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¥ You arenot pemittedto referto books, periodic tablesor writtennotes
¥ The only pemittedaid is a non-programmalde electronic calcul ator.
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DATA

Avogado constart (N) 6.02! 1023 mol™ Velocity of light (c) 29981 18 ms>
1 Faraday 96,486 coulombs | persity of water at 25;C 0.9971gcm™
1 Coulomb 1ASs™ | Acceleration due to gravity 981 ms>
Universal gasconstart (R) 1 Newton (N) 1kgms>
8.314 K™ mo™
8.206 x 10 L am K™ mol ™
Plarck&sonstart (h) 6.626! 10 Js | 1Pasgal (Pa) 1N m>

Starndardtemperature ard pressure (STP)
273 K and 101.3 kPa
0iC and 101.3 kPa
OiCand 1 atm
0iC ard 760 mm Hg

Molarvolumeof idealgasat STP

2241

1atm = 101.3 kPa

pH = "logs[H']

pH + pOH = 14.00at25iC
Ka=[H'T [A% /[HA]

PV =nRT

E=h#

c=#$

Sufacearea of sphereA = 4%

ATOMIC NUMBERS & RELATIVE ATOMIC MASSES *

1 H 1.008 23V 50.94
2 He 4003 24 Cr 52.00
3 Li 6.941 25 Mn 5494
4 Be 9.012 26 Fe 55.85
5 B 1081 27 Co 58.93
6 C 1201 28 Ni 58.69
7 N 1401 29 Cu 6355
8 O 16.00 30 Zn  65.38
9 F 1900 31 Ga 69.72
10 Ne 2018 32 Ge 7259
11 Na 2299 33 As 7492
12 Mg 2431 34 Se 78.96
13 Al 2698 35 Br 79.90
14 Si 28.09 36 Kr 83.80
5P 3097 37 Rb 8547
16 S 3207 38 Sr 87.62
17 CI 3545 39Y 88.91
18 Ar 3995 40 Zr 91.22
19 K 39.10 41 Nb 9291
20 Ca 40.08 42 Mo 9594
21 Sc 44.96 43 Tc (98)

22 Ti 4788 44 Ru 1011

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66

Rh
Pd
Ag
Cd
In
Sh
Sb
Te
|
Xe
Cs
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb

Dy

1029 67 Ho 1649 89 Ac  (227)
1064 68 Er 1673 90 Th 2320
1079 69 Tm 1689 91 Pa  (231)
1124 70 Yb 1730 92U 2380
1148 71 Lu 1750 93 Np (237)
1187 72 Hf 1785 94 Pu  (244)
1218 73 Ta 1809 95 Am (243)
1276 74 W 1839 96 Cm (247)
1269 75 Re 1862 97 Bk  (247)
1313 76 Os 1902 98 Cf  (251)
1329 77 1Ir 1922 99 Es  (252)
1373 78 Pt 1951 100Fm (257)
1389 79 Au 1970 10IMd (258)
1401 80 Hg 2006 102No  (259)
1409 81 TI 2044 103Lw  (260)
1442 82 Pb 2072 104Db

(145) 83 Bi  209.0 105X

1504 84 Po  (209)  106Rf

1520 85 At  (210)  107Bh

1573 86 Rn  (222)  108Hn

1589 87 Fr  (223)  109Mt

1625 88 Ra 2260

* Therelative valuesgivenhere areto four significart figures
A value givenin parenthesesdenotesthe mass of the longed-livedisotope.
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SECTION A

It is intended that cardidates devote not more than 30 minutes to this section. Answer ALL fifteen (15)

guegions in this secion on the multiple choice answer sheet using a 2B pencil. Only one choiceis allowed

perquedion. If you make a mistake make sure that your incorrect answer is completely erased.

Please note the following:

¥ Itis recommended that you first record your answer on this question paper by circling ONE of the
letters A, B, C, D or E.

¥ Then transfer these answers on to the computer sheet which will be computer marked for
assessment.

Q1 A fuel/oxidant system consisting of N,N-dimethylhydrazine, (CH3).NNH>, and dinitrogen tetraaxide,
N>O,, (both liquids) is commaonly used in space vehicle propulsion. The components are mixed
stoichiometically so that N,, CO, and ! ," , all gases under the reacton conditions, are the only
products. How mary molesof gasare producedfrom 1 mol of (CHz),NNH,?

A 8
B 9
C 10
b 11
E 12

Q2 20 mL of solution X waspipettedinto a conical flask and titrated with solution Y from a burette. The
pH wasmonitored with a pH meter throughout the experimert, and wasplotted against the volume of
solution Y addedto give the graph below.

90
80 N

70 \\
6.0 e

50 \N\
40

30 i

2.0 e

pH
oy

10

00 T T T T T T T 1
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Volume of titrant (mL)

Which one of the following alternativesis most likely theidertity of solutions X and Y?

X Y
A | KOH CH3;COOH
B | NaHCO; HBr
C | CH;COOH | NaHCO4
D | KOH HBr
E | HBr NaHCO;
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Q3 The dersity of liquid nitrogenis 0.807 g mL™. If a person acciertally swallowed a 0.025 mL drop
of liquid nitrogen, what volume of nitrogen gas would be evolved in their body at 100.0 kPa and

37iC?

A
B
C
D

E

0.018 mL
0.025 mL
19mL
23 mL

37 mL

Q4 By referring to the standard reduction potertials below, which of the species listed is the bed
oxidising agent?

T a = »

E

CU (ag) + 26° == Cu(y E°=+0.34V
Ni* (agq) + 26° == Ni (9 E°=-0.23V
Ct @ag) + 26° == Cd(g E°=-040V
Fe' (ag) + 26° == Fe(s E°=-044V
Zn* (@g) + 26° == Zn( E°=-0.76 V

Cd(s

Zn®" (aq)

Ni (s)

CU”" (a0)

Fe(s

Q5 Which one of the following species does not have eight valence electrons surrounding the certral

atom?

A

B
C
D
E

CCl , mdecue
NH; molecue
NH," ion

OF, madlecule

BCl 3 molecue

Q6 Which one of the following seriesis arangedin order of increasng ionic radus?

A

B

Mg? < S®P<ClP<K*'<Ca&"
Mg? <Ca*<K"'<ClP<S®
S®P<ClP<K"<Mg* < Cca®
S®P<Mg* <ca® <ClP<K*

c&d" <ClP<K'<Mg* <S®
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Q7 Which one of the following is net anisomer of the molecue depicted below?

H3C_CH2 H
\

/
c=cC H
/
H c=cC
/ \
HaC H
A B C CHsy
CHg H HeC—CH,  H Heb ¢
TR ST NS ied e
c—C  cHg C=c H e
/ \ / \ H /' \
H H H CHj H H
D H CH E H H
\ ks \ /
HsC c—cC £=C¢ H
Y72\ —
CH,-C /C—H HaC—CH, /C—C\
H H HsC H

Q8 Which of the following compounds could not be obtained by oxidising phosphorus trifl uoride, PF3?
A NaP,0;.10H,0
B HP,0s
C KPK
D  (NHg):HPO;.H,O
E Ca&(PO,)sF

Q9 Elemerts Q and R form both oxidesand chlorides Under laboratory conditions, QCI , is a cherry-
red liquid while RCI , is a white solid. Which one of the following statemerts is most likely to
de<ribe the oxidesof these elemerts?

A Qformsabadc oxide QO while R formsanacidic oxide RO.
Q formsabasc oxide QO, while R formstwo acidic oxidesRO and RO..
Q formstwo acidic oxidesQO, and QOs; while R forms abasc oxide RO.

Q formsanacidic oxide QO while R formsabadc oxide RO.

= O a =

Q formstwo acidic oxidesQO and QO, while R formsabasdc oxide RO..
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Q10 Ethanoic acid was heated with an unknown compound X ard a caftalytic amaunt of concertrated
sulfuric acid. The reacion mixture wasshown by mas spectromety to contain a compound of molar
mas 193 g mal™.

Which of the following could be compound X?
OH OH OH OH OH

NH, CHj NO, Br
A B C D E

Note that a shorthand notation has beenusedto draw these structures

_H

i
H /C%C/H
= I |
c. ~.C
X e \(lz/ Sy
H

OH

Q11 What is the enthalpy change for the complete combustion of one mole of liquid isopropanol
(molecdar formula C3HgO)?

3C(9 + 4Hy(g) +# O, (g — CsHgO () $H =-318 kImad™
C( + O, —> CO,(g) $H =-394 kImo™
Ha(@) +# O2(g) —> HO() $:H =-286 kamao™

-362 kJ

-998 kJ

-2008 kJ

UOW>

-2116 kJ
E -4016 kJ

Q12 Equal masesof each of the following compunds were treaed with excess hydrochloric acid. Which
producedthe greated volume of carbon dioxide gas?

A sodium cartonate
magnesum carbonate
potassium carlonate

calcium carlonate

= O a =

rubidium carlonate
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Q13

Q14

Sadium mefal is producedindustrially by the electrolysis of molten NaCl , while steelis producedby

CO reduction of ores containing Fell) in a blag furnace. Tartalum is another useful metal, often
used surgically to repair bone because of its high redstance to corrosion. Which of the following
methods could be usedindustrially to produce tartalum from naturally occuring Tav)?

Na' (ag) + € == Na(y E°= 71V
Fe (ag) + 3¢ == Fe(s E°= +0.82V
TaOs(s) + 10H" (ag) + 106° == 2Ta(9 + 5H,O() E°= E0.75V
CO,(g) + 2H" (ag) + 26 == CO(g) + H,O() E°= £0.10V
A Eitherreduction with sodium metal or reduction in ablag furnace.

B  Eitherelectolysis or reduction with sodium metal.

C Electrolysisonly.

D Redictioninablag furnaceonly.

E

Reduction with sodium metl only.

A smal amaunt of solid leadiodide was added to a beaker of water, which wasstirred Most of the
solid settled on the bottom of the beaker, but a little dissolved edahlishing the equilibrium

Pb,(9 = PK* (g + 21°(q).

The ratesof the forward and reverse reactions weremonitored over time, producing the graph shown

below:

A

reaction rate .
forwards reaction

—

reverse reaction

t time

What happered attimet?

A

= o 0

The bealer wascooledin anice-bath.

A small amaunt of solid Ph(NOs), wasaddedto the beker.
A small amaunt of solid Kl wasaddedto the bealer.

A small amaunt of solid Pbl, wasremoved from the beaker.

A small amaunt of water wasadded to the beaker.
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Q15

The dichromate ion Cr,0;% is orange in aquecus solution whereas Cr* is green An acidified
solution of potassium dichromat is thus a useful reagent for identifying many chemical species

The following five agueaus solutions were prepared, and a few drops of acidified potassium
dichromate solution were added to eachone. Three of themturned green; one turned a murky brown
colour, and one remained orarge.

Which solution remaned orange?

A SrCl,

B Ki

C CHsCH,OH
D NaNO,

E Al 5(SOy)s

Page 8 of 31
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SECTION B

Marks will be deductedfor incorrect use of significart figures You arealso advisedthat steps to the solution
of problemsmust be clearly explained. Marks will be deductedfor untidy and poorly explained arswers.
Answer any three of the four questions in this section.

Q16

Trarsition metal ions are often brightly coloured and canexist in a wide range of oxidation states
Varmadum is particularly diverse: an oft-used chemistry demonstration involves swirling a
varmadum(V) solution with zinc in aflask, which causes the solution to change colour from yellow to
blue to greenard finally, pale violet.

€) Complete the following tade.

Species Colour Oxidation State
V (s 0
V# (aq) pale violet +2
V¥ (aq) green
VO* (aq) deepblue
VO;® (aq) yellow

The vamadous ion (V%) is used in a redox titration to determine the concertration of an unknown
solution containing the Fe** ion. Iron() is reduced to iron(i), and the solution is acidic throughout
the detemrmination.

(b What are the two half equations and the balanced full equation for this reacton? The first one has
beendone for you.

V2t — V3 + P

Fiona, an eaneg young aralytical chemist, decided to make some 0.500 mol L™ varadous sulfate
(VSO,) solution. She had a battle of vamadyl sulfate (VOSO,.2H,0), which she stirredwith anexces
of zinc metal (amalgamated with a small amount of mercury(il) catlyst). Since it was getting late,
Fiona decided to filter the solution and leaw it out on the bench, with the intertion to perform the
titraion the next day. Disader struck! Fiona returned to find her perfecty prepared pale violet
solution hada slight greentinge.

(© Write a possible equation for the reacion of the V¥ ion with air.
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Fiona did a little background readng and found the apparaus shown in the
diagram at the right wasused for the titration. The setup allows the V** ion
to be conveniently producedand storedin situ. The whole apparatusisfilled
with hydrogengasto prevent reacton with air.

Fiona also learrt that evena small amount of dissolvedoxygen could affect
the titration. To her unknown iron(i11) solution, she added saturated sodium
carlonate solution, forming a rusty yellow precipitate, followed by dilute
hydrochloric acid solution, forming bubbles of coourless gas The
effervescernce completely removesary dissolved oxygenin the solution.

(d) What is the chemical formula of the rusty yellow precipitate and the
colourles gas? :

Precpitate

GLASS WOOL

Gas

25.00 mL aliquots of an iron(il) solution of unknown concertration were
titrated against the standard 0.500 maol L™ V# solution. The averace titre,
i.e. the average volume of the solution containing the V** ions neeced to
completely reactwith the solution containing the Fe** ions, was22.14 mL.

(e) Calculate the mass of VOSO,.2H,0 requiredto make 250 mL of the standard solution.

® Calculate the concertration of the iron(ii1) solution.

The indicabr usedin thetitration is potassium thiocyamate, KSCN. The thiocyarmate ions, SCNP form
aninterse blood red complexion with Fe** in solution.

(¢)] What colour change occus atthe end point of the titration?

Q16 continues on the next page.
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Fiona also discovered the possibility of the following reacton between the vanadous ions ard
hydrogenionsin solution:

V¥ (ag) + 2H' (ag —> 2V¥(ag + H:(g)

Fortunately this reacton is very slow under normal conditions. Fiona remanmbered that solution-
phase reactions usually occur in two steps: the reactnts first associate, or come together, and then
reactto form products.

() A+B=—=AB

2 AB —= C

(h) Explain why the reacion might be slow?
To improve the accuacy of the titration, the solution of \V?* ions was stardardsed against potassium
permargarate solution (KMnO,). In the reaction with permamganate ion, V* is convertedinto VO5°,
and MnO,Pis convertedinto Mn?".

() Give the equation for the reacion betweenV?* ion and the MnO,°ion.

() 25.00 mL aliquots of the solution containing V** ions required an average of 25.34 mL of a
0.283 mal L™ KMnO, solution. Calculate the true concertration of the V2" ion in the solution.

(K) Using the arswer obtainedin (j), whatis the true concentration of the Fe** ion in the solution?
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Q17

(@)

Mass spectrometry is animportart tool in the determination of the structuresof organic compounds.

The process begns with the ionisation of the samgde to form a positively chargedion, the molecuar
ion. At this stage, the molecdar ion commonly fragmerts to form additional caions. Thes cations
are passed through a magnetic field wherethey are observed to follow a curved path. The radus of
curvature of the path is dependert upon the mass to charge ratio (m/z2) of individual ions.
Measuremert of the radus of curvature thus givesan accuate measire of the m/z ratio for eachion.
The abundance of ions detectedfor each m/zis plotted asa graph of the mass spectrum.

Since ions with a multiple positive charge are much less abundart than those with a single positive
charge, the detecied nvzratio is effectively equal to the mass of theion, m.

The empirical formula of a compound may be calculated from percertage composition data. An
unknown compound consisting of carbon, hydrogen and oxygen only was analysed to contain
54.5% carbon and 9.15% hydrogen

(i) Calculate the empirical formulaof the unknown compound.

(ii) Deduce the molecdar formula of the unknown compound given it has a molecdar mas of

88 g mal™.

The molecular mas of a compound is readly obtained from mass spectomety. However,
compounds with differert molecular formulae may have molecular masesthat are idertical to the
neares unit value. High reslution mass spectrometry overcamesthis issue by providing maecudar
mas measirements with greatprecision (oftento several decimal places.

Q17 continues on the next page.
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(b) The m/z of a malecdar ion containing only carton, hydrogen and oxygen was determined to be
58.0417 units by high resolution mas spectrometry.

(i) Inthefollowing structures circle those with a molecuar mass of 58 g maol™.

A H B H H c H
H c/ H H IL c|: H \(lj T
N T e SN H—C—C—O0
C—C—N | | 1\
/ | \ H H H H H
H H H
D o) E H H H H
1y L
TS AR AR A
H H H H H H H

(ii) By considering the following table of atomic masses identify the structure in part (i) which could
giveriseto amolecudarion peakof 58.0417 units.

Atom Relative atomic mass (amu)
zc 12.0000
0 15.9949
H 1.0078
1N 14.0031

Fragmerntation of a molecdar ion often occus according to predctabe paterrs. In gereral
fragmentation involves the breakng of weak bonds and formation of stable fragmert ions. The

location where bonds arecommanly brokeninclude:
¥ At brarch points, for example:
CHj + CHj
H3C—C|:—CHZCH2CH3 —» CHst + C|:—CHZCHZCH3
(|3H3 C|:H3
¥ Adjacen to heteroatoms (atoms other than carton and hydrogen), for examge:

[H3CCH2—O—CHZCH3]+ ——» HiCCH,* + O—CH,CHjy

¥ Adjacent to carbonyl groups (C=0), for example:

@) + O
I S | A

C
HeC”  “CHs HeC”
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(© Indicate on eachof these molecuesthe two bonds most liake to break upon fragmertation of the
moalecdarion.
(i)
H
e MH H
HN L
o
H H H
(i)
o H H
N
e
~N
C
/ \H H H
H
(iii)
H

H—C—H

C
H—C——C—C—C—Br

H ‘ H H

I |

I (I

H H H

H—l—H
H

The fragmentation of a molecdar ion into lower molecdar mass fragmerts may reault in the
observation of peaks corregponding to lower nvz.

(d)  The following compound wasanalysed by mass spectromety. Propose structuresfor eachfragment
corregponding to observed m/z peaks in the obtained spectrum.

(i) miz=15 (i) miz=29 (i) miz=43 (iv) miz=127
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(e) A four-carbon compound containing only carkon, hydrogen and oxygen displayed a molecudar ion
peak at n/z 74.0729 when subjected to high relution mas specromety. Significart fragment

peals were also observedatm/z 15, 17 and 57.

(i) Providethe malecuar formulafor this compound.

(ii) Provide a possible structure for the fragmerts corregponding to eachof the peals.

m/z=15 m'z=17

m/z=57

(iii) Propose a possible structure for the compound, based on your answers from (ii).

Q17 continues on the next page.

Page 15 of 31



Australian Science Olympiads

2007 Chemistry National Qualifying Examination

(f)

Same elemerts exist in nature as a mixture of more than one isotope of high natural abundance.
Bromine appearsastwo abundart isotopes "°Br (49.3% abundance) ard ®'Br (50.7% abundarce). A
compound containing one bromine atom will give rise to two molecuar peaks depending on which
isotope it contains. One peakwill result from molecuar ions containing “°Br, and the other will reault
from molecular ions containing *'Br. The two peals differ by two m/z units. The relative intersities
of these two peaks corregpond to the natural abundance of the isotopes(49.3 : 50.7).

Chlorine and sulfur likewise exist asseveral isotopes Thisis shown in the following tade:

Isotope Natural Abundance (%)
*cl 75.8
¥cl 24.2
¥g 95.0
g 0.75
¥s 4.2

For each of the following compounds, provide the expected m/z values corregponding to the peaks
for the molecular ion, and state the relative intensity of the pealsin each case.

(i) CHsCH,CH,& SH

m/z

Relative Intensity

(ii) Cl & CH,CH, CH,CH,& ClI

m/z

Relative Intensity

(iii) Br & CH,CH,& Cl

m/z

Relative Intensity
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Q18

(@)

Whether a pure substance exists asa solid, liquid or gasdepends not only on the tenrperature of the
system, but also on the pressure of the system To illustrate this concept, we will invedigate a
physical property calledthe vapour pressure.

The vapour pressure of a pure substanceis defined asthe pressure of the vapour (of this substarce)
in equilibrium with its non-vapour phases(i.e. solid and liquid phases). The vapour pressure of apure
substarceis temperature dependent (i.e. it hasdifferent valuesat diff erert temperatures.

For examge, liquid water in equilibrium with water vapour, asrepresented by the equation:
HO0 () == HO(g)

has a vapour pressure of 3.17 kPaat 298 K. This mears that the forward and revers rates of this
proces are equal whenthe pressure of water vapour is 3.17 kPa

An importart implication is that, whenthe vapour pressure of a substance exceeds the pressure of the
system (which, for open beakers of liquid, is the pressure of the surrounding air), the equilibrium
between gasous and non-gaseous phasesis no longer actievade, and molecdes rapdly becane
gaeausin bulk (i.e. the substance boils or sublimes.

The boiling point of wateris 373.15 K.

What is the vapour pressure of water at 373.15 K ard standard atmospheric pressure? (Give a
numerical answer.)

(b)

Butare has a vapour presure of 47.156 kPaat 253 K, and 149.03 kPa at 283 K. Circle whether
butare is gaseous or non-gaseaus under the following conditions:

Pressure
Temperature latm 2am
253 K Gaseaus / Non-gagous Gasaus / Non-gagous
283K Gaseaus / Non-gagous Gasaus / Non-gagous

In mixturesof two or more pure substances each substance egablishesits own equilibrium with its
gasaus phase and thus hasits own vapour pressure (calledthe partial vapour pressure). The total
vapour pressure of a mixture is the sum of the partial vapour pressuresof every component in the
mixture.

We canuse RaaultOdaw to calculate partial vapour pressures of eachpure substance in a mixture.
Naming ary particular substancein the mixture asA, Raoult’s law statesthat

Pa = XaPa

where p; is the partial vapour pressure of A in its pure form, p, isthe partial vapour pressure of A
in the mixture, and ', is the mole fraction of A (i.e. the number of moes of A expresed asa
fraction of the total number of molesof the mixture).

Q18 continues on the next page.
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For examde, since pure water has a vapour presure of 3.17 kPa at 298 K, then in a mixture

containing 0.50 molesof water and 1.5 molesof etharnol, at 298 K, the partial vapour pressure of
water will be

0.50

=_ 7~ "317kPa0.79 kP
Pri.0 0.50+1.5

At a temperature of 323 K, berzere has a vapour pressure of 36.60 kPa and toluene a vapour
pressure of 12.28 kPa

(© A liquid mixture contains 0.530 mol berzere and 1.12 mal toluene at 323 K. Calculate the following
(show all working):

(i) Partal vapour pressure of berzere

(ii) Partal vapour pressure of toluene

(iii) Total vapour pressure of mixture

(d) Whatisthe mole fraction of berzere in the vapour above the mixture described above?
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(e)

As mertioned earier, vapour pressure is temperaure-dependent. For smal changesin temgeratre, a
crude edimation of the change in vapour pressure canbe made. With a known vapour pressure p, at
temperature Ty, the vapour pressure p at a different temperature T (in Kelvin) is given by the
equation:

where (voH is the molar erthalpy of vaporisation in joules per mole, and R is the gas constart in
joulesper Kelvin per mole (seedata page on page 2 of this paper).

At atmaspheric pressure, the boiling point (T,) of bromine is 332.4 K, and its molar erthalpy of
vaporisation is ( vaH = 29960 Jmal™ (or ( yapH = 29.96 kJmal™).

Using the formula givenabove, calculate (showing all working) the vapour pressure of bromine at

(i) T=320K
(i) T=340K
® Using the formula given above, calculate the temperature at which bromine boils if the pressure of

the systemis raisedto twice atmaospheric pressure (2.000 atm). Show all working.
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Raoult’s law ard the dependence of vapour pressure on temperature can be usedto explain why
solutesraise the boiling point of the solvert in which they aredissolved This phenomeron is known
asboiling point elevation.

For simplicity, we make the sound assumption that solutes mertioned in thes problems are not
volatile (i.e. the vapour pressure of solutesis always zero).

(9) Calculate the mole fraction of solute particles in the two mixturesbelow. Show all working.

(i) 160.0 g glucose (CsH120g) dissolvedin 500.0 g of water

(ii) 50.0 g sodium chioride dissolvedin 500.0 g of water

(h) Using RaaultOslaw ard the equation that relates vapour pressure to temperature, which of the
following solutes(whendissolvedin 1 kg of water) would you expectto have a higher boiling point
elevation (or do they have the same amount of boiling point elevation)? Give rea®ns to justify your
answer.

(i) 50 g sodium chloride or 50 g sodium bromide

(ii) 1 mole calcium chloride or 1 mole calcium carbonate.

Q18 continues on the next page.
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(iii) 0.5 mole acetc acid (CH3;COOH) or 0.75 mole glucose (CgH120s).

() RaaltOdaw states that the vapour pressure of the solvert above a solution is proportional to the
male fraction of the solvert. Propose an explanation, at the molecular level, why thisis so. You may
find it helpful to draw adiagram to illustrate your answer.

(K) The equation:

P, M
11 b _ TIT
p R(Tb)z( y

and RaaultOslaw can be used to derive an equation for the boiling point elevation, of the form
T-T,=K',where' isthe maefraction of solute particles in the solution, T, is the boiling point of
pure solvent, and T the boiling point of the solution. Perfam this derivation below, expressing K in
termsof physical constarts relevart to the equation.
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() Hence or otherwise, given that the molar erthalpy of evaporation of water is ( v5H = 40.65 kJ mol®,
edimat the boiling point of EACH of the TWO solutionsin quedion (g). Show all working.
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Q19

(@)

lonic compounds, such asNaCl , dissolve in water to give hydrated Na” and Cl ®ions.

H,0 . 5
NaCl 5 ——— Na (ag) + Cl"(aq)

The compound [Ag(NH-),]Cl similarly dissolvesin water to give a caion [Ag(NHs),]" (known asa
complex ion) and the Cl ®ion.

HZO + 5]
[Ag(NH3)2JCl (s ——— [AQ(NHa3)2] (ag) + Cl " (ag)

A complexion is atrarsition metal ion surrounded by ligands. Ligands are neutral moleculesor ions
which behave asL ewis bases donating anunshared pair of electrons to the mefal ion (Lewis acid) to
form a covalent metal-ligand bond. The reaulting complexesare known as coordination compounds.
A squarebracketis placed around the formula of the complexion.

The charge of a complex ion is the sum of the charges on the central metal and on its surrounding
ligands. In [Ag(NH3),]* the charge on the complex ion is +1. The charge on the complex ion cannow
be usedto determine the oxidation state of silver. Because the NH; ligands areneural molecules the
oxidation state of silver must be +1.

NHs 3+ cl 2D
HaNy, | wNHa | +
m"Cr"\\\ N HaNyy,  wCl HAN Ag NH
) . t' 3 - - 3
"II
HSN/ |\NH3 - \ cl N g
NHs cl
Octahedral Tetrahedral Square planar Linear

The number of atoms directy bonded to the metal atom in a complexion is called the coordination
number. The atom of the ligand bound directly to the metal is called the donor atom. Nitrogen, for
examge is the donor atom in the [Ag(NHs),]" complex ion. The silver ion in [Ag(NHa),]" has a
coordination number of 2. The most common coordination number is six (octahedral geametry),
closely followedby 4 (tetrahedral or squareplarar geomety) then?2 (lineargeametry).

What is the oxidation state and coordination number of the certral metal in eachof the following
compounds?

(i) [Rh(NH;)sCl J(NOs).

Oxidation state:

Coordination number:

(i) CsINICl 4]

Oxidation state:

Coordination number:

NH; is an examde of a unidentate ligand and has one donor atom which donates one pair of
electrons to the mefal ion. Other examgdes of unidentate ligands arethe halide ions and CNP NO,?,
OHP CO, SONP and H.O.

Bidentate ligands have two donor atoms each of which typically donates one pair of electrons to
metl ions. If both donor atoms are bound to the same metfal ion the complex is also known as a
chelate. Threeexamplesare shown on the next page:
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N._ /0\/"
/N (]
0 O. \ C
N\

oxalate (ox) ion o

R "

HoN NH, M

ethylenediamine (en) N
H,
@)
(@) @)
N Vi
\C—CHZ / A

glycinate (gly) ion Hy

When complexeswerefirst discoveredand few were known, they were named after the chemist who
originally preparedthem. A few of these namesstill perdst; for examde, the dark red substance
NH.[Cr(NHs)2(NCS)y] is still known asReineckeOsalt. Oncethe structuresof complexesweremore
fully undergood, it waspossible to namethem more systematcally. For example:

6444455 Na44486~V%sg
[Co(NH3)sCI ]Cl pentaamminechlorocobalt(l11)  chloride

T T

5 NH; ligands cobalt in +3
oxidation state

ClPligand
The rulesfor naming coordination compounds are:
(i) The cationisnamedbeforethe arion.

(i) Whennaming the complexion, the ligands arenamedas prefixes (i.e. before the metal ion).

(iii) When naming arionic ligands (Cl ®) an o is added to the root nameof the arion. For examge the
anonic ligand, Cl ® would be namedas chloro. Neutral ligands retain the name of the molecue,
excep for the following: H,O isaqua, NHz is ammine and CO is carlonyl.

(iv) The prefixes mono-, di-, tri-, tetra-, perta-, hexa, efc, are used to denote the number of simple
(typically unidertate) ligards; bis-, tris-, tetrakis-, etc for more complicated (bidentate) ligands or
onesthatalready contain di-, tri, efc.

(v) Ligardsare namedin alphabetical order. Prefixesdo not affect the order.

(vi) The oxidation state of the mefal ion is desgnated by a Romannumeral in parerthessafter the name
of the metal ion.

Q19 continues on the next page.
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(vii)Negatively charged complex ions have the suffi x —ate added to the nameof the metal b usually that
from which the atomic symbol is derived For example: nickel becanes nickelate, iron becomes
ferrate and copper becamescuprate.

(b Give the formulafor eachof the following compounds.

(i) aquacyanobis(ethylenedamine)cdoalt(ill) chloride

(ii) sodium diaquad oxalatoruthenate(ii)

(c)  Givethenameof eachof the following coordination compounds.

(i) [Cr(H20)4Cl ;]Cl

(i) Ko[Ni(CN)J]

(i) [Co(en)s]C] 3

Structural isomerism

Many differert types of structural isomerism are known in coordinaton chemistry. Linkage
isomerism is aninteresing type that ariseswhen a particular ligand is capade of coordinating to a
metal in two differert ways. Ligands of this type are called ambidentate ligands. The nitrite ion,
NO,? for example, can coordinate through either a nitrogen or oxygen atom. When it coordinates
through the nitrogen atom, the NO,® ligand is called nitro; when it coordinates through the oxygen
atom, it is calednitrito. Another ligand capahble of coordinating through either of two donor atomsis
the thiocyanate ion, SCN®, whose potertial donor atoms are N (isothiocyanato) and S (thiocyanato).
When writing chemical formula of coordination compounds containing ligands of this type, the
symbol for donor atom of the ambidertate ligand is written first. For example, [Co(NH3)s(NO,)]CI ,

for N-bound NO,® and [Co(NH3)s(ONO)]Cl for O-bound NO,".

M——S 0
\C M——N—C—S M—N// M—O\
\\\ \ N—=O
N o]
thiocyanato isothiocyanato nitro nitrito
Stereoisomerism

Stereoisomers have the same chemical bonds but differert spatial arangemerts. The term covers
geametic isomersand opticalisomers

Geometric isomerism

In the squareplanar complex [Pt(NHj3).Cl ,], for example, the chloro ligands canbe either adacen or
opposite to eachother asshown on the next pace.
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H3N///,, \\\\CI H3N/"h. Pt.\\‘\\CI
- Pt“
cis trans

Geametic isomers have differernt properties such ascolour, solubility and melting points. They may
also have very differert chemical reactvities For example, cis-[P{NHj3),Cl ;], also caled cisplatin,

is effectivein the treamert of certain carcers whereasthe transisomer is ineffective.

Geametric isomerism is also possible in octahedral complexes when two or more different ligands
are preen. For example, the cis and trans isomers of the tetraamminedchlorocobalt(lil) ion are

shown below.
Cl Cl
HSN/”"'C| _““\\CI H;;N/,,,'.Clo_“\\\NH3
HN |O\NH3 HaN™ | W,
NH, cl
cis trans

A similar type of isomerism occurs for octahedral complexes when there are two sets of three
idertical ligands since eachtrio of donor atoms canoccupy either adacert positions at the corners of
anoctahedral face(facial) or positions around the meridian of the octahedron (meridional).

For examge, fac- and mer-[ Co(NCS)3(NH3)3]:

NH; NCS
Hst,,,Cl \NH;3 SCNy,, | \NH;g
fo) l.Co_‘
scN® | “Wnes HN™ | n,
NCS NCS
fac mer

(d) Consider the following coordination compound: [PA(NCS){ P(CHz)3} 2] where P(CHs); is a neutral,
unidentate ligand calledtrimethylphosphine.

(i) Namethe above compound.

(ii) Indicate how mary geametric isomersarepossible and sketch the structure of eachof them.

More space available on the next page.
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(iii) Would you expectthe above compound to exhibit linkage isomerism? If so, namethe linkage isomer
ard sketch one of its steredsomers

Optical isomerism

Optical isomers, called enantiomers, are mirror imagesthat camot be superimposed on eachother
blikealeft and aright hand.

Enartiomers are said to be optically active because when plane polarised light is passed through a
solution containing one of themthe plare is rotated The dextrorotatory [or dextro] isomer cawses
the plare to rotate to the right (clockwise). That is, it has a positive rotation (+) %4 while the
levorotatory [or levo] isomer causesthe plare to rotate in the opposite direcion but having the sae
magitude (B) % Enartiomershave the same physical and chemical propertiesexcept in the preserce
of plare polarised light or other optically acive compounds. This is an important method of
idertifi caion.

Enartiomers are called chiral. The most commaon types of chiral trarsition metal complexes are
six-coordinate complexes of the type ML; and MX,L, (wherelL is a bidertate ligand). For example,

the complex ion [Co(en)s])** has two erartiomeric forms whereas [CoCl »(en),]* has three
stereasomeric forms
N 3+ N 3+
N//// \\\N E //// | ‘\\\\
I Co,
| N il : N

[ /N 1+ /—\ 1+ [ 1+
N/ /I/,. | ‘\\\\\CI E cl /// | \\\ //I/ \\\\N
Co. '
| Ty
N : N
cis-! cis-" trans
N H2C_CH2
where represents / \
N HoN NH,
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The erantiomeric speciesare assigned * (lambda) and ( (delta) configurations on the bass of the
helicity of the complexes A * configuration refersto a left-handed helicity. That is, the optical
isomer can be viewed as having a left-handed (or articlockwise) screw into the plare of the page.
The (' configuration hasaright-handed helicity.

Non-mirror image stereasomers arereferred to asdiastereoisomers and, in contrag to emartiomers
do hawve differert physical and chemical propertes Thus, in the cag of the complex ion,
[CoCl 4(en),]", thecis-* (or cis-( ) isomer and the trans isomer are diageredsomers

(e) Draw and nameall of the possible isomersof the following complexion: [CoBr(NCS)en),] .

® What type of structural isomerism could be exhibitedby the complexionin (e) above?

(¢)] What type of isomerism, if any, could be exhibited by a four-coordinate complex of the type
[M(H2NCH,CO:y,),]? Sketch the isomers.

More space available on the next page.
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