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What can be measured with SANS?
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q = 4mn/A sin (6/2)

Characteristic sizes: From ~5 A to ~ 2000 A
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What can be measured with SANS?

»

Monochromateur 2 Collimation Echantillon Détecteur I(q) 4
\ \ \ \ \ \ sélect iq
VAR P ——
i

A
| i
— g e |
y |
o2 ,

[
»

q = 4mn/A sin (6/2)

Characteristic sizes: From ~5 A to ~ 2000 A

mm) | Form and size of objects

mm) | Structure between objets

=) | Specific surface (porosity)

Samples :afewecm3 ——  Very large number of objects (~ Na)

< Stastistical measurement




Small Angle (Neutron) Scattering: experimental

neutron production

sample
and monochromator P

detector

scattering angle




What can be measured with SANS?

Mass... Gyration radius...
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Advantages and neutron specificities

- o \Weak absorption

- o |Interaction with nuclei and not electronic cloud

@ vary from one isotope to another

Contrast variation

e Sensitive to magnetism

- o Weak energy of neutrons (few meV)

@ Not destructive

: o Weak fluxes (max 10°n/cm?/s)

@ Long counting times



Outline

> Neutron scattering : Principles

» Scattering Length Density /Contrast variation

» Form Factor/Structure factor

» Systems of non-interacting objects : Form factor
» Interactions between objects : Structure factor

> SANS diffractometer



Neutron scattering : Principles

Incident beam = plane incident wave

AWAY. . ‘VAVAY Individual nuclei (10-13 cm) will interact with
L € 1 neutrons following a spherical interaction potential.

The neutron wave scattered by a nucleus is spherical

Spherical scattered wave _ b I(kI F— o t)
—e

¥ -
S r

Planar incident wave
—_—

I

The amplitude of the spherical scattered wave is

® proportional to b, the scattering length

I




Neutron scattering : Principles

Incident beam = plane incident wave

AVAY.  'VAVAY Individual nuclei (10-13 cm) will interact with
¥ Y. ¥ neutrons following a spherical interaction potential.

The neutron wave scattered by a nucleus is spherical

Spherical scattered wave . (k r—w t)
W I
S

Planarincident wave The amplitude of the"sphehical scattered wave is
\ \ ““‘ ® b, the scattering\length




Neutron scattering : Principles

For n nuclei === n spherical waves === nterferences

The scattered wave : mmp superposition of spherical waves scattered by each nuclei,
corrected by a phase factor due the phase difference of the incident wave to reach the

position of another nucleus at

Phase shift A¢ =7. (E; — H)

Scattering vector
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Neutron scattering : Principles

For n nuclei === n spherical waves === nterferences

The scattered wave : mmp superposition of spherical waves scattered by each nuclei,
corrected by a phase factor due the phase difference of the incident wave to reach the
position of another nucleus at

Phase shift A¢p =7. (E; = E)

Scattering vector
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Neutron scattering : Principles

For n nuclei === n spherical waves === nterferences

The scattered wave : mmp superposition of spherical waves scattered by each nuclei,
corrected by a phase factor due the phase difference of the incident wave to reach the

position of another nucleus at
Phase shift A¢ =7. (E; — H)

Scattering vector
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Neutron scattering : Principles

For n nuclei === n spherical waves === nterferences

The scattered wave : mmp superposition of spherical waves scattered by each nuclei,
corrected by a phase factor due the phase difference of the incident wave to reach the

position of another nucleus at

Phase shift A¢ =7F. (E; — H)

Scattering vector
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Neutron scattering : Principles

For n nuclei === n spherical waves === nterferences

The scattered wave : mmp superposition of spherical waves scattered by each nuclei,
corrected by a phase factor due the phase difference of the incident wave to reach the
position of another nucleus at

Phase shift A¢ =7. (E; — H)

Scattering vector
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Neutron scattering : Principles

The neutron detector is not sensitive to the phase of the wave, but :
Square of the amplitude |V |?=Y .W*

We define the differential scattering cross-section do/dQ (q) by :

d_G(q) - Zb‘bj exp(-ig.(r, —1;))

where i, j are the nuclei of the object
do/dQ (q) is analogous to a surface (cm?).
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Neutron scattering : Principles

The neutron detector is not sensitive to the phase of the wave, but :
Square of the amplitude |V |?=Y .W*

We define the differential scattering cross-section do/dQ (q) by :

d_G(q) - Zb‘bj exp(-ig.(r, —1;))

where i, j are the nuclei of the object
do/dQ (q) is analogous to a surface (cm?).

Scattered intensity :
Probability to find a nucleus of scattering length b,

and another nucleus of scattering length b, distant
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Neutron scattering : Principles

The neutron detector is not sensitive to the phase of the wave, but :
Square of the amplitude |V |?=Y .W*

We define the differential scattering cross-section do/dQ (q) by :

d_G(q) - Zb‘bj exp(-ig.(r, —1;))

where i, j are the nuclei of the object
do/dQ (q) is analogous to a surface (cm?).

Scattered intensity :
Probability to find a nucleus of scattering length b,

and another nucleus of scattering length b, distant
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Elastic scattering

Ik-| = |k]|  No exchange of energy

gl =q = 4_:151,]1 (E) q: reverse of a length
A - q!is the observation scale



Neutron scattering : Principles

In practice, the differential scattering cross-section do/dQ (q) is the number of neutrons
measured by on the solid angle AQ of a detector (area s at a distance D from the sample)

normalized by incident flux unit.
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Neutron scattering : Principles

In practice, the differential scattering cross-section do/dQ (q) is the number of neutrons
measured by on the solid angle AQ of a detector (area s at a distance D from the sample)

normalized by incident flux unit.

A fraction of the incident flux AN is scattering in
an elastic way in the direction of the vector q

where is located the detector

S d(T
AN = @D,tT, — (q) AQ
0 10 (9)
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Neutron scattering : Principles

In practice, the differential scattering cross-section do/dQ (q) is the number of neutrons
measured by on the solid angle AQ of a detector (area s at a distance D from the sample)

normalized by incident flux unit.
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A fraction of the incident flux AN is scattering in
an elastic way in the direction of the vector q
where is located the detector

do
AN = ©ytT, —(q) AQ
0 10 (9)

T, is the sample transmission

The scattering intensity is the « scattering
probabibility » (cm?) per unit volume of the
sample (cm3) -> unit cm™?

1 do AN(Q)

(@ =550 W = O,T (AQ)1




Neutron scattering : Principles

1/1000A 1/100A 1/10A
{ 3 i -
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1 10000
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1G]l = ¢ = —sin (=) q: reverse of a length
- q!is the observation scale



Basic mechanism

1. Interference between spherical waves

You’ll hear this many times:

Small distances — large angles

Large distances — small angles

detector






Basic mechanism

2. Forward (q=0) scattering is additive

O

AWA

—0
< AN A\ AN VANAN
VNV V40 /AAVARVARVARY
O O

\

detector

No phase shift = constructive interference on detector

®
Amplitude oc number of nuclei

I(q — 0) oc concentration * (meaning volume, same as Luca)



Basic mechanism

3. What mass is measuredatgq>0"7?

\ - N detector




Basic mechanism

3. What mass is measured atq>0?
phase shift=q*r with g=4mn/Asin6/2

R<qgtl q’
— r<qt

— gr = phase shift= 0

— 1(g) = mass inside sphere g

If you prefer mathematics: eldrx1]

2
(g<R?) = \1/ [ o(r) &4 o3 o f\‘;‘*m



General scattering law

I(q) o« mass inside sphere of radius q*




General scattering law: cylinders

Loic Auvray, 1956-2016

mass inside =~ cylinder = Section x Length =S g

|t
1 I 2 local
| (q) c@®PS g total

structure
mass

0



Example of cylinders
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Cylinders, small g : gl (q) = T ® Ap? S exp(-g*R?/4)



General scattering law for flat bilayers

mass inside ~ cylinder = thickness x surface =6 nq

| (q) oc @6 g2

local

total mass if structure

finite discs

o]



Outline

» Neutron scattering : Principles

> Scattering Length Density /Contrast variation

» Form Factor/Structure factor
» Systems of non-interacting objects : Form factor
» Interactions between objects : Structure factor

> SANS diffractometer



Contrast:

Contrast =
Difference in

Scattering length

Density p =X b,/V

neutrons
solvent solvent




Contrast

Sometimes people use
such profiles for
neutron scattering:

Core shell models for
characterization of
hydrophilic shell.

X-rays

solvent

solvent

X-ray profile is more complicated. In the following discussion
this is neglected



Contrast

Ap = pobject ~ Pmedium




Scattering Length Density /Contrast variation




Scattering Length Density /Contrast variation

1/q >> size of Elementary Scatterer : == eiq'r‘j =1
Relevant parameter for the contrast : Z b
Scattering Length Density : =» = | 1 _dN,




Scattering Length Density /Contrast variation
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Scattering Length Density /Contrast variation
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Scattering Length Density /Contrast variation

fm (101> m) N > -
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Scattering Length Density /Contrast variation

Binary systems




Scattering Length Density /Contrast variation

Binary systems

Ternary systems

Matching of Nanoparticles
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Outline

» Neutron scattering : Principles
» Scattering Length Density /Contrast variation

> Form Factor/Structure factor

» Systems of non-interacting objects : Form factor
» Interactions between objects : Structure factor

> SANS diffractometer



Form Factor/Structure factor
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Form Factor/Structure factor
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Form Factor/Structure factor
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Intra correlations : Form factor P(q) of objects (Mass, Size, shape, gyration radius...)
Inter correlations : Structure factor S(q) of objects (Interactions, 2" Virial coefficient..)

For rigid centrosymmetrical objects :

\"
g @ )

I(q) = @AP*V,,;P(a)S(a)




Outline

» Neutron scattering : Principles
» Scattering Length Density /Contrast variation
» Form Factor/Structure factor

> Systems of non-interacting objects : Form factor

» Interactions between objects : Structure factor

> SANS diffractometer



Systems of non-interacting objects : Form factor

Log | %
Typical SANS spectra of non-interacting spectra.....

1/R, Log g



Systems of non-interacting objects : Form factor

g—0 Guinier Intermediate Porod

1/q

Typical SANS spectra of non-interacting spectra.....

y

1/Rg Log g



Systems of non-interacting objects : Form factor

g—0 Guinier Intermediate Porod

1/4q
Log | 4
2 2
[}_“\ Z(Q) = (pobj - pmedia) nVobj P(q)
q¢
: with
1NN 1NNSin(qr)
- iﬁ.;t' _ ij
\\i\\ P(QJ_NZZZ(EQ J)_NZZZ qrij

1/Rg Log g



Systems of non-interacting objects : Form factor

Form factor limit : P(q)

g->0
%/ q—0, P(q) >1:
1/q .........
(g —>0)= Ap2 V.., = DAP2.M,,/d.N,,
Log| #
& In absence of interactions, intensity at g=0 s
DV [ proportional to the total number of elementary

scatterers (mass or volume) of particles.

1/R, Log q



Systems of non-interacting objects : Form factor

Guinier Regime

PR P ()
3 SN gr;;
P(q) =5 ). ) (@) = — " 3 ==
T )

"' can be developped in the limit q->0 (sin x = x—x3/3! + ox°)
i / (i.e. when g<< 1/ largest dimension of the

particle)

g

We obtain V form the Guinier approximation:
N N
Log| 4 9-Rg<<1 o ():1_f 1 erg :1_QER§
Guinier\q 3 |2N2 - L ij 3

where R, is the radius of gyration of the object

1/R, Log q



Systems of non-interacting objects : Form factor

Guinier Regime

PR P n(qr)
= 3 SN gri;
P(q) =5 ). ) (@) = — " 3 ==
T )

"' can be developped in the limit q->0 (sin x = x—x3/3! + ox°)
/ (i.e. when g<< 1/ largest dimension of the
' particle)

We obtain V form the Guinier approximation:

N N
1 Z Z "
2N?2 g
T

where R, is the radius of gyration of the object

q”R;
3

Log I A q.Rg<<1 q2
3

Pouinier(q) =1 =1

e e eeeeeseesee

N

1
RG =~ ) 17 = 17)

i

R, . size associated to the moment
of inertia of the object(J=mR_?)

1/R, Log q



Systems of non-interacting objects : Form factor

Y form the Guinier approximation:

‘/ P (@) o exp(— L)

Guinier representation :

Ln(l(qg)) versus q* : slope —R.,7/3

N

1
RG =~ ) 17 = 17)

i

R, . size associated to the moment
of inertia of the object(J=mR_?)

1/R, Log q



Systems of non-interacting objects : Form factor

Porod regime

At high q values
the scale probed << characteristic size of scattering objects:
we are looking at the interfaces.

1/q

When the interface between  two
homogeneous media is flat (abrupt), we obtain
the scattering by surfaces

»

Log | 1

It gives the Porod’s law (1951):

2.m.(Ap)? S
lim | = —
lim (@) T
\ Q* is characteristic of abrupt interfaces.

1/R, Log g



Systems of non-interacting objects : Form factor

Porod regime The plateau level (the Porod’s constant A)
is directly proportionnal to the specific area
S/V of the sample.
1/q 3510° |
Log I t 210° -

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Porod’s representation 0 (A)

1/R, Log g



Systems of non-interacting objects : Form factor

Porod regime The plateau level (the Porod’s constant A)
is directly proportionnal to the specific area
S/V of the sample.
1/q 3510° |
Log I t 210° -

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Porod’s representation 0 (A)

- Determination of specific area

(without any consideration of the geometry of the system).

-Deviation from the Porod’s law:
roughness effects (modification of the surface)
effect of interfaces curvature, measurement of
adsorbed layers ...

1/R, Log g



Surfaces: Porod’s law

ql

O

1. Full or empty spheres do not contribute at q > 0.

2. Number of half empty spheres = surface / mR? oc A g?

3. Each sphere on surface contributes: mass oc R3 oc g3
=> Porod law for smooth surfaces: | occ number x mass?

| cA/g? => Specific surface S/V



Systems of non-interacting objects : Form factor

Intermediate regime

I(q) ~q*
o. characteristic of the shape
of the object

Log | 4

1/R, Log q



Systems of non-interacting objects : Form factor

Intermediate regime

P(q) = = Z Z{Elqm) - Z Z Slnq(iju)

Form factor of well-defined geometrical objetcs

O Parpey pers (@) = [t

Log | 4

1/R, Log q



Log |

Systems of non-interacting objects : Form factor

Intermediate regime

P(q]——

S 3w L33 s

Form factor of well-defined geometrical objetcs

sin ({;'R)]2

Pmptysphere (Q) = [ qR

R Siﬂ T 2
Pophere (@) = [ f 412 (a )d'r]
0 qr

By integration :

Ps‘phere(Q) = [

sin(qR) — gqR cos(gR) 2
qR’

1/R

Log g



Systems of non-interacting objects : Form factor

Intermediate regime

Log |

1/R

Log g

Case of fractal objects

Self similar structure : V scale ( < Robject),
the structure looks the same.

N(r) ~ M ~ rOf

where D; is the fractal dimension of the object
(N the number of elementary scatterer)

The pair distribution function is a probability :
N(7) Where dis the dimension space

g(r) =—5= (3inbulk)

I(q) =/7 of g(r) in the space of dimensiond :
P(q) ~q™




Systems of non-interacting objects : Form factor

Intermediate regime Case of fractal objects

Discs (pf=2),1(q) ~ g

/ Rods (pf=1),1(q) ~ g

Polymers
Good solvent (Df =5/3), I(q) ™ q-5/3
Theta solvent (Df =2 ), 1(q) ~ q~

Log | 4

1/R, Log q



Log |

Systems of non-interacting objects : Form factor

Intermediate regime

1/R

Log g

Case of fractal objects

@\

Discs (pf=2),1(q) ~ g
Rods (pf=1),1(q) ~ g™

Polymers
Good solvent (Df =5/3), I(q) ™ q-5/3
Theta solvent (Df =2 ), 1(q) ~ q~

1(Q)

0,01
0,001
0,0001
10° £

10°

-7
100,001

0,01 0,1



Systems of non-interacting objects : Form factor

Example of measurement : Sphere

(sin(qR) — qR. cos (gqR) §
(qR)?

Psphare (q.? R) = |3

Log |

1/R Log g



Systems of non-interacting objects : Form factor

Example of measurement : Sphere

(sin(qR) — qR. cos (gqR) §
(qR)?

Psphare (q.? R) = |3

1(9)




1(9)

Systems of non-interacting objects : Form factor

Example of measurement : Sphere

(sin(qR) — qR. cos (gqR) §

Psphare (q.? R) = |3

(qR)*

Guinier Regime

2p?2
[(q) ~exp (—q Rg)

q.Ry<«<1 3
slope= -RgZ/S
fit qR<2 ->R =102A
Ln(I(c)) \‘L g
*
0"’
*®
*
*
* .
*
M * ° *
* e ¢
lqul
0 0.0005 ,  0.001 0.0015
q- (AY)

3
R; =ER2 for sphere



Systems of non-interacting objects : Form factor

Example of measurement : Sphere

(sin(qR) — qR. cos (gqR) §
(qR)?

Psphare (q.? R) = |3

Porod Regime

q°1(q) / Lim(a*.l(@) o siv
g 3 sphere=3/R

0 005 _1‘ o1
q(A”)

S
lim q*1(q) = 2.7.(8p)*

qg—oo

1(9)

3/R  for sphere



Systems of non-interacting objects : Form factor

Example of measurement : Sphere

sin(gR) — qR. cos (qR)\°
Prpnere 4. ) = [3%

Intermediate regime

Oscillations whose g-positions is
directly linked to the radius

qR = 4.47; qR = 7.70, gR..
[(e))

Damped by...
- Instrumental resolution
- polydispersity




Systems of non-interacting objects : Form factor

Example of measurement : Sphere

(sin(qR) — qR. cos (gqR) §
(qR)?

Psphare (q.? R) = |3

Intermediate regime

q'I@) |

1(9)

o ‘0.05‘_1‘ o1
q(A”)

gR = 4.47; qR = 7.70, gR..



Systems of non-interacting objects : Form factor

Calculation of various form factors....

From SASFIT (https://kur.web.psi.ch/sans1/SANSSoft/sasfit.html)
Sasview (practice)

Guirier law for a sphenid Guiniar law for a rod Guirier law for & sheel

' / -,
1=4128,
l"[u']--“rpl'i;;| ”‘i’]-.;-i‘“ﬂl.'ﬁ;_r_:.l Ig)= "—'_E,Iexp(—.'l"q'}
\ / vooE [l



https://kur.web.psi.ch/sans1/SANSSoft/sasfit.html

Outline

» Neutron scattering : Principles

» Scattering Length Density /Contrast variation

» Form Factor/Structure factor

» Systems of non-interacting objects : Form factor

> Interactions between objects : Structure factor

> SANS diffractometer



Form Factor/Structure factor
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For rigid centrosymmetrical objects :

‘> g i
\‘ &
» &
§ # )

2
I(q) = 3 Apzvpart P(C]). o= T




Form and structure

Shape — Form factor P(q)

Scattering from individual objects

Structure factor S(q)

Scattering from interacting

objects
J — Observe scaling (dilution...)

— Use simple models: | = S*P
What can one do ? .
— Use more complicated models

or simulations (cf. Luc Belloni)



Growth of charged objects: scaling laws

’ ! —t Growth of micelles

at constant concentration

@S

Simple cubic cell model D**® =V, ..,

Mass and average distance D increase:

=> maximum intensity T

oV

A

=> 2n/D {: approximate position of correlation peak

v




Growth of charged objects: scaling laws

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T T CheCk grOWth:
ql@ | \' ' ' | I I | _
2 F ]
em = . maximum shifts ]
210" b T 0=0.20 4 =
- : and increases at Cubic model

constant

Lsw0’ b ﬁﬁ%& concentration ] D7D =V ..
i ':..'“\. L] - Surfactant N

O
7 0
1 10 — E " ."-' E — ratio
b - '- es - . D g -
[ O "Te
- o, . —
5 10 6 B bﬂ: Q:O. 1 O - g m - = L, : lamellar phase =l
L . q
- g “o
i Eﬂ' o @ () & & m i L: globu.la’r'a.nd wormlike;—i;"es
0 L1 ! ! ! ! L, . . 7E89 ] VT S ——
(T=const.) total concentration 10%

0O 002 004 006 008 01 0.12 qA 1)

Q) is the mixing ratio between cosurfactant and surfactant



Interactions in practice: dilution laws

Globular objects Ordered Cylinders
o o ®
® @
Conc.
bi del: D3*@® = A
Cubic model: D3*® =V ;. D2*® = A pject
, ()
Flat bilayers
I A q 1 q)1/2
D*D =6 ’
D
6 I V .
Dilution laws: very useful for unknown structures ()

(cf. microemulsions)



Lamellar phase: correlation + dilution law

q 1@/ o

1510 [
110" F

510"

|

°© 1% charge: 0%

‘ . 5% Charge: 3.55% -

)

®

®oo,, ]
©0e0000,¢

lIlllIlllIlllIllll

0

0.02 004 006 008 01 0.12 qA )



Lamellar phase: correlation + dilution law

TAKE HOME MESSAGE:

- Structure may give an estimate of dry mass/volume: "

- Form factor (e.g. Guinier) may give an idea of the spatia

extent (‘wet size’):

The ratio can give you the hydration, or the internal volume
fraction, or compacity:

0 0.05 0.1 0.15 0.2 0.25 0.3 @




Summary Part 2 : Scattering

Shape = Form Factor = mass distribution / \

You will find different aspects of this approach in other lectures: gl
- Aggregates

- Polymers @ (5

- etc...

Interactions = Structure Factor

1. Check scaling (dilution)

2. First understand data (5 ,L\ ?

3. Then do modelling:

| = P(q) S(q) etc... warning: for monodisperse spherical objects only!



How to obtain the structure factor ?

2
I(q) =® Apz Voart P(Q)-.

Silica nanospheres grafted by PEG

OH i
HO o~ o
/
HO o—:%i/\\/\NH’\do “CH;,
HO o /o OH n
OH \Sim
¢ (b)

= 1% vol
0.5 % vol

> 0.2 % vol

0.1 % vol

S. Issa et al, Soft Matter, 2021, 17, 6552-6565



How to obtain the structure factor ?

1(q) = ® Ap2 Vo~ P().S(a)

5(a)?
?7?
\ 1 % vol
. 2 P(q)? 0.5 % vol
Silica nanospheres grafted by PEG L 02 % v

O 8
1 2zt R,
10 - SR\
R AN
—~~ ¥R
[ R
A\
\ %
X

o OH
" / 7% 10°
S/\\/\NH/\‘/\{ /\% ~CH, E
6 (_) 1
HO ;
OH “s|/ 1D
El (b) —
107
10°

" 0.01 ' 1

q (A7)

» Measurement in a system without interactions

» Dilution of the system (extrapolation to zero concentration)
» Kill the interactions, by adding salt for instance (more risky!)

S. Issa et al, Soft Matter, 2021, 17, 6552-6565



B _I‘r‘u-—l. .
gy 0.1% vol

ppooood!

How to obtain the structure factor ?

1(q) = ® Ap2 Vo~ P().S(a)

S(q)?

10°

??
s 1% vol \ P
0.5 % vol o VO
5 0.2 % vol > P(q)? 0.5 % vol
' ""?':\\_%\\
x ::A:”:""’"':—.»r.:‘__ ‘.\:{:‘\\..‘
Ry \

0.2 % vol
0.1 % vol

o ™
R A
R TR

R R

[ BR

Y A=)

2 TR

\’ %

q (A

0.01

0.1

q (A%

» Measurement in a system without interactions
> Dilution of the system (extrapolation to zero concentration)
» Kill the interactions, by adding salt for instance (more risky!)

S. Issa et al, Soft Matter, 2021, 17, 6552-6565



How to obtain the structure factor ?

1(q) = ® Ap2 Vo~ P().S(a)

1.4 _-"5
n
J B | |
™ | |
1.2 .
L =
4 ™ ]
- 1.0 . ".
= .
| ]
w 0.8 B
n
4 =l
-
064 am®"
-4 1
e — 04— T
o-1 Al
q(A’) q(A)

» Measurement in a system without interactions
> Dilution of the system (extrapolation to zero concentration)
» Kill the interactions, by adding salt for instance (more risky!)

S. Issa et al, Soft Matter, 2021, 17, 6552-6565



How to obtain the structure factor ?

2
I(q) = Apz Voart “

001 002

S. Issa et al, Soft Matter, 2021, 17, 6552-6565



Link between S(q) and correlation function g(r)

(courtesy of a lecture by J.S. Pedersen)

g(r) : Average of the normalized density of objects in a

shell [r, r+dr] from the center of a particle



Link between S(q) and correlation function g(r)

FROR oooﬁoo.oouc

Onw“v”\o“ QOO ®

<) @
- .A' <& @
IR0

ooun.o SRORCE LD

OS0ROVOD

(courtesy of a lecture by J.S. Pedersen)

ridr

sin(gr)

S(q)=1+n 47 (g(r)=1)

qr




S(q) with hands : from repulsions to attractions...

Progressive addition of salt on an electrostatically stabilized colloidal suspension

1,5 Low salinity : electrosatic repulsions
. >, (@) 0.0025 M
® 0 ' -
o ootf’ h: nth:h . .' .
= : 3 ey + . ; . '.
1 b _ SRR - n‘f_ rfhf-ﬁtpjj (%) 27/3% @
o ° n‘+" . i
= & 3 & ” » =Y ® ¢
o o . .
A Y P,."# 9 9 [ ]
"4-‘*.
FhHt, aad
05 T j . 0.0025M
& ° 0.015M
# + 0.1 M
o 0.18M
0 A
0 0,025 , 0,05 0,075
q (A%

F. Cousin et al, Phys. Rev. E, 2003, 68(2), 021405



S(q) with hands : from repulsions to attractions...

Progressive addition of salt on an electrostatically stabilized colloidal suspension

* 0.0025M
° 0.015M
+0.1M
° 0.18M

il

q (A%

F. Cousin et al, Phys. Rev. E, 2003, 68(2), 021405

0,05

0,075

Low salinity : electrosatic repulsions
0.0025 M

— Strong correlation peak

- Low intensity at low q



S(q) with hands : from repulsions to attractions...

Progressive addition of salt on an electrostatically stabilized colloidal suspension

1,5 Low salinity : electrosatic repulsions
o ?.:” @) 0.015M 0.0025 M
@ w -w
o o:‘*’o b nch:h . ‘ . . . ‘ . ‘
. > P e @ @ 9 g
___________ [ S ol . i Yoo 2n/9 2x/q
't £ N 0oeo_° 0 e=0
nu .0 o+ Be . ‘ .
G a ao 3 o Q9 @ > ) , &
A & P,.“‘# 9 ® O D < Q9
“#0#’.
05 F PP g }80 . 0.0025M —> Strong correlation peak
& °00I5M - Low intensity at low q
+ 0.1 M
M @ 0.18M
0 A A A L A
0 0,025 . 0,05 0,075
q (A%

F. Cousin et al, Phys. Rev. E, 2003, 68(2), 021405



S(q) with hands : from repulsions to attractions...

Progressive addition of salt on an electrostatically stabilized colloidal suspension

* 0.0025M

o 0I5 M
+ 0.1 M
o 0.18M
0 2 4 2 1
0 0,025 0,05
q (A%

— Progressive increase of intensity at low q

F. Cousin et al, Phys. Rev. E, 2003, 68(2), 021405

0,075

Low salinity : electrosatic repulsions

0.015M 0.0025M
rev o Q ) @ 0 o
.,"_/.ql o %0
o 6 ® ¢
) o P00 o 0 ¢
@ © 0 o 999

Addition of salt :screening repulsions
0.18M 0.1M
21/q

|~ “. %o ©®

—> « contact peak »



j

. >, (@)
® o“b; |
P o
o :: b qu:
= ® "8 N, +
_________ p.omfu k. YA
Du ; é“_ﬁ- d.,
un .gﬁ )
%)
s
-ﬁwwwwﬂ*" :
32 * 0.0025M
& ° 0.0I5M
# + 0.1 M
o 0.18M
0,025 0,05 0,075

q (A%

» Informations at low q ?

S(q) with hands : from repulsions to attractions...

Progressive addition of salt on an electrostatically stabilized colloidal suspension

Low salinity : electrosatic repulsions

0.015M™M O()()?SM
4
bev o Q ‘ Yo Q
° 0‘/" ® ¢~
@ © 0 o 999
Addition of salt :screening repulsions
0.18M OlM
l~ w3
‘o‘ °
0 0@
) ‘ ‘. ) e © “
- Q @ o



Isothermal compressibility ¥ and second virial coefficient A,

From statistical physics :

isothermal compressibility Pair correlation function

\ N2Y)—(N)? . /
Z:kTSﬁL,T:< 2N>< > :1+p£(g(r)—l)47zr2dr

AN

Osmotic pressure

Density fluctuations at large scale (q— 0)

o | _ 1
ksTdp | S(0)




Isothermal compressibility ¥ and second virial coefficient A,

Virial development of osmotic pressure (Kamerlingh Onnes 1902)

I1
P = p+|Alp° +E|p3 +...ﬁ|pn

o N S Y

2-body correlations

3-body correlations  n-pody correlations

ol 1 1

| =——— =1+ pA, +p2A,+ p3A, +...
{kBTa,Ol $(0) PR T P AT P Ay




Isothermal compressibility ¥ and second virial coefficient A,

Virial development of osmotic pressure (Kamerlingh Onnes 1902)

Il
T =P Alp? +E|p3 +...ﬁ|pn

oo %

2-body correlations

3-body correlations  n-pody correlations

In weakly and/or dilute systems

If V(r) >0 (repulsive regime), A, has a positive value

If V(r) < O (attractive regime), A, has a negative value

One can show that :



Isothermal compressibility ¥ and second virial coefficient A,

Virial development of osmotic pressure (Kamerlingh Onnes 1902)
I1 2 3 n
— = p+|A)p +A3|p +...An|p
KT
I 6‘\0

2-body correlations

One can show that :

3-body correlations  n-pody correlations

oIl

One can show that :

{k Top | S(0) ‘ AT

In weakly and/or dilute systems

1> V(r)
Azz—f (1—(—3 kT)4nrr dr
2 Jq



Isothermal compressibility y and second virial coefficient A,

2
I(q) =@ Apz Voart “

mm) | Zimm Plot

A
kgTOp |, S(0)

In weakly and/or dilute systems

: 1= 4
One can show that : A, = _f (1 _ E—%) Arr2dr
0




Link between V(r), g(r) and S(q)

How to go further in descriptions of interactions ?

° CA— 0 <:> g(r) —S(a)

V(r) ?

Simulations, integral equations

See, for example

Chapter from Luc Belloni (in french)




V(r)

Hard spheres

-

Link between V(r), g(r) and S(q)

V(r) A

-

Sticky Hard sheres

V(r)

>

>
r

Screened Coulombian Potential
(Debye Hiickel)




Link between V(r), g(r) and S(q)

V(r) A V(r) A V(r) A
> > >
r r r
Hard spheres Sticky Hard sheres Screened Coulombian Potential
(Debye Hiickel)
S(q) — $=005

5 | —D=01

Percus-Yevick : analytical form

5 — Implemented in SasView
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

aq(Al)




Link between V(r), g(r) and S(q)

V(r) A V(r) A V(r) 4
> > >
r r r
Hard spheres Sticky Hard sheres Screened Coulombian Potential
(Debye Hiickel)

L e’ 2 26| . 1

T i) |y (Bl g ) M - czd)
IO 7 Boeet O™ 12
Hayter-Penfold : many parameters! Implemented in




Correlation length & in attractive systems

Progressive addition of salt on an electrostatically stabilized colloidal suspension

1,5
. o, ®
® o“!; [« =]
Ca =]
o :: %: d':h
i p.:d,"u rfk‘.‘f‘_fu::
I:I:I ; é“f J“,
@ a ’gﬁ °
7p] — @ ?
wf’o
¥ ;28 * 0.0025M
& o 0.0ISM
# + 0.1 M
o 0.18M
0 A AL 2 L
0 0,025 3 0,05 0,075
q (A"

(optical microscopy)

Approach of critial point by
temperature at fixed salinity

F. Cousin et al, J. Phys. Chem B, 2001, 115(13), 6051-6057



Correlation length & in attractive systems

Progressive addition of salt on an electrostatically stabilized colloidal suspension

S(q)

N T R S R (optical microscopy)
0 0.02 0.04 0.06 0.08
(b) g (A™) Approach of critial point by

temperature at fixed salinity

— Divergence of fluctuations

F. Cousin et al, J. Phys. Chem B, 2001, 115(13), 6051-6057



1/8(q)

Correlation length & in attractive systems

Progressive addition of salt on an electrostatically stabilized colloidal suspension

0.8

0.2 _—'"f

0.6 - .-

04 7 -

010°

T I
Tl T-Tc -
.- eececoo- 155
R 12.8
e - 10.3
k76
49 . .
reeiiag A (optical microscopy)
| ] ] |
5107 A 1o 1.5 107 Approach of critial point by
temperature at fixed salinity
-r/& 1
g('r‘) X —> S(C[) X ——F=
r q +s

F. Cousin et al, J. Phys. Chem B, 2001, 115(13), 6051-6057



Attractions in colloid : Fractal aggregates

Fractal final structure

Fractal final structure
(Ds=2.1)

(D, = 1.78)

A * RLCA

Diffusion Limited Cluster Aggregation Reaction Limited Cluster Aggregation

2 limit cases of aggregation processes :
(without strong attractions)

*® % . L
.’ ° time °
.. ® .. .. ..



Attractions in colloid : Fractal aggregates

Fractal final structure

Fractal final structure
(Ds=2.1)

(D, = 1.78)

A * RLCA

DLCA
Diffusion Limited Cluster Aggregation Reaction Limited Cluster Aggregation
Log | 4 Form factor of a fractal object
-Df
P(q) ~q

1/R, Log q

J. Teixeira, Journal of Applied Crystallography, 1988, 21 (6), 781-785



Attractions in colloid : Fractal aggregates

Fractal final structure

Fractal final structure
(Ds=2.1)

(D, = 1.78)

I(a.u) 1 I(em™)
0L + 100000
g 1 10000
3 1 1000
01 - 1 100
3 10
{1
0.001 - 101
1 0.01
: 1 0.001
10°




Scattering: from the S|gnal to structure (|nver5|on)
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Ecole de formation
a la diffusion
neutronique




Outline

» Neutron scattering : Principles

» Scattering Length Density /Contrast variation

» Form Factor/Structure factor

» Systems of non-interacting objects : Form factor
» Interactions between objects : Structure factor

> SANS diffractometer




SANS diffractometer

lMonochromateur: Collimation Echantillon Détecteur

sélecteur mécanique
3 L
xp
4

-

Detector PAXY
64cm*64cm*5mm

Velocity selector



SANS diffractometer
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Thanks for your attention



