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DYNAMIC CRYSTALLOGRAPHY

A talk from a potential future user ?



ZnS, von Laue, 1912

Intensity ∝ F2

ρ(r) = 1/V∑F(H)exp(-2piHr)

Time and spatially averaged
electron density in the crystal

Crystal is unperturbed

molecular crystals

extended structures 

proteins

Max von Laue

Static Crystallography
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Real Materials, Real Conditions, Real Time

Watching the formation of nanoparticles 

Charge Discharge Structural change

Looking inside operating batteries

Crystallography is becoming DYNAMIC

Static experiments
Model systems

Ex situ

Dynamic experiments
Real materials

In situ, Operando

Intense radiation

Accurate detectors

Requires hard X-ray radiation to study inorganic materials and 
to penetrate sample environments



Solvothermal flow reactors – kg scale



In situ X-ray scattering studies

H. L. Andersen et al., J. Appl. Crystallogr. 2018, 51, 526-540



In situ Powder X-ray Diffraction

• Phase analysis
• Atomic structure
• Defects
• Crystalite size
• Morphology
• Size distribution

P. Nørby et al., ACSNANO 2014, 8, 4295-4303

Cu2-xS



In situ PXRD

Every system is unique and holds its own story



Crystalline and amorphous materials

Order Disorder

Crystal Amorphous

Nanoparticles

We need structural probes
on the nanoscale



Total Scattering and the Pair Distribution Function

Corrected for background
scattering Icoh(q)
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Requires short wavelength X-rays to get resolution in reciprocal space



J. Am. Chem. Soc. 2012, 134, 6785–6792
Chem. Eur. J. 2012, 18, 5759–5766Angew. Chem. Int. Ed. 2012, 51, 9030–9033

Direct space structural modelling

Pre-Nucleation Cluster structures



Classic Nucleation

Non-Classical Nucleation

Bøjesen & Iversen, CrystEngComm 2016, 18, 8332 - 8353

Prenucleation Clusters determined
from in situ PDF



Bimetallic nanoparticles for catalysis

All synthesis methods produce very small amounts
=>

Purely of academic interest

Design solvent and precursor based on in situ data => 
Development of large scale solvothermal synthesis
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Thermoelectrics

Cu2-δSe



Spatially and time averaged structure of Cu2-δSe

Appears to have unresolved superstructure

IUCrJ (2017). 4, 476-485

Structure has remained
elusive since 1936



Diffuse scattering intensity outside the Bragg peaks

A perfect crystal only has Bragg Peaks
Real crystals are imperfect

Low noise detectors, intense radiation => Quantitative measurement

Cu2Se



Solving Crystal Structures – The Patterson Function

P(u) = ∑ |F(H)|2 exp(-2πiHu) = ρ(r) * ρ(-r)  

Peaks at interatomic vectors

Locates ”heavy” atoms

Peak Intensity ∝ F2

ρ(r) = 1/V∑F(H)exp(-2πiHr)

Fourier Transform of the Bragg Intensity



3D−ΔPDF = ℱ−1 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜌𝜌 𝒓𝒓 = 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝒓𝒓 + δ𝜌𝜌 𝒓𝒓

3D−ΔPDF 𝒓𝒓 = δ𝜌𝜌⊗ δ𝜌𝜌

Generalized Patterson Function

Difference from the average density

Cu2Se

Determination of true local structureRoth & Iversen, Acta Cryst. A 2019



XFEL CRYSTALLOGRAPHY

• Beam size: 1µm
• λ = 22.5 KeV
• Delay=0.5 - 330 fs

Serial protein crystallography

Chapman et al., Nature 2011, 470, 73

• Indexing of spots is ”easy” for proteins to
get orientation matrix

• Small unit cell crystallography lacking

• Need short wavelength to obtain
reciprocal space resolution

SACLA



Some typical dynamic phenomena in crystals

Wilson et al., J. Am. Chem Soc. 2000, 122, 11370-11379

Trinuclear carboxylates

•Model compunds for active sites

•Oxidation catalysts

•Intramolecular electron transfer
two M3+, one M2+

•Crystal/solvent effects
(supramolecular chemistry)

•Molecular magnetism

•Electronic control through
variation of metals, ligands
and solvent

Intramolecular 
electron transfer Always Fe(III)

FeIII FeIII FeII FeIII FeII FeIII FeII FeIII FeIII)(

Spatially and time averaged structure



Molecule in crystal

Strong crystal forces => ∆E big

P(I)/P(II) = exp(∆E/kT)
d(obs) = | Fe1-O1 | - | Fe3-O1|

∆E = kTln[(d(max)+d(obs)/d(max)-d(obs)]

∆E = 44 cm-1

∆E = 217, 212, 255, 359, 345 cm-1

t-butyl dynamics

What would happen if we did XFEL crystallography
with fs time resolution (remove time averaging) on
nanocrystals (remove spatial averaging)



Isaac B. Bersuker, ” Electronic structure and 
Properties of transition metal compounds”

Dynamical Jahn-Teller systems
Tutton Salts

Guest atom disorder in 
Thermoelectric clathrates

(NH4)2[Cu(H2O)6](SO4)2

Axis of elongation is strongly dependent
on pressure and deuteration



THANKS

Center for Materials Crystallography
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