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Crystal structure determination from powder diffraction
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Abstract

This project involved implementingthe Ewald Sum in SNIFFER,a codewhich de-
terminescrystalstructuresfrom powderdiffraction. The Ewald Sumis a methodfor the
calculationof the latticeenergy of a crystal. For ionic-like systemsin which theCoulom-
bic interactionsweredominant,theEwald sumconvergedfar morerapidly thanthedirect
summation.
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1 Introduction

X-ray diffractionis thetechniqueof determiningthestructureof acrystalby shiningx-raysonto
asampleandmeasuringthescatteringangles,amplitudesandphasesof thediffractedrays.

Single Crystal X-ray diffraction is thesimplestmethod.It givesacharacteristic3D patternfrom
whichthecrystalstructurecanberoutinelydetermined.However, in somecasesgrowing single
crystalscanbedifficult, whereasapowdermaybeobtainedmorereadily.

Thepowderdiffractionpatternhasthesameinformationasthesinglecrystalpattern,but pro-
jectedonto 1-dimension.Informationis lost throughpeakoverlap,so for all but the simplest
cases,thecrystalstructurecannotbedetermineddirectly.

Usingcomputationaltechniques,a possiblestructurecanbemodelled,thenits powderdiffrac-
tion patterncanbesimulatedandcheckedagainsttheexperimentalresults.Reitveldrefinement,
in which thestructureis repeatedlyimprovedupon,canbeusedto convergeon thefinal struc-
ture.

A numberof testsareperformedon the possiblestructuresso that somecanbe discardedon
groundsof thermodynamicinstability or geometricalimprobability. Onesuchtestis to deter-
minethelatticeenergy of thecrystal.Theaimof thisprojectwasto alterthecodeof SNIFFER1

to determinethisenergy usingtheEwaldsummationratherthantheoriginaldirectmethod.

2 Background theory

2.1 Crystal structure

A crystalis materialin whichtheatomsor moleculesformaregular, gridlike,patternthroughout
its volume.Thestructurecanbedescribedbysplittingit into alatticeandaunit cell, thecontents
of theunit cell appearingonevery latticepoint.

Theunit cell canconsistof a numberof symmetrycopiesof theasymmetriccell, theprimitive
repeatedunit,whichis usuallyasinglemoleculeor atom.Figure1 showsthisdiagrammatically.

2.2 Diffraction patterns

A diffractionpatternis theresultof interferencebetweenthex-raywavesreflectedfrom acrys-
tal. Thepeaksin thepatternarewherethewavescombinein phase,thetroughswherethewaves
combineout-of-phaseandcanceleachotherout.

Therelationbetweenthescatteringangleandthedistancebetweentheplanesof latticepoints
for agivenwavelengthof light wasfoundby Braggto be,

$&%('*),+.-0/1$32 (1)

1Originalcodeby Dr RobertHammondandDr RobertDocherty.
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Figure1: Illustrationof CrystalStructure.

where $ is the order if the reflection, + is the spacingof the planesand 2 is the scattering
angle. For normalcrystallinedimensionsX-rays areperfectfor determiningthe structureas
theirwavelength,% is similar to + .
Thepositionsof thepeaksdeterminethespacegroupof thecrystal. In powderdiffraction the
3-dimensionalpatternis averagedinto asingledimension.In this projectioninformationis lost
throughpeakoverlap.

2.3 Calculating lattice energy

Thelatticeenergy is thebindingenergy of thecrystalitself, ignoringintra-molecularcontribu-
tions,that is, it is theenergy evolvedwhena gaschangesto a crystal. During a typical run of
SNIFFER,the latticeenergy is calculatedthousandsof times,henceevena small reductionin
calculationtimecanhave asignificanteffecton theoverall run timeof thecode.

The lattice energy is calculatedby summingall the interactionsbetweenall moleculesin the
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Figure2: PowderDiffractionPattern.

crystal.

All theinteractionsfall-off with distance,soall summationshave a pay-off betweenspeedand
accuracy. This is definedby theradialcut-off distance,which determineshow many atomsare
includedin thesummation.

Threeinteractionsareconsideredby SNIFFER.

The Van der Waals potential is a semi-empiricallaw to modelthe interactionsbetweenun-
chargedatoms.

It takestheform:

4 ' 56,798 :6<;>= (2)

where
5

and
:

areconstantsthat dependon the elementsin question,and 6 is the distance
betweentheatoms.

Being of the form 6@? 7 the Van-der-Waalsinteractionis short-rangedand the sumconverges
quickly.

The interactionsassociatedwith Hydrogen Bonding aretreatedseparately. Thesearedueto
theinfluenceof otheratomson theelectronsattachedto thehydrogenatoms.This is a stronger
interactionthantheVanderWaalsinteraction,andhastheform:

4 ' A�BCDFE BCGIH�J A 5K BG K ;>=�L :K BG K ;>M H (3)

This interactionis alsoveryshortranged,soconvergesquickly.

In an ionic systemthe Coulomb interaction is dueto the charged ions attractingeachother
electrostatically.
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It takestheform:

4 ' N ; N =O<P3Q M 6 (4)

WhereN ; and N = arethechargeson theatoms/ionsand
Q M is aconstant.

This interactionis alsopresentin molecularcrystals. The presenceof otheratoms/molecules
canaltertheelectrondensityof themolecule,inducingslightpartial-chargesin themolecule.

Beingof theform 6 ? ; thesumconvergesveryslowly.

2.3.1 The Ewald sum

TheEwaldSumis aneffective alternative for summingtheinteractionsbetweenmoleculesand
its periodicimages.

It superimposesa broadsphericallysymmetricdistribution of chargewith equalmagnitudebut
oppositesignover eachpoint charge in thesystem.This hasa screeningeffect so the interac-
tionsbecomeshort-ranged.A cancellingdistribution is thenadded,which is rapidlyconvergent
in reciprocal space.

Mathematicallyit convertsthe ;R sumaboveinto two separatesumsusingthefollowing equality.

S6 'UT�V 6<W6 8 S L T�V 6<W6 (5)

For thecaseof theCoulombsum T�V 6<W is takento be X 6 T�YZV R[ W , whereX 6 T�Y is thecomplementary
errorfunctionand \ is theEwaldparameterthatalterstheweightingof thetwo sums.Thefirst
termin equation6 convergesrapidlyandthesecondconvergesrapidly if summedin reciprocal
space.

4 ' ) P]_^a`cb3d�^Ze N e YIf - Vhg Eji e Wlk = 8 d�^Ze N e -m/1$ Vhg E0i e Wlk =@n X ?3oqpqrsut
s

\ =S) \ ^vexw y N e N y X 6 T�Y,V i
ezy Wi ezy L SP|{s \ V ^<e VhN e W = W (6)

3 Results

3.1 Timings

Despitethe high overheadsassociatedwith the reciprocalspacesum,theEwald sumis much
fasterfor mostionic-like systems.
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For a typical ionic systemthe direct, non-Ewald, sum may have to extend to }�~,�Z� Å; the
Ewaldsumneedonly extendto }�~,� Å. As figure3 shows,asthecutoff distanceincreases,the
numberof atomsthathave to beincludedgoesup as } 6,� in thecalculation,andthesumgets
correspondinglyslower.

Figure3: Illustrationof thecut-off sphere.

3.1.1 Sodium Chloride

The main systemthat wasusedfor testingpurposeswasa slightly modifiedversionof NaCl.
SinceSNIFFERcanonly dealwith onemoleculein theasymmetricunit, thishadto betakenas
a � D������ ? molecule.

Figure4 illustratesthe interactionsthat arecalculatedby SNIFFER.The blue arrows depict
interactionsbetweenthesodiumion in theunit cell andall otherionswithin thecut-off sphere.
Similarly, the purplearrows depict interactionsbetweenthe chlorideion in the unit cell, and
all otherionsin thecut-off sphere.Thesearecharacteristicof theinteractionsof every sodium
ion andchlorideion in the lattice. What SNIFFERdoesnot calculateis the ‘intramolecular’
interactionsshown in red. Thesewould be includedin the lattice energy calculationfor the
unmodifiedsodiumchloridelattice.

Figure5 show theconvergenceof theEwald sum(for two valuesof \ ) andtheoriginal direct
method.It canbeseenthattheEwaldsumconvergesrapidly; for \ ' �����Z~ thesumconvergesin
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Figure4: Illustrationof thecalculatedinteractionsfor (modified)NaCl.
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Figure5: Convergenceof theEwaldsum[left] andtheoriginalmethod[right] for NaCl.

around4 cellswhich,for NaClcorrespondsto around20Å.Thedirectmethodfailedto converge
evenwith acut-off sphereof radiusof up to 500Å.

Theoptimumvalueof \ canbedeterminedprior to runningtheprogramby performingshort
tests.

Method LatticeEnergy(� Y D��h� f ��? ; ) Time/s
Ewald -137.77 0.62

Non-Ewald 232.14 140

Theseresultsalsocorrespondexactly with resultsgivenby HABIT, a codein which theEwald
sumhasalreadybeenimplemented.
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3.1.2 Benzophenone

Theothersystemthatthecodewastestedwith wasbenzophenone.
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Figure6: Convergenceof the Ewald sum[left] andtheoriginal method[right] for benzophe-
none.

Theseresultsalsoagreedwith HABIT. Theconvergenceis shown in figure6.

As benzophenoneis a relatively unchargedorganicsystem,theCoulombsumwaslesssignif-
icant thanthe Van der Waalsattractions,so the original methodis quicker at calculatingthe
latticeenergy.

Thestructureof benzophenoneis shown is figure7.

Figure7: Stereoscopicview of theunit cell of Benzophenone.

3.2 Plug‘n’play

The subroutinesthat werewritten to calculatethe Ewald sumwerewritten in to ensurerea-
sonableportability to otherversionsof SNIFFER,suchastheMPI versionor theMonteCarlo
version.
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4 If more time were available...

Due to time constraintsthe routinewasnot testedasrigorouslyasI would have liked. Given
moretime, it would have beenusefulto testthe programwith a systemfor which the Ewald
sumwould have given significantlyfasterresultsthanthe original method.A systemsuchas
SodiumChlorate,which is lessionic thanNaCl, might have beena goodchoiceas it would
probablyconverge, albeit slowly, usingthe direct method,unlike the NaCl. The Ewald sum
shouldconvergesignificantlyfaster.

Also, importing the Ewald suminto the MPI versionof SNIFFERwritten by SamCarr [3],
wouldhave givenmetheopportunityto attemptto solve previouslyunknown structures.

5 Conclusion

The additionof theEwald sumto thesetof SNIFFERmodulesis very usefulin that it opens
uptheclassof ionic-like systemsfor structuredetermination.Someof thesewerenotoriginally
possible,otherswereextremelyslow.
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