
Chemistry3730Fall 2002FinalExamination

Write all your answersin the bookletsprovided. You areentitled to one 81
2
� 11-inchpieceof

papercontainingany information you want. Hand-heldcalculatorsare allowed. You may use
Maple,HyperChem,andtheirhelpsystems.No otheraids,printedor electronic,areallowed.

Readtheinstructionsfor eachsectioncarefully. If you areaskedto answeronly a limited number
of questions,make sureto make it clear(by crossingout any abortedwork which you don’t want
marked)which question(s)I shouldmark. Otherwise,I will mark thefirst answer(s)I see.I will
not mark more than the required number of questions from any given section.

If you useMapleor HyperChemto solvea problem,it is your responsibility to make it clearwhat
you aredoing. I expectto seethe mathematicalexpressionsevaluatedusingMaple, but not the
Maple commandsusedto evaluatethem. Show the resultsof any significantintermediatesteps
when feasible. For HyperChem,you shouldgive sufficient detail to allow replicationof your
results,but againI don’t wanta click-by-click accountof your useof thesoftware.

Time: 3h

Totalmarks:110

Useful information

h � 6 � 6260688 � 10� 34J/Hz
h̄ � 1 � 05457160 � 10� 34Js
me � 9 � 1093819 � 10� 31kg

Particle in a box:

ψn � �
2
L

sin � nπx
L �

En � n2h2

8mL2

Spherical polar coordinates:
dV � r2sinθdr dθdφ, θ �	� 0 
 π � , φ �	� 0 
 2π �
Maple syntax reminders:
If youwant type

ex exp(x)
x sqrt(x)

z � conjugate(z)
i I
π Pi
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1 Answer all questions in this section.

Valueof thissection:66 marks

1. Explain briefly the physicalbasisof the Born-Oppenheimerapproximation. Why is this
approximationneededin quantumchemicalcalculations?[4 marks]

2. Calculatetheprobabilitythataparticlein aboxof lengthL occupiestheinterval L
8 � x � 3L

8
asa functionof thequantumnumbern. How doesthis probabilitybehave asn � ∞? Why?
[8 marks]

3. TherealsphericalharmonicsY1 � x andY1 � y aredefinedby

Y1 � x � 1
2 � Y11 � Y1 � � 1� ��


Y1 � y � 1

i


2 � Y11 � Y1 � � 1� ���
(a) Evaluate� Y1 � x � L̂2 �Y1 � x � . [4 marks]

(b) Are Y1 � x andY1 � y orthogonal?[4 marks]

4. Consideran electronin a one-dimensionalbox of length 1nm which is subjectedto the
additionalpotentialenergy

V � x ����� 3 � 10� 20J for 0 � x � 0 � 3nm

0 for 0 � 3nm � x � 1nm�

This problemwill be solvednumerically. Enterthe numericalvaluesof any requiredcon-
stantsinto your Maple sessionasyou go. I strongly suggestthat you useSI units in all
calculations.Giveall answersto four significantfigures.

(a) Calculatetheenergy of thegroundstateusingfirst-orderperturbationtheory. [7 marks]

Hints: Setup the integral on paperbeforeyou start. In this andsubsequentpartsof
this question,you candivide any integral involving V � x � into two parts,oneof which
is zero.

(b) Calculatetheground-statewavefunctionby first-orderperturbationtheory, stoppingat
thefirst nonzerocorrection.Normalizethewavefunction.[6 marks]
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(c) Calculatetheenergy by thevariationalmethodusingthevariationalwavefunction

φ � ψ1 � a2ψ2 

i.e. usetheparticle-in-a-boxwavefunctionsψ1 andψ2 asbasisfunctions.[16 marks]

Maple hint: The subs() function can be usedto substitutevaluesinto expressions
without redefiningany variables.Thesyntaxis

subs(u=value,expression);

whereu is theMaplevariablewhosevalueyouwantto substituteinto expression.

(d) Normalizethevariationalwavefunction.[4 marks]

(e) For this problem,which methodgivesthebestresult,perturbationtheoryor thevaria-
tionalmethod?Do youexpectthis to begenerallytrue?Discussbriefly. [4 marks]

(f) Sketchthetwo approximatewavefunctions.Discussany featureswhichseemnotewor-
thy. [4 marks]

Maplehint: To plot morethanonefunctiontogetherin Maple,enclosethelist of func-
tionsin squarebrackets.For instance

plot([f(x),g(x)],x=-1..1);

plotsthefunctionsf(x) andg(x) on onegraphover theinterval � � 1 
 1� .
(g) Discussbriefly the advantagesanddisadvantagesof the perturbationandvariational

methodsfor solvingquantummechanicalproblems.[5 marks]

2 Answer one question from this section.

Valueof thissection:4 marks

Extraanswerswill not bemarked.

1. In onesentence,explain whatanSTO-4Gbasissetis. How many basisfunctionswould an
STO-4Gbasissethave for acarbonatom?[4 marks]

2. Explainbriefly whatpolarizationfunctionsareandwhy they areneededin certainquantum
chemicalcalculations.[4 marks]
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3 Answer two questions from this section.

Valueof thissection:40 marks

Extraanswerswill not bemarked.

1. (a) ProvethatHermitianoperatorshaverealeigenvalues.Why is this important?[6 marks]

(b) Explainwhatanexpectationvalueis in relationto themeasurementof physicalobserv-
ables.[2 marks]

(c) Calculatetheexpectationvalueof r for ahydrogenicatomin the2p1 state:

ψ2p1 � r
 θ 
 φ � � Z5! 2
8


π
re � Zr ! 2sinθeiφ

(in atomicunits).Clearlystatetheunitsof youranswer. How doesyouranswerdepend
on Z? Doesthis makesense?[12 marks]
Maple hints: Maple will needto know that Z is a positive number. You canset this
calculationup on paperanddo somesimplificationsaheadof time or, if you’re really
careful,you cando thecalculationdirectly in Maple. If you choosethe lattercourse,
spenda momentlooking over the Maple syntaxhelp on p 1 of this exam beforeyou
start.

2. Calculatethedissociationenergyof anOHradical.Briefly justify themethodsused.[20marks]

Hints: Lewis diagramscan be usedto figure out the appropriatespin multiplicities for
the various speciesinvolved in this calculation. In HyperChem’s Build menu, choose
“Explicit Hydrogens” before“Model Build” to avoidproblemswith HyperChem’sbuilt-
in valencerules.It’ sprobablyagoodideato save theresultof yourcalculationfor OH once
it is completeto avoid having to startover if somethinggoeswrongin subsequentsteps.

To createa ghostatom, selectthe atom, choose“Name Selection” from the “Select”
menu. Namethe selectedatom“ghost-atoms”. Unselectthe atomandenablethe ghost
atomsoptionin theadvancedoptionsdialogof theab initio setupwindow.

3. (a) WhatproblemareSlaterdeterminantsintendedto address?[2 marks]

(b) Write down asingleSlaterdeterminantfor a1s12s1 stateof aheliumatomin whichthe
two electronshave oppositespin. Expandyour Slaterdeterminantto give an explicit
expressionfor thewavefunction.[4 marks]

(c) Write down theelectronicHamiltonianof aheliumatomin atomicunits. [2 marks]

(d) Determinethe energy correspondingto your singleSlaterdeterminant.Expressthe
answerin termsof the hydrogenicorbital energiesε1s andε2s, the Coulombintegral
J � 1s�"� 2s� , andtheexchangeintegralK � 1s�"� 2s� . Doesthisstatecorrespondto asingletor a
triplet state?Discussbriefly. [12 marks]
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