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3. Thermodynamics of polymer solution and blends

1. Thermodynamic Classification of Solutions

The effect of polymerisation

mizture of » and »
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Second law of thermodynamics

AG = AH — A(TS) = AU + A(pV) - A(TS) = AA + A(pV)
G = Gibbs energy; H = enthalpy; U = internal energy; A= Helmholtz
energy, free energy; S = entropy, p = pressure, V = volume and T =
thermodynamic temperature

Mixing of two components : ideal + excess
AGmix = AHmix —TAS mix = AHmix —TAS mix,id TAS mix,ex

polymer coils

good solvent —s 1 ": .
X

+— theta solvent
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Thermodynamic properties of the polymer

solution depend on how “good” the solvent is

for the polymer as well as on the polymer

itself. The interaction between the solvent

and the polymer and the degree of

polymerization dictate the properties.

According to the various contributions, the solutions can be classified :

Type AG iy AH, i AS i exc Miscibility
Ideal —TAS jixid 0 0 Atall T
Athermal negative 0 positive Atall T
Regular negative negative 0 Atall T
Irregular negative negative positive Atall T
Pseudo-ideal =~ — TAS ;4 —0AS ixexc AH,;, /0 At 6
(theta) ~0
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930) [ipf:l

Lattice Chain Model

polymer

solvent

The system consists of n,, Sites. Each site can be occupied
by either a monomer of the polymer or a solvent
molecule. Polymer chains consisting of N monomers are
laid onto empty sites one by one until there are a total nP

chains. Then, the unoccupied sites are filled with solvent

molecules.

Volume Fraction Number of Molecules
Polymer ) np = nge/N
Solvent 1—¢ ng = ng (1 — @)

Entropy Mixing

7A‘S‘mix/(ansite) = %lnd) + (1 — d))ln(] - (;b) FlOl‘nyuggins

AS,« IS greater than the entropy of mixing for an ideal solution.
Greater number of conformations a polymer chain.

Flory’s x parameter or Flory—Huggins x parameter- INTERACTION PARAMETER

Enthalpy of Mixing

AG i =AU, - TAS

mix

solvent solution
X= AUmix / (kT Ns ¢p)

Interaction Change Upon Mixing

AU [(ng kgT) = xb(1 — ¢) Flory—Huggins

AU,,ix depends on the interaction through y. A system with the same
 has the same AU ;.

A solution with ¢ = 0 is called an athermal solution.
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3. Free Energy, Chemical Potentials, and Osmotic Pressure
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Helmholtz free energy of mixing

AAmix:AUmix 'TASmix

AAmix d) .
——=—Iho¢+ (1 —d)In(l — ¢) + yxod(l — ¢) Flory—Huggins
nShekBT N

Chemical Potentials

A’“‘LS ( d AGmix

kT

Osmotic Pressure

|
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Figure 2.6. Chemical potential App of the polymer chain plotted as a function of In¢ for the
ideal solution (dashed line) and for nonideal solutions of y > 1/2, y = 1/2, and y < 1/2.
An increase in N inflates the deviation of the solid lines from the dashed line.
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3. Free Energy, Chemical Potentials, and Osmotic Pressure

Osmotic Pressure of Polymer Systems

SIMPLE MEMBRANE OSMOMETER
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Determination of M, and A,

Osmotic Pressure (Pa)
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—=—van't Hoff
—3— Flory-Huggins

~ E.F.Casassa etal., ASD Technical Report 61-22, 1961

Polystyrene / Cyclohexane

T =317K(44°C)
Pps = 1.0405g/cc
Vien =111.0g/cc
Ye =0.5
0.005 0.01 0.015 0.02
Conc. (g/ml)
M <M,
A, >0 Ma
m - - 2
O P ——==—0——2 o o
=

fi/

.—"- Mn’z;A2>O

Ceg

0.025



3. Thermodynamics of polymer solution and blends

2. FLORY-HUGGINS MEAN-FIELD THEORY (1930)

x(M=A+B/T
The temperature independent term A is the so-called
"entropic part' of of y, while B / T is called the ""enthalpic

part'.

The parameter A and B have been tabulated for many polymer-

solvent and polymer-polymer systems.

L1 F CH/PVME

T=65°C
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Flory-Huggins parameter for polymer + solvent - systems

[ipf|

system T[°C] e

cellulose nitrate + acetone 25 0.27
polyisobutylene + benzene 25 05
polystyrene + toluene 25 0.44
PVC + THF 26 0.15
rubber + CCl, 20 0.28
rubber + benzene 25 0.44
rubber + acetone 25 1.37

04 |

TL/PDMS 170

WeDms
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions

Concentration Regimes for Linear Flexible Polymers

critical polymer concentration c *

%
R,
%

w%%
P
V¥ L

c «c*

Dilute
The polymer chain interacts
primarily with the solvent
molecules. The solution is close

to an ideal solution.

c =c*

Semidilute
The thermodynamic properties of the semidilute
solutions are greatly different from those of an ideal
solution extrapolated to the same concentration.
The existence of the semidilute regime is
characteristic

of the polymer solutions.

c:n] =1

Chains are overlapped and

entangled. Their mobility
is greatly reduced
compared with the chains

in dilute solutions.
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [lpf]

Concentration Regimes for Linear Flexible Polymers

3.5 v v
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FIG. 1. Phase diagram for polymer solutions as a function of relative concentration ¢/c¢* and
solvent quality z (see Section II for details). For display purposes, we chose monomer size b = 1

and an excluded volume exponent v = 0.56 based on experimental results.
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [lpf]

Concentration Regimes for Linear Flexible Polymers
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The critical polymer concentration ¢ * is determined as the concentration at the onset of the power law behavior of

the viscosity as a function of polymer concentration c.
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions

Osmotic compressibility (11/ ...,

v ¢
Nkl - N + (% - X)d’z + %(;_')3 + -+« Flory—Huggins, dilute solution
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Figure 2.7.| Osmotic compressibility (I1/I1;4.,) plotted as a function of ¢ for the ideal solution
(dashed line) and nonideal solutions with N"="T00 and y = 0.4, 0.5, and 0.55 (solid lines).
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [ipf:l
Virial E j
Irial Expansion 1—[ C N A ] . A . .\ B 1 |
— 2C 3C <o virial expansion
Nl M P
M ¢
(S
NN v 1 2
A e Ay = (3 = X )Navae(N/M)
Ay >0
TABLE 2.4 Relationship Between A, and y
I1 .- ideal + >Hidcal < 1/2
,,—""" Ay <0 0 =1lieal =1/2
..""' - <Hidcal = 1/2

12
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [lpf]

Coexistence Curve and Stability

The instability condition is given as

unstable

The line that separates the stable region from the unstable region is called the spinodal line.

13



3. Thermodynamics of polymer solution and blends

2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [Ipf:l
PHASE DIAGRAM AND THETA SOLUTIONS
8 b
7, [
T[]
I
0 ¢
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Figure 2.19. Phase diagram of polymer solution on temperature—composition plane. a:
UCST-type phase diagram. b: LCST-type phase diagram. The critical point is at the apex of
the coexistence curve and is specified by the critical temperature 7, and the critical composi-
tion ¢..

The temperature at the critical condition is called the critical temperature.

The phase diagram has the critical temperature (Tc) at the highest point on the coexistence curve- upper critical solution
temperature (UCST).

The phase diagram has the critical temperature (Tc) at the lowest point on the coexistence curve- lower critical solution
temperature (LCST).
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [ipf]
PHASE DIAGRAM AND THETA SOLUTIONS
a b
T
i | Ao <0
Tyl -—frmmrm e e
: Az >0
c 0 & 1
¢ o

Figure 2.23. Relationship between the theta temperature 7y with the critical temperature 7.
a: UCST-type phase diagram. b: LCST-type phase diagram. The second virial coefficient A,
changes its sign at 7' = T,

The Theta-temperature (A, = 0) is the temperature for the particular theta-solvent which minimizes interactions between
the polymer segments and the solvent. The theta temperature is different for each combination of polymer and solvent.
There is a slight molecular weight dependence of the temperature that renders A, = 0 when the molecular weight is not

sufficiently high. The dependence is much smaller compared with the dependence of Tc on the molecular weight.

15
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [lpf]

Solubility Parameter

Experimental determination of &:
Vs

X~ N kT (85 — 8p)* + 0.34 At AH, = 0, 8,= 8z having maximum intrinsic viscosity [n], which
AKB

means maximum coil expansion

AH,= nv,@p(6, — 53)2

AH, — RT

0.90

(S
Il
[n] in dl/g

0.80

0.70 | +

0.60 |

050 L . 1 | 1
18 20 22 24 26 28 30

Oy in Meni??2 — &
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2. FLORY-HUGGINS MEAN-FIELD THEORY (1930). Diluted conditions [lpf]

Solubility Parameter

Parameter

(hydrogen bonding)

HP=07 02
d (dispersion forces) +"'p (polar forces) +

Hansen's Three-dimensional solubility

The method is based on the idea that like dissolves like. This

is the case when the solvent and the solute have similar

Hansen Solubility Parameters.

HANSEN SOLUBILITY SPHERE

4

d4 (x2) J

R.Z = 4(d4z - 641)% + (Opp = 051)% + (O - Opp)?

Hansen Solubility
Polymer/Solvent Parameters *

50 5}’ éh' Aroraf
Polyacrylonitrile (PAN) 217 141 9.1 274
N,N—Dimethyl formamide (DMF) 174 137 113 249
Dimethyl Acetamide (DMAc) 16.8 115 102 227
Toluene 180 14 20 182
Ethanol 158 88 194 207
Ethylene glycol (EG) 170 11.0 260 329
Distilled water 166 16.0 423 482

17

The distance R, in the equation above can be compared with
the solubility radius of the polymer, R,,.
The radius of the solubility sphere is often called the
interaction radius and the ratio R, / R, the relative energy

difference (RED) of the system.

R,/ R, >1 — the compound is a non-solvent

R,/ R, <1 — the compound is a solvent

R,/ R, = 0 — the compound may cause swelling



http://polymerdatabase.com/polymer%20physics/Hansen%20Solubility%20Parameter.html
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3. Thermodynamics of Polymer Blends [ipf:l

If two polymers are mixed, the most frequent result is a system that exhibits a complete phase separation due to the
repulsive interaction between the components. Complete miscibility in a mixture of two polymers requires that the following

condition is fulfilled:

AG,,=AH_,-TAS, <0 a) The value of TAS,, is always positive =» there is an increase in the entropy on mixing.
AG, <0, 02AG >0 b) The sign of AG,, always depends on the value of the enthalpy of mixing AH,, AH,, < TAS,,
P2
p,T
AGyy immiscible

RT

(A) B)

Figure 2. Gibbs free energy for miscible and immiscible polymer
18 combinations
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3. Thermodynamics of Polymer Blends [

2 . 120
[a AGm} o Spinodal Phase

separated
region

a2

p,T

100 _
Binodal

80 Single
o phase
> region
T Metastable Unstable
o 60 region region Critical point (temperature)
Q
£
Q
-

40

Binodal
20 Phase
separated
region
0
0 20 40 60 80 100

19 Composition



3. Thermodynamics of polymer solution and blends

3. Thermodynamics of Polymer Blends

Temperature

20

A

Binodal: Nucleation and growth separation in small spherical
regions of the 2nd phase, which grow over time.

Spinodal: Phase separation as small overlapping worm structures
(interconnected phase domains). After spinodal decomposition,
coarsening of the structures in spheroidal domains.

Stable Region

AO

Polymer concentration

L
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3. Thermodynamics of Polymer Blends

Entropy of mixing for polymer blends

b4

ry

AS, = -R

21

nd, + P2 1nd¢,

A large entropy of mixing for small molecule solutions!

2 Enormous differences in the entropy of mixing for polymer

solutions versus regular solutions versus polymer blends!

AS,,,, polymer-polymer < AS,, polymer-small molecule< AS,,, small molecules

2,0

1v5 S e =il N

©
o
1

TAS, . / (kd/mol)
=
|
L}
~
R
: nH—
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3. Thermodynamics of Polymer Blends [ipf:l

Enthalpy of Mixing

1
nd,+ P2 g, +y0,0, =112

b,
AG,=RT —Z -
m " - AH,, = RTy®, &, 1/ r, ,/_

- Most pairs of high molar mass polymers are immiscible. The positive mixing enthalpy together with negligible entropy

contribute to the free energy of mixing.

- The enthalpy of mixing is primarily dependent on the energy change associated with changes during mixing. It is much less
dependent on chain lengths. In the enthalpy of polymers mixing AH < 0, the interaction energy between heterogeneous
molecules is higher than between homogeneous ones. Enthalpy contributions often dominate the free energy of mixing in

polymeric systems.
- The introduction of interacting groups by chemical modification of a polymer or by copolymerization leads to negative

contributions to the enthalpy of mixing. This has been shown to lead to improved miscibility of an otherwise incompatible

polymer pair.

22
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4. Microphase Separation in block copolymers [lpf:l
80 I T Y T 1
| LAM HEX The particular structure adopted by a block
( copolymer depends on the following controllable

(it)  the overall degree of polymerisation N

- y
Cubic (BCC) Cubic (BCC)

blocks, f,
- (iv) the particular polymer architecture
Hexagonal (HEX) ! - ! Hexagonal (HEX) A

y=—+B
Gyroid (GYR) f\/ Gyroid (GYR) T

Lamellar (LAM)

parameters;
\ - (i)  the Flory-Huggins interaction parameter y

(iii) the volume fraction of the component

Increasing volume fraction of A >




3. Thermodynamics of polymer solution and blends

4. Microphase Separation in block copolymers. Examples

Phase Behavior and Temperature-Responsive Molecular Filters Based
on Self-Assembly of Polystyrene-block-poly(N-isopropylacrylamide)-
block- polystyrene

FEE

1204 ' ' e -
*
100 -
BB B B
S 80 i
E BB
bﬂ O ’
24 60 K4 -
z
=2
=
- = 404 . -
Representative  TEM micrographs of pure PS-b-PNIPAMb-PS O lamellar ®
triblock copolymers in bulk: (A) PN43.65K (43 wt % PNIPAM) is € gyroid °
lamellar, (B) PN61.106K (61 wt % PNIPAM) is gyroid, (C) 204 @ cylindrical .
PN72.63K (72 wt % PNIPAM) is cylindrical/wormlike, and ® spherical
(D)PN77.118K is spherical. B blend
24 0 v I v I v |l v 1 i
Macromolecules 2007, 40, 5827-5834 0.0 0.2 0.4 0.6 0.8 L.O

PNIPAM weight fraction
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4. Microphase Separation in block copolymers. Examples [ipf:l

Downsizing feature of microphase-separated structures via intramolecular crosslinking of
block copolymers

@) a*
morphology i morphology HEX
LAM LAM LA cylinder
’;‘ SBSg-LA;,
— SBS;,-LA i 3
3 d=AS4rm 3 3  SBS%ylAw O ﬁq dag=14snm
S, o, d=19.8nm = 2q J‘ T,
% ?, § Longer dc.c :
= 2 £ SBSg,(c/)-LA '
£ SBSg(ch-LA;, = , s d af(::lz) St *
=t . d=120nm o SBS*g(c/)-LA;1k bl g e TS SBS(cl) matrix L ]
ke qu . el 3g* d=15.5nm = v J7q* ®
3'q 54 v LA cylinder
........................ S
040 0. 80 i i 20 1 60 2. 00 040 080 1.20 1.60 2.00 0.40 080 1.20 1.60 2. 00
-1 g
gm ] g[hm ] g [nm 1] Shorter dc.c
(c) * *
© ¢ (d
morphology morphology
HEX HEX
LA domain ';‘ SBS*g,-LAg, ;-
SBS domain = ,/_ q* dc c=18.1nm .9.. SBS,;-LA 3
Symmetric = = doc= 29.4nm
5 5
& SBS*(ch-LAg, =
2 3
i} = 2" SBS,;(cl)-LA 5
LA domain doc= 229 nm
SBS(c/) domain Asymmetric e R R T O, =
0.40 O. 80 1 20 1 60 2. 00 0.40 080 1.20 1.60
-1
g [nm’ ] q [nm ]

25 Chem. Sci., 2019,10, 3330
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Example questions [Ipf:l
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(1)
(2)
3)
(4)

(5)

How can you determine the overlap concentration c* experimentally? Why should
experiments be performed in dilute solutions in order to obtain molecular parameter?

Define theta-temperature

How can you experimentally determine HUGGINS-interaction parameter x?

What can you say about the solubility of a polymer and its conformation if you know that it is
monodisperse with ¥ > 0.5 in the corresponding solvent.

Which parameters are defining phase separation in binary mixtures. What are the differences

between polymer solutions and polymer blends?
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