that stable particles
containing the clement of interest are arranged lefi-to-right in the decreasing order
of the elemc?gt oxidation state. The standard potential in Volts is shown for every
rc?dox tranS}tlon between neighboring particles over the arrow. Thus, Latimer
dlagr.ams give dual information: about an clement forms possible in, agueous
solution and thermodynamic characteristics of redox reactions invoilving the
element forms. Let us consider some properties of Latimer diagrams. :

1. Stability of a given i i i
’ particle towards disproportionation using the diagram
X—Asy 5 57 asan example. : :

Y would be stable towards disproportionation, if the free energy of X and Z

n;lxture in thr‘: ratto corresponding to the «average» oxidation state equal to that of
the electroactive element in Y is higher than Y,

L;thus imagine a line conne;ting X and Z in coordinates AG® — «oxidation state»
g the eIectroaf:tlve element in the particles under consideration. Stability of Y can
¢ interpreted in term of the corresponding dot position regarding the XZ line. Y is
unstable if its dot is above the line, and is stable if below. Using AG® = wv.'FE:c one
can ca?culate AG®) and AG®,, the slope E°, ~ AG®/-n;) = FE° in these parts
unambiguously pointing at the position of Y regarding the Ilima: I

Loy =E°, Y dot lies on the XZ line

£° > Eo, Y dot lies above the XZ line: Y is unstable

E° < E® Y dot lies below the XZ line; Y is stable.
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Thus, we have formulated the criterion of a particle stability towards
disproportionation. It is worth mentioning that the intermediate oxidation states
can be unstable towards disproportionation into particles with extreme oxidation
states. Thus, one needs to compare more that the transition potentials between the
nearest neighboring particles to make a solid conclusion about a particle stability.

2. Calculation of standard potentials for an arbitrary transition between oxidation
states of a given element. There could be totally n(n-1)/2 redox transitions
between » oxidation states of an element. Using the (n—1) potentials given on the
diagram, one can calculate all the rest values, which clearly demonstrates how
convenient the way of representing thermodynamic information is. Only the
number of electrons involved in the redox transition between every successive pair
of particles is needed to calculate any potential. The general representation of the
formula for a potential calculation is:

RIS S
E°, =2

E"J'
i

where n; and E; are the number of electrons and potentials of all the intermediate
transition steps from the initial (oxidized) form towards the final (reduced) one,
respectively.

3. The potential correction to non-standard conditions (the conditional potential).
According to the Nernst equation, the standard potential is referred to the
conditions when zll the half-reaction participants have the activity of unity. In real
systemn, it is rarely suitable to use the activities of the participants of redox
reactions, thus these are usually substituted by the concentrations of the
corresponding reagents. Concentration dependences of the potentials in different
systems very convenient for draft calculations are a product of this simplification.
Beside the concentrations of electroactive particles, the potential is dependent on
pH, complexing agent, etc. for many redox reactions in aqueous solutions. The
potential corrected with respect to the process conditions is referred to as
conditional. 1t can be easily seen that chlorine diagrams given below as if contain
excessive data about the medium pH, still such information also points at the
major type of ions involved as a particle either accepting or returning the oxygen
atoms from/to the central atom. If the equations of corresponding half-reactions
with oxygen-containing acids are written down, one will see that the pH value
(according to the Nernst equation) very significantly influence the potential, which
suggests introducing corrections to the diagrams depending on pH. Actually, the
potentials of the chlorine involving processes on the diagram at pH 0 and 14
dramatically differ even for those particles (anions) that arc not subjected to
protolysis in acidic medium. E°(Cly/CI") is the only constant potential, since the
medium molecules and ions are not involved in the electrode equilibrium.
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For example, we can recalculate the CIQ,7/ClO; potential found at pH 0 to the

value corresponding to pH 14, because the possible forms of the particles in these
| oxidation states in both acidic and alkaline medfum are the same. The reaction
i equations and corresponding A,G° values are;

aypH 0: ClOy + 2H + 2e”— ClOs + H,0; 25708
b)pH 14: ClO4 + H,O +2¢”— ClO; + 20H; 2E° K
C) HQO — H++ OH". -—RMW

According to the Hess’ law, A,G°(a) — A,G°(b) ~ 2A,G°(c), thus,
' 2F(E° ~ E° ) = —2RTInKy,.
And after substitution:
1.201 - E°,y = —0.0591g107,
£°4=1.201-0.059-14=0.375 V,
which only by 0.01 V differs from the value for pH 14 given at the diagram.

If the oxidation states change when passing over from one pH value to another, the
potential must be corrected with an account for the corresponding equilibrium

constants,
I
o 1.201 - 1181 1.674 1.630 1.358 i
: ‘ C104' — C103 —_— HC]02 — HCIO - Clz » (i
X '
" 1.45
, 1.60 1.13 1.44 0.53
| i H;10y— HIO; —— [0 — I, — I
' 1.192
pH 14:
0.421 1.358
cioy 0.374 Cl0,- 0295 cio; 0.681 o cl, cr
0475
0.42
H3(05> 0.65 105 0.15 10 L 0.535

I
0.204

For example:

at pH 0, the potential of the half-reaction C10, + 2H + 2e — ClO;” + H,O equals
1.201 V;

at pH 14, the potential of the half-reaction ClO,” + 2H" + 2¢ — ClO; + H,0
cquals 0.374 V.

Answer the theoretical questions based on the Latimer diagrams:
1. Suggest the probable formula of the substance X to be synthesized.

2. What medium (acidic, neutral, or alkaline)} is needed to carry out the first
reaction step?

3. What substance (iodine or potassium chlorate) acts as the oxidizer at the first
reaction step?

4, What side processes can occur during the first reaction step? Write down the
reaction equations.

Reagents, labware and equipment

ltem b Quantity | Label
For each participant
Weighing bottle (for iodine) ! pc.
Hotplate 1 pc.
100 mL conical flask 1 pe.
100 mL volumetric flask 3 pes.
Mohr pipette 3 pes.
Pipetie filler 1 pe.
Finger tips to handle hot things 1 pair —
Distilled water in wash bottle 051 H;O
Spatula 1 pe. X
Glass rod 1 pe.
Crystallizing dish 1 pe.
Watch glass 1 pe.
Fritted glass filter 1 pe.
Bunsen flask 1 pc. R
Water-jet pump with vacuum hose I pc.
100 mL beaker 2 pcs.
Weighing bottle for the product 1 pe. Product
Laboratory stand with burette clamp I pe.
Burette 2 pcs.
50 mL glass, to be used under the burette 2 pes.
Funnel for filling the burette 2 pes.
150 mL titration flasks 3 pes.
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20 mL measuring cylinder 1 pc.
Potasssium chlorate (Berthollet's salt) 75¢g KCIO;
Hydrochloric acid, concentrated 2mL HCI conc.
Acetone 30 mL Acetone
Phenolphthalein, in a drop-bottle 5mL Phenolphthalein
Starch, 1 % solution (in a drop-bottle) 5 mL Starch
At the table of common use

Analytical balance 1 pe.
lodine H0g I,
Sodium hydroxide, standard solution (see the

recise co)r[]centration on the label) ( IL NaOH(_M)
Potassium iodide 1L KI
Sodium thiosulfate, ~0.5 M standard solution
(see the precise concentration on the label) 1L Na:5,0, (_M)
Hydrochloric acid 100 mL HCI2ZM
Procedure

a) Weigh approximately 7 g of iodine powder in a weighing bottle. Turn on the
hotplate,

Attention! Use rubber finger tips when handling hot things! Be careful while
manipulating with the concentrated hydrochloric acid!

b) Place 20 mL of water into the 100 mL conical flask, bring it to boiling on the
hotplate, then add 5 g of KCIO, and stir with the spatula until complete dissolution
of the substance. Add 0.5 mL of the concentrated hydrochloric acid (36 %). Cover
the flask with the watch glass. Keep adding iodine portion-wise (about 0.2-0.5 g in
each portion) from the weighing bottle. Mix the flask contents by swirling (do not
remove the watch glass). Keep heating the flask until the vapors of iodine can be
distinctly seen over the solution.

Attention! Be careful! Avoid losses of iodine due to sublimation. This can
significantly worsen your result!

Add every new portion of iodine only when the previous one has completely
reacted. Once the process is finished (there are some pieces of iodine left, while
the solution becomes yellow), clarify the solution by adding a small amount (0.1-
0.2 g) of potassium perchlorate, keeping the solution hot. Then add 20 mL of

- ' ; ]water and potassium carbonate in the quantity calculated as foilows:

V(K5CO3) = 0.5-v(HCI) + 0.125-v(L,).

Be careful! Add potassium carbonate only in small portions, so that the reaction
mixture docs not slop out of the flask! Do not heat up the flask on the hotplate
while adding carbonate!
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5. Write down equation of the reaction behind the performed inorganic synthesis.
Pay attention to the consumed amounts of iodine and potassium chlorate.

6. What is the role (either catalyst or reagent) of the concentrated hydrochloric
acid?

7. How would the increase in the added acid volume influence the reaction rate
and the product yield? Rationalize your answer.

¢) Weigh the weighing bottle with the iodine left and calculate its consumption.

d) Cool down the solution in the crystallizing dish containing chilled water with
constant mixing. Filter the precipitated crystals on the fritted glass filter of
medium porosity, getting rid of the mother water as complete as possible (fig.
1/2005). Disconnect the vacuum hne and add a double-fold {with respect to the
substance) volume of acetone (about 20 mL). Mix well and dry at vacuum of the
water-jet pump for 10-15 min,

Attention! You may close the valve of the water-jet pump only provided the
vacuum hose is disconnected from the setup.

—= {0 vacuum E

Bunzen flask

Fig. 1/2005. A setup for vacuum filtration. Alternatively, one can use a Bunsen
flask.
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e) Collect the obtained dry substance and weigh it. Take exactly 1.00 g of the
substance and dissolve in water in a 100 mL volumetric flask, bring up to the mark
with water and keep aside for subsequent work (Solution 1).

1) To recrystallize X, place 25 mL of water in the beaker, bring to boiling and
dissolve there while mixing the rest of the dry product. If you still have few
undissclved chips, get rid of those by decanting the solution into a clean beaker.
Filter the precipitated crystals using the fritted glass fiiter of medium porosity,
getting rid of the mother water as much as possible. Collect the mother waters in a
separate beaker. Transfer 20 mL of the mother waters into a 100 mL volumetric
flask and bring up to the mark with distilled water. Keep the prepared Solution 2
for subsequent work., :

g) Disconnect the vacuum line and wash the precipitate with small amount of
acetone. Dry the precipitate under vacuum for 10— 15 min. Transfer the dry
recrystallized product into the weighing bottle and weigh it. Write down the dry
product mass. Take exactly 1.00 g of the purified substance and dissolve it in
water in & 100 mlL volumetric flask, bring up to the mark with water and keep
aside for subsequent work (Solution 3).

h) Analyze X (prior and after recrystallization) as well as the mother waters by
titrimetry. You will determine the acidic component of X by acid-base titration,
and the oxidizer content by iodometric titration. Finally, you will have to draw a
conclusion about the product composition based on the titration results.

Perform two consecutive titrations of each of the previously prepared Solutions I,
2, and 3 (do all the titrations of a particular solution in the same flask).

Acid-base titration. To each of the three titration flasks, add 10.00 mL of the
analyzed solutions and 3-5 drops of the phenolphthalein solution. Fill the burette
with the standard sodium hydroxide solution (see the precise concentration on the
label) and titrate until appearance of a stable pink color.

Repeat titrations as necessary. Write down the titration results and the accepted
titrant volumes, mL, for each of the studied solutions.

lodometric titration. Using the measuring cylinder, add 10mL of 10%
potassium iodide solution and 2 mL of 2 M hydrochloric acid solution to each of
the flasks left over after the first titration. Mix the flask contents well, cover with
the watch glass and put aside for a few minutes. Titrate the prepared solutions with
sodium thiosulfate solution (~0.5 M) until pale-yellow coloration. Then add 3-5
drops of 1 % starch solution and continue the titration with constant swirling of
the mixture until stable (for at least 0.5 min) disappearance of the blue coloration
(fig. 2/2005).

Repeat titrations as necessary. Write down the titration results and the accepted
titrant volumes, mL, for each of the studied solutions.
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Fig. 2/2005. A typical titration setup.

Questions and assignments

8. Write down the equation (in the ionic form) of the reaction occurring upon
addition of potassium iodide and hydrochloric acid to the analyzed solution.

9. Write down the equation of the reaction occurring during titration with
thiosulfate,

10, Calculate the molar ratio of H' to the oxidizer of substance X in all the studiec
solutions:;

v(H )/v(oxidizer).

11. Based on the titrations done, determine the molar ratio H'/oxidizer in the
molecule of the synthesized compound X.

12. Draw the formula of the synthesized substance X.
13. Was the product recrystallization really needed? Rationalize your answer.

14. Based on the results of the mother waters (Solution 2) titration, estimate the
product solubility at the experiment temperature.

15, Is the obtained substance neutral, acid, or basic salt?
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16. Salt of what acid is the obtained substance?

17. What substance (potassium chlorate or iodine) was a limiting one during the
synthesis?

18. Give possible reasons for the incomplete yield of the product.

19. What substances was it possible to get rid of due to initial crystallization?
Choose from the list: HCI, KCI, K105, K,CO;3, KH(105),, KCI0;.

20. What substances was it possible to get rid of due to the recrystallization?
Choose from the same list as in i. 19,

21. Estimate the strength of iodic acid using Pauling’s rule: whether the acid is
very strong, strong, moderate, weak, or very weak? Give an estimated pK, value.

22. Using the standard redox potentials (see the Lathimer diagrams), calculate the
pK, value of the iodic acid.

23. Give an example of a monobasic acid, which is also capable of forming acid
salts.
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The 40™ Mendeleev Olympiad (2006)

Identification of sugars

(authors — Gladilin A.K., Beklemishev M.K., Nenajdenko V.G.)

Carbohydrates are exceptionally important in metabolic processes. Mono-, oligo-
and polysaccharides as well as glycosides (functional derivatives of saccharides)
are wide-spread in nature. Structures of most important saccharides were
established at the turn of the XIX and XX centuries. Besides, laboratory synthesis
of various carbohydrates was carried out at that time. German chemist E. Fischer,
being the author of pioneer breakthrough research in this field, was awarded
Nobel prize in chemistry in 1902 as «a mention of his exceptional achievernents
in synthesis of substances with sugar and purine groups». E.Fischer used
phenylhydrazine as one of key reagents allowing saccharides determination. The
reaction of phenylhydrazine with carbohydrates gives colored ozazones. In this
work, you will have to carry out determination of sugar samples, reproducing the
procedures applied at the dawn of biosciences.

The work consists of two interconnected parts: organic synthesis and chemical
analysis. In the organic part you will prepare the ozazone of the given sugar
sample (placed in the container labeled A), study some of the ozazone properties
and determine the starting sugar using the literature data. In the analytical part,
you will study three different sugar samples (placed in containers «1», «2», «3»).
Based on the results of both parts, you will decide which of the samples «1», «2»,
or «3» is analogous to that used for the ozazone synthesis.

Reagents, labware and equipment

Item | Quantity 1 Label
For each participant
Laboratory stand with clamps 1 pc. ]
Hotplate 1 pe.
Reflux condenser 1 pe.
25 mL round-bottom flask | pe.
Fritted glass filter 1 pe.
Bunsen flask 1 pe.
Water-jet pump with a hose 1 pe.
Spatula 1 pe.
100 mL flat-bottom flask 1 pe.
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