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singlesingle crystalcrystal ���� powderpowder
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Powder diffraction – reciprocal & real space
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the problem of powder diffraction

Powder:  Single crystal reciprocal lattice is smeared into spherPowder:  Single crystal reciprocal lattice is smeared into spherical shells ical shells 

��Projection of the 3Projection of the 3--dim reciprocal space onto the one dimensional 2dim reciprocal space onto the one dimensional 2��--axis axis 
reflections at equal dreflections at equal d--spacingsspacings contribute to the same powder diffraction linecontribute to the same powder diffraction line

��Different degrees of overlap:Different degrees of overlap:
-- multiplicity (min. 2 max 48) (e.g. 100, multiplicity (min. 2 max 48) (e.g. 100, --100, 010, 0100, 010, 0--10, 001, 0010, 001, 00--11
in the cubic case )in the cubic case )

-- systematical (e.g. 511, 333 in the cubic case) systematical (e.g. 511, 333 in the cubic case) 
-- accidental (depending on lattice parameters and scattering anglaccidental (depending on lattice parameters and scattering angle)e)

QQ �
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�The intensities and FWHM‘s of individual reflections can often not be 
determined with sufficient accuracy

��The intensities and FWHMThe intensities and FWHM‘‘s of individual reflections can often not be s of individual reflections can often not be 
determined with sufficient accuracydetermined with sufficient accuracy



Parallel beam diffraction instrument at beamline X3B1 at the Parallel beam diffraction instrument at beamline X3B1 at the 
National Synchrotron Light Source (NSLS)National Synchrotron Light Source (NSLS)

SampleSample

DoubleDouble
monochromatormonochromator

AnalyzerAnalyzer

Storage ringStorage ring
Ion chamberIon chamber

(No peak shift from sample displacement, transparency. No distor(No peak shift from sample displacement, transparency. No distortion from imperfect focus)tion from imperfect focus)



Alternative: high Alternative: high resolutionresolution, , high high energyenergy diffractometerdiffractometer

bentbent Laue Laue monochromatormonochromator

detectordetector systemsystem

beambeam

NaNa33BiOBiO44, X17B1, NSLS, , X17B1, NSLS, λλ = 0.18528 = 0.18528 ÅÅ



Design of a Design of a multi purpose powder diffractometermulti purpose powder diffractometer

Multi Multi analyzer stageanalyzer stage

Image Image PlatePlate

PSDPSD
Free Free space aroundspace around the samplethe sample
to to allow theallow the useuse of of heatersheaters, , 
DAC‘s, DAC‘s, CryostatsCryostats, , 
microreactorsmicroreactors, etc., etc.

BeamBeam

((Possibility for Possibility for 
micromicro--focussingfocussing))



33 44

Dinnebier, Carlson, Hanfland & Jansen,Dinnebier, Carlson, Hanfland & Jansen,
American American MineralogistMineralogist 2003, in press2003, in press



The lone pair of PbThe lone pair of Pb2+2+

PbPb2+2+

((lonelone pair)pair)
OO PbPb2+2+

((lonelone pair)pair)

PbPb33OO44 (Pb(Pb++IVIVPbPb+II+II
22OO44) at ambient ) at ambient conditionsAb Ab initio calculations initio calculations of of the origin the origin of of 

the distortion the distortion of of αα--PbOPbO (Pb(Pb+II+IIO)O)

Watson, Parker & Kresse,Watson, Parker & Kresse,
Phys. Rev. B59, 1999, 8481Phys. Rev. B59, 1999, 8481--8486

conditions

8486



PbPb33OO4 4 at low temperatureat low temperature

Lattice parameters and (Lattice parameters and (relrel.) volume of .) volume of MiniumMinium in dependence of temperature (in dependence of temperature (GarnierGarnier et al.et al., 1976), 1976)



Design of Design of multimulti purposepurpose
opticsoptics hutchhutch at ID9, ESRF, at ID9, ESRF, 
high high pressurepressure, time , time resolved resolved 
(Laue)(Laue)

SelectionSelection of Diamond of Diamond AnvilAnvil CellsCells Mar345 image Mar345 image plate detectorplate detector

Equipment to measure PbEquipment to measure Pb33OO44 at high pressureat high pressure



DependenceDependence of FWHM on of FWHM on pressure mediumpressure medium

Influence of pressure medium on the diffraction peak width of PbInfluence of pressure medium on the diffraction peak width of Pb33OO44

Cryogenic loading Cryogenic loading of DACof DAC



Data reductionData reduction

Pb3O4 at 79 kbar

δ -N2 Ruby

DiamondGrain size



Anisotropic Anisotropic peak broadening in peak broadening in PbPb33OO44

Rietveld plot of the low pressure phase I of Pb3O4 at P = 1.1 kbar (� = 0.41594 Å)



Anisotropic MicrostrainAnisotropic Microstrain::

The anisotropic microstrain
distribution is directly related to the 
elastic constants of the material.

The peak width ~ tan� but 
proportionality constant is different 
in different directions of (hkl).
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The phenomenological model of P. W. Stephens, J. Appl. Cryst. 32, 281-289, 1999 is used:



MicrostrainMicrostrain in in the tetragonal phasethe tetragonal phase I of PbI of Pb33OO44
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Rietveld plot of phase I of Pb3O4
at P = 1.1 kbar (� = 0.41594 Å)

PbPb33OO44 (Pb(Pb++IVIVPbPb+II+II
22OO44) at ambient ) at ambient conditionsconditions

Isosurface of the anisotropic microstrain
of  phase I of Pb3O4 at 0.6 kbar



MicrostrainMicrostrain in in the orthorhombic phasethe orthorhombic phase II of PbII of Pb33OO44

yy

150

0 0

0

x

z

y

-
--150

150

--150

0 0

0

x

z

y
�d/d*10-6�d/d*10-6

-
-

-

150

yy

Rietveld plot of phase II of Pb3O4
at P = 15 kbar (� = 0.41594 Å)

PbPb33OO44 (Pb(Pb++IVIVPbPb+II+II
22OO44) at 34 ) at 34 kbarkbar

Isosurface of the anisotropic microstrain
of  phase II of Pb3O4 at 34 kbar



PbPb33OO4 4 at high pressureat high pressure

Effect of pressure on the crystal structure of Effect of pressure on the crystal structure of minium minium (pressure range: 0(pressure range: 0--420 420 kbarkbar))
Left:   Lattice parameters, (Left:   Lattice parameters, (relrel.) volume and bulk .) volume and bulk modulimoduli
Right: Powder diffraction patterns Right: Powder diffraction patterns 



PbPb33OO44 betweenbetween 0 and 410 0 and 410 kbarkbar



TheThe high high pressure phasepressure phase III of PbIII of Pb33OO44 at 133 at 133 kbarkbar

Ball and stick Ball and stick modelmodel of of the crystal structuresthe crystal structures of of 
PbPb33OO44 at 133 at 133 kbarkbar ((phasephase III) in a III) in a projection projection 
alongalong cc--axisaxis. . TheThe PbPb+4+4OO66 octahedra are octahedra are 
shownshown.

RietveldRietveld plotplot of Pbof Pb33OO44 at 133 at 133 kbarkbar

.



ComparisonComparison to to isotypic crystal structuresisotypic crystal structures

PbPb33OO44 at 133 at 133 kbarkbar
Phase III of Pb3O4 is Isotypic to the
high pressure form of Mn2GeO4, a 
member of the olivine group
(Wadsley, Reid & Ringwood, 1968, 
Acta Cryst. B 24, 740-742)



Coordination polyhedraCoordination polyhedra in in thethe high high pressure phasepressure phase III of PbIII of Pb33OO44

Regular Pb+4O6 octahedron (left) in Pb3O4 at 
13.3 GPa (phase III)

Hexagonal closed packing (hcp) 
arrangement of Pb3O4 at 13.3 GPa 
leading to the formula
(Pb+4�3)VI(Pb+2

2�6)IVO4.

Irregular capped trigonal prisms.
Left: Pb+2O6+1in Pb3O4 at 13.3 GPa (phase III)
Right: Sr+2O6+1 in Sr3PbO4 at ambient conditions



ELF ELF calculation for thecalculation for the high high pressurepressure phasephase III of PbIII of Pb33OO44 at 133 at 133 kbarkbar

PbPb2+2+

PbPb4+4+

IsosurfaceIsosurface of of thethe electronelectron localizationlocalization functionfunction (ELF=0.385)(ELF=0.385)



Crystal and Molecular Structures of Alkali OxalatesCrystal and Molecular Structures of Alkali Oxalates
First Proof of a twisted Oxalate Molecule in the Solid StateFirst Proof of a twisted Oxalate Molecule in the Solid State

Robert E. Dinnebier, Robert E. Dinnebier, Sascha VenskySascha Vensky, Martin , Martin PanthPanthööferfer & Martin Jansen& Martin Jansen
2002, 2002, J. J. InorgInorg. Chem., in press. Chem., in press

1.57Å

The oxalate dianionThe oxalate dianion CC22OO44
22--



Setting an initial atom configuration {X}

Calculation of �2 (intensity or profile)
e.g.                                                          
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Random change in atom configuration
{X}new ={X}+�{X}

(translation, rotation, torsion, occupancy…)

Calculation of new �2
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yes

{X} ={X}new

no

Selection of T and Selection of T and �� according to according to 
an annealing protocolan annealing protocol

Global optimization Global optimization 
methods in direct space:methods in direct space:

The methodThe method
ofof

simulated annealingsimulated annealing
forfor

structure determinationstructure determination
fromfrom

powder diffraction datapowder diffraction data



‚Simulated annealing schedule‘‚Simulated annealing schedule‘

temperature

best �2
average �2

ChiChi22 and temperature in dependence of the number of moves during simand temperature in dependence of the number of moves during simulated annealing runulated annealing run



Crystal and Molecular Structures of Alkali OxalatesCrystal and Molecular Structures of Alkali Oxalates

K2C2O4
β-Rb2C2O4

Cs2C2O4
α-Rb2C2O4

Powder pattern Powder pattern of Kof K22CC22OO44, , ββ--RbRb22CC22OO44, , αα--RbRb22CC22OO44, and Cs, and Cs22CC22OO44 (X3B1, NSLS).(X3B1, NSLS).
The isosurfaceThe isosurface of of anisotropic microstrainanisotropic microstrain forfor KK22CC22OO44, , ββ--RbRb22CC22OO44 is givenis given



Crystal and Molecular Structures of Alkali OxalatesCrystal and Molecular Structures of Alkali Oxalates

Li2C2O4 Na2C2O4

Cs2C2O4

K2C2O4

α-Rb2C2O4



Crystal and Molecular Structures of Alkali OxalatesCrystal and Molecular Structures of Alkali Oxalates

K2C2O4

Cs2C2O4



Thermal behavior of rubidium oxalateThermal behavior of rubidium oxalate

Powder patternPowder pattern of of rubidium oxalaterubidium oxalate recordedrecorded at X7B (NSLS) in at X7B (NSLS) in dependence dependence on on 
temperature temperature (25(25��450450��75°C)75°C)



New New develpopmentsdevelpopments for ‘for ‘in in situsitu’ ’ powder powder difractiondifraction
Equipment at Equipment at beamline beamline X7B, NSLSX7B, NSLS

Mar345Mar345

Micro reactors withMicro reactors with//without heaterwithout heater
MassMass--spectrometerspectrometer



Thermal behavior of rubidium oxalateThermal behavior of rubidium oxalate

450°450°

75°75°

25°25°

??

Time Time between scansbetween scans: 120 sec (: 120 sec (exposureexposure time 30 sec,  time 30 sec,  readoutreadout + + erase erase time 90 sec)time 90 sec)

25°25°--450°450°--25: 2°/60 sec; 200 25: 2°/60 sec; 200 scans scans (= 400 min) (= 400 min) 

PbamPbam

P2P211/c/c
PbnmPbnm
P6P633//mmcmmc



The peroxodicarbonate dianionThe peroxodicarbonate dianion in Kin K22CC22OO66

C

C93°
1.47Å

Molecular 
conformation of 
C2O6

2- in the solid 
state

Powder pattern as measured at 
beamline B2 (Hasylab)

Dinnebier, Dinnebier, VenskyVensky, Stephens, and Jansen, 2002, , Stephens, and Jansen, 2002, AngewAngew. . ChemieChemie Int. Ed. 41(11), 1922Int. Ed. 41(11), 1922--1924.1924.



TetraferrocenylTetraferrocenyl--[3][3]--CumuleneCumulene ((FcFc))22 CC--CC--CC--C(C(FcFc))22

Crystal Crystal structurestructure of of the small unit cell the small unit cell ((disordered modeldisordered model) of ) of 
TetraferrocenylTetraferrocenyl--[3][3]--CumuleneCumulene..



TetraferrocenylTetraferrocenyl--[3][3]--CumuleneCumulene ((FcFc))22 CC--CC--CC--C(C(FcFc))22

Tree like representation Tree like representation 
of all allowed of all allowed 
combinations of layers up combinations of layers up 
to the forth period for to the forth period for 
tetraferrocenyltetraferrocenyl--[3][3]--
cumulenecumulene starting from starting from 
layer A.layer A.

Plausible Plausible stackingstacking fault fault modelsmodels for Tetraferrocenylfor Tetraferrocenyl--[3][3]--Cumulene Cumulene 
(ABCDA(ABCDA��DABCDABC), (ABA), (ABA��DAD)DAD)



Evidence for the facial isomer in theEvidence for the facial isomer in the
blue luminescent blue luminescent δδ--phase ofphase of

tristris(8(8--hydroxyquinolinehydroxyquinoline)aluminum(III) (Alq)aluminum(III) (Alq33))

Michael Michael CCööllelle, Robert E. Dinnebier and Wolfgang , Robert E. Dinnebier and Wolfgang BrBrüüttingtting
Chem. Chem. CommComm, 2002, 23, 2908, 2002, 23, 2908--29092909
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PropertiesProperties of Alqof Alq33
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facialfacial meridonalmeridonal

Isomers Isomers of of ��--AlqAlq33

„„meridonalmeridonal--transtrans““

Different degrees of overlap of the Different degrees of overlap of the ��--orbitalsorbitals of of hydroxyquinoline ligandshydroxyquinoline ligands
belonging to belonging to neighboringneighboring AlqAlq33 molecules are likely to be the origin of the molecules are likely to be the origin of the 
significantly different electrosignificantly different electro--optical properties. Three isomers in the blue optical properties. Three isomers in the blue 
luminescent luminescent ��--phase of Alqphase of Alq33 are possibleare possible



XX--Ray Analysis of Ray Analysis of ��--AlqAlq33

��--phasephase



��--AlqAlq33

Rietveld plots of �-Alq3 at ambient conditions The wavelength was � = 1.15 Å.
Left: “correct” structure with facial isomer       (Rp= 5.0%, Rwp= 6.5%, R-F2 =10.5%)
Right: “false” structure with meridonal isomer (Rp= 7.3%, Rwp= 9.4%, R-F2 =19.4%)



��--AlqAlq33

Crystal structure of �-Alq3 in a projection along the c-axis. (a), (b) and (c) are 
projections perpendicular to the planes of the hydroxy-quinolineligands 1, 2 and 3, 
respectively, showing the overlap between ligands of neighbouring Alq3 molecules.
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