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Crystal structure determination from powder diffraction

Daniel Wilson

Abstract

This projectinvolved implementingthe Ewald Sumin SNIFFER,a codewhich de-
terminescrystalstructuresrom powder diffraction. The Ewald Sumis a methodfor the
calculationof the lattice enegy of a crystal. For ionic-like systemsn which the Coulom-

bic interactionsveredominant,the Ewald sumcorvergedfar morerapidly thanthe direct
summation.
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1 Introduction

X-ray diffractionis thetechniqueof determininghestructureof acrystalby shiningx-raysonto
asampleandmeasuringhe scatteringangles amplitudesandphase®f thediffractedrays.

Sngle Crystal X-ray diffraction is thesimplestmethod.It givesacharacteristi@D patternfrom
whichthecrystalstructurecanberoutinelydeterminedHowever, in somecasegrowing single
crystalscanbe difficult, whereasa powdermaybe obtainedmorereadily

The powder diffraction patternhasthe sameinformationasthe singlecrystal pattern,but pro-
jectedonto 1-dimension.Informationis lost throughpeakoverlap, sofor all but the simplest
casesthecrystalstructurecannotbe determinedirectly.

Using computationatechniguesa possiblestructurecanbe modelled thenits powvder diffrac-

tion patterncanbesimulatedandchecledagainsthe experimentaresults.Reitveld refinement,
in which the structureis repeatedlyimproved upon,canbe usedto corverge on thefinal struc-
ture.

A numberof testsare performedon the possiblestructuresso that somecanbe discardedbn
groundsof thermodynamignstability or geometricaimprobability Onesuchtestis to deter
minethelatticeenegy of thecrystal. Theaim of this projectwasto alterthe codeof SNIFFER
to determinethis enegy usingthe Ewald summatiorratherthanthe original directmethod.

2 Background theory

2.1 Crystal structure

A crystalis materialin whichtheatomsor moleculeform aregular, gridlike, patternthroughout
its volume. Thestructurecanbedescribedy splittingit into alatticeandaunit cell, thecontents
of theunit cell appearingn every lattice point.

Theunit cell canconsistof a numberof symmetrycopiesof the asymmetriccell, the primitive
repeatedinit, whichis usuallya singlemoleculeor atom.Figurel shavs thisdiagrammatically

2.2 Diffraction patterns

A diffractionpatternis theresultof interferencebetweerthe x-ray wavesreflectedrom a crys-
tal. Thepeaksn thepatternarewherethewavescombinein phasethetroughswvherethewaves
combineout-of-phasendcanceleachotherout.

Therelationbetweerthe scatteringangleandthe distancebetweerthe planesof lattice points
for agivenwavelengthof light wasfound by Braggto be,

nA = 2dsinf 1)

0riginal codeby Dr RobertHammondandDr RobertDocherty
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Figurel: lllustrationof CrystalStructure.

wheren is the orderif the reflection,d is the spacingof the planesand @ is the scattering
angle. For normalcrystallinedimensionsX-rays are perfectfor determiningthe structureas
theirwavelength \ is similarto d.

The positionsof the peaksdeterminethe spacegroupof the crystal. In powderdiffractionthe
3-dimensionapatternis averagednto a singledimension.In this projectioninformationis lost
throughpeakoverlap.

2.3 Calculating lattice energy

Thelattice enegy is the bindingenegy of the crystalitself, ignoringintra-moleculaicontritu-
tions, thatis, it is the enegy evolved whena gaschangego a crystal. During a typical run of
SNIFFER,the lattice enegy is calculatedhousand®f times,henceeven a smallreductionin
calculationtime canhave a significanteffect on the overall runtime of thecode.

The lattice enepy is calculatedby summingall the interactionsbetweenall moleculesin the
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Figure2: PavderDiffractionPattern.

crystal.

All theinteractiondall-off with distancesoall summationdhave a pay-of betweerspeedand
accuray. Thisis definedby theradial cut-off distancewhich determinesiow mary atomsare
includedin thesummation.

Threeinteractionsareconsideredy SNIFFER.

The Van der Waals potential is a semi-empiricalaw to modelthe interactionsbetweenun-
chagedatoms.

It takestheform:

A B

RO @

U=

where A and B are constantghat dependon the elementsn question,andr is the distance
betweertheatoms.

Being of the form »—% the Van-desWaalsinteractionis short-rangedand the sum cornverges
quickly.

The interactionsassociatedavith Hydrogen Bonding aretreatedseparately Thesearedueto
theinfluenceof otheratomson the electronsattachedo the hydrogematoms.Thisis a stronger
interactionthanthe VanderWaalsinteraction andhastheform:

-~ A4 A B
U:(&-b) (T—T) 3
|b|12 |b|10
Thisinteractionis alsovery shortrangedsocornvergesquickly.

In anionic systemthe Coulomb interaction is dueto the chagedions attractingeachother
electrostatically
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It takestheform:

q192
= 4
dreor )

Whereg; andg, arethe chagesontheatoms/ionsande is aconstant.

This interactionis alsopresentin molecularcrystals. The presencef otheratoms/molecules
canaltertheelectrondensityof themolecule inducingslight partial-chagesin themolecule.

Beingof theform »~! the sumcorvergesvery slowly.

2.3.1 TheEwald sum

The Ewald Sumis aneffective alternatve for summingtheinteractionsdbetweermoleculesand
its periodicimages.

It superimposea broadsphericallysymmetricdistribution of chage with equalmagnitudebut
oppositesign over eachpoint chage in the system.This hasa screeningeffect sotheinterac-
tionsbecomeshort-rangedA cancellingdistribution is thenaddedwhichis rapidly corvergent
in reciprocal space.

Mathematicallyit con/ertsthe% sumabove into two separatsumsusingthefollowing equality

L_f0) | 1= 40) ©
r r r

For thecaseof theCoulombsumf (r) is takento beer fc(%-) , whereer fc is thecomplementary
errorfunctionandx is the Ewald parametethataltersthe weightingof thetwo sums.Thefirst
termin equation6 corvergesrapidly andthe seconccorvergesrapidly if summedn reciprocal

space.

2T 67(%&)2
U =V Z {[Z gicos(k - ri)]2 + [Zqisin(k . ri)]z} 3
Kk i i
i > qigj erf:,(_rij) - i O (a)?) (6)
i, 1] 2K
3 Resaults
3.1 Timings

Despitethe high overheadsassociatedvith the reciprocalspacesum,the Ewald sumis much
fasterfor mostionic-like systems.
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For a typical ionic systemthe direct, non-Evald, sum may have to extendto ~ 5004; the
Ewald sumneedonly extendto ~ 50A. As figure 3 shaws, asthe cutof distancencreasesthe
numberof atomsthat have to beincludedgoesup as~ =2 in the calculation,andthe sumgets
correspondinghglower.

Figure3: lllustrationof the cut-off sphere.

3.1.1 Sodium Chloride

The main systemthatwas usedfor testingpurposesvasa slightly modifiedversionof NaCl.
SinceSNIFFERcanonly dealwith onemoleculein theasymmetrianit, this hadto betakenas
aNa™Cl~ molecule.

Figure 4 illustratesthe interactionsthat are calculatedoy SNIFFER.The blue arrovs depict
interactiondetweerthe sodiumion in the unit cell andall otherionswithin the cut-of sphere.
Similarly, the purple arrons depictinteractionsbetweenthe chlorideion in the unit cell, and
all otherionsin the cut-of sphere.Thesearecharacteristiof theinteractionsof every sodium
ion andchlorideion in the lattice. What SNIFFERdoesnot calculateis the ‘intramolecular’
interactionsshavn in red. Thesewould be includedin the lattice enegy calculationfor the
unmodifiedsodiumchloridelattice.

Figure5 shav the convergenceof the Ewald sum (for two valuesof ) andthe original direct
method.It canbeseerthatthe Ewald sumconvemgesrapidly;for k = 0.35 thesumcorvergesin
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Figure4: lllustrationof the calculatednteractiongor (modified)NacCl.
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Figure5: Corvergenceof the Ewald sum[left] andtheoriginal method[right] for NaCl.

around4 cellswhich, for NaClcorresponds around20A. Thedirectmethodfailedto corverge
evenwith a cut-of sphereof radiusof upto 500A.

The optimumvalue of x canbe determinedprior to runningthe programby performingshort
tests.

Method | LatticeEnegy(kcalmol™') | Time/s
Ewald -137.77 0.62
Non-Ewald 232.14 140

Theseresultsalsocorresponaxactly with resultsgivenby HABIT, a codein which the Ewald
sumhasalreadybeenimplemented.
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3.1.2 Benzophenone

Theothersystemhatthe codewastestedwith wasbenzophenone.
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Figure6: Convergenceof the Ewald sum[left] andthe original method[right] for benzophe-
none.

Theseresultsalsoagreedvith HABIT. Thecorvergenceis shavn in figure6.

As benzophenonis arelatively unchaged organicsystemthe Coulombsumwaslesssignif-
icantthanthe Van der Waalsattractions so the original methodis quicker at calculatingthe
latticeenepy.

Thestructureof benzophenonis shawn is figure 7.

Figure7: Stereoscopiwiew of theunit cell of Benzophenone.

3.2 Plug'n’play

The subroutineghat were written to calculatethe Ewald sumwere written in to ensurerea-
sonableportability to otherversionsof SNIFFER,suchasthe MPI versionor the Monte Carlo
version.
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4 |f moretimewere available...

Due to time constraintghe routinewasnot testedasrigorouslyas| 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 than NaCl, might have beena good choiceasit would
probablycorverge, albeit slowly, usingthe direct method,unlike the NaCl. The Ewald sum
shouldcorvemge significantlyfaster

Also, importing the Ewald suminto the MPI versionof SNIFFERwritten by SamCarr [3],
would have givenmethe opportunityto attemptto solve previously unknavn structures.

5 Conclusion

The additionof the Ewald sumto the setof SNIFFERmodulesis very usefulin thatit opens
uptheclassof ionic-like systemdor structuredeterminationSomeof thesewerenotoriginally
possibleptherswereextremelyslow.
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