What is soft matter?

Pierre-Gilles de Gennes (Nobel prize in physics 1991):

"All physicochemical systems that have /arge response functions.”
(That is, a mild external influence has a big effect)

Helmut Méhwald (Editorial board member, Soft Matter):
"Materials that are held together by non-covalent interactions.
These interactions are typically weak, often on the order of kT
and thus comparabie to entropic forces.”

Richard A. L. Jones, in Soft Condensed Matter:

"Materials in states of matter that are neither simple liquids nor crystalline
solids of the type studied in other branches of solid state physics.”

Before tackling actual complex soft matter systems, we need to understand
(amongst other things) these response functions, non-covalent interactions
and entropic forces.



Example: Rubber boots of the Amazon indians

Sap from a rubber tree is
collected and spread on
the feet.

At this stage the long
molecules comprising the
latex liquid can easily slide
over one another.

them together.

The latex on the feet
hardens, resulting in
rubbery "boots”.

Significant change in mechanical properties
due to mild chemical action.



?Structured fluids”
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Complexity — chocolate as an example
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Even such simple and every-day substance as chocolate
has a quite complex structure and mechanical properties

The term for soft matter widely used in, e.g., North America is '‘complex fluid'.

However, note that there are soft matter systems that are not really fluid: rubber,
gels, ...



Mechanical properties

Viscoelasticity: substance exhibits both viscous and elastic ax )
properties, depending on the time scale over which an external 2 /,’ Dy
stress is applied (dough, silly putty) T ’* '," !"
/ 1/ o/ /
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Dilatant materials: Apparent viscosity increases with K r - _d=)
n . = n A _g, l
the rate of shear, "shear-thickening” (c) (concentrated ]
solution of sugar in water, suspension of corn starch) ¥
< Area A
Pseudo-plastics: Apparent viscosity decreases B / B / E
with the rate of shear, "shear-thinning” (b) (clay, § . -
_ milk, blood) /

o
Thixotropic: Apparent viscosity decreases with
duration of stress (ketchup, honey, paints)

Effective viscosity
Effective viscosity
Effective viscosity

Rheopectic: Apparent viscosity increases with
. duration of stress (some lubricants) @ ®) ©

Importance of the conformations, relaxation times, and aggregation processes
of the microscopic particles dispersed in the substance (cf. chocolate)



Some Examples of Soft Matter




Colloids

Paints



Classification of colloids

Colloids consist of one or more phases, with some characteristic dimensions
between ~ 10 nm — 1 ym, dispersed in an external phase.

External phase
Dispersed phase Gas Liquid Solid
Gas - Foam Solid foam
Liquid (Liquid) Aerosol Emulsion (Solid) Emulsion
. . Sol, : i
Sond RO At colloidal dispersion Solid suspension

Colloids with a liquid external phase can also be classified on the
tendency of the dispersed particles to aggregate:

Lyophilic: dispersed particles tend to stay dispersed throughout the external phase
Lyophobic: dispersed particles tend to spontaneously aggregate



Michael Faraday and gold colloids

In 1857, Michael Faraday observed the properties of a
dilute solution of colloidal gold. Under normal
conditions, the such a colloidal dispersion has a clear
red color. However, adding some NaCl into the
solution made it turn blue.

S

Faraday realized that the change in color had to do
with the sizes of the dispersed particles:

In a dispersion, gold colloid particles (< 100 nm) absorb on
the green and blue parts of the spectrum, but transmit on the
red part. Furthermore, the gold particles are all negatively
charged, thus electrostatically repelling each other.

Adding salt screened these repulsive interactions, and the
gold particles started to coagulate. The formation of larger
aggregates then resulted in the scattering of blue light from
the dispersion.




Scribes of the ancient Egyp

1) Traditionally, ink was made by dissolving
particles of carbon black in water.

2) However, within a day or so, the particles
started to flocculate and sedimented at the

bottom of the container.

3) Adding some gum arabic (~,~) into the

solution sterically stabilized the colloidal

particles, making the solution more stable.
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Einstein relation

In 1905, Albert Einstein published his PhD thesis on osmotic pressure. Developing
the ideas therein further, later that year he published one of his ground-breaking
papers of that year: the theory of Brownian motion.

Deriving a result, which nowadays is called a fluctuation-dissipation theorem, Einstein
showed that the diffusion coefficient of a particle undergoing Brownian motion is

D kgT
o ! & Friction factor of the particle;
Ko the frictional force is given by F ., =-{v

Specifically,

D= kgT For a spherical particle much larger than the
6m'] R sovent molecules (Stokes-Einstein equation)

The relation between the diffusion coefficient D and the displacement of a particle
undergoing Brownian motion is

D = lim ﬁ(r2 (1)) whence, for long enough times t (r2 (1)) =2dtD
{00



2. Brownian Motion

Random walk

Continuous bombardment of solvent molecules.

Constant fluctuating net force: Particle moves.

--- Colloidal particles undergo Brownian motion
-— Energy associated with bonds are comparable to thermal energies.

Wriggling of polymer chains
(a) (b)
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Amphiphilic systems
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Drunken sailor = random walk in 2D




2. Brownian Motion

kT
67 NR

Diffusion D =

Stoke-Einstein equation

Typical D of molecules in liquid: = 10-* m? s-1.

Large polymers move slowly

D=~10""m2s!.

Micelles in water

D=2x10"m2s'.




2. o€II-ASSEMDIY
Bt 3. Self-Assembl

-— Remarkable property of soft-matter

- Surfactant - Complex equilibrium structures

— Drug delivery systems

...........

. -— Nanoreactors for nanoparticle synthesis

........

Building of supra molecular aggregates




Micelles

Palisade,
Layer structure

@~ Surfactanmt v Grease
Emulsion Solubilised

. .

Substrate

Foam stabilisation

000 — 999

Excess water drains away causing the
sphevecal arrangement 1o pull together
and form a polyhedral structure




Polymers

Linear chains

Branched chains
Dendrimers

v

Polyelectrolytes

Grafted polymers



Liquid crystals




Nanoscale or Mesoscopic Ordering in Soft Materials

No long range translational order (liquid-like)

Orientationally ordered (tend to point along the director).

,/’N .: Mo
N-(4-methoxybenzylidene)4"-butylaniline (MBBA) CHaio @‘3 - |



_-Liquid crystal .____
dircctor

Long range onentational order

Polarizer (Horzl. film)
Glass-ITO-H ridges
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Polarizer (vertical film)



Lyotropic Phases

Micelle

Lamellar

1D translational order Hexagonal phase

2D translational order

Much softer than graphite.

Cubic phase

3D translational order

Ali buiit from supramoiecuiar aggregates.




Nanoscale or Mesoscopic Ordering of Soft Matter

Block Copolymer Morphology




Surfactants

= Surface active agents; substances that reduce the
surface tension between two phases (e.g., water and oil)

RhR ’ﬁééﬁ%kfé*&”f‘;b‘?i:w ’i*é’s"f%

water

Emulsifier in action

Important role in detergents, inks, ski waxes etc.

Surfactants are also often featured in self-assembly processes, where energetic
and entropic effects determine the structure and dynamics of complex aggregates.

Water has a special place in soft matter physics. In addition to its biological
importance, water has many unusual properties and is often regarded as the
universal solvent.



Biological systems

Common features of living systems

1. Organization — cells as basic building blocks
2. Metabolism — energy in, garbage out

3. Growth — increase in size

4. Adaptation — can change its environment

Coan 5T By

5. Response to stimuli — often via motion Cell: cannot get much more
complex than that.

6. Reproduction

Soft matter is ubiquitous. We are all soft matter.



Examples of length and time scales
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Features of Soft Matter

1. Intermediate length scales: between atomic and macroscopic:

Meters

1010 m 01 102 10° 107

% Colloidal systems

N
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Summary

Soft matter

* |s susceptible to small external influences
("large response functions”)

* Has a complex microscopic structure, EE_
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* Means such systems as colloids, e az

polymers, liquid crystals, surfactants, Sl -
. ; RO (B P RO
and biological matter .

= Exhibits a huge range of different time and length scales




Characterization Techniques for Soft Matter

1. Microscopy

—- Polarized microscope

—- Confocal microscope

— Scanning Electron Microscope (SEM)

- Transmission Electron Microscope (TEM)
— Atomic Force Microscope (AFM)

Maki-et'M RN

2. Scattering methods

—- Light scattering (LS)
— Small angle X-ray scattering (SAXS)
— Small angle Neutron scattering (SANS)

3. Rheology
4. Electrokinetics

5. Calorimetry & Spectroscopy
— DSC, NMR, IR, Raman

6. Computer Simulations



Self healing
materials

Artificial

Controlled muscles

release
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Sensors
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Micro-fluidic
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devices
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Shape changing fibres

Polymers and their applications in multi-fields
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. ® electron

Diagram of a DC Plasma Reactor
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Metal Plate A
’ | Glass
Chamber
(Anode) - i
Plamsa region
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Metal Plate A: l\flass'flow controller
B: Pirani Gauge
B PPy: Pyrrole monomer
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Schematic representation for cold plasma polymerization thin film deposition setup



AFM images corresponding to PPy thin films prepared at
plasma powers (a) 10 W (b) 30 W and (c¢) S0 W




Absorbance (arb. units)
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UV - visible absorption spectra for plasma polymerized PPy films at various plasma powers
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Impedance measurements for PPy thin films as a function of plasma powers (a). The variation real impedances as a function of
applied frequency in the range 10 mHz — 100 KHz. (b). Nyquist plots (2" versus Z") for grown films at various growth conditions.
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Behavior of estimated dielectric constants of grown films as a function of frequency (solid black line represents the fit).
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Cole — Cole plots for plasma polymerized PPy films
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Atomic force micrographs for ‘PVA/AgNPs’ thin films various
temperatures (a) T =20 °C (b) T=100"°C (¢) T=200"°C
(d) variation of rms roughness
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Plots of the dielectric permittivity vs. log of frequency (log f) as a function of temperatures for ‘PVA/AgNPs/PVA’ thin films (MLTs).
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Fitting results for dielectric spectrum of ‘PVA/AgNPs/PVA’ thin films (MLTs) at T =100 °C: (a) real part, (b) imaginary part.



