Phase transitions

Gas-liquid, liquid-solid, liquid-liquid etc.
Polymer solution-gel

Glass-crystal

Separation of liquids

Nematic-smectic liquid crystal transition
Self assembly

Denaturation of proteins



Origin of a phase transition: (at least one)
- order parameter
1t order p.t. order parameter changes

2nd order

discontinuously on a
continuous change of
iInteraction parameter

continuous change



A phase transition involves a decrease
of the free energy:

Helmholtz's free energy F:
F=U-TS < entropy Constant 7 and V
internalll\energy
Gibb’s free energy G:
G= I’FI- TS Constant 7 and P

enthalpy



The regular solution model

Very simple model - used in a variety of
problems in physics

FA + F A+B
Free energyofmixing F . =F —-(F,+F,))

mix A+ B A B

VA — molecules

Volume fraction ¢ ¢, =
system

Incompressible liquid ¢, + ¢, =1



Liquid-liquid unmixing regular solution model

Assumptions:

Molecules occupy lattice sites (z nearest
neighbours)

Probability that site is occupied with A or B
molecules is independent on what occupies the
neighbours

-Mean field assumption
Energy is pairwise additive - molecular interaction
only between nearest neighbours

8AA ’ 8BB ’ 8AB



Entropy of mixing (per lattice site)
S =—ky » p;Inp,

In the mixed liquid there are only two states for each site.
The probabilities are ¢, and ¢y.

Six =Sup =Sy +8;) ==k (¢, Ingp, + ¢, 1In¢,)

S, and Sy are naturally =0



Energy of mixing (per lattice site)
1 1
Uin = E(qufzngA + 205Ep, + 2Z¢A¢B£AB) - E(Z¢A8AA T Z¢B€BB) =

= 2[(03 =0 Jeus + (85 - @0 )eun + 20,9100

<
2k,T

Writing: X = (28AB —&an T SBB)

!

Interaction parameter

weget: U, . = x0,0;



Fmix per site [khT!

Free energy of mixing (per lattice site, in units of kgT)
F . S T
mix __ U T mix

k. T mix k. T = ¢A In ¢A + ¢B In ¢B + X¢A¢B

¥<2 min@ ¢=0.5
¥>2 max@ ¢=0.5
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In (a) the initial composition is
stable. Any phase separation
leads to increase of F.

In (b) compositions between ¢,
and ¢, will lower their F by
separating into these
compositions.

Compositions joined by a
common tangent minimise F.
These are called coexisting
compositions.

The locus of these compositions
(when y is changed) is called the

coexisting curve or binodal.



Free
energy

* ¢, Is stable to small

fluctuations, even if not
globally stable. ¢, is a
metastable composition.

* ¢, IS unstable to small
fluctuations. Phase
separates immediately.

Volume fraction

0°F

>0
Jg

A composition 1s metastable when
The locus of this composition as

% 1s varied 1is called the spinodal.




Interaction parameter y

(]

We can now construct a
phase diagram

There 1s a critical temperature,
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- Coexistence
curve

T. (or .) between temperatures
where all compositions are
stable and T where there exist
compositions which will phase
separate. This 1s where the
spinodal meets the binodal.
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For polymer-solvent mixing
use Flory Huggins theory

« Asymmetric free energy
curve.

* Restrictions due to the
connectivity of the
polymer.

 Internally inconsistent

« See Hamley,
“Introduction to soft
matter”




xN - degree of incompatibility
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Examples of phase diagram
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Kinetics of phase separation

Unstable Metastable

J 4 \

Spinodal decomposition Homogeneous  Heterogeneous
nucleation nucleation



Kinetics of phase separation

,‘ N * Any fluctuation amplifies
v X ¥ continuously.

« Material flow from regions
of low concentration to
regions of high in contrast

to normal diffusion.

Spinodal

decomposition .
conc.




low

—_ . : ol
In equilibrium the chemical potential uox—
has to be uniform. 2
2 .
In metastable region: i Ij ~0= M50 Correspop dlng N
P P normal diffusion
2
In unstable region: ‘ I; <0= o <0
op op

Uphill diffusion



% % Characteristic length
scale of fluctuation

(a) ' \

0 Too long wave length is
— = — = slow due to diffusion over
long distances

(b)

Ty vy vy Too short wave length yields

R/ AR A

A b 4 s L 4 i ahighcostinsurface energy

(c)

. Quantative analysis: Cahn-Hilliard



Kinetics of phase separation -
metastable compounds

Metastable compounds undergoes the
transition through an activated process called
nucleation.

Compounds are stable to small fluctuations
but are not in global minima.

A drop of the coexisting compound must be
created by thermal fluctuations even if this
increases the free energy.

This drop, or nucleus, must thereafter grow
until the free energy change is negative.



Kinetics of phase separation -
metastable compounds

Homogeneous nucleation

 The activation is due to the creation of an
interface with a characteristic surface tension,
vy associated with a surface energy.

* There is both a positive and a negative
contribution to F

AF (1) = £m3AFv + 4gr’y
3/ \
Energy change per Surface energy
unit volume on due to interface
complete separation



Kinetics of phase separation -
metastable compounds

Homogeneous nucleation

0 k
—AF=0 © yF=r
or
r* — _ﬂ " +ve Surface
5 AG* | .
AF(F*) — AF>x< — g 0= \\'I’otal
° ~ \
E AN \
167y’ : \ \
= > O e \\ Bulk
3AF A
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Kinetics of phase separation -
metastable compounds

Homogeneous nucleation

Probability of forming a nucleus which can grow is:

P =exp(-AF */k,T)

Surface

typical values gives significant LT
nucleation growth ~10 K below T
Usually we see crystallisation just
Below T, Why?

AG* |

0Ofj— —

Gibbs free energy change AG

Example is from Jones. e

Gibbs free energy of - \
0 r

liquid-solid transition.
same principles apply



Kinetics of phase separation -
metastable compounds

heterogeneous nucleation

AF * 1s decreased by the presence of an interface.
Container edge, dust particle (airplanes...) etc.

(1-cos8)*(2 + cosB)

AF) =AF, 1

Liguid
Ts] d

Solid




