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Lecture 1 — Structure & kinetics — SANS

Introduction
soft matter & relevance of neutron scattering

Single objects: spheres, coils, rods...

Single chain polymer conformation
(solution and blends)
Polymer blends: interactions, conformation & dynamics

(equilibrium and phase separation)
Lecture 2 — Interfaces and dynamics

Reflectivity and diffusion
Dynamics in soft matter, QENS, BS, Spin-echo

| Forster et al (2011)



Soft Matter

“molecular systems giving a strong response to
very weak command signal”

Condensed matter: states are easily deformed by
small external fields, including thermal stresses and
thermal fluctuations.

Relevant energy scale comparable with room R

temperature thermal energy.
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Complex fluids: including colloids, polymers, surfactants, foams, -
gels, liquid crystals, granular and biological materials.
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Movie: complex fluids are generally non-Newtonian... and structured
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Neutron scattering is key in soft condensed matter
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Scattering length (fm)

Neutron scattering is key in soft condensed matter
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Polymer key properties

Molecular weight, N ﬂ@«, (size)
Polydispersity 125];2 ﬂ 2 ﬁ (distribution of sizes)

Tacticity WW %W&%

CpOCH; CPOCH;
TTGHTTCH, T CHTTCH, T QH T CH, T CHT CH, T
COOCH; COOCH;

COOCH CpOCH; ﬁOOCH3 CPOCH;
_CH CH,  CH™CH, " CH™CH,  CH™CH,—

Glass transition (solid-liquid)

Crystallinity

Interaction parameter ¥ . Combine properties to
make new materials!



Soft matter: DNA

THE STRUCTURE OF DNA
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http://www.mun.ca/biology/scarr/4241/W&C10.html
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Scattering theory reminder

Scattering cross section
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Reminder: Fourier Transforms

HE = he et dt

h) =) Ht ezt df

h(t) = Aei(t+d

HEf =] h(t) ezt dt




Reminder: Fourier Transforms

HE = he et dt

h) =) Ht ezt df




Transforms

Fourler
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SMALL-ANGLE NEUTRON SCATTERING

Monochromator  Colmator Sample Dietector
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Relationship between g A #and d

\

T .

q=——sin(0/2) small g ~ large d [large g ~ small d]
2 small A ~large g ~small d

d:F [large A ~ small g ~ large d]
/
light =500 nm Angstrom:
X-rays ~1A 1A =101m
neutrons ~5A Lom =104

Bottom line:

radiation of small wavelength A can ‘see’ smaller sample features d
(provided that contrast is sufficient).



Example: crystalline structure of polymer

Semi-crystalline poly(ethylene) PE

e \\\\\
lamella spacing is d ~ 20
\ \x nm

g =2n/d ~0.3 nm-

A .
=— 02
q /Ism( )

Wavelength Scattering angle

X-rays ~1A 0 ~ 0.27 degrees
neutrons ~5A sin(6/2) ~ 0.013, 8 ~ 0.7 degrees
light ~ 500 nm sin(6/2) > 1 impossible!

the smallest dimension probed by wavelength A corresponds to largest angle 6=180 degrees
(backscattering). For light d..~ 0.25 um, for X-rays or neutrons d.,~ 0.5 to 2.5 A.

In typical experiments, scattering angles range from 0.1 < 6 < 70 degrees



Form factor: P
Self-correlations
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Interference between scattered _radiation
from different parts of the same object

(analytical solutions for common shapes)



Multiple lengthscales

i ________ ()

________ HAN

q 271/q, J: 9, 3

27t/q3 Zn/qz

scattering spectrum corresponds to
different “magnifications”, thus several
approximations may be relevant



Scattering from a sphere
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Scattering from a (tiny) sphere

forward

N scattering

Incident beam

o, (nearly in phase)
10
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Scattering from a random coll
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Scattering from a random coll

gplz) = vl (z—1+e)
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Polydisperse random colls
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A polydispersity model

Number average M, = [ p(M)MdJIM

? {p(M)M2IM _ (M
Weight average M, = ‘{Z(MjMdM = EM%?

_ {e(MYMIIM _ (M;

7 — average M, = TP(M)MZaM = %




Useful form factors

2

Sphere of radius Ry PO = 3 (S (QR? ](égfg Cos ':QR;:' :':|
F

Disc of negligible thickness and radius R 5 7,20 R,r:'

(7 is a first-order Bessel function) (e F) o 2

Eod of negligible eross-section and length L 25.(0L) . Sirg? (OL172)
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http://www.ncnr.nist.gov/resources/

Structure factor: S
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Interference between radiation
scattered by distinct objects
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Interactions: Polymers in solution and melt

1953 Flory described the shape
and size of individual polymer
molecules in solutions and melts.

Ideal chains occur in 0-solutions (ie,

neutral solvent, 4,=0) or in melt. Chains

expand or contract depending on

Good solvent: Theta solvent: Poor solvent: interactions: 4 2 (Second Virial coeff, for
A,>0 A,=0 A,<0 solutions) or y (for polymer mixtures)




Polymer miscibility (1)

Flory-Huggins
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Polymer miscibility (2)
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lymer mixture
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Approximations: Guinier & Zimm

{Zuinier :

Al
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Interacting polymer mixtures

1 1 1.0 4 (B2 0 (B2t
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Equilibrium: SANS

1-phase scattering Orstein-Zernike Interaction yFH
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Equilibrium: Kratky asymptote

TMPC/PSd 70/30
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Non-equilibrium: Fluctuations & Phase separation

O Free Energy LCST
of mixing

Concentration do
fluctuations

Unstable: G”" <0
spinodal decomposition

Metastable:

Composition

2y

/ﬂ
N

nucleation & growth

Stable:
equilibrium




Phase separation: spinodal decomposition




Phase separation

% FAYAYA:

Aq,: characteristic length of phase
separation ~10s-100s nm

8000 1 330s TMPC/PSd 70:30 MM
258°C

)

6000 -

Intensity (cm
&
8

2000 -




I(auw) x 10¢

I(au)x 107

10 104
200 9
s - 260°C
8 —
103
é - 12
4 101
ok 0.005 0010 0015
2 f .. %
0 n‘."-#-‘m- I o285 50
0.000 .00z 0.004 n0aa 0008 0010
-1
g (&)
5 104
2008
10+
4l
103
i 102
p e a
0005 0010 00
1k
¥ 15s
0 = :

0.006 0.002 n.otn

q(ah

0.001

0.01

g, (AT

0.001

- -]
|

— 1|:|+

— 1|:|3

10

L 102

100 1000 10000

Time (5)

104

3
1

— 102

10

10t
10aaa

Trm (a1t

Im (au)

T*

v



Opportunities & recent developments

nano ) ) .
e n | /.Q\
structure L dynamics
0 & —
Temerature

o m

Thermodynamics & -

\%/
phase separation : C ﬁfﬂ

|
I
|
I
|
I
Ts |

]
Concentration (wt%)

Viscosity ratio

3) 2,762

Tuteja et al. Nat. Mat. (200



Polymer-fullerene blends

2
g
1nm Rg = 2-20 nm
substrate
h =5-500 nm

(=Y °-"“',’-1'4<g-§.

T R
- T A

Adv. Mater. 25 985-991 (2013)



Polymer solution conformation + fullerenes
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PS+5% C60 h = 100nm

GISANS & reflectometry

PRL 2010

PS + 5%Cs,
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Thin films

PS (2k), 30 nm 1% C60, 30 nm

PS PS + 5%Cq,
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‘Spinodal nucleation’

PS+5% C60 h = 100nm

Phys. Rev. Lett. 105, 038301 (2010)
GISANS & reflectomet ry Macromolecules 44, 4530-4537 (2011)



Organic Solar gll lifetime?
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MicroSANS: microprocessing

Intensity (c/s)
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Flow fields (and microfluidics?)

CTAC/ Pentanol/Water

400




Microflow complex fluids




Microflow complex fluids
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Mechanistic molecular insight SANS/XS
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Spatio-temporal mapping:

Coil-to-globule transition
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BLG in 6M urea
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New directions

MicroSANS: High throughput

002 004 006 008 041




Soft colloids under flow

Forster et al. PNAS 2011
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