IV. Polymer Solutions and Blends
Thermodynamics of mixture of n1 and n2 moles of each component is usually analyzed in
terms of Gibbs free energy G. Change in the free energy: dG  Vdp  SdT   i dni
i 1, 2

Here V is the volume, p is the pressure, S is the entropy and i is the chemical potential of
component i.
Entropy of mixing:
The total number of configurations for m1 and
m2 number of molecules on a lattice with
each site occupied (total number of sites m)
S m  k ln   k ln

m!
 k m1 ln x1  m2 ln x2 
m1!m2 !

S m  S m  S1  S 2  k m1 ln x1  m2 ln x2  
  Rx1 ln x1  x2 ln x2 

Here xi is the molar fraction of the component
i. Because 0< xi<1, Sm >0 and
configurational entropy always favor mixing.
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Enthalpy of mixing: for pure components Hi=mizwii/2, z is number of neighbors, wii
is the interaction energy between two molecules (negative).
Assuming no change in V or p with mixing (lattice approach), and completely random
mixing:
1
1
Hm 

m1 z ( x1w11  x2 w12 )  m2 z ( x1w12  x2 w22 )
2
2

H m  H m  H1  H 2 

m1m2
zw; where w=w12-(w11+w22)/2
m

To characterize enthalpy of mixture the interaction parameter is introduced:  
H m  x1 x2 kT ; per site (or per molecule) and

H m  x1 x2 RT ; per mole.

zw
kT

Thus the free energy of mixing per site: Gm  ( x1 ln x1  x2 ln x2  x1 x2  ) kT

Flory-Huggins Theory
Is extension of regular solution theory to the case
of polymers. N is a degree of polymerization, but
a segment (not a monomer) is equal to the size of
the solvent molecule. Alternatively, N is the ratio
of the polymer/solvent molar volumes. Volume
fractions:
1 

m1
m1  Nm2

2 

Nm2
m1  Nm2
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Entropy of mixing for polymer solution:
We assume polymer is the same random coil in the solution as in the bulk polymer melt.
Thus the only S of mixing is coming from possibility for placing the center of mass.
Sm2~kln(m1+Nm2)-klnNm2 = -kln2; Sm1=-kln1



As a result: S m  k  1 ln 1 

2


ln 2 
N


per site; or S m  k m1 ln 1  m2 ln 2  for the entire system

The contribution of a polymer to entropy of mixing is ~1/N, i.e. negligibly small for long
molecules.
Enthalpy of mixing for polymer solution:
Uses a similar approach as in small molecules, neglects that two neighbors of a monomer are
from the same molecule, i.e. only z-2 neighbors: Hm=m12kT for the system and
Hm=12kT per site.

Gm  (1 ln 1 

2
N

ln 2  12  )kT

The main difference is the strong decrease in entropy
of mixing ~1/N.
It is important to emphasize that theoretical predictions
are usually done in “mean-field” approximation, which
is questionable for solutions.
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V1 is the partial molar volume of the solvent
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Thus, the second virial coefficient
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=1/2 represents the - point. For >1/2 we
have a poor solvent, and for <1/2 is a good
solvent.
B is predicted to be independent of M, while
experiments show some weak dependencies.
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Phase behavior of polymer solution:
Entropic and enthalpic contributions have
different temperature behavior



S m
 x1 ln x1  x2 ln x2
RT
H m
1
 x1 x2  
RT
T

Phase separation occurs when the system can lower
its total free energy by dividing into 2 phases.
As long as Gm vs x is “concave up”, we have a
single phase. It means
2
 d Gm 
 2   0
 d x T , p
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Binodal: Coexistence of two phases – T and p are identical and i(x1’)=i(x1’’)
Gm  x11  (1  x1 ) 2   2  x1 1   2   b  kx1

Spinodal: Stability limit is marked by the points:
 d 2Gm 
 2   0
 d x T , p

It means that any small fluctuations in composition
Gm will be lower. Thus, fluctuations will grow in
amplitude and spinodal decomposition occurs.
The regions between binodal and spinodal points
are metastable regions. It means small fluctuations
will not lead to phase separations. The latter
requires nucleation – large amplitude fluctuations
in composition. Then this domains can grow in
size.
 d 3Gm 
Critical Point: appears when  3   0
 d xi T , p

For earlier diagram it happens at x1=0.5 and c=2. It means that energy to exchange type 1
molecule on type 2 molecule should be larger than 2 kT to have phase separation.
zw zw It means – the larger the w is, the higher T will be. However, if
c
Tc 

k c
2k w is negative (due to specific interactions) – no phase separation. 6

Phase Diagram for Polymer Solutions
Symmetry in phase diagram will be broken due to 1/N term in Sm.
2 ,c 

1
1 N

1 1
and  c  2  N 


2

 1
N


Thus with N-> critical points move to more dilute polymer
solution and c decreases towards ~0.5, leading to increase in
Tc towards -point.
It is important that at T below the -point higher MW chains
separate first.
Comparison to experimental data show good qualitative agreement. However, theory fails
to describe the experimental data quantitatively.

7

PS in acetone shows an example which cannot be
described by the theory at all.
This, however, does not contradict thermodynamics,
just the theory is not correct.
Lower T curves is called Upper Critical Solution
Temperature (UCST), while higher T curves is called
Lower Critical Solution Temperature (LCST).

Interaction parameter 
Assuming dipole-induced dipole interactions wij=-ij/rij6.
Then w   w w
12
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22
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w22

In this model,  is always larger or equal to 0.

One can relate w to the molar heat of vaporization
Or to cohesive energy density (CED)
Then
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This approach, although offer
some ideas, does not work for most
of the polymers and solvents. The
predicted values for  can be
higher or lower than the measured
values. Some problems might be
related to H-bonding, some other
specific interactions.
Empirical relationship has been
suggested:   0.34  V1 1   2 2
RT

The presence of the T independent contribution to  suggests that it might have entropic
nature. There are various approaches to consider additional contributions to the free energy of
mixing. But there is no single winning strategy.

Gmex
B

  A  H  S
12 kT T

One of the simple approaches is to use  as a fit function:  eff
Here Gmex is the excess Gm relative to the ideal situation.
Negative values of H might mean some specific interactions (e.g. H-bonding). Parameter S
might take into account some particular packing (e.g. preferential orientation of anisotropic
structural units).
9
In addition, eff sometimes shows dependence on concentration.

Influence of solvent on Chain conformations
Real chain statistics should include “self-avoiding random walk”. Then Rg~N0.6.
The same should be observed in the solvent without interaction with the chain (=0). It
means that the coil will be swollen relative to the ideal chain.
When =1/2, we have a -solvent, i.e. ideal random walk statistics is restored
(compensation of the excluding volume effect).
Let’s consider a simple chain in a very good solvent. Osmotic forces (just a probability
of segment-segment interactions (integrated over the chain volume)
Fos
N2
2
~  (T )c d (volume)   (T ) 3
kT coil
R
Fel
3R 2
R2
~ S 
~
In addition, we need to take into account elastic forces:
2
kT

2 Nb

N

The minimum force will be at R ~  (T )1/ 5 N 3 / 5 ~ B (T )1/ 5 N 3 / 5
This gives statistics of a chain in a good solvent.
More detailed work by Flory and Krigbaum in
terms of expansion =Rg/Rg0:
 5   3  2CM (0.5   ) M

where
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Let’s consider phase diagram in case when A=0 and B>0 which is most common case for
polymer solutions. At -temperature =1/2 and polymer is miscible at any
concentration.
At very low concentration chains are well dispersed (swollen or globules).
At higher concentrations chain start to overlap
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Thermodynamics of polymer blends
(Rubinstein, Colby, Polymer Physics, Chapters 4,5)




S m  k  1 ln 1  2 ln 2 
N2

 N1

In that case the free energy of mixing is defined
essentially by the interaction parameter:
Gm  (

1

N1

ln 1 

Sm

Entropy of mixing becomes very small in polymer
blends:

N1=N2=10
N1=10, N2=1

N1=N2=1



1  1
ln 2  12  )kT   1 ln 1 
ln1  1   1 1  1 kT
N2
N2

 N1

2

This is a critical difference of the polymer blends (miscible only when  is negative or
close to 0) with binary mixtures of small molecules (miscible in many cases) and polymer
solution (reasonably miscible at particular concentrations).
The Flory-Huggins theory assumes no volume change on mixing and segments of both
chains should have the same size. In real polymer blends, the volume per monomer can
change upon mixing. Some monomers may pack together better with particular other
monomers. All these deviations lead to a particular behavior of the interaction parameter .
Traditionally the same empirical approach is used:   B  A    
eff
H
S
T
Isotopic blends (e.g. dPS/PS) have usually small positive  that leads to phase
separation at high MW.
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Examples of the Flory interaction parameter and its
temperature dependence for some polymer blends

Most of the polymer blends have small
positive ~0.01, that leads to miscibility at
only low MW.
PVME/PS, PS/PPO and PS/TMPC have
strongly negative  over a wide T range,
but they phase separate on heating (A>0,
B<0).

Example of phase diagram for a polymer
blend with N1=200, N2=100 with =5K/T.
They are only miscible at high T, when
enthalpic term becomes negligible.
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The spinodal in polymer blends is defined
the same way:
It gives

1 1

1
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Critical composition can be calculated from dS/d=0
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For symmetric polymer blend (N1=N2), the phase diagram is symmetric, c=1/2 and c=2/N

Example of phase diagram
for symmetric blend of hPB/d-PB (N=2000).
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Another example of the
phase diagram for symmetric
blend of PIB/d-hhPP with
N=6000.
Different T dependence of 
leads to inversion of the
phase diagram.
Chain conformations of a long polymer chain A in a polymer blend with chemically
identical short chains B at low concentration of chain A

Due to screening effects of chains B, chain A has ideal chain statistics up to NA=NB2 and
chain with excluded volume interactions at longer NA.
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Phase diagram of diblock copolymers
[M.W. Matsen, F.S. Bates, Macromolecules 29, 1091 (1996)]

AB

Phase diagram for conformationally
symmetric diblock melts.
Just 2 symmetric blocks can form variety
of morphologies:
-Lamellae (L),
-Gyroids (G),
-Spheres (S),
-Closed-packed Spheres (CPS),
-Hexagonal cylinders (C),
-and some others …

One can have multi-blocks, conformationally symmetric and asymetric, linear
or other architectures …
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V. Crystalline State of Polymers
Not all polymers can form crystals. Only stereoregular polymers can crystallize. Most of
atactic polymers, or random copolymers cannot crystallize.
However, even stereoregular polymers can only partially crystallize. In normal conditions
crystallinity is never 100%.
Unit cells are usually complicated, include
several monomers and have size ~0.2-2 nm.
Chains packs in a lamellae structure, typically
10-50 nm thick and m size.
Lamellae forms spherulite. The latter has size
on scales close to mm.

The same chain can belong to different lamellae.
Regions between lamellae are usually
amorphous state. This is the reason that most
polymers will be called semicrystalline.
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Crystallographic structure is usually
analyzed using X-ray diffraction. There
are seven crystal classes, with additional
subdivisions.

Usually the direction of the backbone defines the caxis of the unit cell and is called fiber axis.
Examples of unit cells in common polymers
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Thermodynamics of Polymer Crystallization
In contrast to small molecules, kinetic factors
dominate crystallization process in polymers.
As a result, crystallization TC and melting
temperature Tm are not the same. Moreover,
melting occurs over a temperature range.

From thermodynamic definition, Tm=TC is where free energy GL=GC. Both, change of
enthalpy and change of entropy, contribute to G at melting. It gives Tm=Hf/Sf.
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Structure and melting of lamellae
Because lamellae is thin, surface effect play large role in polymer crystallization. Surface
of a crystal will have surface tension  (different phases have different density, molecular
packing …). This contributes to the free energy proportional to the total surface of the
crystal. Relative to the gain of the free energy with crystallization (proportional to the
volume), surface contribution to the free energy for a spherical particel /r, i.e. it
decreases with the size of the crystal.
G and GS are change of free energy for an infinitely large crystal
and surface contribution, respectively.

G f  G   G S Here

Let’s consider for simplicity a cylindrical crystal.
 l
G S  2r 2 1  
 r

G   r 2lGV


T 
GV  H V 1   
 Tm 

Combining this equations, we can find
Tm for a crystal with finite sizes from
condition Gf=0.
Tm  Tm  Tm 

2
lH V

 l 
1  Tm
 r

Thus Tm is depressed relative to the
infinitely large crystal, and depression
depends on the crystal geometry.
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Tm depends also on molecular weight of the polymer, because chain ends provide additional
contribution to the free energy. xm and xe are mole fraction of the middle and end segments,
 Tm 
respectively, xm=1-xe.


Then Tm  Tm  Tm 

G ( xm )  G ( xm  1)  RTxe  H f 1     RTm xe
 Tm 
RTmTm 2 M 0
H f

Mn

; i.e. Tm has almost 1/M dependence.

Both, crystal size and finite MW, lead to depression of the melting temperature.
Crystals grown from a melt and from a solution usually differ in
shape. There might be hollow pyramid crystal grown from
solvent.
Structure depends also on the chain reentry,
that can be adjacent reentry (regular case)
and random reentry. Solution grown
crystals have mostly adjacent reentry, while
crystal grown from a melt have more
random chain reentry.

Crystal structure is studied mostly with X-ray scattering and with electron
microscopy.
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Longitudinal Acoustic Modes (LAM) in Polymeric Nanocrystals
Low-frequency Raman modes have been observed in
crystalline n-paraffins [Mizushima, Simanouti, J.Am.Chem.Soc. 71, 1320
(1949)] and PEO [Hartley, et al. Polymer 17, 355 (1976)]. Example of
Raman spectra of PEO [Kim, Krimm, Macromolecules 29,
7186 (1996)] and their variation with annealing (crystalline
growth).
The frequency of the mode is related to size of the nanocrystals
L [Snyder, et al. J.Chem.Phys. 100, 5422 (1994)]:
 LAM 

mV
, m  1,2,3...
2c L
Polymer crystal

L – stem
length

Frequency vs inverse size of PEO nanocrystals
[Kim, Krimm, Macromolecules 29, 7186 (1996)].

LAM spectra provide information on distribution of nanocrystal sizes, defects and
morphology.

Kinetics of Nucleation and Crystal Growth
The lamellae thickness depends on
thermodynamics and kinetics: Thicker crystals
are more stable, but more difficult to form. The
lower is TC below Tm, the thinner might be the
crystals. The thinner is the crystal, the faster it
grows. However, these thinner lamellae are
metastable.
Crystal growth rate of PEO from solution, PEO with moderate MW.

Crystallization always starts with nucleation. Nucleation can be heterogeneous and
homogeneous. Heterogeneous nucleation (impurities, surface, etc.) is most common case in
polymers.
The size of the critical nucleus (the smallest stable) R* can be estimated from the balance of 2

3
2
surface and bulk free energy: R*  
. The energy barrier for nucleation: G *  16  2  Tm 
GV

3 H V  T 

The temperature dependence of the nucleation rate is additionally affected by the segmental
*
motion of the polymer. As a result: rate  exp  G  exp  B   exp  B  K 



kT 

 T T 
0 


 T T
0


TT 2 

Thus nucleation rate has a maximum at some T between Tm and T0.
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Let’s consider cylindrical nucleus with p
stems, each with cross-section d2. Then
critical nucleus will have p* stems and l*
thickness:
4
l 2 2
*
*
l


p  2
2
GV
d lGV  2 
This provides estimate of the critical
barrier:
8 3
* *
G ( p , l ) 
GV2

For isothermal crystallization, the growth velocity of the lamellar face v is usually a
constant, and also l remains constant. Adding a stem requires to overcome energy barrier.
This is called secondary nucleation.

 GS* 
B 

 exp 
rS  exp 

kT
T
T


0 


GS* ~ 

d f  g
GV

Once secondary nucleus is created, the rest of the layer is easy to grow (less change of
surface). So, layer growth is faster than rate of secondary nucleation. As a result, the growth
velocity: v  dWr
S
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So, log(v) (corrected for the transport term) ~1/TT.
It is indeed observed in the experiments.
However, the slope changes at some T. One of the
explanations relates it to a possible competition between rates
of secondary nucleation and growth.
This problem remains not completely understood.
There might be another regime, where rS is small (weakly
undercooled regime). In that case a stem can attach and detach
several times. As a result, smooth and regular crystals can grow.

Molecular weight plays significant role in the
crystallization rate. The larger is the molecule,
the slower is the rate.
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From the direct analysis of the rate vs MW, it
seems that rate is almost independent on
molecular weight at high MW, while it
decreases with MW for shorter chains. The
latter might be related to easier conformational
changes in shorter chains.

Morphology of semicrystalline polymers
The most common morphology is
spherulites. They are usually observed in
optical microscope in cross-polarization.
They have (i) spherical symmetry around a
single center of nucleation; (ii)
characteristic Maltese cross; (iii) at lower T
many smaller spherulites appear.
Spherulites are aggregates of lamellar
crystals with a single nucleation point.
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Origin of the Maltese cross is the chain orientation
relative to the polarization of light. There will be
always angles where birefrigence (difference between
the refractive index along and perpendicular to the
polarization ) will be zero, because the direction of
crystals changes.
Spherulites are result of a steady crystallization from
a single nucleus. They are observed not only in
polymers, but also in other materials. The growth rate
should be sufficiently slow, e.g. controlled by a
secondary nucleation.
In another limit, diffusion limited aggregation,
dendritic structures usually grow.
At particular conditions (e.g. fibers spun from a dilute solutions),
shish-kebab structures can be formed. This structure has a single
axis and all chains are parallel to the axis. It happens due to
significant stretching of a chain in this direction during the
processing. Usual conditions – dilute solutions and high MW,
then it is easier to stretch the chain in one direction. Fibers with
these structures have extremely high modulus.
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Kinetics of bulk crystallization
Let’s analyze kinetics of crystallization in terms of change of the crystallinity (crystallized
fraction C) as a function of time. Consider a thin film and growth of crystals from N
nucleus. All start to grow at the same time with the same rate of the radial growth v. Then
(eq. V.1)
2 2

C  1  exp Nv t



In case of 3-dimensional growth of crystals we will get





 4
 3




C  1  exp  Nv 3t 3 

Avrami equation: C  1  exp  Kt
. The
exponent m depends on type of crystallization and
some other parameters.
m

More realistic is the assumption that nucleus
appears with a particular rate N*. So, the total
number of nucleus after some time t is N*t. In that
case even for 2-dimesnional growth:

C  1  exp N * v 2t 3 
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However, if the crystallization rate is
diffusion controlled, then r~(6Dt)1/2,
i.e. v~(6D/t)1/2. putting that into the
eq. V.1, we will get different Avrami
exponents (e.g. m=1 for disks)

To study crystallization rate
experimentally, one needs to
estimate C. Calorimetry (heat of
fusion), volumetric and X-ray
measurements are traditionally used.
Experimental data show strong
temperature dependence of the
crystallization rate with a maximum
at some particular T.

The plot of ln[-ln(1-C)]~ln(Ktm) vs lnt provides estimates of the
Avrami exponent m. Change of the slope (exponent m) clearly
indicates change of the crystallization mechanism.

29

Concluding Remarks:
1. Polymers with regular structure, especially with no side groups have
high tendency to crystallization. But it is almost impossible to have
100% crystallinity in polymers. Most of atactic polymers do not
crystallize.
2. Polymers usually have a very broad crystallization and melting
temperature range, with smaller crystals growing at lower crystallization
temperature.
3. In analyzing crystallization we operate with contribution of various
factors (e.g. surface tension, chain ends, etc.) on the Gibbs free energy.
4. Crystallization rate depends on supercooling, and usually exhibits a
maximum at some T due to competition in nucleation rate and viscosity.
5. Kinetics of crystal growth depends on the mechanism.
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