4. Polymer solutions and blends

4.1 Introduction
Polymer solutions at different concentrations C

)

=
il

c<c* c=c* c>c*

dilute solution semi-dilute solution concentrated solution

with overlap concentration c*~ M_ 3 and molar mass M

N, 47r<r2>3/2
€ < ¢*: polymer chain described by radius of gyration = characteristic length
¢ =c*: the polymer chains start to touch

€ > c*: characteristic length scale is mesh size

goal: solve the interaction of a many-body system
— idea: replace n-body system by a 1-body problem with external field

at and above c* the solution is reasonably uniform in composition
— mean field situation, no large regions of pure solvent

Mean field: the interactions between molecules are assumed to be due to the
interaction of a given molecule and an average field, caused by all the other
molecules in the system.

To aid in modeling, the solution is . - -
imagined to be divided into a set of
cells within which molecules or parts
of molecules can be placed (lattice
theory).

— Mean field Flory Huggins lattice theory
(P. J. Flory, J. ChemPhys. 10, 51 (1942), M. L. Huggins, J. Phys. Chem. 46, 151 (1942).)
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4.2 Thermodynamic Potentials

A thermodynamic potential is a scalar function used to represent the
thermodynamic state of a system.

Five common thermodynamic potentials are: internal energy U, Helmholtz free
energy F, enthalphy H, Gibbs free energy G and grand potential J

A state function describes the equilibrium state of a system using natural
variables such as volume V, number of particles N, entropy S, temperature T,
pressure p and chemical potential p.

a) internal energy U with the natural variables S,V,N
U(S,V,N) : dU=TdS-pdV+udN
oU

from partitial derivatives T = — p= Ll
351, oV

L
SN oN

V.S

b) Helmholtz free energy F with the natural variables T,V,N
F(T,V,N) : dF=dU-SdT = -SdT-pdV+udN
Of interest in technical applications because many processes operate at
constant temperature.

¢) Enthalpy H with the natural variables S,p,N
H(S.,p,N) : dH=dU+pdV+Vdp = TdS+Vdp+udN
Of interest in chemistry because chemical reactions frequently happen in
open containers and thus at atmospheric pressure.

d) Gibbs free energy G with the natural variables T,p,N
G(T,p,N) : dG=-SdT+Vdp+udN
In physical experiments it is easier to keep the pressure instead of the
volume constant.

Thermodynamic -T S
polentials ang _—
useful for the
description of U F
non-eyclic _UTS
progesses. Intermnal Helmhoitz
enengy fiee energy
= anengy nesded iy F = gnargy nesded o
create a system oreate  sysiem

iminus the enesgy
+ You can gat from

e anvironment.

I I U<PY G UsPV-TS

They are used Enthaloy Gibbs

along with the free energy

First Law of H=anegy nesdedts | G = odal enany nesded

Thermodynamies. creale a system to creale a sysiem
ol e woik and make room for

System work and Wﬁrﬂ; make ilﬂ':::: ;l; ?'ﬂa;l:i;y

mj!i’ Py play a ?ﬂe envirERTnaEGE

major role.

Legendre-Transformations, to transform one set of variables into the next one.
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4.3 Entropy of mixing of monomers

Calculating the entropy of mixing of an athermal mixture with the aid of a lattice

model:

0000000000 Assumptions:

0000000000 ,
O00000000O0
0000000000 °
0000000000
0000000000
0000000000 °
0000000000
0000000000
0000000000

The entropy S is given by the number of
possible configurations Q of the particles on the
lattice:

S =k; InQ
n!
“n,tn,!

S =kg(Inn!=Inn,!-1nn,!)
Stirling equation: In(n!)=nlnn-n

S=kg(nlnn—n-n,Inn, +n, —n,Inn, +n,)
S =kg(nlnn—n,Inn, —n,Inn,)
S=kg(n,lInn+n,Inn—n;Inn, —n,Inn,)

. n n
Volume fraction: ¢ =—"— ; ¢, =—2
n,+n, n,+n,

S =—nky(¢ Ing +¢,Ing,)

Ideal mixture of monomers related to one mole:

S=-R(gIng +¢ Ingp)

No interaction between the
particles

Not two particles on one
lattice position (one particle
per lattice position) = take
excluded volume into account
All lattice positions are
occupied

(n=n; +ny)

total number of lattice
positions = total number of
particles n=n;+n,

Ny number of particles type 1

ny: number of particles type 2

0y volume fraction ¢ ,=n ,/n
of particle 1 and 2

S: entropy

Kg: Boltzmann constant

Q. number of possible
configurations of the
particles on the lattice.

R = Nakg : gas constant

The entropic contribution to AG is thus seen to always favor mixing if the

random mixing approximation is used.
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4.4 Entropy of mixing of polymer in solvent

Polymerize the particles of type 2 = number of possible configurations is

drastically reduced (calculate with lattice model):

00O
OC0900OG®O
ool NoNo 0O
OO 000000 °
0O00®O (o o/
0009000

The entropy S is given by the number of
possible configurations Q of the particles on the
lattice:

S =kgInQ

with Ansatz of the possible configurations of the
polymer (by Flory):

Q:L'l_z[vi

nz- i=1
Lattice occupied with i polymer chain segments,
place segment number i+1:

N

_ i+1

Vig = H ny
k=1

Descriptive:
segment 1:
n* =n—iN

segment 2:

" = z(1- )= z(l—ﬂj
n

Chapter04

Vis1:

OO0 OO Assumptions:

¢ No interaction between the
particles

Not two particles on one
lattice position (one particle
per lattice position) = take
excluded volume into account
All lattice positions are
occupied

(n=n; + Nny)

total number of lattice
positions

number of solvent molecules
number of polymer chains
degree of polymerization
(number of monomers/chain)
volume fraction

of particle 1 and 2

available empty lattice
positions

coordination number
entropy

Boltzmann constant

number of possible
configurations of the
particles on the lattice.
number of possible
configurations of the of

i+1 polymer chain



segment 3 and 4:

n'* ~(z —1)-(1—iﬂj >‘<

segment 3:

iNj X

n* ~(z —1)-(1——
n

Situation which contradicts to the excluded

volume of the polymer is not possible! Z:g

Summarized:

wom i o3

N-2 . iN
Via =2z =171 (n=IN)|- 1 -—)
v P s N
Coordination number S
Still available lattice positions
availability of empty lattice positions
n—iN

i+1

v, :(n—iN)(l—i%j 72(2—1)”‘2 | (n—=iN)=n

With the approximation (z-1)~z we obtain

n—iNY" n-i N N A N-1
vm~n( - j(z—l) —nﬂ (W‘) (z-1)

and
1 (NY'(n N\'@-p"!
sl () () 4
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Longer calculation (see textbook) gives entropy:

S = —k{nl m—" 2 (N —1)1nz—_1}
n, + Nn, n, + Nn, e

Entropy consists of two parts, one part from conformation Sy (disordering
entropy) cause by the differences between the polymers and one part due to the
mixing Sp:

S=S,+ S

Of interest is only the part related with the mixing between polymer and solvent
Sm. The other part Sg;s is calculated with n; = 0 yielding:

S,. = S(n, = 0) = nzk{ln N + (N — 1)1n(ZT_1ﬂ

: . n n
and with volume fractions ¢ =—— ; ¢, =—2—:
n +n, n +n,

Ideal solution of polymer related to one mole:

S, = —R[¢l Ing +%1n¢2}

Entropy is reduced, because polymer chain has less degree of freedom due to
covalent bonds along backbone of chain

Mixing monomers Mixing polymer and solvent
6_"’["'1"'I"' i 3_5_...

25
N [
S5 §
W 40 kS
05F

0.0

G
PR [ N S T (T SN SN M S S S-S | N Ve SO

00 02 04 06 08 10
P,

asymmetric

symmetric .
0, 1s polymer component (N=100)
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4.5 Entropy of mixing of polymer in polymer
In analogy to the calculation for polymer solution, but now N;, degree of
polymerization of polymer 1 and 2

Ideal mixture of two polymers related to one mole:

Shi= —R{%l In @, +£—221n¢2}

Entropy is further reduced — mixing 0.06 A
less favored in polymer blends! 0.05 I

< 0.04 |

2003t | -..
N;,=100
N,=100 0.01 f \z
NZZIOOOO 0.00 E NI B E RS T R IS

00 02 04 06 08 10
¢

4.6 Free energy of polymer blend

Attention: So far only positioning of 2 particles or 2 parts of polymer chains on
one lattice position was not allowed, but the interaction between polymers was
not considered!

To calculate the enthalpy of mixing the interaction between neighboring
monomers of type 1 and 2 is taken into account — change in enthalpy due to
mixing of polymers

1 n: total number of polymer chains
AW = W, __(Wll + sz)
2 Nyo: number of polymer chains of
. polymer 1 or 2
and thus for the complete mixture
AE = (z —2)AWN,n,¢ N;.:  degree of polymerization of
22 Polymer chain 1 or 2
N,n,N,n :
ith N.n,g =—=22 11 —np ¢ volume fraction
w 2 2¢1 Nlnl + Nzn2 ¢1¢2 of polymer 1 or 2
AE = nk.T z coordination number
B Z¢l¢2 (z-2): available positions
The polymer-polymer interaction parameter y |ks:  Boltzmann constant
. w: interaction between the
1S: monomers
(z-2)Aw _ _
= 7 Ve interaction parameter
kgT
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The value of the interaction parameter can be estimated from the Hildebrand
solubility parameters 3, and 9,

Vseg (5a o é‘b )2
RT
where V., is the actual volume of a polymer segment.

Change in free energy due to mixing:

AF. = AE, +TAS, £ enery

H: enthalpy

Assumption: Interaction has no influence on |
the entropy of mixing

Helmholz free energy

G: Gibbs free Enthalpy

AF, = nkBTLililln¢1 +li%ln¢2 +Z¢1¢2}

Because the pressure p and temperature T are the typical laboratory parameters
the Gibbs free enthalpy needs to be taken instead of the free energy.

Gibbs free enthalpy of mixing two polymers related to one mole:

RT Amg s 2
AG,, = RTL\I1 Ingi +-Ing +m¢z}

In case of Ny = 1 this equation transforms into the equation for polymer
solutions and for N; = N, = 1 into a solvent mixture:

AG, = RT{(A In g, +z—21n ¢, + m%} and AG, =RT[¢Ing +¢, Ing, + v, |

2

Corrections to polymer-polymer interaction parameter:

a) Modification by Tanaka

If the polymer-polymer interaction parameter y would be only of enthalpic
origin, the approach yocl/T would be sufficient. However, the entry of a
polymer mixture is different as compared with the simple Flory-Huggins
approach. Although these deviations are of entropic origin, the empiric
corrections is put to the enthalpic term 7:

Flory-Huggins Parameter y of polymer blend:

a
-2 4b

with two constants a and b.
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Widely discussed entropic contributions are from the presence of excess free
volume, monomer structure, chain flexibility, and chain-end effects.

0.012 ——

Example: deuterated polystyrene (dPS)
and polyparamethylstyrene (PpMS) 0.010

0.008 |-

y=b+a/T
with b=-0.01140.002 and a=6.8+1 K =0.006

0.004 ]
L immiscible ]

0.002

L miscible
0.000 P | I L

b) Model of Bawendi and Freed (1988)

Based on lattice model and lattice cluster theory a field-theoretical description,
which involves generalized interaction parameters @; between the different
components results in a Flory-Huggins Parameter y of polymer blend, which
confirms the empiric approach by Tanaka:

1_‘H
=M 4T
r==+I

entropic portion of the Flory—Huggins parameter depends on components

2 (1 1Y 2 22 | |
v I e ey,

Calculated from 3d lattice approach

http://WWW.dp—e.de/web/dawt/dawt.htlﬁ#kap3. 1.htm

¢) Model of Mumby und Sher (1994)

Empiric model which modifies the interaction parameter to be not only
dependent on temperature T but also on the volume fractions ¢ ,. Such model is
successful for more complex phase diagrams which exhibit LCST and UCST
behavior at the same time.

y = (1+b1g151 +b2¢22(d0 +%+d2 ln(T)j

with bj and d; are adjustable constants
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4.7 Example: Osmotic pressure

n: total number of polymer chains; n;,: number of polymer chains type 1 and type 2; N, ,: degree of
polymerization of polymer 1 and 2; ¢ ,: volume fraction of polymer 1 and 2; z4:chemical potential of polymer
solution, 4, chemical potential of solvent; P: pressure; T: temperature; AG Gibbs free energy; /7: osmotic
pressure

polymer solution pure solvent
I

%e%%%@ Q|
=z @ @Wb:
2 W Qd%*l

@é@ %Q@:
Qge@ = g
o ® Oq B

w(P.T) = (P".T)

Chemical potential calculated from Flory-|Pressure difference between pure solvent
Huggins approach: P’ and solution P:
NG ou’
1P T)— (P, T) =" u (P =) (P.T) = -1
1
1 Hl oy
=RT[Ing, + (1= )¢, + 143 ®lL

1
RT[Ing, +(1+ W)(éz + Z¢22] =-T1V,
In case of a dilute solution (¢, << 1) the logarithm can be expanded in Taylor-

series: Ing, =In(1-¢,) = —¢, —%%2 +o

Virial expansion of osmotic pressure:

v, = RT(% s (% - j¢22 +)

Cut-off Taylor-series after second term:
R: gas constant
ks: Bolzmann constant

HV1 = RT {ﬁ + (% — Z) ) @2—l T: temperature

N V1: mol volume solvent
. IT: osmotic pressure
with @ volume fraction polymer
1 - interaction parameter
YA S a: Enthalpy coefficient

b: Entropy coefficient
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Discussion of 3 possible cases, because the term 1/2-y can change the sign as
function of temperature T:

1) high temperature = y is small = quadratic term is positive:

v, = RT{%-%%@Z +}
e Osmotic pressure is increased as compared with ideal interaction-free scenario

e With increasing concentration the polymers act with increased osmotic pressure

e Polymers are in a good solvent = polymers have tendency to expand and repel each other

2) low temperature = y is large = quadratic term is negative:
v, = RT{ﬁ—..}
N

e Osmotic pressure is decreased as compared with ideal interaction-free scenario
e Polymers are in a bad solvent = polymers have tendency to collapse and cluster together
= phase separation can occur

3) O-temperature = y =2 = quadratic term is zero:

nv, =RT 22
N

e Osmotic pressure is equal to ideal gas = repulsive and attractive contributions
compensate each other

e the ideal chain conformation is reached

4.8 Limits of the Flory-Huggins-Theory

e Ansatz is a mean-field theory, which means that the averaged surrounding of
all atoms acts on each monomer

e Fluctuation are completely neglected

e Theory will work well for medium and high concentrations which not exhibit
strong density fluctuations

e At low concentration, which have dominating fluctuations, the theory is only
appropriate very close to the 6—point
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4.9 Phase-separation based on Flory-Huggins-Theory
a) Polymer solution: with concentration ¢

(I) —’(I)a (I)B

AG(¢) AC(,) AG(¢y)

divide gin ¢ = ¢, + ¢, with ¢, 5. volume fraction of phase ~ aand

¢ =ag,+ PP, with a+p=1

For an adiabatic system in equilibrium, the Gibbs free energy AG is minimal. As
a consequence, no phase separation can occur if:
Gibbs’s stability criteria

AG(¢) < aAG(g,)+ AAG(g,)

Analog inequation in case of Helmholz free energy dF= dG-Vdp-pdV

The stability of a mixture is depending on the Gibbs/Helmholz free energies:
local stability of homogeneous mixture of composition ¢,

energy of two phases a and 3: weighted average of F, and Fy = straight line

A 'y
Froidk ===
F. mix
F ofp F. F .
P |
Fg F.o L !
F . op L | 1
mix F. ! |
P !
¢ p
@a @0 @,8
curve AG(¢) is convex curve AG(¢) concave
Solution is stable: phase separation Solution is unstable: phase separation

would increase the Gibbs free energy ~ would decrease Gibbs free energy

= calculation of o and 3
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Construction of phase diagrams:

1) Determination of the Gibbs free energy as function of the volume fraction

¢ for different temperature Ty, T5, T3, ....

2) Determination of stable and instable regions from a projection to the T¢-

plot
>
>
o}
=
[1}]
o
o
l I
T
S
Ix
e e R
1 2 | 2
1 |
| l
I |
i , critical
| point
stable ' I '
region I | l "
= i | I
-
3 ; '
] i / i
Q i unstable | metastable
E X |/ region L region
a8 binodal ——— W i
locus
....... RIRERNIRIIRRIRSRIIS- SRS (AR W S o
spinodal # + L
locus

concentration -
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Where to find in the Gibbs free energy (for a fixed temperature) the stable,

meta- and instable regions:

e The binodal line (separation between the single- and two-phase region) is
resulting from the tangent-construction

e The spinodal line (separation between meta-stable and stable demixed /
phase separated region) is resulting from the inflection points

Resulting phase diagram has a lower miscibility gap and has a upper critical
solution temperature (LCST):

T 4 s 8-Punkt good solvent
TH.;'_' ___________________

_~ Critical Point
Tc“ -

- Binodal bad solvent

_~ Spinodal

1
|
I
| Two-Phase-Region
I

Ov

crit

Exact location of binodal and spinodal line from curve sketching:

Gibbs free energy of polymer solution with ¢, = gand ¢, =1 - ¢
AG

_ 9 _
&7 = U=9)In(-9)+ ing+ y¢(1-9)

Zeros of the first derivative with respect to ¢ yield positions of the extremes and
the minima are the positions of the binodal line:

o AG 1 1
§—¢ﬁ:—ln(l—¢)+ﬁln¢—l+ﬁ+(l—2¢);(:O

Zeros of the second derivative with respect to ¢ yield the positions of the
inflection points and give the limit of local stability (<0: unstable with
spontaneous demixing and >0: stable):

o NG 11
2P RT  Ng 1-¢

-2x=0

Inside the spinodal a spontaneous demixing occurs. In the
metastable area demixing needs grains (impurities).
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Zeros of the third derivative with respect to ¢ yield the extremes of the second
derivative:

> NG 1 1
P RT  Ng  (1-g)

0

Define the point where spinodal and binodal meet at the critical volume fraction

de:
1 1

¢C:1+mzm for N >> 1

knowing ¢ the critical polymer-polymer interaction parameter y. can be
determined:

11
%=y IN

The values (T,d.) give the critical point in the phase diagram.

Example: polyisoprene solutions in dioxane

26 — strongly asymmetric phase
diagrams

241 g/mol

227
N for 133 000 g/mol at 22°C:
£ 2 miscibility only for
B ¢ <~0.02 and ¢ > 0.20

18

16 for 53 300 g/mol at 22°C:

; 53 300 g/mol miscibility for all ¢
14~ % , ' .
0.00 0.05 0.10 0.15 0.20 0.25 Takano at al., Polym. J., 17, 1123 (1985)
¢

b) Polymer blends
Gibbs free energy in the framework of Flory-Huggins theory:

AG,, = RT{%IngIﬁl +z—zln¢52 + Z¢1¢2}

1 2

Determine critical point:
0’ AG 1 Ly vierds: = 1
= - =0 yields: #c =
09 RT Ni(1-¢) Ng* 7 VNN, +1
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with ¢, and the second derivative, the critical polymer-polymer interaction
parameter is determined y.:

1
0°_AG = ! 1 27=0 and thus: ¢ :—(1+‘\/ Nz/Nl)z

09 RT N(1-¢) Npp 2N,

Special case:

Equal degree of polymerization N;
=N, :=N: s
Critical volume fraction: =
,:U 01 |
1 &
P = 5 t.a
<
i) e SR, Wl (e
Critical polymer-polymer P
interaction parameter: .
(1) B : - St B etk
L2 | |
c =— L 1 | 1 1 1 | 1
N 0.0 0.2 0.4 0.6 08 1.0

a

(xN¢)<2 curve convex = blend stable = miscible
(xN¢)=2 curve linear = critical point = phase boundary
(¢N¢)>2 curve concave = blend instable = non miscible

e In case of equal degree of polymerization N the phase diagram is symmetric
with respect to ¢,

e Monomers are covalently connected = reduced disorder = entropic part in
mixing is small = Monomer interaction determines the miscibility

e 1. isreduced with a factor 1/N = thus it is small value = a weak repulsion of
the monomers results already in a demixing

4
Miscibility of polymers is reduced as compared with low molecular weight
systems.

Miscibility is only possible in case of special monomer interaction as for
example: dipole-dipole interaction, hydrogen bonds, donor-acceptor interaction

— phase diagram is well described but how to explain the resulting structures?

Chapter04 16



4.10 Phase separation kinetics

Polymers phase separate by the same mechanisms as small molecule mixtures,
that is by nucleation and growth or by spinodal decomposition, according to
what part of the phase diagram one quenches them into.

a) nucleation and growth

Between binodal and spinodal line the system is metastable, meaning that the
system is stable with respect to small fluctuations but unstable with respect to
infinitesimal composition fluctuations.

A process requiring a large composition fluctuation is called ""nucleation." After
the nucleus forms, the new phase grows. Together, the process is called
nucleation and growth.

composition that is not near that of the

O [ The new phase must initiate with a
parent phase.

Compasition

2 st Nel cosrdinate

b) spinodal decomposition

Within the spinodal line, any small local change in composition lowers the free
energy. The system is unstable, and any small fluctuation in composition is
amplified.

) i \ In the unstable part of the phase diagram,
7% N random concentration fluctuations are unstable
- \_ o “'-_\_/ 7 and grow in amplitude.
\ \
z
o Long wavelength fluctuations grow slowly
- because of the large distances through which
e e e s g i material needs to be transported.
7
0 Short fluctuations are suppressed, because of
vYvoy \ the high free energy penalty associated with
sVavh '“'v \;/ g /Av sharp concentration gradients.
LA A
z

— Fluctuations on an intermediate length scale grow the fastest and dominate
the resulting morphology
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free energy leads to a modified diffusion equation; this has a solution

2kg®
fOH

#(X,t) = Acos(QX) exp[— D« qz(l +

jt} with  f,"

_d*f,
dg

Thus a composition fluctuation with wavevector q grows exponentially (as Deg

1s negative) with an amplification factor

2
R(q) = D,y [1+ 2k jqz

fo'l
Inside the spinodal region fy’” is
negative, so R(() has a maximum
value.

This defines a fastest growing wave-
vector (max, Which sets the length scale
on which spinodal decomposition
occurs.

Simulation of pattern formed by
spinodal decomposition in real space.

Characteristic pattern with dominant
length scale

ctcms.nist.gov

X-ray or neutron scattering is
well suited to probe the
characteristic wavelength A and
one sees a maximum in the
scattering pattern at a wavevector
corresponding to the fastest
growing wavevector of the
spinodal pattern.

Intensity (cm'1)

Cabral et al. Physica B 276-278, 408 (2000)
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So far only the early stages of spinodal decomposition are described. At later

stages the morphology transforms further.

Domain size R(t)
Interface width w(t)

Early

R(t)~w(t)
Both increase

Intermediate

R(t) # w(t)
R(t) increases
w(t) decreases

Late

R(t) increases
wW(t)=w(ee),
constant

In the late stage of phase separation, there is only one important length scale, the
characteristic size of the domains L(t). This leads to the idea of dynamical

scaling.
The growth of the domains is driven by
the reduction of interfacial energy,

with the transport of material being
controlled by diffusion.

Lifshitz-Slyozov law: L(t)~(D y t)"?

Boom Jung’s PhD thesis (University of Cambridge
1999)

Chapter04
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Effects of hydrodymic flow on phase separation dynamics of fluid mixtures:
Numerical simulations show that the spinodal decomposition of fluid mixtures is
strongly dependent upon their fluidity.

Example in 2D:

| . -1 1
Tanaka et al; Phys. Rev. Lett. 81, 389 (1998)

Two relevant transport mechanisms are acting: hydrodynamic flow and
diffusion. In case of a high fluidity a spontaneous double phase separation can
occur, because high fluidity causes rapid geometrical coarsening of domains due
to a hydrodynamic process, which is too fast for diffusion to follow. This brings
the system out of equilibrium and induces secondary phase separation.

Volume fraction dependence of domain pattern of fluid mixtures

@ 0=0.0 (30%,7=75) @ 0=0.2 (40%,7=100)

@ 0=0.35 (32.5%,7=125) @ 0=0.4 (30%,7=150) @0=0.5 (25%, 7=400)
Araki, Kyoto University
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4.11 Phase diagrams: UCST / LCST behavior
In a @¢/T-phase diagram the shape of binodal and spinodal is determined by ¥(T)
and different temperature dependence will result in UCST and LCST behavior.

a) Low temperature decomposition
(UCST = Upper Critical Solution Temperature)

Example: PS/PB, PS/PaMS, PS/PMMA
Results from a polymer blend with a polymer-polymer interaction parameter
which has a general shape

1

ZOC?

In case of symmetric polymer blend with Ny = N, := N is:

2 2T,
Zo= for N 1=

N T
J AG 1 1-
with 0”_¢ﬁ =0 results: y-N = 1_2¢ln( ¢¢j

The boundary between homogeneous mixture at high temperatures and the two-
phase region at low temperatures is given by:

T 2(1-2¢)
TC B ln(1_¢j
¢

Phase diagram with lower miscibility gap:

5 15
| 1 homogeneous mixture
3 b
o<
2 =
1 =
0 ] bl 0N (s LN [ ] kot S G0
00, 105 1.0 1B 32.00255:6,0 00 02 D4 06 085 10

T/ Tc ¢A
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b) High temperature decomposition
(LCST= Lower Ceritical Solution Temperature)

Example: PS/PVME
In case of exothermic polymer blends upper miscibility gaps are known as well.

4 25
- 20 two-phase region
olib
>
0 ~
= =
1.0
-2
0.5
-4 0.0 11 PS8 A Fid 1% (AT o 1L
ML a1 B I - B
Py

Demixing occurs independent of the volume fraction ¢, for y > 0.

The prerequisite for an upper miscibility gap i1s a polymer-polymer interaction
parameter y.which increases with temperature T.

Possible mechanisms:

Mechanism 1:

Competition between

e Attractive interaction of special groups in both polymers (hydrogen-bonds)

e Repulsive interaction of the remaining monomers without these special
groups (e.g. in case of copolymers)

Mechanism 2:

Mixing reduces the volume as compared with the demixed system. Therefore the
volume is reduced for the local movement of the polymer chains. This reduced
mobility of the monomers decreases the entropy.

This effect is increasing with temperature and overcompensates the initially
dominating attractive interaction.
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Example: hPS/PVME and dPS/PVME phase diagrams
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Adapted from a Review published in Trends in Polymer Science, 2, 1994 by F.H. Case and J.D. Honeycutt
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