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Overview

« SAXS vs XRD and length scales
« Labsource and large scale facilities
 Scattering as Fourier transform

« model indpendent analysis:
« diffraction peaks,
* Guinier approximation,
* Power law
* Porod regime
 orientated particles

- mathematical modelling
« SAXS vs XRD
» particle form factor and structure factor

« Material science application example



Additional reading

Fundamentals of Materials Science, Mittemeijer
Chapter 4.7 Determination of Crystal structure; X-ray diffraction
Chapter 6.9 X-ray Diffraction Analysis of the Imperfect Microstructure

Introduction to Synchrotron Radiation (Willmott)
Chapter 6 Scattering Techniques

see also the open online course from EPFL on EDX from Phil Willmott on
“Synchrotrons and X-Ray Free Electron Lasers” part 2, in week 2: small-angle
scattering
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Length scales
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cPrL
Length-scales and characterization techniques
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cPi-L
Scattering/Diffraction: the scattering vector

scattering vector q
q = ko - k

Detector

$,{ ‘35
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cPrL
Scattering/Diffraction

S 4msin(0)
gl = q = 7

scattering vector q
q=ko—k

light A = 400 to 600 nm
X-raytubeA=1to 2 A

Cu Ka = 1.5406 A
synchrotron A = 0.1to 5 A
thermal neutrons A = 1 to 10 A
electrons A = 0.025 A

Detector ,
Bragg’s law
2T
q
SAXS: scattering from variation in electron larger structures - smaller angles
density distribution, NOT from single XRD/WAXS: 10 cm detector distance
atoms as in XRD SAXS: several m detector distance
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SAXS/WAXS ePri
at a labsource

Labsource SAXS instrument

r’ ! I ] w
SAXS detector 2 AP .
WAXS detector |

$,§‘Z\‘J Detector
Detector distance
XRD/WAXS =10 cm

SAXS = several m
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SAXS/WAXS ePFL
at a synchrotron beamline

ﬁ:mmhn:at thq'éwi'ss Light Source

—. _ " SeESEEm,

$"r‘ﬁ Detector
Detector distance
XRD/WAXS =10 cm

SAXS = several m
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Neutron detectors have large pixels, even
larger distances are needed to resolve the
small-angles
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cPrFL

SAXS and WAXS=XRD
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=PrL
Far-field

near-field far-field
Fresnel Fraunhofer

X-ray beam a e ————————

SAXS: scattering from variation in electron
density distribution, NOT from single
P Fo=o atoms as in XRD

Willmott, P., John Wiley & Sons, Ltd: 2019 (2" Edition). ~MSE238 - Marianne Liebl



Small-angle scattering

« Fraunhofer approx. Fourier theorem:

the field distribution at a distant detector is the Fourier transform of the electric
field distribution in the exit plane of a sample

MSE238 - Marianne Liebi
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Demonstration:
Fourier-Transform

Initial Python coding and refactoring:

Brian R. Pauw
http: //www.lookingatnothing.com
With input from:

Samuel Tardif

Windows compatibility resolution:
David Mannicke
Chris Garvey

Windows compiled version:
Joachim Kohlbrecher

Sample images:
Joachim Kohlbrecher
Brian R. Pauw.

cPrL

simulation
https://phet.colorado.edu/sims/html/wa
ve-interference/latest /wave-

interference en.html
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http://www.lookingatnothing.com/?p=349
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html
https://phet.colorado.edu/sims/html/wave-interference/latest/wave-interference_en.html

cPFL
Scattering/Diffraction

radially integrated Intensity

L g scattering vector q
L } L } . 4msin(0)

: . . : A
Fourier transform radial integration
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cPrL
Scattering/Diffraction: data treatment

»
»

° beam center
. detector distance”

. wavelength A :
~ mask iy e ﬁ

x, A1

raw data: 2D scattering pattern average scattering profile I(q)
(example measured at SAXSLAB in CMAL)
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cPrL
SANS
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vesicles July 2010
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small-angle X-ray scattering cPrL

®
scattering pattern shows
average over particle ensemble
® @
® o
® O
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small-angle X-ray scattering cPrL

s1ze

smaller structures scatter
at larger angles
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small-angle X-ray scattering cPrL

polydispersity

*| effect of polydispersity

Intensity

scattering vector q
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small-angle X-ray scattering cPrL

polydispersity
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An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.

10!

scattering vector q
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Small-angle scattering cPrL

« Fraunhofer approx. Fourier theorem:

the field distribution at a distant detector is the Fourier transform of the electric
field distribution in the exit plane of a sample

BUT we don’t measure field but the intensity, which is the squared field: complex
quantity: complex part (the phase) get lost > the phase problem

—->we cannot directly calculate back the particles shape and size, different
approaches to retrieve information from the scattering pattern

 model independent
- mathematically model the SAXS curve



Small-angle scattering: any peaks?

3D printing of lyotropic liquid crystals

3

lamellar L,

Pluronic F-127 (EO,0,PO,,EO, ), 1-butanol and water ~ [* >

Rt Hydrophilic = ------

Hydrophobic

A 4

0.4 06 0.8
q(m1)
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time-resolved

measurements of
phase changes
after 3D printing
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cPi-L
Small-angle scattering

low q: information about interaction s between the particles and
particle size, no information about shape of particle
intermediate q: in the order of the particle size, particle shape

high q: Porod’s region contrast at the interface between the particle
and their surrounding, measure of surface area

| intermediate—Q

\W - /

low—Q high-Q

Figure 5.67 The three Q-domains of SAXS.

Willmott, P. (2011). Scattering Techniques.
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Low q: Size information

simulated SAS curve of different shapes but the same radius of gyration

shape

0.1

— om
=)
0.001
— spherical shell: R;=8nm,
— R,=11.49nm
0.0001 4 = sphere R=12.91nm

~ cylinder: R=10nm, L=24.49
spheroid: a=b=10nm c=17.32nm

Q2 nm-1

First part of the scattering curve tells object’s size, second part object’s shape



Guinier approximation

» Radius of gyration Rg: “weight average” of all radii present in the
sample in analogy to mechanics

3
0 solid sphere radius R: R; = 3 R?

S —) thin rod length L: Ré — LLZ
12

&= thin disc radius R: R = 1 R2
2

RZ hZ
i cylinder of height h and radius R; = > + T

For a polymer coil with end to end distance R

o= ()" =a()”

MSE238 - Marianne Liebi
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Guinier approximation

Intensity [a.u.]

Guinier approximation valid only in the region of small q values, Rg can be derived

I(g) = 1(0)e™"™ ™

100 - ®

10 A

0.06 0.08 0.10 0.20
1
]

0.02 0.04

q[nm

A not existing linear range indicates the presence of very large structures which scatter at
low g, perhaps outside the accessible g range - change detector distance, change A,
check with SLS
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In(l)

cPrL
SAXS on metal alloys

SAXS measurements on Al- Evolution of precipitate radius
Mg-Li alloy for two aging during ramp heating experiments on
1 conditions these two initial aging conditions
= T [ "
o Guinier plot .
2 L . fg X
3T 24h at 120°C ERS
-4 | . E 4 - .
E 3 e e e -
s | &
a 2f ¢ 24h at 120°C [
6| | 1 8h at 150°C |7
D— D 1 1 I I
S | . ° 50 100 150 200 250 300
0 0.01 0.02 Temperature (°C)

Deschamps A. and De Geuser F. Metallurgical and Materials Transactions A, 44, 2013, 77-86
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Small-angle scattering:

Power law

Slope of the scattering curve: power law

behavior
g P with D the fractal dimension

How does the mass changes as a function of the

size
rod-like D=1
disk-like D=2

in general: the higher D, the more compact is

the structure
D=4 Porod scattering

—>sharp interphase of two phases, information

about surface area

MSE238 - Marianne Liebi
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Porod region

Q*SB Q—Z

MASS FRACTALS

1D object 2D object
(Q~Q!' Q’

LD

3D object
Q4

B &\

SURFACE FRACTALS

Figure 7: Assortment of Porod law behaviors for different shape objects.




small-angle X-ray scattering cPrL

size & shape

. . I T TN l\ I I IR O I I I I IR A
100 - : :
Guinier sphere, disc and rod with the same
. characteristic length (radius of
18 gyration) = same scattering at low ¢
(Guinier regime)
102
= intermediate region depends on
& - fractal dimension
= q*: rod
104 q2: disk
— Sphere
105 — Disc
— Rod at high g: Porod regime q+#
| | ] Y 101 T I |
0.001

QA

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Measuring persistence length: cPrl

small-angle scattering

10

107"} 1

10 semi-flexible worm-like structure
.  Knolodenko: 1: Kuhn length (= 2l, persistence length)
T 10°t R=10nm, =100nm. L = 1000nm L: contour length

m—— E=5nm, [=300nm, L= 1000nm

FE=5nm, [=300nm, L = 2000nm
10 §f Pedersen:
F — = R=10nm. =100nm. L = 1000nm

1D'5 F — = R=50m, I=300nm, L = 1000nm
L — = F=5nm, [=300nm, L = 2000nm
1D$ . . IIII.—_, . R | . . e
10~ 107 10" 10°

q/nm’
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small-angle X-ray scattering: cPrL

anisotropic particles

anisotropic and aligned
particles produce anisotropic
scattering

- direct determination of
orientation of nanoparticles!
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cPrL
SAXS of anisotropic materials

—SAXS
— WAXS

0 (110)

200)
1 (020)
210)(120
0.1 1
g [nm!]

Intensity [a.u]

o
—

10

SAXS signal from

mineralized collagen in
human bone SAXS signal from different
layers in injection-molded
polymers
o SAXS signal from liquid
22 CHALMERS

crystals oriented in flow
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Small-and wide- angle x-ray scattering: Bone

SAXS signal from
mineralized collagen

in human bone

Intensity

cPrL

65nm spacing of gaps along
-~ collagen fibrils

50 — 200 nm
diameter of
collagen
fibrils

WAXS signal
from bone mineral

mineral platelet
thickness

scattering vector q



Small-angle scattering cPrL

« Fraunhofer approx. Fourier theorem:

the field distribution at a distant detector is the Fourier transform of the electric
field distribution in the exit plane of a sample

BUT we don’t measure field but the intensity, which is the squared field: complex
quantity: complex part (the phase) get lost > the phase problem

—->we cannot directly calculate back the particles shape and size, different
approaches to retrieve information from the scattering pattern

* model independent

« mathematically model the SAXS curve
* iterative phase retrival

 pair distance distribution function (PDDF)

MSE238 - Marianne Liebi



cPrL
Scattering and Fourier Transform

2 electrons Phase difference of electron placed at position 7 :
: Ap(r)y=(k—kK) -Tr=q-T

mmmm) Phase factor: e2?M= 7

Scattering amplitude: A(q) = —1,(1 + €'4™)

N electrons ‘—P contribution of electron placed

k k at origin (r= 6)

/ Scattering amplitude: A(q) = —, z eld”
3 j

atomic form factor: f°(q) = j p(r)e"Tdr

Fourier Transform of electron
density distribution !

Scattering amplitude: A(q) = —1,f°(q) =—7, [ p(r)e'd™dr
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Atomic form factor and structure factor > ="' -

scattering from unit cell

at large Q: small structure
Electron distribution p(7) ge Q

atomic scales
Scattering amplitude: A(q)= — rov p(r)e"Tdr

Fourier Transform of electron

<—_
P
density distribution ! > atomic form factor f
\}) | scattering from unit cell:
\?") interaction between atoms (constructive and destructive
J \ interference)

\}) ] \}) structure factor

Scattering amplitude: A(q)= ) e @Ry f(q)e'd™I
n J

\ J\
| |

unit cell structure
lattice factor

with Laue’s condition for
constructive interference

— . iK-rj
q = K, with K € R S(K) Zf](K)e

at any other scattering vector q, J

the intensity is zero we measure intensity I(q) = |A(q)|?
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cPrL

scattering length density, proportional to
average electron density

WAXS/XRD and SAXS

low electron denisty A(q)= j Ps1 € iqrqy
for example water
- @ Fourier Transform of electron density (but now at the nanoscale)
low electron denisty
.\ for example water p
M high electron density
for example solid - §6_X_S_|

nanoparticle pf,

at small Q: larger structures
nanometer scales

: /
' \
1
; x

—0C . .
: N note that the atomic form factor in
1

P

the SAXS regime is a constant

I

_—— 3

q(d’)
Data taken from International Tables for
Crystallography,Vol. C, Table 6.1.1.1
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WAXS/XRD and SAXS

cPrL

scattering length density, proportional to
average electron density

M

low electron denisty
for example water

o

@

A(q)= j ps e drdv

@ Fourier Transform of electron density (but now at the nanoscale)

low electron denisty 2
for example water p

@ IS4 (q)=(pg1p — Petar)? j ei97 Y,

at small Q: larger structures
nanometer scales

high electron density 2
for example solid 1 .
nanoparticle pf, P(q) = V_ e lq'rde

P

- single particle form factor
depends on size and shape of the particle

I54%5(q)=Ap*Np V5P(q)

non-dilute system: inter-particle interaction
I54%S(q)=0p?Np VEP(q) S(q)

S(q) = particle structure factor
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Mathematical modelling of Small-angle scattering
1(q@) = (pp — PM)*NpVEP(@)S(q)

pp — Py : contrast in Np: number of particles Formfactor P(q) Structure factor S(q)
scattering length density  v,: volume of particles Intra-particle interference ~ Inter-particle interference
between particle and shape, size spacing, interactions
matrix

for X-rays: electron density
difference

for neutrons: neutron
scattering length density
difference

also referred to as n



: cPrL
small-angle X-ray scattering

1(q) = (pp — PM)ZNPVPZP(Q)S(Q)

Babinet’s principle:
particle vs. pores

same diffraction pattern apart
from overall intensity

only sensitive to electron
density difference!
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Model dependent fitting: cPrL

Formfactor

I(q) = (pp — PM)ZNPVPZP(CI)S(Q)

form factor of a sphere

3.1. Spheres & Shells 10°
3.1.1. Sphere. 10°

o S
10'
2R 0.1 1

Ficure 3.1. Sphere with diameter 2R q/nm

= Ficure 3.2. Scattering intensity of spheres with radii R = 10nm and
Tsphere( @, R) = K3(Q, R, Ap) (3.1a) R = 20nm. The scattering length density contrast is set to 1.
with

: 1 sinQR — QRcosQR
( = S RBAp Sy N RTINS
K(Q, R, An) 3 R*An3 OR?

The forward scattering for ) = 0 is given by

(3.1b)

lim Jsphere(Q, R) (ixlmu)
Q=0 3

Input Parameters for model Sphere:

R: radius of sphere R
- - - not used

- - -2 not used . . .
eta: siﬂat‘tz-lrmg length density difference between particle and matrix Ay Sanlt l’l’lal’luall httpS ://kur.web.pSI.Ch/Sal’lS I/SANSSOft/Sanlt.pdf
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Model dependent fitting:
Structure factor

cPrL

I(q) = (pp — PM)ZNPVPZP(CI)S(Q)

Formfactor P(q)

Intensity [a.u.]

/

/

Structure factor S(q)
Interacting particles

-> Measure different concentrations

T T
0.1 1.0

q [nm-1]

MSE238 - Marianne Liebi

example: Phospholipid micelle
ellipsoidal form factor

hard sphere structure factor (hard
sphere radius larger than radius of

micelles)

Beck, P., et al. (2010). Langmuir 26(8): 5382-5387.



Model dependent fitting:
Structure factor

average counts per pixel

102

101 L

100 L

101}

I(q) = (pp — PM)ZNPVPZP(CI)S(Q)

/

atalo/analysis/radial_integration/e19732_1_03141_00000_00000 Structure factor S(q)
OSS : ' ] Interacting particles
N\
'\fj\ increased forward scattering: typical sign of aggregation
\\
\
. . ]
101 10°
qlam?]
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cPrL
Polydispersity is the devil...

Small-angle scattering is a statistical method of all length scales in a sample
particle polydispersity or particle shape?

‘Q‘ \-
o0® ¢\

o ° &
O Q‘ ’al
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cPrL

Application example from material science

Hydrogen gas sensors:
Plasmonic plastic Nanocomposites

N o
Nanoparticle@polymer
composite filament

Composition/structure

Materials
Ag
Size Shapes/facets
Compositions Alignment
Surfactants Polymer

868 | S

Monomer design

'./\'fv'

Transparency

Gas selectivity Gas permeability

Nanoparticle

D / Stabilizer

Polymer
Functionality

LSPR sensing

Direct sensing
Nanoparticle

Indirect sensing

Shape/facet control  Size control Distribution

. 8388 in matrix
FE

Stabilizer
e
585655
it
Support Selective Filter
Polymer | JORRCN

Protection/Stability Absorption agent

MSE238 - Marianne Liebi

Plasmonic plastics comprise three key

components:

(i) plasmonic metal nanoparticles

(i1) surfactant/stabilizer molecules on
the nanoparticle surface

(iii) polymer matrix, and how they can be
tailored from a
composition/structure and
functionality perspective.



Hydrogen gas sensors:

Plasmonic plastic Nanocomposites

(c)

Light source

Pd-nanoparticle

H2 sensor \

l

to spectrophotometer

Extinction cross-sec.

wavelength (A)

MSE238 - Marianne Liebi

(d)

Physisorption ~ Chemisorption

Energy

Gas Surface

Absorption

cPrL

Distance

(e) O -.

o absorption

desorption
e

H2 Pressure

i!

B

H/Pd



Plastic-Plasmonic composites

Plasmonic nanoparticle for hydrogen sensing

=P

10° . 10° .
— M1 [curve_3943_bckg_14.txt] — M1 [curve 3943 bckg 14.txt]
$ ¥ curve 3943 bckg_14.txt % # curve_3943_bckg_l4.txt
10 10°
/T; 103 /Tr 103
£ 10? é 102}
101 10! .
107 3 2 a1 0 10° ! !
10 10 10 10 N 102 1ol
QAa™) Q™)
Fitted curve of monodisperse cubes Fitted curve of polydisperse cubes
Form factor for a rectangular prism size of cube: 26.8 nm + 2.2 nm

2 i (3
P(g) = = X / / A%(q) sin@dodg
n 0 0
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- Master course: “Material Science at Large Scale Facilities




Plastic-Plasmonic composites

Plasmonic nanoparticle for hydrogen sensing

« The nanoparticles are protected inside the
polymer matrix, while still able to perform
the efficient hydrogen sensing.

« SAXS with a highly focused X-ray beam in a
synchrotron was used to study the spatial

distribution of nanoparticles, and determine
their size.

TEM SAXS

cPrL

(a) Increasing Pd concentration

As prepared  In composite

—

(b) e

direct image of nanoparticle! indirect measurement, model fitting

small field of view
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Plastic-Plasmonic composites

Plasmonic nanoparticle for hydrogen sensing

 3slices of the same sample show inhomogeneities

 Scattering pattern shows the presence of

aggregates

average counts per pixel

k\

_ 4— Signal of aggregates

- \‘M 4
Lo Bt S
homogeneous sample

10! 10°
glnm™]
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Summary

« SAXS probes electron density differences in the nanometer scale

 Scattering as the Fourier transform of the real structure, no direct solution
because only the intensity can be measured

« model indpendent analysis:
o diffraction peaks - Bragg law
* Guinier approximation - size
« Power law - fractal dimension, shape
« Porod regime - surface
 orientated particles

- mathematical modelling
 SAXS vs XRD
« particle form factor and structure factor

« Material science application example
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