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Attention!

. Write your name and personal identification code (postgouat workstation) in
the upper corner of the first page of each problem's answer sheet. Writeagor
and code on all remaining answer sheets.

. You have 5hours tocomplete all of thdasks, andrecord your results on the
answer sheets. You must stop your work immediattgr theSTOP command is
given. Adelay indoing this by 3 minutes wilead to cancellation of the current
task and will result in zero points for that task.

. All results must be written in the appropriate areas orattssver sheetsAnything
written elsewhere will not bmarked. Do notvrite anything on the back gfour
answer sheets. If you need more paper for working or a replacement ahseer
request it from the supervisor.

. When you have finishethe examinationyou must pugll of your papersnto the
envelopeprovided,then you mustseal theenvelope. Only papers inthe sealed
envelope will be marked.

. Do notleave the examinatioroom untilyou are directed to dso. Areceipt for
your sealed envelope will be issued to you as you leave.

. Use only the pen and calculator provided.

. A Periodic Table will be provided for your use.

. This examination hat9 pages and6 pages of answer sheets.
. Total points for this examination iS1

. An official English language version is available if you wish to see it.
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Problem 1 20 points

The following 8 stepsdescribe the proceduffer analysing asample of an alloy that
contains tin and lead.

1. A 0.4062 gsample of alloywas dissolved byeating it in a small beaker with a
mixture of 11 M hydrochloric and 16 M nitric acid. Theakerwas heated until all
the alloydissolved. In this proceduré&ad isoxidised to Pb(ll)and tin becomes
Sn(1V)

2. After 5 minutes of heating to expelkides of nitrogen and chlorine, soraeid
remained. The solution waeoled then a precipitate ebmetin compounds and a
lead compound appeared.

3. A 25.00 mL aliquot 00.2000 M NaH,EDTA solution was addedThe precipitate
dissolved and a clear, colourless solution was obtained.

4. This solution was quantitatively transferred to a 250.0 mL volumetric flasknade
up to the mark with distilled water.

5. A 25.00 mL aliquot of this solution was treated with 15 mL &0a% w/v solution
of hexamine (hexamethylenetetramine30 mL ofwater andwo drops ofXylenol
Orange solution. The pH of the solution was 6.

6. The clear, yellow solution from Stepvias titrated with standaf@.009970 Mlead
nitrate solution untilthe colourjust changed from yellow toed. The titre atthis
endpoint was 24.05 mL.

7. 2.0 g of solid NaF was added to the titration flagke solution imnediatelyturned
back to yellow.

8. Thesolution was tiatedwith more standar®.009970 Mlead nitratesolution until
the colour changed to red again. The titre at this endpoint was 15.00 mL.

Hexamine and Xylenol Orange have #teuctures shown belowThe pK, of hexamine
Is 9.5. Xylenol Orange is red below pH 4, yellow above pH 5.

Hexamine Xylenol Orange (XO)

K’ IS the conditional formation constanti=,,, .

K’ for the formation of the EDTA complexes of Pb(ll) and Sn(IV)the presence and
absence of fluoride, are shown in the following Figure.
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Problem 1

Sn + EDTA
22 7 —
20 1 Pb + EDTA
18
16 1 Pb + EDTA+F
14 +
12 +
g 87
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O T T T T T T T T T T T 1 pH
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-4 -
1-1. What is the lead compound that precipitates in Step 27?
1-2. Write a balanced ionic equation thekxplains the disappearance of tlead
compound that precipitated in Step 3 (at pH 6).
1-3. What is the purpose of hexamine in Step 5 of this analysis?
1-4. What is the purpose of Xylenol Orange in this analysis?
1-5. Writebalanced ionic equations for the reactions that occur (i) during the titration and
(ii) are responsible for the colour change at the endpoint in Step 6 of the analysis.
1-6. What is the purpose of NaF in Step 7 of this analysis?
1-7. Wite a balanced ionic equation for the reaction that occurs in Step 7.
1-8. Write a balanced ionic equation tletplainswhy the colour changefiom red to
yellow in Step 7 of this analysis.
1-9. Write a balanced ionic equation tretplainswhy the lines on th@raph above of

log K’y vSpH for Pb+EDTA and Pb+EDTA+Fre coincident below pH 2.

1-10.Calculate the percentage by mass of Sn and Pb in the alloy.
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Problem 2 20 points

Part A: Dating historical events using Pb-210

Nathan Thomson,one of thefirst inhabitants of LordHowe Island,decided to plant
some European deciduous trees in his garden. Unfortunatedydbetiming of planting
the seeds is noknown. Over theyears,pollen produced byhe European oak and elm
accumulated at the bottom of the lake niathan’s house.Very small quantities of
radioactive Pb-210 (half-life = 22.3 years) were deposited at the same timeh&tdtee
European oak and elm trees pollinate in their first year of growth.

In 1995, a team of researchers sampled a sediment core from the baottertaké. The
sediment core was cut into 1 cm slices and examined for pollen and radioactive Pb-210.

The examination of the sediment core found that:

. Pollen of European oak and elm first occur at a depth of 50 cm.

. The activity ofPb-210 athe top of the sediment core356 Bg/kg and at 50 cm
depth 1.40 Bqg/kg.

2-1. Inwhat year did Nathan Thompson plant the seeds?

RadioactivePb-210 isone of thedaughters 0fJ-238. U-238 ispresent inthe earth’s
crust and for some reasorcartain amount oPb-210 rainsout of the atmosphere and
attaches itself to sediment particles that accumulate at the bottom of lakes.

. The U-238 decay chain is:

. U-238 — U-234 — Th-230 — Ra-226 — Rn-222 — (Po-218 — Bi234pPb-210 —
Pb-206 (stable)

. * Very short half-lives: minutes and days

2-2. \Which step in the decay scheme explains how Pb-210 ends up in rainwater while its
parent U-238 is only present in the earth’s crust?

Part B: Separation of Radionuclides for Nuclear Medicine Applications.

The Ga-67 is used tomagelymphoma. It ispreferentially produced by bombarding a
target enriched iZn-68 (> 98%) with high energy protons for his. Zinc-68 has a

natural abundance df8.8%. Due to the targetlesign other radionuclidesay be
produced (see Table 1). Twelve hours after the end of bombardment, Ga-67 is bound on
a cationexchangeThen the other radionuclides and the-68 are eluted in thevash
solution leaving Ga-67 bound to the column.

Table 1

Radionuclide Half-life
Co-55 18.2 hr
Ni-57 36.0 hr

Co-57(daughter of Ni-57) 270 days

Cu-64 12.7 hr
Cu-67 61.7 hr
Zn-65 244 days
Ga-67 78.35 hr
Ga-66 9.4 hr
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Problem 2

Cu-64 and Co-5%ave idealhalf-lives for use innuclear medicine applicatiorand it
would be useful to isolate them from the wash solution.

The distribution coefficienD is a measure of the partition of a metal ion between the ion-
exchange resin and the eluant.

For a given ion-exchange resin and eluBn given by
D = radioactivity per mg of resin
radioactivity per mL of eluant.

For a reasonable separation of twetahions their D values should differ by & ast 10
units.

2-3. The wash solution is evaporated to drynasd theresidue resuspended irsanall
amount 0f0.2 M HCI 96%methanol and loadeonto an anion exchang®lumn.
Use the distribution coefficient3 given inFigures 1 and 2 and rank by writing 1
to 4 (1 is best) the solvent systems (frgiven alternativespor eluting Cu-64 and
Co-55.

2-4. Having isolated relevant radionuclides, the presence ofsome long-lived
radionuclides could interfere with edical use of Cu-64 or Co-55 o6Ga-67.
Indicate whether each of the following statements is true or false.

a). Ni-57 may be present as a contaminant of Co-55.
b). Co-57 will interfere with the medical use of Co-55.
C). Cu-67 will interfere with the medical use of Cu-64.
d). Ga-66 will interfere with the medical use of Ga-67.
e). Ga-67 will interfere with the medical use of Cu-64.

2-5 If radionuclide contamination ofu-64 or Co-55 or Ga-67 occurred, which
method would reduce the amount of radionuclide contaminant/s? Indicate whether each of
the following statements is true or false.

a). Remove Ni-57 before isolating Co-55.

b). Separate th&li-57 from the bombarded targehaterial before
isolating the Ga-67.

C). Separate the radionuclides closer to the end of bombardment.

d). Allow the Ni-57 to decay before isolation of Co-55.

2-6. Ifzinc of natural isotopic abundance, insteagmiichedZn-68, wasbombarded
with high energyprotons, mdicatewhethereach of thefollowing statements is
true or false.

a). Ga-67 would be produced at 5 fold higher yields.

b). Ga-67 would be produced at 5 fold lower yields

C). Ga-67 would be produced at lower yields @odtamination by
Cu-64, Co-55, Co-57 and Ni-57 would increase.
d). Ga-67 would be produced at lower yields @odtamination by

Cu-64, Co-55, Co-57 and Ni-57 would remain the same.
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Problem 2
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Figure 1 - Distribution coefficients, D of etal ions between anion exchange resin and
96 % methanol at varying HCI concentrations. (note D value for Zn > 1000)
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Figure 2 - Distribution coefficients, D of etalions between anion exchange resin and
55 % isopropyl alcohol at varying HCI concentrations.
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Problem 3 20 points

The three-dimensional structures of polycyclic molecules can often be explained in terms
of the minimisation of angle strain. Consider the following molecules:

N~/

Dodecahedrane,gHog l g

and Ovalene, &Hj4.

Each @ ring of dodecahedrane is a regyt@ntagonwhile each G ring of ovalene can
be regarded as a regular hexagon.

3-1. What are thel(CCC) angles for each of these rings?

3-2. Which configuration (trigonablanar, 120 tetrahedral, 109% or octahedral, 90
do the abovel(CCC) angles most closely match?

3-3. What is the hybridizationsf, sp?, or sp3) which most closely conforms to the
geometric structure of dodecahedrane, and of ovalene?

A*junctur€ is defined here to mean any 3-ring system, sharing a coroerdgral carbon

atom, within a molecule.Compare the juncturgghown in bold) ofthree pentagons
within dodecahedrane:

and of three hexagons within ovalene:
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Problem 3

Consider an axis passing throuiijle centracarbonatom of each junctursuchthat the
angle the axis forms with all three C-C bonds radiating from this C atom is identical.

—_—

<

3-4. What is the value of this angle for dodecahedrane (makedaicdtedjuess, to the
nearest three degrees), and for ovalene?

3-5. Subtracting 90from each of the above angles describegléweationfrom planarity
for each juncture. Which juncture is planar ?

Now consider two polycyclic ‘alkenes', dodecakead(C,H,,):

and ovalene:
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Problem 3

Assumethat the moleculaframework is rigid and is not significantly distorted by H
addition to the (indicated) doubl®nd oneachstructure. Assumealso that all double
bondsarelocalizedin assessing these systems.

3-6. Compare the indicatgoiairs of carbon atom@&ncircledabove). For which C=C
pair is H, addition expected to be more exothermic?

And now, on to fullerenes. For all known fullerené& deviationfrom planarity at any
juncture is less than is the case for dodecadedrane.

For Gso, all junctures are entirely equivalenlow consider H addition at a C=(ond

of Cgo:

3-7. For which of Go, dodecahedrene, or ovalene ig BEddition most exothermic?
(Again, assume localization of double bonds)

3-8. For which of G dodecahedrene, or ovalene isadditionleastexothermic?

There is evidencéor fullerenes smaller than g, such as €. The Gg structure
(ignoring any distinction between 'double’ and 'single’ bonds) is shown below:

Official Version 9of 19



Problem 3

The junctures centred on atorys B andC on the above structure can tedrawn for
greater clarity:

soleates

3-9. Whichjuncture has thieastdeviation from planarity ?
3-10. Whichjuncture has thgreatestdeviation from planarity ?

3-11. Ofthe abovecarbon-carbormonds,numbered from 1 to 9, which represents the
mostfavourable site for Haddition?

Finally, consider a larger fullerene;dg

To a first approximation, bothggand Ggg are 'perfect’ spheres.

3-12.Which hasthe larger average deviatidrom planarity ateach juncture? ¢ or
Cig0?

3.13 Compare the geometries of,Gind Gg,, and graphiteWhich of the statements
shown on the answer sheet (concerrenthalpies oformation,in kJ g units)
iS correct?

Fullerenes are generated onvery rapid timescalefypically milliseconds. In all
techniques, &g is produced in much greater quantities thaghC

3-14.Which of the graphs shown on the answerplatebest representhie dependence
of potential energy upon reaction progress for the two processes:
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Problem 3

reactants

and

reactants
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Problem 4 15 points

When two hydrogenatoms come togethethe 1s atomicorbitals combine to form
bonding and anti-bonding molecular orbitals:

Q@——CO anti-bonding
Q 1s + Q@ 1s <
H H Q@——@ bonding

Hy

In a similar way, we may combine the atomic orbitals of ncoraplicated atoms tform
molecular orbitals, taking into account the symmetry of the molecule.

Considerthe ozone molecule, D which is shapetlke an Australianboomerang. We
can arrange thexygens as follows (itheyz plane) and assuntbat there ards, 2s,
2px, 2p, and 2p orbitals on each atom.

O 1 o 0 &= ¥
O/ \O y 1s 2s 2Pk 2py,  2p;

The atoms @and Q are "related by symmetry" artde 1s orbitals on these atoms form
symmetric and anti-symmetric combinations:

N

Symmetric Anti-symmetric

In this molecule the 1s atomic orbital orp @ classified as symmetric. ¢an combine
with the symmetric combination of ;Gand Q given above (but not witlthe anti-
symmetric combination) to formoonding and anti-bondingiolecularorbitals. The anti-
symmetric combination is non-bonding. The final three molecular orbitals are:

O/C)\O anti-bonding
O/\O non bonding

O/J\O bonding
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Problem 4

4-1. Onthe answer sheet, usesimilar approach to construct the molecular orbitals
arising fromthe separate interaction of te, 2, 2p,, and 2p atomic orbitals.
(Remember to fornthe symmetric and anti-symmetric combinations gfa@d Q
first.)

We may now rearrange these molecular orbitalsrdter of increasingnergy. This can

be generalised to other triatomic molecules. The energy of these orbitals is different in a
bent triatomic molecule (like ozone) compared to a linear moleculec@iteon dioxide).

The variation in orbital energy may be represented in alshV diagram"for XY 2
molecules ashown onthe answer sheet. It showspkot of the energy oéach orbital
versusthe Y-X-Y bond angle. The orbitals have been given lab&lhich we call
“symmetry labels”.

The 63 orbital referred to in the Walsh diagram is shown below.

63

4-2. Why doesthe energy of the Gaorbital increase so rapidly as thend angle
changes from 90to 1807

Only occupied molecular orbitals affect theometry, and a doublyccupied orbital has
more influence than a singly occupied orbital. For exampldad 24 electrons and so at
a bond angle of 13%he orbitals are doubly occupied up tq@.6d hus,the lowest-energy
geometry of ozone (taking into account steric repulsion ted contrasting energy
behaviour of the 4h 1 and 6a orbitals) is probably towardthe left of the Walsh
diagram, which is consistent with the observed bond angle 6f 116

4-3. At abondangle of 1358, whatare thehighest occupied orbitafeor the molecules
BOy, COp, NO2 and FQ?

4-4. The bond angles of B CO, and @G areknown experimentally to be 180180
and 118, respectively. Uséhe Walsh diagram on thenswersheet to predict
whether NQ and FQ are more or less bent thas.O
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Problem 5 15 points

Metallic gold frequently is found in aluminosilicate rocks and it is firtegpersecamong
other minerals. Imay be extracted by treating tobeushed rock withaeratedsodium
cyanidesolution. During thisprocess retallic gold is slowly converted to [Au(CNJ,
which is soluble in water (reaction 1).

After equilibrium hasbeenreachedthe aqueous phase is pumped off ahd metallic
gold is recovered from it byeacting thegold complex withzinc, which isconverted to
[Zn(CN),]* (reaction 2).

5-1. Write balanced ionic equations for reactions (1) and (2).

Gold in nature is frequently alloyed with silver which is also oxidizeédnatedsodium
cyanide solution.

5-2. Five hundred litres (500 L) of a solution 0.0100 M in [Au(gJNand 0.0030 M in
[Ag(CN),]” was evaporated to one third of the original volume andtrveated with
zinc (40 g). Assuminghat deviatiorfrom standard conditions is unimportant and
that all these redox reactions go essentially to completioalculate the
concentrations of [Au(CN) and of [Ag(CN}] after reaction has ceased.

[ZNn(CN)4]2- +26 — Zn + 4CN E°=-1.26 V
[AUCN)]- + € — Au + 2CN E°=-0.60 V
[Ag(CN);]- + € - Ag + 2CN E°=-0.31V

5-3. [AuU(CN)y] " is a very stable complexhdercertainconditions. What concentration
of cyanide ion is required to keep 99 mol% of the gold in solution in the form of the

cyanide complex ?  {[Au(CN)2] ~: Kf = 4 x 1#8}

5-4. There have been sevegdforts to developalternativegold extractionprocesses
which couldreplacethis one. Why? Choose one othe options onthe answer
sheet.
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Problem 6 20 points

Unlike carbon,tin can increase its coordination numbeyondfour. Like carbon, tin
forms a chloride, Sn¢l

6-1. Draw twoalternative geometries for SnCl

Lewis acids such as SnQkact with Lewis bases such as chloride ion or amines. In the
case of chloride the following two reactions are observed.

SnCl,+ CI - SnCl
and
SnC|, + 2CI - SnC|*

6-2. Draw three alternative geometries for SnCl

6-3. Use Valence &ell ElectronPair Repulsion (VSEPR) theory toredict which
geometry is likely to be preferred for SgCl

6-4. Draw three alternative geometries for SACI

6-5. Use \éSEPR theory to predict which of these geometries is likely to be preferred for
SnCL~.

A solution containing Sngt (as the tetrabutylammonium salt) was examined by negative
ion electrospraymassspectrometry(ESMS). The spectrum contains a single peak at
m/z=295.

You may assume that the only isotopes observed in this specté&Sarand®Cl.

6-6. Write the empirical formula for the tin-containing species detected by this technique.

A solution containing SnBf (as the tetrabutylammonium salt) was examined by negative
ion electrospraymassspectrometry(ESMS). The spectrum contains a single peak at
m/z=515.

You may assume that the only isotopes observed in this spect€Sarand *Br.

6-7. Write the empirical formula for the tin-containing species detected by this technique.
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Problem 6

The ESMS spectrum of a solutionaae by mixing equimolaamounts of Sn¢t and
SnBr,* (as tetrabutylammonium salts) shows six major species.

100

80 T

70 T

60 T

50 T

40T

30 T

relative intensity

20 T

250 300 350 400 450 500 550

m/ z

6-8. Write the formula for each of the four new species.

'H and®C NMR spectroscopy of molecules enable detection of a separate sigeattor
proton and°C nucleus which is in a different environment. These sigaralsecorded
on a dimensionless parts perillion (ppm) scale relative tosome agreed standard
reference compound. SimilarlySn NMR gives a signal for each tin atom which is in a
different environment.

The **Sn NMR spectrum of a solution of SpCl(as the tetrabutylammonium salt)
contains only one signal which occurs at -732 ppm (relative to tetramethyliignyle

The'®Sn NMR spectrum of a solution of SpBi(as the tetrabutylammonium salt) occurs
at -2064 ppm. The *°Sn NMR spectrum at 60C of a solution formed by mixing
equimolar amounts of Sn€land SnBy* contains seven peaks.
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Problem 6

T 80

r70

60

T 50

T 40

T 30

relative intensity

T 20

T 10
.I ] ! ! ! ! . I

-700 -900 -1100 -1300 -1500 -1700 -1900 -2100

ppm

6-9. Write the empirical formula for each of the tin-containing species in this mixture that
give rise to the five peaks listed on the answer template.

Cooling the solution causes a change to'ti&n NMR spectrum and at -38C ten peaks
are observed.

100
T 90

T 80

170 |
T 60
T 50
T 40

T 30

T 20
T 10 “
| I | | :li | | | I

-700 -900 -1100 -1300 -1500 -1700 -1900 -2100

relative intensity

ppm

6-10.Draw the geometryfor each of thefour tin-containing species present in this
solution at -30C that give rise to thpeaks at -1092 and 115, -1322and -1336

ppm.
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Problem 7 21 points

THE STRUCTURES NEEDED TO READ THIS QUESTION ARE SHOWN
IN THE ANSWER TEMPLATE.

The fungusAspergillus nidulangproduces twasomeric aromatic lactones (cycksters)

A andB (C,H,,0,) each of whichdissolved incold aqueous NaOH but not in aqueous
NaHCQ,. BothA andB gave a violet colouwith aqueoud=eCl. Reaction ofA with
CH,l in the presence of JCO, gave C (C,H,,0,) which was shown byH nmr
spectroscopy taontain three non-identical methgtoups one of whichwas bonded
directly to an aromatic ring. Selective demethylatio@ e¥ith BCI, followed by aqueous

work upgaveD a new isomer oA. The'H nmr spectrum of compound clearly

showedthe presence of an intramoleculanlydrogen bonded hydroxyl group@tl1.8

ppm.

OH HscTCOZCHg
H3C o

HO

Compound was synthesised as follows: The phdhetas methylated (Mel/}lCQO,) to
afford F (C,H,,0,) which in turn waseduced withithium metal inliquid ammonia and
2-methyl-propan-2-ol to give the symmetrical unconjugated dien€onjugation of this
diene was achieved by reaction with KNiH liquid ammonia followed by aqueousork
up, a proceswhich afforded only one produ¢i. Ozonlysis ofH followed by non
reductivework up afforded amongsither productshe ketoestel. CompoundH
underwent aiels-Alder reactiorwith dimethyl but-2-ynedioatd to give the adducK
(C;sH,O) which uponheating expelled ethene #&fford anaromatic estet.. Basic
hydrolysis ofL followed by acidification of the solution ga%¢ (C,,H,,O,) which when
heated under vacuumyielded N (C;,H,/O.). Reduction of N with NaBH, in

Official Version 18 of 19



Problem 7

dimethylformamide gav€ and an isomeriactoneO which could also be obtained by

the methylation oB.

7-1. Using the answer template provided fill in the structées O.

7-2. Using the last space on the answer template provide a second struddure for
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