Methoden moderner Rontgenphysik I:
Struktur und Dynamik kondensierter Materie

Vorlesung zum Haupt/Masterstudiengang Physik
WS 2008/9
G. Grubel, M. Martins, E. Weckert et al.

Location:SemRm4, Physik, Jungiusstrasse
Thursdays 10.15-11.45

G.Griibel (GG), A.Meents (AM), C. Gutt (CG), S. Roth (SR)
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Soft Matter Applications

Stephan V. Roth

Introduction (GG)
Modern Crystallography (AM)
Coherence based techniques (CG)
Soft matter applications (SR)

22.01.2009 Basics, theory, preparation — a primer
m)29.01.2009 Small-angle X-ray scattering and its applications
03.02.2009 Polymer, colloidal and nanocomposite surfaces
(Note change Thursday (5.)-> Tuesday) (3.)

Aim: Overview over use of soft matter and x-ray scattering of soft matter
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Summary last lecture

Polymers:
»Macromolecules, build up of a large number of molecular units
__ _ p(M)M -MdM
M = M)MdM M, = 'MMdM=I
=] p(m) w=[p(M) T p(MMaw

»Radius of gyration R_ = \/ﬁzg <miﬁz>

»Block copolymers: ..AAAABBBBBBAAAABBBBBB...

»Flory-Huggins-theory AGmiX — _TASt + AG
Mixing takes place, when AG, .. <0

loc

Flory-Huggins-parameter ¥

Colloids

Polymer-Metal nanocomposites
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Small-angle X-ray scattering

=

»Introduction — Theory of SAXS
»Form factor

» Approximations

» Structure factor

»Beamlines

»USAXS

»Microfocus & nanofocus x-ray beams
» Application to polymer systems

» Thick colloidal films

»Deformation

»Cracks & crazes

» Tomography (3D-reconstruction)

Following [Lindner] and R. Gehrke, ,SAXS", Summer student lectures 2008
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Small-angle X-ray scattering

A Note in advance
There are many formulas and derivations inside this lecture!

Our aim is NOT to follow in every detail the derivations etc., but more to explain the
significance and practical application of these formulas!
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SAXS - rep. from lecture GG

Consider objects (nhano-structures) of sub-um size

sing = (Qf2) / k = (Qeh)/ 411 nanoparticles

tan (26) = d /L (size: dpartcle)
K
K 20
— ;
L >

Qg =2m/do, . = 21T/ 628A = 0.01 A
8= sin! (QeAMA4m) = sin' (0.01A1e1A /41) ~ 0.0456 deg
d=Letan (20) =2 me* 1.58"°10° = 3.183 mm screen

2-D detector
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Scattering geometry

| = lo N AQ (do/dQ) (ds/dQYV =12 1 (p,-p,)? V2 F(Q) S(Q)

scattered

n: volume fraction

lo: incident intensity p: electron density

N: number objects v. particle volume

A solid angle F(Q) formfactor
(do/dQ): differential cross section

F(Q) = | exp(iar) p(r)

AQ)

Intensity

[,
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Important approximations for Form factor

We will derive them, as they are frequently used:

-Guinier approximation Single particle scattering, dilute Systems

-Porod approximation

p(T), V

|0'7“
Path Difference: Ad Zé\l-*i—éo-ﬁ
=\ ikF Phase Difference:
A(r)=A,-e or
Ao, :7( =€) h=(k —k)) =0T
K -Zg 0 A@) = A [ p(F) 6™ -d°r = F{p(P))
A v
_ |2
1(6) = |A(G)|
. 4r . 4
‘Q‘ =—:-sin(@) ~—-6
A A
8
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Form factor and structure factor

Single particle

A@) = A, [ p(F) & -d*r = F{p(P)}= F ()

Particle distribution function P(I') = Electron density distribution
p(F) =2 p,(F) = | p,(F)-P(F=T")-d°r'=p, (F)*P(F)
| > Scattering amplitudes of the whole arrangement
o A®@) = F{p(")}
© @ = F{p,(F)*P()}
i = F{p, (F)}- F{P(F)}=F(d)-5(q)

- Scattered Intensity
2

(@) =|A@)] =|s<q)
Formfactor Structurefactor

Now let's take a closer look into F(q)
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Single Particle Scattering in Dilute Systems

L=N<|F@)2> |  with F(§)= j o(F)-e7 .d%

V = particleVolume

Incoherent superposition of single particle scattering (S=1)

F(@) =F (@) F(@) = [[ p(7)p(F,)e " drdr,

" dr

Vv
= [[ p(7, =7 )p(F)dre
/ . J
Y
7(r) =] p(E)p(% ~F)dF,
\Y
convolution square of the density distribution
[7(m)edr = [y(F)e ™ d°r
= [ y(F)e ™ r2 sin(g)d G edr

iqr e—iqr

substitute ry—r, =r

2sin(qr)
: rédr-2xz qr
iqr

= [7(n°
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Colloid: homogeneous sphere of radius R

A simple, but important calculation:

F@= Jo(R)e™ dr=|

V = particleVolume

Do € r?sin(@)d & pdr

O ey N

|

R«
F(@)=po2z|[ e rsin(g)dedgdr = p, 27| o r2sin(6)dr
00

0

R R
+jcos(qr) dr

0 0 q

47p, {_ R cos(qR) +sin(qR)} 4R (sin(gR) — qR cos(qR))
q q q° ’ (qR)’

2r
R Ligr —igr

R
F(d) = py27-2 [sin(ar)r dr =422 | _ reos(an)
g 0 0 q

F(q) =
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Colloid: homogeneous sphere of radius R

10°

10" |

10°

107!

-2
10 1 2 3 4567840 20 30 405

QR

F(Q)

107 F

1074 |

10° |

10°° |

107 \ - ' | : ]
0 ] 10 15 20

QR

See lecture 4 of GG
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Single Particle Scattering in Dilute Systems

For homogeneous particles y(r) is just the
overlapping volume

Average over all directions for a given r = |r|

(o) = (|F (@) ) = 4] 7(r)-r2.5‘”q(fr) dr

v(r)-r¢ = p(r) = Pair Distance Distribution Function
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Guinier-Approximation

1) From the formulas

Two derivations: 2) For polymer systems

1(q) = <‘|: (q’)\2> = 4%_[ y(r)-r?- Smcfgr) .dr q—0 Forward scattering
0

1 3
sin(gr) qr—6(qr) ¥
qr qr

We use:

:1—%(qr)2 +O((qr)4) Taylor series expansion
forgr->0orq << 1/r!

1(q) = 47zIy(r) r? -(1—%(qr)2j .dr = 47{13;/(0 r2dr —Iy(r) r? é(qr)zdr}

1(q) = 47ZT7/(I’) -rédr —47z£q2]2;/(r) 2L pogr - 47:Ty(r) rédr-|1- qR;”
0 3‘% 0 3

1(g=0) R E;Iy(r)r“dr/zy(r)rzdr

1 \ il

ZRGZ _qZI:GZ
1(q) = I(O)-[l—qTJ ~1(0)-e Radius of Gyration R, = \/ﬁ > (mE?)
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Guinier-Approximation — for polymer systems

\/— mF°) SayM=NM, R.>=—

f)
=%21N<ﬁ ) =R, =;Z.N1<[r. —%rj

a~mean length

Point-like coIIoid segment o-scatterers, N segments

/ — /./ HORE jp(r)p(r)e 95 g g,

1

N
Replace integral by discrete sum: <| F (q’)| > — W Z<e—lq(rj—rk)>
j k=1
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Guinier-Approximation — for polymer systems

-2 1)

j k=1 j k=
<.>-0
(e, ~r0) =Ja*{Jr, ~ 7" coste)®) = s a*([F, -5 [")

H_/

Only r-dependence, no 6-dependence

(F@f)== Z(l——q (7 -7 >j

k=1

:;[NZ _%q211;1<‘(r 1)) >j

(@)= {3 26

1(9=0)
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Guinier approximation - spheres

\/

1/

I(q)

10

~
-

0.0001 ¢

0.1 0.2 0.5 1 & 5 10 20 gR

| (q) = | (0) i exp(—% Réqzj Radius of Gyration R,

Monodisperse spheres of radius R:

B 1.2 2
In(l)—lnl(o)—gRG'q R, =+3/5-R
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Guinier Approximation

=
5 ¢ e
R2
liml(q)=Ap*-V*-exp(-q° - %)
4 q4—0 3
3 Radius of Gyration R,
. Monodisperse spheres of radius R=2nm:
1
(U
R, =+3/5-R=1.55nm YY)
0 ‘ “
0.0 0.1 1 10 ‘
q [nm~]
2nm Colloids @@ Y X
.‘. o0 ..
® ®
Very useful to get a hand on length scales!
Sometimes only valid in limited g-range
18

Methoden moderner Roentgenphysik | - Vorlesung im Haupt/Masterstudiengang Physik, Universitat Hamburg, WS 2008/9 S.V. Roth



Porod‘'s Theorems - |:

Two-phase system
F(d) = j pi(Ne T+ [ p,(re " d’r

(I) pl (1-0)V
F@= [(o—p, ) dr +p, [ d’r
(I) <1;V Vv
1-@, = [ —igr =
P F (@) = [Ape™d7r + p,5(0)
Ap=p-p,=contrast v
2\ () Only density fluctutation contribute to the
77(I’)—,0(I’) <'0> measured signal at finite q:

EVAVAVANDNA PPN NOE I(d)—< ) 5(d)
(1) =(p*) () Q=[1,(a)q = (27) (’)

Isotropic: . . o .
P Q is called ,invariant® because it does

_ 240 — 92 . B .(1_D). 2 not depend on the structure but only on
Q _.[I(q)q dq=27"-@-(1-®)-(Ap) volume fraction and contrast
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Porod’'s Theorems - |: Derivation

Total intensity: ..I(q)dq: j dg j y(F)e™"d’r = j y(F)S(F)d°r = »(0)
[1n(@dat, @ =(p*) —(p)
7(0) = [ p(R) p(£)dr, = (p*)
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Porod’'s Theorems - Il: large @

Scatterd intensity:

~ |47R° p,

(sin(gR) —qRcos(aR))|

3
(aR) |
10
)

107" N
10' _2 N

10 ~

— 107 w
= >
107° RS
4
10°%
107
1 2 3 4 5678010 20 W 0%
QR
1078
"]—? 1 | [
0 5 10 15 20
QR
21

IA

~

Look at maxima of form factor

g, S(AR) ~GRCOS(@R))
()
. sin(qR)Jqucos(qR)j2
7Py 3
©)

(5] (o)

=

Surface of sphere

Methoden moderner Roentgenphysik | - Vorlesung im Haupt/Masterstudiengang Physik, Universitat Hamburg, WS 2008/9 S.V. Roth



General

Two phases with sharp interface

lim 1 (q) - gAp)z o

For large q intensity

decreases with g LE-02
Means to determine 8.E-03
specific surface o/V o - .
6.E-03 - Porous silica: smooth interface
T . 60m?/g
4.E-03

R
&
2.E-03 -
03 4
i

0.E+00
0.00 0.10 0.20 0.30

Porous silica: rough interface
no Porod limit
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Latex spheres

Structure factor O 4
O o0

Low ¢ P(q)
1(9) = S(a)P(q) High ¢ S(a)P(a)
00O
o OO
0c° O

Gaussian distribution
of particle sizes

Shift in maximum:
Decreasing distance

[Hu, 2008] q [nm-l]
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Latex spheres Low ¢ P(q)

1(q) = S(q)P(q) High ¢ \Sﬁ@

10

Structure factor O
O

01 r

le-005 [

1e-006 [

1e-007 01
Log g [nm]
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Small-angle X-ray scattering

»Introduction — Theory of SAXS
»Form factor

» Approximations

» Structure factor

»Beamlines

»USAXS

»Microfocus & nanofocus x-ray beams

» Application to polymer systems
» Thick colloidal films
»Deformation
»Cracks & crazes
»Tomography (3D-reconstruction)
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Resolution of a SAXS Instrument

Guard Slit (S,)

Aperture Slit (S;)

A

1 D S/+5S,

S. .| = :
21277 (F-D)-S,

Lres — ﬂ/
2 -sin(O.S tan™ mj
D

m
m
Sample Position D Detection Plane
[« >
700
600 -
500 -
£
c
2 400 a=0.7mm
S / S,= 0.4 mm
= F=21.8m
>
©° 300 A=0.15nm
(%]
[}
% 200 -
100 /
0 T T T T T T T T T
05 23 40 58 75 93 11.0 128 145 16.3

Distance Sample-Detector D/ m
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SAXS Instrument - Example BW4 - USAXS

Guard slit
2 mm
Slit 1
Fixed exit  0.4mm Sample Detector
Monochromator . Beamstop l
_ (Si-111) \ 2nd errc_>r v
1st H slits V focussing
| V tilt 1st Mirror
Wiggler absorber H focussing
Pt coated Si Focus on Detector

il /,I.
LSD=1.8m - 13m
L I A —

[
Il

] | |
O 202 277 31.7 32.2 32.6 354 42 44
Distance from source [m]

Resolution (maximum observed correlation distances) depends on sample to
detector distance: 90 nm to 700 nm, photon flux 5-10° sec! (monocromatic)
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Microfocus @ BW4

Guard slits
(1Tmm*1mm) Detector
Monochromator
(fixed exit) Mirror 2  Lenses Sample (CCD)

A vert. focussing(Be-CRL -15)

Slits 0 I l

Beamstop

(horizontal slits)

Absorber
(vert. tilt)

Wiggler

| | | | | | | | | ]
| | | ] | | | | |

0 20.2 27.7 31.7322 354 50.0 420 50.0

horiz. focussing
(Pt coated Si)

!

1
1
1
1
1
1
1
Mirror 1 |
1
1
1
1
1

Focus on Sample
Si(111)

Distance from source [m]
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Small-angle X-ray scattering

»Introduction — Theory of SAXS\
»Form factor

o —
» Approximations

» Structure factor B,
»Beamlines
»USAXS
»Microfocus x-ray beams
» Application to polymer systems
» Thick colloidal films
»Deformation
»Cracks & crazes

» Tomography (3D-reconstruction)
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SAXS at Polymeric Core-Shell Particles (Photonic
Crystals)

fcc (111)

Core: PS (hard)
Shell: PMMA (soft)
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Colloidal Crystals in Latex Films

Core: Polystyrene

Shell: Polymethylmetacrylate - polyethylacrylate

Fcc lattice

31

logarithmic intensity

4.0

3.5

3.0

2.5

L L B

0.03 0.04

0.045 -

0.04 - Blue: 145nm
Green: 189 nm
0.035 | Yellow: 200 nm
Red: 217 nm

0.03

-
-
-

N

Oblu

* 5=0.0069n

s =0.0053n
s =0.0050n
s = 0.0046n

e

ogreen

Avyel
Hred

low
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Deformation of polymers - SBS

Triblock-copolymer
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Deformation of polymers - SBS

r

«—— Clamp movement

visual

AL/ At = 0.05mm/s
t,cq=00s
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Deformation — cracks & crazes scan 1 scan? 2

S 50
P
a b c =
o 250
A 3
Scan1 Scan 2 =
I 400
9 o
c O
£ b )
SEN . 750
5|/ 21 S
= .é 1000
70 pm ]_ |
LA s - o
9 mm 400pm 100 pm | % 1150
L
0° 1950
q=0.79 nm~1

Roth et al., J. Appl. Cryst. 36, 684 (2003)

Strong overlap to materials science
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Deformation — cracks & crazes

Roth et al., J. Appl. Cryst. 36, 684 (2003)

a |
1E+UE T =l T T T T T T T T T T T T 15
1e+05
1e+04 % 10 F
i
- 5
1e+03 = 5 Scan 1
o
{e+02 E E
=4 = 5 I
1e+01 E z
1e+0d 0 L tllld _|I| l
1e+06 b
15 r
1e+05
1e+04 _ P
3 o 10 F
1e+03 F 45, B
2 5
12402 8 T Scan 2
£ 0
= E 5
1e+l1 é
1e+00 _ |
: [, s 100100 1
44 Ll a1 a7 113 1249
Angle a [
Statistics!
q=079nm"] Thick sample
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SAXS-Tomography

Tomography => 3D reconstruction of objects

I(r.8) =1y | dsf(¢.5.1)pqs(x.3)8(.5.0).

f,9: ~exp(-uL)
-> absorption coefficient p

p~r(Vi)~S(q)"P(q)

X-ray beam

\
0))

Detector rotation

translation

olume element Vi: Scattering center

> Greek: tomé (cut) & graphein (write, draw)

» Produce a virtual cut through object without actual slicing

» Mathematical technique for extracting a certain feature, e.g. absorption
coefficient from the object, starting from integral of this feature.
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Tomographic Reconstruction of ySAXS Pattern (BW4)

Irradiation direction of a volume element is
varied step-by-step during the tomographic
acquisition

lonisation- Sample

chamber |,

Beamstop

:

top view of

sample region

_____________________________ microbeam

translatmn mtatmn
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Tomographic Reconstruction of ySAXS Pattern (BW4)

CTMR

Lupolen 6021D by BASF

Beam size 60x30um?
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Results

For each translation and rotation (r,¢) => one value for Iq(r,¢)
Solve system of linear equations to extract p, ,

| | |
- ¥S)
I(r.¢)=1, ’ dsp.elx(s.r).y(s.r)] ~ D Pay [X(5c, 1)), (5. 1))] : -
) Ead k Ve
SAXS cross section Tt :
attenuation scattered intensity [ f \
-_(DI L | I 1
- q —
FTrrr1rr-1mm
. )
Imm
Integral of curve = grey scale N
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Results
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