
Chemistry2720Fall 2001FinalExamination

Write all youranswersin thebookletsprovided.Readtheinstructionscarefully. In somesections,
you have somechoice. DO NOT answermore than the requirednumberof questionsin these
sections.ExtraanswersWILL NOT bemarked.

Formulasanddataaregivenat theendof thispaper.

Aids allowed:calculator. Periodictablesandotherprintedaidsarestrictly forbidden.

Pages:6. Time: 3h.

1 Answer all questions in this section.

Valueof thissection:69

1. Calculatetheionizationenergy of aBe3
�

ion. [2 marks]

2. Show theorbitaloccupancy (usinganorbital boxdiagram)in thegroundstateof aniridium
atom.[5 marks]

3. In anordinaryincandescentlight bulb, approximately35%of theenergy usedis converted
to photons.Therestis lost in theform of heat.

(a) Assumingthat the averagephotonhasa wavelengthof 580nm (aboutthe middle of
theopticalrange),roughlyhow many photonsareproducedperhourby a 100W light
bulb? Expressyouranswerin moles.[6 marks]

(b) Supposethattheheatfrom alight bulb werecapturedin 1kg of waterinitially at20
�
C.

How long would it take for thewaterto cometo a boil? Thespecificheatcapacityof
wateris 4 � 184JK � 1g � 1. [5 marks]

4. Theentropy of vaporizationof mostsubstancesat their boiling point is usuallybetween85
and95JK � 1mol � 1. This observation is known asTrouton’s rule. Thereareexceptionsto
Trouton’srule. Waterfor instancehasaveryhighentropy of vaporizationat its boilingpoint:
108� 951JK � 1mol � 1. Why?[4 marks]

5. Explain,usinga fundamentalquantummechanicalprinciple,why the regularorbitswhich
arecentralto theBohr theoryof theatomareimpossible.[4 marks]
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6. CODATA, theCommitteeonDatafor ScienceandTechnology, producesatablewhichgives
generallyacceptedvaluesof thermodynamicpropertiesfor a broadrangeof substances.
Their tableis a little differentfrom theonein mosttextbooks.Hereis anexcerptfrom that
table,with notationsadjustedto matchtheonesusedin thiscourse:

Substance State ∆H̄
�
f (298.15K) S̄

�
(298.15K)1 H̄

���
298� 15K ��� H̄

�	�
0K �

kJ/mol JK � 1mol � 1 kJ/mol
Al s 0 28� 30 4 � 540
Al3

�
aq � 538� 4 � 325

H
�

aq 0 0
H2 g 0 130� 680 8 � 468

(a) Calculatethestandardfreeenergy of formationof Al3
�

aq� . [6 marks]

(b) To whichthermodynamicpropertyof asubstanceis thelastcolumnof thetablerelated?
Give theprecisemathematicalrelationship.[4 marks]

7. A commondry cell (“battery”), alsoknown asa Leclanch́e cell, hasthe following overall
reaction:

Zn 
 s�
� 2NH
�
4


aq� � 2MnO2



s��� Zn2

�

aq� � 2NH3



aq��� H2O 


l ��� Mn2O3


s� �

Supposethatadrycelloperatingat25
�
Cstartsoff with thefollowingconcentrations:�NH

�
4 ���

1 � 5mol� L, � Zn2
� ��� 0 � 03mol� L and �NH3



aq� ��� 0 � 12mol� L. Thesolid reactantszinc and

manganese(IV) oxidearepresentin excess.Thewaterexistsin a concentratedpasterather
thanasa freesolution(hencethename“dry cell”). For thesake of argument,assumethat
aH2O is constantandhasthevalue0.5.Calculatethemaximumworkwhichcanbeperformed
by thiscell permoleof zincconsumed

(a) initially, and[5 marks]
(b) whenhalf theammoniumion availablehasreacted.[5 marks]

8. (a) Deriveanequationfor thefrequenciesof photonsinvolvedin therotationalabsorption
spectroscopy of a linearmolecule.[4 marks]

(b) Metal fluoridesaregenerallyfairly easyto makedueto theveryhighelectronegativity
of fluorine. However, gold (I) fluoride hasonly beenmadevery recentlyby a group
at the Universityof British Columbia.2 They wereableto make 197Au19F in the gas
phaseandto study its rotationalspectrumby microwave spectroscopy. The spacing
betweentherotationallines is 15849.667MHz. Themassesof 19F andof 197Au are,
respectively, 18.99840320and196.966552amu.Calculatethebondlengthin AuF. [9
marks]

1Definingabsoluteentropiesfor solvatedions posespracticalproblemswhich areresolvedby presentingvalues
relative to theaqueoushydrogenion.

2C.J.EvansandM.C.L. Gerry, J.Am. Chem.Soc.122, 1560(2000).
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9. Thecarbon-atomring in benzeneis a regularhexagonof side0.139nm. Assumingthat the
π electronsof benzeneexist in orbitalswhich follow this hexagonalring andthat thereis
nopotentialenergy (notaparticularlygoodassumption),developanequationfor theorbital
energies.Therearesix π electronsin benzene.Whatis thewavelengthof thelowest-energy
electronictransitionaccordingto this model,i.e. thewavelengthassociatedwith moving a
singleelectronfrom thehighestoccupiedmolecularorbitalto thelowestunoccupiedorbital?
[10 marks]

2 Answer exactly two questions from this section.

Do not answermorethantherequirednumberof questionsin thissection.Extraanswerswill not
bemarked.

Valueof thissection:12marks

1. Theaciddissociationconstantof phosphoricacidis 7 � 5 � 10� 3 at25
�
C. Whatis thestandard

freeenergy of formationof theaqueousH3PO4 molecule?[6 marks]

2. We establishedin classthatHe2 is not expectedto bea stablemoleculebasedon a simple
MO argument,a resultwhich agreeswith whatwe wereall taughtin high schoolaboutthe
chemistryof helium.Usinga similar argument,determinewhetheror not themolecularion
He

�
2 shouldbe stable. If it is stable,computethe bondorder. Otherwise,discussbriefly

whetheryourconclusionwouldextendto theothernoblegases.[6 marks]

3. Draw (roughly)asimplesquarelatticein two dimensions.Add to yourdrawing anexample
of eachof thefollowing Miller-indexedplanes:(10), (11)and(31). [6 marks]
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3 Answer one question from this section.

Do not answermorethantherequirednumberof questionsin thissection.Extraanswerswill not
bemarked.

Valueof thissection:20marks

1. Carbonateddrinksaremadeby forcing carbondioxideinto anaqueoussolutionunderhigh
pressure.Typicalsoftdrinksaremadeat4

�
C underapressureof 120kPaof carbondioxide.

Oncethe carbondioxide is dissolved in the aqueoussolution,it reactswith waterto form
carbonicacid. Carbonicacidhasa relatively small pKa, so it dissociatespartly into a sol-
vatedprotonanda hydrogencarbonateanion. Assumingthereareno otheracidspresent,3

calculatethe pH of thesolutionformedundertheconditionsgivenabove. Clearlystateany
assumptionsmadein yourcalculations.[20 marks]

2. Thedistancesbetweencrystallographicplanesin any cubiccrystalcanbecalculatedfrom
theequation

dhkl � a�
h2 � k2 � l2

�
However, the X-ray diffraction patternsof simple, face-centeredandbody-centeredcubic
crystalslook quitedifferentdueto interferencebetweenthereflectionsfrom atomsin differ-
ent latticepositions.In thesimplecubiclattice,all possiblereflectionsareobserved. In the
face-centeredcubic(fcc) lattice,theonly reflectionsseenarethosefor which all theMiller
indicesareeitherevenor oddnumbers.For instance,thepatternof anfcc crystalwouldhave
(111)(all odd)and(200)(all even)reflections,but no (100)reflection.In thebody-centered
cubic(bcc)lattice,reflectionsfor which h � k � l is anoddnumberarenot observed. Thus,
thereis no (111)reflectionfrom abcccrystalbecause1 � 1 � 1 � 3.

Almost all metalseithercrystallizein a hexagonalor a cubic structure.Among the cubic
structures,thefcc andbcclatticesaremostcommonlyobserved.Thesimplecubicstructure
is rare,but notunknown. Thediffractionpatternof anickel singlecrystalwasobtainedusing
X raysof wavelength1.785Å. Thefollowing reflectionswereobserved:

26� 0 � 30� 4 � 45� 8 � 57� 1 and61� 3� �
Analysisof thesedatahasalreadyeliminatedthepossibilitythatthestructureis hexagonal.
Determinethestructureandlatticeconstant.[20 marks]

3Many softdrinksarefurtheracidifiedwith phosphoricor citric acid.
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Formulas and data

c � 2 � 99792458 � 108m� s
h � 6 � 6260688 � 10� 34J� Hz

h̄ � h
2π � 1 � 05457160 � 10� 34Js

me � 9 � 1093819 � 10� 31kg

NA � 6 � 0221420 � 1023mol � 1

R � 8 � 314472JK � 1mol � 1

RH � 2 � 17987190 � 10� 18J

P
� � 1bar � 100kPa

c
� � 1mol� L

1W = 1J/s

1amu � 1 � 66053873 � 10� 27kg

To convertdegreesCelsiusto Kelvin, add273.15.

CP � ∂H
∂T

����
P

G � H � TS

∆Ḡ � ∆Ḡ
� � RT lnQ

ln

�
K1

K2 � � ∆H̄
�

R

�
1
T2

� 1
T1 �

pH � � log10aH �
2dsinθ � nλ

p � mv

p � h� λ

E � hν

c � λν

K � 1
2mv2

∆x∆p � 1
2h̄

For hydrogenicatoms,En � � Z2RH � n2.

For a rotatinglinearmolecule,EJ � J
�
J � 1� h̄2

2I
.

For adiatomicmolecule,I � µR2 with µ � �
1

m1
� 1

m2 � � 1

.

Therotationalabsorptionselectionrule is ∆J � 1.
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StandardThermodynamicProperties
at298K and1bar

Species ∆H̄
�
f ∆Ḡ

�
f C̄P

(kJ/mol) (kJ/mol) (JK � 1mol � 1)
CO2



g� � 393� 51 � 394� 37 37� 1

CO2


aq� � 413� 26 � 386� 05

HCO�
3


aq� � 689� 9 � 586� 8

H2CO3


aq� � 699� 7 � 623� 1

H2O 

l � � 285� 830 � 237� 140 75� 40

H2PO�4 
 aq� � 1302� 6 � 1137� 2
MnO2



s� � 520� 0 � 465� 2 54� 1

Mn2O3


s� � 959 � 881 107� 7

NH3


aq� � 80� 29 � 26� 50

NH
�
4


aq� � 133� 26 � 81� 19

Zn2
�

aq� � 153� 39 � 111� 62

1 18
1 H 2 He

1.01 2 13 14 15 16 17 4.00
3 Li 4 Be 5 B 6 C 7 N 8 O 9 F 10 Ne

6.94 9.01 10.81 12.01 14.01 16.00 19.00 20.18

11 Na 12 Mg 13 Al 14 Si 15 P 16 S 17 Cl 18 Ar

22.99 24.31 3 4 5 6 7 8 9 10 11 12 26.98 28.09 30.97 32.07 35.45 39.95

19 K 20 Ca 21 Sc 22 Ti 23 V 24 Cr 25 Mn 26 Fe 27 Co 28 Ni 29 Cu 30 Zn 31 Ga 32 Ge 33 As 34 Se 35 Br 36 Kr
39.10 40.08 44.96 47.88 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.39 69.72 72.61 74.92 78.96 79.90 83.80

37 Rb 38 Sr 39 Y 40 Zr 41 Nb 42 Mo 43 Tc 44 Ru 45 Rh 46 Pd 47 Ag 48 Cd 49 In 50 Sn 51 Sb 52 Te 53 I 54 Xe
85.47 87.62 88.91 91.22 92.91 95.94 101.07 102.91 106.42 107.87 112.41 114.82 118.71 121.76 127.60 126.90 131.29

55 Cs 56 Ba 57 La 72 Hf 73 Ta 74 W 75 Re 76 Os 77 Ir 78 Pt 79 Au 80 Hg 81 Tl 82 Pb 83 Bi 84 Po 85 At 86 Rn

132.91 137.33 138.91 178.49 180.95 183.85 186.21 190.2 192.22 195.08 196.97 200.59 204.38 207.2 208.98

87 Fr 88 Ra 89 Ac 104 Rf 105 Db 106 Sg 107 Bh 108 Hs 109 Mt

226.03 227.03

58 Ce 59 Pr 60 Nd 61 Pm 62 Sm 63 Eu 64 Gd 65 Tb 66 Dy 67 Ho 68 Er 69 Tm 70 Yb 71 Lu

140.12 140.91 144.24 150.36 151.97 157.25 158.93 162.50 164.93 167.26 168.93 173.04 174.97

90 Th 91 Pa 92 U 93 Np 94 Pu 95 Am 96 Cm 97 Bk 98 Cf 99 Es 100 Fm 101 Md 102 No 103 Lr

232.04 231.04 238.03 237.05
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