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Introduction

SAXS - What’s that ?

Scattering from individual objects

Scattering from Lattices and Complex Organizations
Where can | do this?

What can we get from SAXS, a few examples

T. Bizien
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Pro:

Fast

Why Scattering ?

Meaningful global average
Probing of buried 3D structure
In-situ and almost non-destructive :

Probing in liquid state, during kinetics, working devices

Intensity (a.u.)
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Organization of constituents
« Structure Factor »

Random Periodic

Crystals, ...

Gases, liquids, glasses, ...

g
-
5 1.00e-1
H
g
—
a1

1.00e-2

Simple

Colloids, proteins in solutions, ...

Constituents
« Form Factor »

I(q)

Scattering curve

Arbitrary

T. Bizien
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» Size of scatterrer
« Amounts of them
» Polydispersity

» Distribution

Scattering curve

Log(Intensity)

« Shapes

» Morphology IR .

« Structures > q ~ g
n \8

There is a really strong dependence between some of these terms

0.05 0.10 0.15 0.20
qlA™]

SAXS Plus other measurement can provide really rich information about
The sample microstructure

T. Bizien 6
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 Small Angle X-ray Scattering
0~01-3°
sample

e
A~1A ¢ R

E=% E~12KeV

Distance : sample-detector

4 N N
Angle => momentum
transfer (scattering
vector
k. ) SAXS Curve : I(q) = |F(q)|* |S(q)]
B q
20 ki
q =ks—k; __4msin@
9=
= AN /
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First things to know :

All obtained SAXS data are interpretated using analytical models
Therefore, you HAVE TO

* know SAXS and

« know about your sample morphology in real space



SOLEIL

SYNCHROTRON

SAXS — Scattering from indidual objects

T. Bizien
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« Form factor

Low g region

For a dilute system T ze Siiape Surace

log[ P(9) ]

sample

X-rays ii ’ 1/

|-

Guinier

In solution, the scattering is isotropic, so the intensity depends only on g

Boldon, L.,(2015). Nano Reviews, 6(1). T Bizen 1
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 What are we measuring?

Measure quantity is :

I1(q) x di(lq) = VVZpartlcles(pl p2)2 P(q)S(q)
Diluted system => independence of scatterers = No interparticle effects

Thus

I1(q) « Z(q) VV 2particles(pl — p2)? P(q)/ﬂ(

= Sum of individual particle scattering

P(q) or F(g)= form factor — SHAPE and SIZE information
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« A few examples :

Simple shapes objects form factor have analytical formula expression. For example : Spheres are widely used
R

to characterize spheroids Nanoparticles, of even globular proteins.

Simple sphere : homogenous electron density and Radius R

p(n)
I(g)p
1054
3(sin(gR)—gR cos(gR >
F(q) = 2E1(9R) 4~ (¢R)) n
(QR) For centro-symmetric object:
. _ . - SRUS [P - . 4
1(q) = Fz(q)=[3(sm(gR) q}f cos(gR))J AlG) = _"; (Frexp(—ig ) d " 10
(4R) 1(q) = 4n L»(:-) S0lGr) 2w i I SING) 2
e . qr A qr e
. = i‘t Isin(qr) rdr = ... (partial intcgration). ..
From the curve we estimate : q 3 1
4 s 3[sin(gR) — gRcos(gR)]|
4)44‘93 7 sn%R - ((]R)x .
do1

profile of silica spheres (red) and simulation

based on perfect sphere (blue)

Discrepancy of silica scattering from sphere model due
to size polydispersity, imperfect spherical shape, etc

Figure modified from: Lambard, Lessieur and Zemb, J. Phys. | France, 1992, (2) 1191 T. Bizien 15
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A few examples :

« Effect of size and polydispersity

100 A
Qaren=2-493/R=0.044 A-!
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Scattering Intensity

SAXS — Scattering from individual objects

Polydispersity

I I I I T

Larger distribution ?;&% .
~ah 3%
B — 5%
— 7%

10%

. J q/ A’

Instrument resolution is paramount and can affect the data, e.i. masking of the « true » distribution => Sample is not so polydisperse as it looks on the 2D curve

T. Bizien 16
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A few examples :
 Other shapes

Lg i(s), relative Solid sphere
Hﬂrphﬂl ﬂgIEE F{'q]' ar Pziq:' — depends on source Mﬂrphﬂlngl&d Hollow sphere
0 Dumbbell
Spheres 9 2 .
: sin(gR) - gR-cos(gR))*= R .
a3 Long rod
(outer radius: R, ; e
inner radius: B,) (Ry" = Rz’) 2 1
11
Triaxial ellipsoids - I e P - — -
(scmiaxcs: 80,0 {]Lﬁﬁh[g‘ll a? cos?(n/2) + bPsin?(mw/2)(1-y?), + ¢?y? | dx dy A
Cylinders . j- JAgR1-#7]  sin?(glx2) .
(radms: R d [q@w]l (qLx/2)? 4 4
lcngth L] Ji(x) is the first kind Bessel function of order 1
Thln d]sl-: . _ 2 - J,(2gR)gR 5 4
(radms: B) By seingL=0 q?R? '
2{gL{2) £ '
Long rod . N ﬁ-il'll:l} 5'"“ (9 ' - -
ot 1) By setting R = 0 ql_ j aU2P . o1 02 03 o4 08
“Structure Analysis by Small Angle X-Ray and Heutrnn Scattering” L. A. Feigen and D. |. Svergun
T. Bizien 17
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« Radius of gyration and Guinier’s law:

4
L i a0
L)

| |

4 1
L) 0006
” " A%

Guinier Law is valid when gRg <1,3

2Rg2

3

I(q » 0)~Ipexp(— )

R
Inl(q) ~ Inl, — ?qz

Guinier law allows finding a Rg without any model assumption

Guinier region won't be a linear if there is aggregation in the sample

T. Bizien

Prof. André Guinier
1911-2000

Orsay, France

18
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« Radius of gyration and Guinier’s law:

» Scatterers’ characteristics are mainly encoded in the low-q scattering

thanks to radius of gyration (Rg)
* Rg is calculated as the root mean square distance of the object’s parts

from its center of gravity

Y

% )
Sphere  °"  Thinrod Thin disc Cylinder )" P
. 2 2 L .‘-":I"_'_::-#L
RE :gﬂ_ REEZL_ REEI-R_ R51:£+£ T'

2 5 12 2 8 12

i

T. Bizien 19
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T Bizien D. Nykypanchuk, M. Maye, D. Van der Lelie, and O. Gang, Nature, 451, 549 (2008) 20
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 What are we measuring?

Measure quantity is :

1) % 229 = ZyZparticles(p1 — p2)? P()S(9)

concentrated system => dependence of scatterers = interparticle effects

Thus

I1(q) « Z(q) VV 2particles(pl — p2)? P(q)S(q)

S(q)= structure factor and at the same time P(q) = form factor
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 Particles interaction

o ~ ® o

Gas like ‘

Liquid like

10°

T. Bizien

22
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e Hierarchical structure

Four length scales

« Agglomerate » Aggre%te Polymer| particle Polyrfier network
T ! 'v"vvql ----ﬂ‘ 'vv'ﬂ ™Y

« Rg =89 pm » (3 SAXY BH (UNM)

R =89 ¢ O SAXYPH (UNM)
-9 4 v
Slope -3,1 = rough surface |
|
| 1
| |
Slope -2 = mass fractal > 20N

| S
1 | 1 AW
Slope -4 = sphere e mmm— — — R SN\ A
0’ 10* 10° 0.0001 0.001 0.01 0.1 1 10

q (A7)

T. Bizien 23
Li, T., Senesi, A.J., & Lee, B. (2016). Small Angle X-ray Scattering for Nanoparticle Research. Chemical reviews, 116 18,11128-80 .
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e Scattering from structures
« Easily infer amount of order

47A

amorphous Polycrystaline = powder Orientation Single crystal

T. Bizien 24

Roger, K., et al. (2016). ." Proceedings of the National Academy of Sciences 113(37): 10275.
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 Small Angle X-ray Scattering

principle

% d-space < > (-space
'ﬁ /,/ Fourrier
\ N\ /s / transform
\\/ Time (1) < > Pulsation (o)
oA
0 0

Bragg’s law

nA = 2dsinf
d - q= 21T T. Bizien 25
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Lamellar phase

« Long- and short-range positional order i
« Diffraction peak position for common latices Mwmmmm

Hexagonal phase /T
Lamellar : 1, 2, 3, 4, 5,... : [ﬂ

Cubic : 1, V2,3, 2,+/5,...
Hexagonal : 1, /3, 2,7, 3,...

radial distribution function or g(r)

defines the probability of finding a particle at a distance r from another tagged particle Cubic
o) |
Solid
Long range order
« liquid » o
4 a
a(n

Short range order

» I T. Bizien 26

e|sraelachvilli J.N. Intermolecular and Surface Forces.Academic Press, London1991
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« Typical scattering from Lamellar and columnar mesophases

, a
et O O
di00 | / (
L A dig N\ O
_/ \
dnoo = 27tn/dgoo B g
L I, A 110

d100 = 27/d100

n=2

T T

T T * 0
012 3 1 132 A

T. Bizien 27
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« Polycrystaline samples: powder diffraction pattern

Many small single crystals domains Single crystal

l Integration

I..l"l..l"l..l"l..l"

i " U
2 27 85808 ﬂ[ﬂ[ﬂ[ﬂ[ﬂJ
[ Moropemoreeted gl
~ Ui

T. Bizien 28

Paineau, E., Krapf, ME., Amara, MS. et al. Nat Commun 7, 10271 (2016). https://doi.org/10.1038/ncomms1027 Bizien, T., et al. (2021). Journal of Nanomaterials 2021: 1790976.
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SAXS — Where can | do this?
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SOLEIL SAXS — Where can | do this?
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« Where can we perform the experiment ?

— Lab
* Flux: 10° to 10° ph/sec

_ >
BioXolver

T. Bizien 30
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SWING Beamline

Detector tunnel, primary
vacuum
First X-ray beam:
12th July 2007!

SAXS — Where can | do this?

Experimental Hutch

Table for Sample
environment

Undulator U20
25 um x 1000 pm

Optical Hutch M.B.

Focusing Mirrors (can
be by-passed)
First X-ray beam: 2nd
May 2007

Optical Hutch W.B.

High Resolution Monochromator
First X-ray beam: 15th March 2007

T. Bizien

31
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« SWING Beamline routine experiment

Solutions, o Shape /
suspensions . Conformation

R o
‘:; : . )o"
- & - i HEP o
Synchrotron radiation ——— ‘
q(A") F
et - s, el —l 0 i T Nenoibe bundies mode
8 S X-Rays 7 | Structure /
o M < Interdistances
- 3 ’.': 1 I

Materials, auto
assemblies, [— 02 03 :&J)O.S 06 07 08

Intensity (A.U.)

T. Bizien 32
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SWING beamline
Experimental hutch

(fro 505 , 10, 6/700 m sample
;o détector dlstance) il

| lIeare envvirnnmeaent

T. Bizien

33
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Why such a “Long distance” “Medium distance” “Short distance”
4m to 6.7m 2m to 4m 0.55to 2m
tunnel?
Scattered
beam
‘3“.6‘,:

z'ﬂ‘

1%

gat

~ 4 _o

: o\ Pol twork
Polymer particle } Polymer networ

r rrof
4 ] l SAXSBH UNM)
!’Ricr- 787 3 . QLXJCIP:"J .
I T - _
— |
3
-
F
j — 1
[ = | .MJ o | 1 il = | _i 4
107  10°  10° 00001 0.001 001 0 1 10 T. Bizien 34

q(A)



SULEIL SAXS @ SWING

« Samples environments

Thermostated Anton Paar Rheometer (collab. LPS, Orsay, France)

Biologic SFM400 Stopped-Flow for chemistry/biology (courtesy Biology Lab)
Linkam Hot stage for capillaries (T < 600°C)

Automated High Pressure Cell for liquid samples (P <5 kBar)

*Interchangeable* sample holders:

* Motorized (3 axis), Thermalized (10— 70°C)
* Flow-through thin (10um) quartz capillaries
* For gels

* For sealed capillaries

T. Bizien 85
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« Samples environments, In solutions

|
|
E

=
3
|
=
2

P 3 4

« 3 capillaries of @ 1,5 mm

« 20 mm horizontal scanning
length

« Thermalized 10-75°C

Pipeting and injecting Robot
© Pierre Roblin !!

Other Injection modes through the capillaries :

» Peristaltic pump

« Commercial syringe driver

« Manual injection
* Pressure pumps

SAXS @ SWING

34 vials capacity
Thermalized vials holder
(5-10 to 60 °C)

1 Injection every 4 minutes
(incl. capillary cleaning)
Injection possible up to 30
% glycerol in water

T. Bizien 36
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ChemSAXS

e e

Dedicated GUI for

- : o soft-condensed
::_ B e matter allowing direct

o s P

data monitoring and
control of the
beamline.

== ISR ot ¢17 I > mowwmares| 0 moswomes
o B i 6
e

E T p— S 5 G P s == - —
75—";6'“{-!.‘!{- T Y T g ey p—" Useaiemon: [T
S P St v 17 Operation Tootbar

Operaton iegral [~ [88] macro

acro-Anner 2016_03 [~]8]- cobsirensn (200 [mmseconsz[v] | [idx a| 2| o] (O] [=] ] =]<[®)] [wifuaf] ][] [~ % Ble[e

Taors 11108 mnr: el

File Run Preferences Help a D

o £ E B ries 55 Operation Trew @ rosas
2291500012015 03%8_1m S Mty
Parameters [ . =t ) e A ~
usr/Local/configFiles/passerelie/ Listhuniframey2 _ListPositions.mari b e B T It Vicae: | TH V2 Scae:
@ NexusRootMame | zesreonoraois_ovpe_im e # e
T p— [—
value [swing
1200t
@ SubFolder_2 |}
value [racka -~
@Model Parameters o
ListPositioniithinsample: [155,16,16.5,17,17.5 cF imgl17)_crcles_17 -
img18)_ceces_18
ListsamplePasition [0.4,5.4,10.4,15.3,20.3,25 3,30.3,35.3,40.3,45.4,50.4,55.4,60.4 2 :: 1
ListsampleName: [sarmple L.Sample2 Sample? Sampled, Samples Sample6 N o0 : .
ListhbrofF rames 1 i -
ListExposureTime 200 7o w 0 7V
ListsampleCornment Simple Samples
ListOfDelays AfterLastsample 02 T T e——
®DeadTime(ms)
wvalue: [200 | . Scale: ® 3 opareme
PB_im 2134 maiz2]
@ SampleTransationMotor Zoom: 37.79%% axes: fout 5 Average:Subiract and it
Device Name [11-c-cos/exjab-mi_ix.4 ] tmege Stk
Image Stack oy
e Oparaton{veragespecrra B B T
@ SecondTransationMotor o e O e
Device Name: [i12-c-cog/exjtab-mt _1z.4 0 5 i 15 2% 0 E 5 4 P % ——
¥ imgioe)_orves_34 c

© TrigMede_Ext2_Softi0

value: lo ]

120160826 15,0037 - INFO: Experimental das calcutaton done

[% Cloar0g) | 3 Save sog] | 5 Savelog 2.

Simplified GUI allowing “on
demand” complex data collection
strategies

Foxtrot, the SWING data treatment software,
gives users direct visualization reduced data
and allows data first analysis.
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Beamline
setup " 3 data treatment
otors posmons,
Detectors mnergy,--- ===
h Foxtrot | || - —
) . .~ | 2D image File generation I

HDF5 Averaging
Summing

Nexus format= [ Ruche |——>{| 2D->1D .!' ) ==

Y 1y
Saving in ASCII ‘

format ! -
¢' Q=4n sinB/A

Data treatment with
other software
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1/ time-resolved SAXS
2/ multiscale Sample characterization
3/ Building structured materials by self-assembly*

T. Bizien



SOLEIL Time-resolved saxs
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In Suspension supramolecular aggregates formation characterization

sl A
JONEY &
LO 11 O OI
- - -7 = - — 0s  ===- Os_iso
In-Situ ' P ,)' ,) — 150ms === 150ms_iso
/ / 4 — 600ms  ==--: 600ms_iso
TEM, SAXS, XRD A —— 1200ms  ===-: 1200ms_iso
/ 4 — 2400ms  ---- 2400ms_iso
y 4500ms - 4500ms_iso
/7 — 5850ms  ---- 5850ms_iso

I (a.u)

IIIIIIII| IIllu,u] IIIIILLLl IIIJu,Ll,l ‘IIIIIL|,|,| IIIIu_u,l IlIIILLl] LIl

-c=ff= //

ngand-hssist?d
Reprecipitation (LARP)

Intermediate phase MAPI perovskite

Shedding Light on the Birth of Hybrid Perovskites: A Correlative Study by In Situ Electron Microscopy and
Synchrotron-Based X-ray Scattering Charles Sidhoum, et al Chemistry of Materials 2023 35 (19), 7943-7956



SOLEIL multiscale caracterization
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SAXS scattered intensity for a series of silica volume fractions in styrene-butadiene matrix Arrows indicate the breaks in slope
associated with characteristic sizes as illustrated in the scheme for nanoparticles, aggregates, and fractal branches in PNCs.

T L R R | T T rTTTg T T LR R |

SAXS

n Lo 1 sl L L s aaal PR R T S W

10! 10° 107 10"

G.P. Baeza, Multiscale Filler Structure in Simplified Industrial Nanocomposite Silica/SBR Systems Studied by SAXS and
TEM, Macromolecules 46(1) (2013) 317-329.

A.C. Genix, Recent advances in structural and dynamical properties of simplified industrial nanocomposites, Eur. Polym.
J.85(2016) 605-619.
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Colloidal synthesis

Building materials by self-assembly

Self assembly Material

tu evaporation

“‘ Directed —

assembly

/ templates
+,Q~
and more... 1. Structure

2. Collective physical
properties p



SOLEIL Building materials by self-assembly
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m In-situ SAXS measurements

— Time-resolved as a function of relative humidity
— Simultaneous monitoring of drop volume (optical) and interparticle distances (SAXS)

Basler microbeam

Ge-DWINT-M
HR = 70%
® Oininai = 0.15%

Acoustic Levitator-

“Hg

T T T T T
0 500 1000 1500 2000
time (s)

Hotton et al., Adv. Mater. Interfaces —11(29): art.n°
2400323. (2024).



SULEIL Building materials by self-assembly

m In-situ SAXS measurements on Imogolite nanotube

— Time-resolved as a function of relative humidity
— Simultaneous monitoring of drop volume (optical) and interparticle distances (SAXS)

1000
’\100
>
8
S
o
10 =
13
3 456 2 3456 3 456 | 2 3456
0.1 0.01 0.1
RH = 70% Q@A’ Q@A’
D itiar = 0.15%
Hotton et al., Adv. Mater. Interfaces 11(29): art.n®

2400323. (2024).
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m Other nano objects
— Metallic Nanoparticles (Au, Ag...)

SOLEIL Building materials by self-assembly

nanorods |
CTAC 2.5mM

1(Q) (a.u.)




SOLEIL Building materials by self-assembly
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Colloidal synthesis Self assembly Material

u evaporation

“‘ Directed —
I

/// templates

and more... 1. Structure

2. Collective physical
properties p
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NPs assembly: A multiscale challenge

Monodisperse NPs Local ordering macroscale ordering Device scale

-

50 nm

10 cm
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Introducing prismatic confinement

1. p B 3.
Drying
‘ ”12" AUuNRs (L: 55+ 5 nm, W: 18 £ 2 nm) AuBPs (L: 66 +4 nm, W: 25 £ 2 nm)
U U §E!)s_tr_a_t'e ) - ; _ . B __ _
PDMS 5 : W2 ] :'__I_j;"..;‘, s ik
4. N oY ,": \\%; : $ocwl e an :
SN > / :

fiflu ",i YA / ;

)’I”
"-"’

o C, C, ﬂ
® e . <
4 pm 6 um 4_|:m‘; 4 urﬁ g;rm
Cavities with prismatic shapes Ligand: CTAC

=> Prismatic confinement

W. Chaabani, J. Lyu, et al. ACS Nano 2024
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usaxs cartography

SAXS: average measurment on =100 supercrystal:
HSAXS: measurment on 1 supercrystal

W. Chaabani, J. Lyu, et al. ACS Nano 2024
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SOLEIL USAXS: measurment on 1 supercrystal
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Orthorhombic lattice

substrate

W. Chaabani, J. Lyu, et al. ACS Nano 2024
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USAXS analysis
A —
~=90°
2
~ =60 °
3
Orientation of the 1st domai % =36 °

large
g>

small
—

Extension of the domains

cale bar is 200 um on all images

W. Chaabani, J. Lyu, et al. ACS Nano 2024



SULEIL Ptychography X-rays computed Tomography
High resolution volume of dentine

electronic density

Ptychography X-rays Computed Tomography Dentinogenesis Imperfecta study (cyl. @ 15 pm)

*L'/ngj Based on coherent beam diffraction, it gives 3D volume
% g # | of the electronic density & high spatial resolution

3D resolution <30 nm

Sample size: 10 - 30 pm

Microtubule
(brown)
diom ~ 1 pm

Collagen
network
(blue)

Organelles Complexes  Proteins Atoms
J \ J

Organisms Tissue Cells
L J L

Macro Micro/Meso Nano/molecular
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