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STRUCTURALSTUDIES BY X-RAY 
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If  molecules are all oriented in the 

same way (like in crystal), the 

scattering from individual molecules 

will be multiplie d in certain directions

Å Each atom will scatter secondary radiation upon exposure to X-rays

Å The scattered secondary beams will interact and cause INTERFERENCE

Primary beam

X-RAY DIFFRACTION

Diffuse intensity

Diffracted intensity

Bragg condition:   2d sinq = nl



INFORMATION CONTENTIN PDF

PAIRDISTRIBUTIONFUNCTION(PDF)
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X-RAY SCATTERING 
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Measured scattered intensity

Empty capillary

Reduced total scattering 

structure function

Reduced PDF
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Momentum 

transfer

Egami, T.; Billinge , S. J. L. Underneath the Bragg 

peaks: structural analysis of  complex materials, 2012.

Direct 

space

Reciprocal 

space

T 

12.9 Å

f =atomic scattering factor



PDF: INFO ON DIFFERENTLENGHSCALES

Buckminsterfullerene C60



PDF MEASUREMENTS
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30 Low  ǩ Ą high-energy X-ray beam

High J  Ą detector close to the sample

PDF setup
XPD setup

0.21 m 1.38 m 

Instrumental broadening

Suppresses the PDF at high r Ą maximum measurable interatomic distance: rmax =const/ qmax
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EXPERIMENTALSETUP

BM31 Swiss Norwegian beamline  @ESRF

PILATUS3 X CdTe 2M for XRD and PDF

ǩ=0.25 Å (49.6 keV)

XRD-PDF position: 700 mmEmtpy capillary: 20 measurements, 30s each

Samples: 15 measurements, 30s each



PDF

EFFECTOF CRYSTALSIZE

Paracetamol

Flattening at high rPeak broadening Ą overlap

Debye-Scherrer equation

FWHM Size (Å)

1.5 50

0.7 100

0.1 1000
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XPD
12.9 Å

9.4 Å



MODELLINGOF PDF PROFILES

Rw=0.27

Size=81.5 Ư

Rw=0.13

Size=7.3 Ư
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In directspace

Free 
parameters

Scale

a, b, c (Å) 

1͋

Size (Å)

B  (Å2)

(x,y,z)  (Å) Atomicpositions (with stereochemicalresstraints)

Thermal factors(isotropicor unisotropic)

Particle diameter for PDF shape damping function

Peak sharpening due to correlated thermal motion

Scale factor

Crystal cell parameters



FITTING STRATEGIES FOR AMORPHOUS
COMPOUNDS

Fitting from the structuralmodel of  the crystallinecompound

Fitting from an ensemble of  molecules

Size

Fabia Gozzo



PDF REFINEMENTWORKFLOW

Measure PDF data 
on amorphous 

compounds

Determine a 3D guess of the 
molecule 

Make a box of N molecules 
and define the interaction potential

Known 
crystalline 

form 

No

Yes

Refine the crystal structure 
against PDF data with size 

parameter

Get structural information 
about molecular 

conformation in the 
amorphous state

Evolve the interacting system 
by MD

PDF assessment of the interacting 
system against PDF data

Get structural information about 
inter-molecular interactions in the 

amorphous state

RokPDF
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or high-quality lab 

systems

MD



LOCAL SEARCH

Crystal 
structure

Comparison 
with PDF 
profile

Model generation

Validation with data

Method to approximate the amorphous model: restrict crystal to a sphere of  diameter=Size parameter

Size

Crystalline



GLOBAL SEARCH
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LOCAL VS GLOBAL OPTIMIZATION

Local search Global search



RESTRAINEDMOLECULARDYNAMICS
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Molecular Dynamics Flexible Fitting 

(MDFF)

Experimental PDF data
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PROGRAM FOR PDF MODELLING

www.ic.cnr.it

Mauro

De Feudis
Vincenzo 

Caroprese



APPLICATIONSI

Ç Structuralcharacterizations

Ç Crystalline/ amorphouscompounds

Ç Inorganic/ organiccompounds



STRUCTURAL CHARACTERIZATION OF 
HALIDE PEROVSKITES

CDs interacts with perovskyte 

precursors by modifying the solution 

chemistry and the final film properties

Chemical Sci. 2018, 9, 3200ð3208

Insight into the role played by CDs in the 

formation of  the perovskite structure gained

Powder samples recovered by stratching the 

films from the substrate after coolingSynchrotron NSLS-II, BNL, USA

Beamline 28ID-2 with PDF setup

Hybrid halide perovskite synthetized from 

an equimolar mixture of  PbI2 and MAI

with few percent of  CDs

Cyclodextrin-basedsupramolecularapproach



STRUCTURAL INVESTIGATION BY XRD

Percentage of  crystalline to amorphous signal, 

calculated from XPD profiles by a fitting procedure 

implemented in RootProf

No additional structural signal 

ascribable to CDs possible 

incorporation  found

CDs excluded from the lattice in the 

process of  perovskite formation

CDs only interacts with solvated ionic 

species in solution 
Supramolecular interactions established by 

CDs lead to improving the 

crystalline/ amorphousratio



STRUCTURAL INVESTIGATION BY PDF

Rw=0.116

No-CD

Ǡ-CD

Fitting of  individual profiles using known crystal structures

I1I2

MAPbI3  PbI2-MAI-DMSO

CDs act as a catalysts promoting the transition to MAPbI3

MAPbI 3 crystallizes through the formation of  the 

PbI2-DMSO-MAI intermediate phase

Torsion angle 
I-Pb-Pb-I (°)

PbI2/PbI3 
ratio (%)

No-CD 14.8 37

-̡CD 16.7 14



STRUCTURAL INVESTIGATION BY PDF

Slightlydifferent values
found for tilting angles 

between successive 
octahedra in the a-b 

plane

StrongerNH3
+ðI - prevail over weaker CH3ðI

- interactions in CD 

samples Ą Change in the MA orientation in the cage stabilizes the 

MAPbI3/CD material



GLOBAL SEARCH APPROACH
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ChCl:Gly 1:2
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MODELLING FROM MD & JOINT FITTING

Al2O3
Slow annealing

Quasi-ordered

Fast annealing

Disordered

X-ray and neutron PDF profiles

fitted simultaneously

Free parameters

Global: Ǣ1 BAl, BO

Probe-specific: scale factor, Qbroad

Rw=0.34

Rw=048

Rw=0.42

Rw=0.23

Rw=024

Rw=0.24

X-rays
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APPLICATIONS TO PHARMACEUTICALS

Amorphous pharmaceutical compounds can improve apparent solubility and 

bioavailability, but their metastability makes structural understanding essential

The API atomic and nanometric organization 

can influence:

Physical stability
risk of  phase change or recrystallization

Solubility & dissolution

ability to generate supersaturation

Bioavailability
systemic absorption after oral delivery

Manufacturability
processing behavior of  powders and 

formulations

The challenge

Many relevant pharmaceutical solids are not 

perfectly crystalline. They may be amorphous, 

nanocrystalline, polymorphic, mesomorphic or 

structurally disordered

Where PDF adds value

It describes the local and medium-range structure 

that may persist even when the material looks 

amorphous or poorly ordered by XPD

PDF provides access to the hidden local order of  

amorphous and disordered pharmaceutical materials



PARACETAMOL

Crystalline compound Melted compound

Rw=0.27
Rw=0.13

Free parameters Crystalline Melted

Scale 0.24 0.44

a, b, c (Å) 
(̈́°) 

12.92, 9.37, 7.11 
202.2

12.84, 9.45, 7.04 
201.7

1͋ 1.05 1.04

Size (Å) 81.5 7.3

BC  (Å2) 1.6 0.01

BN  (Å2) 0.4 0.01

BO (Å2) 3.5 3.2



CRYSTALLINE LACTOSE

Alpha lactose hygroscopic anhydrous (248466)

 7.780  19.693  4.906 90 103.69 90, P 1 21 1      

Alpha lactose mohydrate (2300456)

7.772  21.582 4.817 90 74.06  90, P 1 21 1 

Alpha lactose stable anhydrous

7.652  19.864  4.988 92.028 106.261 97.153, P1

Alpha/Beta lactose

5.030 7.593 19.374 81.026  85.044  74.247,  P 1 

Alpha lactose monohydrate (2206486)

4.783  21.540  7.760  90.0 105.911 90.0,  P 1 21 1 

Beta lactose anhydrous (1112477)

10.839  13.349  4.954 90.0 91.310 90.0,  P 1 21 1 

Alpha monohydrate: 93.8%

Beta: 6.2% 



PDF REFINEMENTRESULTS

Structural model: Alpha monohydrate + Beta

Rw=0.24

SizeAlpha=127.1 Å

SizeBeta=7.7  Å

 

Scale

Cell

1͋
Isotropic thermal factor per atom

Size 

Rw=0.09
Size=7.5 Å

Structural model: Alpha monohydrate

Scale

Cell

1͋
Isotropic thermal factor per element

Size 

Free parameters
For each crystal phase:



GLOBAL SEARCHMODELLING

Starting from Alpha Lactose monohydrate 2206486

Rw=0.21 Rw=0.17 Rw=0.34

0h 48h 120h

Worse results than the local search approach

Dissolve
Mauro 

De Feudis

Vincenzo 

Caroprese



APPLICATIONSII

Ç Joint use of  XRD and PDF data for

Ç Determinationof  new crystalstructures

Ç Quantitative analysis

Ç Indexing



CRYSTAL STRUCTURESOLUTION

MOPAC

XRD PDF

ǩ=0.165 Å (75.1 keV)

2ϮЈ r B



STRUCTURESOLUTIONWORKFLOW

Indexing

Ab initio

Simulated 
annealing

Rietveld

XRD PDF

Rigid body

Isotropic 
Thermal 
factors

Ansotropic 
Thermal 
factors

Cell & symmetry

Pt position

Ligand orientation around Pt

Final structural model

Energy 
minimization



XRD RESULTS

Rp=11.58

Solution by Direct Methods

Rp=8.11

Solution by Simulated Annealing

Pt position 

found

Pivot in SA 

run



PDF RESULTS

a=18.28  b=21.06 c=8.14

I b a 2

a=18.33  b=21.05 c=8.13

P b c n

PDF can discriminate between two possible crystal symmetries selected by XRD



PDF RESULTS

Rw=0.251

Rw=0.178

Comparison with XRD SA: RMSD=0.88 Å

Comparison with XRD SA:   RMSD=0.04 Å

V IsotropicB factors

V Rigidbody refinement

V RecyclingPDF solution

V AnisotropicB factors

First-stage PDF solution

FinalPDF solution



XRD VALIDATION

Rietveld analysis

Rp=8.67

Rp=11.56

Refined parameters:

V Profile shape 

V Crystal cell

First-stage PDF solution

FinalPDF solution



QUANTIFICATIONOF AMORPHOUS
PHARMACEUTICALS

Ad-hoc amorphous mixtures of  Eudragit L100 and Microcrystalline cellulose (MC)

XPD PDF

Joint fit

LOD (%) LOQ (%)

Eudragit 1.4 4.3

MC 0.05 0.1
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XPD PDF
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CRYSTAL CELL DETERMINATION FROM PDF

PDF Profile

List of Cell Types

SupervisedClassifiers
MACHINE 

LEARNING

LeastSquares/Unfolding
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ANALYSIS Figure of Merit
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CRYSTAL CELL DETERMINATION
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APPLICATIONSIII

Ç In situ localordercharacterizations



IN SITU STUDIES

Perturbation on the sample

ControlledStimulus

Changesin structural parameters

UnknownSample response

Effect on diffraction pattern

DetectableDiffraction 

response

Perturbation-response
correlation

RootProf

Reciprocal space

Direct space Direct space

Modulation-enhanced diffraction


