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1. i)

i)

iii)

iv)

v)

Vi)

A is most probably some metal oxide, because it's insoluble in water (equation 4).
Now let's say that A contains x oxygen atoms and B —y. If we count oxygen atoms
in either equations 1 or 2, we would get the relationship

2y =x +5.

It is clear from equations 1 and 4 that compound C does not contain sulphur. By
counting oxygen atoms in equation 3, it is possible to deduce that C contains 4
oxygen atoms. Therefore using equation 4 we get another relationship

x+y=7

thatisx =3 andy =4.

Now we know that A is of form M,03, B is Na;MOg4, C is NasMO,4 and D is MSO..
Using given data it is possible to count moles of NaOH present in the solution:
n(NaOH) = ¢V = 10®™"'%.0,1 = 0,00157 mol. Then

n(NasMOQO,4) = 0,000472 mol and M(NasMQO,) = 211.85 g/mol. M is Fe.

A— F8203

B - NazFeO4

C- Na4FeO4

D - FeSO4

Two Fe®" ions are needed.

n(Fe**) = a

n(Fe*)=b

Then1-x=a+band3a+2b=2.

Multiply first equation by -2 and sum with the second equation to obtain

a=2x. Put this into first equation to obtain

b=1-3x. Then

a/b = 2x/(1-3x).

One elementary cube holds 4 Fe and 4 O atoms in perfect FeO. In Fegg250
however there are on average 3.7 Fe and 4 O atoms. Their weight is

(3.7 -55.85 + 4 -16)/6.02:10° = 4.49 -10?%* g

Dividing this by density gives volume:

4.49-10%2 g/ 6.02 g cm™=7.468 -10% cm®

The lattice constant is

(7.468 102 cm®)'® =4.21 108 cm =4.21 A

The distance between two closest Fe atoms is

2"2.421A12=298 A

The distance between two oxygen atoms is the same 2.98 A.

0 _m_ 4(1—X)-55.852;|-4-16 1 - 287.4-223.4x _ 6.40 — 4.97x
Vv 6.02-10 7.468-10 44.96
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Chameleonic cobalt

2. i) Disproportionation reactions of cobalt (Il) compounds:
Co* +2e - Co
Co* -1e”— Co™

Etot = Ered + Eox =- 029 - 1,95 < O V
= AG=-z-E-F>0 ... disproportionation is impossible

8red='0.29V
80x='8red='(+1.95)='1.95V

Cobalt (Il) classical compounds are more stable, than cobalt (lll) compounds
because it is hard to oxidize Co(ll) to Co(lll) (highly negative oxidation potential),
but cobalt (Ill) compounds can easily be converted to Co(ll) (highly positive
potential, and reactions are fast, because 1 electron transition). Cobalt (lll)
compounds are very strong oxidants and they oxidize even water.

Cobalt (II) complexes get more easily oxidized (milder oxidants, including oxygen or
air, are good enough), oxidation potential is not so negative (only -0.1 V) as it is for
classical compounds. Reduction potential for Co (Ill) complexes is small.

ii)
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1 — hexaaminecobalt(lll) chloride

2 — pentaaminechlorocobalt(lll) chloride
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3 — cis-tetraaminedichlorocobalt (Ill) chloride

4 - trans-tetraaminedichlorocobalt (Ill) chloride
5 — mer-triaminetrichlorocobalt(l11)
6 - fac- triaminetrichlorocobalt (lII)

iii) Co®" + 6NH;3 — [Co(NH3)e]**

_ [Co(NH;)5']

stab.(l) — [C02+] ] [NH3]6

(1)  Co(NHs)** +2 e — Co + 6NH3

(2) Co*+2e —>Co

Ered.1 = '0.42 V
Ered.2 = '0.29 V
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Formation of complex ion can combine following: reaction (2) minus reaction (1).
Doing same with potentials we obtain:
E?ot = E€re42 T E€0x1 = €red2 T €req1 = -0.29 - (_042) =013V
Etot =0= E?ot _Ean
zF

E?ot = EInK
zF

0.13 = 5:314-298,

2-96500
InK=10.13

Kstab.(ll) =251 0*M°
19K a6,y = 4,39

For cobalt (lll) complexes we have to calculate corresponding potentials from
Lattimer diagrams:

0.1V -0.42V
Co(NH;)** ——— Co(NH,)2* ——= Co
AG, AG,
. T
AG,

AG3 = AGy + AG»
3F.x=-F-01+(-(-0.42) - 2F)=-01F + 0.84 F=0.74 F

X = Oﬂ =-0277V
-3
1.95V -0.29V
Co3* —— Co%?* — Co
AG, AGg
: T

AGg = AG4 + AGs5
3F.y=-F.195+(-(-0.29) - 2F)=-1.95F + 0.58 F =-1.37 F

y= 137 _ 0.457V
-3
[Co(NH, )5"]
Kstab.(lll) = 3 6
[Co™ ]-[NH,]
(3) Co(NHs)>* +3 e — Co + 6NH3 Ered 1 = -0.277 V
(4) Co**+3e —Co Erodn = 0.457 V

Formation of complex ion can combine following: reaction (4) minus reaction (3).
Doing same with potentials we obtain:
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E?ot = €roq4 TE0x3 = Ereds ~€reqs = 0.457 - (_0277) =0.734V

0.734 = 8314:298,

3-96500
InK =85.76

K gy =1.77-105 M
19K sta. oy = 372

iv) Formula: [Co(C2HgN2)s]**
3+ 3+

Both isomers have the same physical properties excluding rotation of linearly
polarized light. This parameter has the same magnitude, but is of different sign for
different isomers.

Ethylenediamine is a bydentate ligand. It differs from ammonia and chloride ions
by its ability to bind to central metal ion with its two nitrogen atoms forming a cyclic
system.

v) In ligand field, orbitals split in two energy levels as it is shown in the picture below.
Also it is shown from which starting orbitals each orbital is derived. In octaedric field
the best describing is to bring nearer ligand by axis so with greater energy will be
orbitals which are positioned on axes but with lower energy those who are in-
between axes.

. Z| ¥
o dﬂ_ﬂ ( y- -
£ B
:“,_.-"'
—H- K__X —H- K=
A —H
"o Ho
I i
tz — dzz G'xz_yz
£ d d ¥ |z &
x¥ ¥z
"o "o W
A _%H K A -%H -_y A -%H ’
W - W
dxy dyz dzx

vi) Transition between tog and eq orbitals is in visible region of spectrum, so it is has a

maximum at approximately 475 nm.
-34 8
E=h_c=6.626 10 3_.5)0 10 _418.10"%J
A 475-10

Epo =E-N, =4.18-107°.6.022-10% =252 kJ

mol-



C; BCHO [16] BChQO’16 Theoretical Examination 5 of 8
8 Ti o Churietrg! Solutions (English versioon)

Negative activation energy!?

3. i) v=k[NOJ“[O]
Compare table rows 1 and 2:
When [NO] increases 2 times, the reaction rate increases 4 times, x = 2
Compare table rows 1 and 3:
When [O;] increases 2 times, the reaction rate increases 2 times, y = 1

ii) 2,5:10° mol-dm=s™" = 2k-(0,010 mol-dm™)?(0,010 mol-dm™2)

k = 12,5 (dm®?*mol?s™

J 645K -600K In 407

iii) E, =83145 . -1mol =113 kJ
mol-K 645K-600K 83.9
. kJ kJ
iv) AH, =(2-3310-2-90,29)— =-114,38—
mol mol
v) Diagram
E E,
I i /
Ea| | AH
o dINO;] k4[NOJ[O,]
Vi =Kk,[NO]J[O,]-k4[NO;]-k,[NO,][NO] = NO,;]=——"==
) 1[NOJ[O;]-k 4[NO3]-k,[NO;][NCO] > [NO,] k., +k,[NOJ
d[NO 1 0,5k,[NQO]J[O 0,5k k
D921 1, vog 1oy = 2XaNOIO:] gy 09K _inopp0,)
dt 2 k,+k,[NO] k_; +k,[NO]
vii)The reaction mechanism supports the kinetic and thermodynamic experimental
data.

From the derived equation, we may guess, that k_, >k,[NO]. The relationship

means, that the equilibrium is fast and the concentration of intermediate NOs is
noticeable. Also it means, that the experimental (seeming) activation energy equals
entropy of the reaction NO, + O, — NOs as the true activation energies are two
small (= 0). Seeming activation energy equals -1.4 kJ (113 — 114.4). According to
the Arrhenius equation, k should decrease, as temperature increases, when
activation energy is negative.
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Elegant structure

HO,C
o
—_—
CO,H AICI, CO,H
A

4,

02C O Zn, 5% aq NaOH 02C O
100 °C
C
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5. i) Li*+1e =Li(l)y Ca* +2e =Ca; AP*+3e =Al; Cd* +2e =Cd
i) Q(LiILi+)=1-6,94g- Tmol 96490C 1h 1 268Ah :3,86ﬂ
1 694g 1mol 3600s 694g 694¢g g
Q(Ca/Ca?*) = 2.268Ah _, 5, Ah QAlAR ) = 3. 268Ah _, o Ah
1 40,08¢ g 1 270¢g g
Q(Cdicd?) = 2. 208 AN _ g 4g AN
1 1124¢g g

iii) Li (a) E°(Li*/Li) is most negative (b) Q(Li*/Li) is the largest
iv) 2H,0 + 2e” = 20H" + Hy?t
v) 2Li+ 2H,0 =2LIOH + Hy? (n=2) E°=-0,83V —(-3,04V)=2,21V >0

Ca + 2H,0 = Ca(OH); + Hz1 E°=-0,83V—(-2,87V)=2,04V >0

A;[) T=25°C Al does not react with water, because it is coverd with Al,O3, although

E™>0.
vi) AG? = -2 -—92490|C 2,21V =-426 500 J/mol <0 spontaneous process

mo
0
an:_AG :_—426500J1m0|K 1 —172 K:e172:5,74-1074
RT 1 mol 8,314 J 298K

vii)(c) dimettitlsulfoksiid  solvates ions, the electrical conductivity is good
Protonic solvents (H2O, EtOH) do not fit because they react with metal
2EtOH + 2Li = 2EtOLi + Hy|
Hexane (Ce¢H14) do not fit because it is nonpolar and does not solvate ions.

viii) dimethyl sulfoxide SO(CHj3), lithium hexafluorophosphate(V) LiPFg

R T
F_.,:,'.,. :\‘\::F
- T\if’*//
+ R A

S i r\ Lit
/ Fo-cr-7-=F

O“/"\>}CH3 AR :, %
3 “CH, 32 L
(sp”) (sp°d?, CN = 6)

ix) (a) Bi.Os + 6Li = 2Bi + 3Li,0
AG? =[3-(-562,11) — (—493,47)] kJ/mol = -1192,9 kJ/mol
W max = AG’ =-1192,9 kJ/mol
(b) FeS; + 4Li = Fe + 2Li,S n=4 {0
AG® =[2-(-439,08) - (-160,07)] kJ/mol = -718,09 kJ/mol
(c) CuCl, + 2Li = Cu + 2LiCl
AG® =[2-(~384,02) - (-173,81)] kdJ/mol = -594,23 kJ/mol
x) Li(s) | LiPFs (SO(CHs).) | FeSa(s) (s — solid)
Cathodic reaction: FeS; + 4Li* + 4e" =Fe + 2Li,S (Il =4:1+1)
0 AG®  -718090J 1 1mol ,
B == =" mol 2 geasoc  °oV ’JjE"g'"e N
E°(IN) =-3,04V+1,86V=-1,18V - +
xi) A | LiPFg K

xii)FeS,. Otherwise the residual lithium might react very

energetically with water and cause explosion. Li |SO(CHs),| FeS;
electrolyte
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Supramolecular basket

6. i) Sn2 mechanism
VR 5+ H,, H 5 + -
R;N: H,C—0,C-R" — R;N O,C-R" — R,N— + R'-CO,
H

ii) Polar solvents solvate charged particles. The intermediate complex is partially
charged on N and C atoms, so it is stabilized by the polar solvent and the activation
energy is decreased. Similarly stabilized are charged products.

iii) (Explanation)

iv)

(scheme of the reaction mechanism)

v)

(structure)

vi) (beginning of the solution is absent)
is in interval 3.5-4.5 A. Adding twice the hydrogen radius we get the diameter of
quinuclidine (5.9-6.9 A), so there is enough space in the bucket for only one

molecule.
03
27
vijge= . 1__dmol 1 102 454 ™M _104m
N, V  6.022.10 o3 1dm dm

160 A

viii) Mesitylene molecule is larger than quinuclidine, therefore it can not fit into the
ester bucket which is left empty for quinuclidine molecules only. Chloroform
molecules are small enough and they compete with quinuclidine molecules for
space in the bucket. Since chloroform concentration is considerably larger than
quinuclidine, chloroform molecules fill all the buckets, blocking the formation of
reactive supramolecular complex.



