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Lecture 1: Different Faces of Soft Condensed Matter

An introduction to soft materials, why they’re soft, and how we measure softness. See course overview

and structure for context.

Prologue: Opening Poll

"Name one soft material you've touched today."

Soft matter is everywhere in daily life—from the water in your shower and shampoo to the bread on your
table, tissues, foams, and gels. This simple question anchors a deeper truth: the materials we interact with

most are soft.

What is Soft Matter?

Definition

Materials easily deformed by modest stresses, thermal fluctuations, or interfacial forces; typically
organized by mesoscopic building blocks (droplets, bubbles, grains, polymer coils) held together by
relatively weak interactions.


https://blogs.comphy-lab.org/Lecture-Notes/Intro-Soft-Matter/1-Intro-Soft-Matter.pdf
https://blogs.comphy-lab.org/Lecture-Notes/Intro-Soft-Matter/0-README
https://blogs.comphy-lab.org/Lecture-Notes/Intro-Soft-Matter/0-README
http://127.0.0.1:45179/

Everyday Snapshots

Water + Gelatin = Gel

Observe the transformation of gelatin and water:

Liquid state: Individual molecules move freely

Cooling: Gelatin chains form a crosslinked network

Solid state: Wobbly, flexible gel structure

Mechanism: Structure held by weak (often reversible) interactions, not rigid covalent bonds

The gel feels solid (can hold shape), yet wobbles easily when pushed—a hallmark of soft matter.
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Beer Foam (Foam =)

Good foam (left): Stable bubble structure with clear thin walls Bad foam (right): Bubbles coalesce
and collapse

Foams are gas bubbles trapped in liquid with surfactants stabilizing the interfaces. They exemplify soft
matter because:

e Structure held by surface tension (weak force)
e Easy to deform under modest stresses
e Flow and rearrange under sustained forces

e Evolve over time via coalescence and coarsening



a Quasi-2D foam

Liquid film

d Rectangular @ Radial
b Open bubble raft C Confined bubble raft Hele-Shaw cell Hele-Shaw cell
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Reference:P. S. Stewart & S. Hilgenfeldt, Annu. Rev. Fluid Mech., 55:1, 323-350 (2023)



Shaving Cream

A dense foam of gas + liquid—microstructure determines function:

e Spreads easily (flows under shear)
e Holds shape temporarily (stores energy)

e Responds to manual deformation (viscoelastic behavior)

o KeyInsight

In many soft materials, surface tension, entropy, and geometry govern structure and mechanics far
more than stiff, covalent bond stretching does.



Why is “Hard Matter” Hard?

Atomic Scaling Argument

\
|
|
1
/

\
|
|
1
|

\
|
|
1
/

N
\/
N\
\/
N
\/

/
i
|
\
!
!
\
!
|
|
\

\
1
|
1
]

\
||
|
1
]

\
1
|
1
]

.’
{
|
\
|
'.
\
.’
{
|
\

a = 0.1 nm

When you compress a solid, you push overlapping electron clouds closer together. The bulk modulus
scales roughly as:

K~&
a
where:

e [ =interaction energy per atom (~tens of eV, from Coulombic/quantum mechanics)

e g =atomic length scale (~1 Angstrém)
This is the correct scaling: interaction energies packed into atomic volumes yield enormous bulk moduli.

Numerical Estimate

Coulombic energy at 1 Angstrom:



Two unit charges separated by = 1 A give: U = 47350 f—; ~ 14.4eV

Converting to modulus:
Using the conversion 1 eV/A3 = 160.22 GPa:

K ~ % ~ 2.3 x 10° MPa

(Higher estimates using Bohr radius aq =~ 0.529 A andU = 27.2€V reach ~ 2.9 x 107 MPa—the key
point is the scaling, not the exact prefactor.)

Reality Check: Bulk Moduli of Real Materials

MATERIAL K (MPA) K (GPA) NOTE

Diamond 4.4 x 10° 440 Hard to compress and hard to shear
Steel (1=6=1-7)-x 10° 160-170 Hard to compress and hard to shear
Water 2.2 x 103 2.2 Hard to compress, liquid (no static shear)
Rubber (1-2) x 102 1-2 Hard to compress, soft in shear

¢ Important

Most condensed matter is hard to compress (large K). What makes something feel “hard” in
everyday life is actually the shear modulus G, not the bulk modulus. Everyday “hardness” =
resistance to shape change, not resistance to compression.

Why is Soft Matter Soft? — The Entropic Shear Modulus

For soft solids (rubbers, gels, polymer networks), the small-strain shear modulus arises fundamentally
from entropy, not stiff bond stretching:

G =nkgT or Gng;ST

where:

e n =strand/crosslink density (number per unit volume)



e ¢ =mesh size of the network (typical strand spacing, 10-100 nm)

o kgT =thermal energy (~4.1 x 10™2! J at room temperature)

/" Note

This relation applies specifically to semi-dilute polymer networks forming blob structures—see
Polymer-Concentration-Regimes-and-Blob-Networks for details.

Microscopic Origin: Stretching Reduces Configurations

At the chain level:

Stretching a polymer coil reduces the number of configurations it can adopt

Entropy decreases when stretched

System resists entropy loss with restoring force: F' = —Tg—i

Unlike a metal spring (stiff atomic bonds resist), this force is statistical
From one chain to a network:

Crosslink i strands per unit volume = the free-energy density is:

F/V ~nkgT = G =nkgT

For nearly incompressible materials (Poisson’s ratio v — 0.5):

E =~ 3G

Practical Examples

With kgT =~ 4.1 x 1072 J at room temperature:


https://blogs.comphy-lab.org/_AtomicNotes/Polymer-Concentration-Regimes-and-Blob-Networks
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