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,INT'RODUCTION

Macromo.lecules have been connected with life o n our planet from its very early
forms. One may sa.y that life is impossible without special chemical substances.
P.lants consist for a substantial part of cellulose, a. macromolecule on carbohyd rate basis. Man is built for an important part out of proteins, which also constitute an indispensable .part of his food. Proteins are macromoleculesbasbd
on polyamino acids. In this thesis, we will be concerned with the bahaviour'
of synthetic macromolecules or polymers. These synthetic polymers could be
made from natural o r synthetic low molecular, weight substances. The first
'

developments in this field occured on the basis of pure luck and perseverance.
The'first polymer to go into ( commercial) production was the famous celluloid
(1869), máde from nitrocellulose and camphor.
Following this one, around the turn of the century, caseine resins and'Bakelite

.

t

(phenolformaldehyde resin) came on the market. Before 1930 quite a few,well
known polymers like celluloseacetate, polyvinylacetate, polyvinylchloride and
some polyacrylates have' been in production. The exact nature of the polymerizakion reactions and the structure of the polymers was not understoddand the
'

i
'

results were purely empirical. This situation started to change when in 192'6,
Staudinger proposed the structure of macromolecules (as he first called them),
the structure which we a r e now used to. The essence of this structure. is that
the macromolecules consist of a long linear, o r sometimes branched, chain with
covalent bonds, in which certain structural entities are regularly repeating,
the segments. This structure itself explains how the macromolecule can be
b uilt up from certain .low molecular weight substances, the monomers.
After this big achievement a more systema.tic search was initiated which
resulted in an innumerable amount of different polymers. From this vast
quantity some 40 to 50 became of commercia.1 importance. Special reference
should' be given to the polyamides, the polyesters, to

polyethylene and its sub-

stituted derivatives.
The main areas of application for the synthetic polymers in previous years
can be divided roughly in the following groups.

- Polymers used a s constrcution materials for household apparatus. etc. .
- Polymers used as synthetic fibers in the textile industry and
as films for

packaging.
- P d y m e r s used as elastomers replacing natural rubber in several applica-

tions.
-11-
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The possibility to tailoring the chemical structure to obtain the desired mechanical thermal and chemical properties have extended the applications
to a far grea-

ter field than only replacing the natural occurring macromolecules like
wood,
rubber, cotton, wool etc.
The polymer poly ( Z , 6-dimethyl-l, 4-phenylene oxide) to which thegreater part
of this thesis is devoted was developed by General Electric in the USA in the
mid sixties. It is a so called flengineeringll plastic. These are strong, though,
abrasion resistant materials, capable of withstanding wide ranges of temperatures and resistant to attackby weather, chemicals and other hostile conditions.
The price is generally higher thanf o r ffmulti purposell plastics like polyethylene
and polystyrene. The better properties however, yield better end products,
which allows them to compete succesfully

with other materials such as metals

and ceramics.
The properties of macromolecules can be influenced by factors like crystallization, chain branching, copolymerization, crosslinking, molecular

weight etc.

Crystallization generally improves the mechanical propertiesby increasing the
modules, and it is generally observed with highly regular macromolecular chains.

A high degree of crystallization can yield a brittle material. The crystalline
melting point is of course a very important factor inthe applicability of crystalline polymers. Branching can reduce crystallization by rendering the chain irrs gular.
Crosslinking (htroducing chemical links between the macromolecular chains
,
in contrast with physical links as in crystallization) can improve the mechanical and chemical resistance in non-crystalline materials by preventing irreversible flow; -crosslinking may yield eIastic propertiesas encountered in
rubbers.
During the last decades some applications have been found which make use of,
sometimes deliberately build-in, very specific physical and chemical proper-

ties of the polymers , e. g. high temperature resistant polymers in space research; the soft swollen contact lenses etc. One of these applications referred
'

to in this thesis is the use of polymers for the manufacturing of ultra- and
hyperfiltration membranes. These membranesare used in separation processes of solutes in water, which separation is pressure driven: the membranes

reject solutes while water can pass. The properties of these membranes depend on the properties of the memb.rane. The membranes are made according
-12-
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to a so called phase inversion process starting from a solution of the polymer
and ending with an asymmetric structure:a thin dense skin on a porous substructure.
There are many other processes and physical determinations which require
polymers in a certain stage to be in solution. These include:

- Solution polymerization; if

the polymer is not soluble a t higher molecular

weight this limits the polymerization reaction,

- Coatings (paints); starting from a polymer solution an applied coating
should not phase separate in the drying process.

- Wet and dry spinning of fibers.
- Molecular weight determinations to characterize the polymer.
This shows that sometimes a phase separation in a polymer solution is desired
and sometimes not. In any case this marks the importance of studying phase
separation behaviour in polymer solutions.
In the following paragraphs some general considerations on phase separation
from polymer solutions willbe presented.

PHASE RELATIONSHIPS
Substa.nces can occur in different phases which a r e in thermodynamic equilibrium. The rule governing the phase relationships has been formulated by
Gibbs and is known as the phase rule. The phases which a r e important in this
thesis a r e the liquid and crystalline phases. Although the phase rule theory
in itself applies to solutions of high molecular weight substances in a. low molecular weight solvent, these solutions present additional problems compared
to low molecular weight systems.
It has been discovered quite early that fora liquid-liquid miscibility gap
occurring in systemswith a polymer in solution this miscibility gap in the
phase diagram is shifte'd to low solute concentrations. This phenomenon is
known as the asymmetry of the miscibility gap for polymer solutions. Another
complication arises from the fact that in most cases the polymer consistsof
chains of different molecular length o r weight. A l l these different chains should
be considered in the phase rule theory as different substances, thus causing

a considerable number of degrees of freedom. The second type of phase separation studied here, crystallization from solution, is affected by these problems

as well. A description of the, liquid-liquid and liquid-solid phase relationships
-13-

is given below.

LIQUID-LIQUID EQUILIBRIUM
I

For the description pf phase relat ionships useis made of an expression forthe
free enthalpy of mixing ( A G ). This is the free enthalpy of the mixture minus
m
the free enthglpy of. the pure components. The chemical potential h p is defined

in ananaloguous way.
In figure 1a typical dependence ofAGm

on concentration is illustrated at con-

stant temperature, which gives a completely miscible binary system (i.e. the
solution will be found to be homogeneous for the whole composition range, from
'

a thermodynamic point of view).
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Fig. 1. Schematical diagram for the enthalpy of mixing for a polymer solution which is homoI

geneous at allcompositions.
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A phase separation into two liquids of composition w1 and w would imply an
2

increase in A G i ' as is indicated'in the figure. A different situation is occurm
ring in figure2.

0.16
0.24

0.32

Fig. 2. Schematical diagram of the free pthalpy of mixing for a polymer solution exhibiting
a miscibility gap.

..

*.

Here the A G -w dependence iartly shows a negative curvature and at certain
m
conceptrations the solutión'is experiencing a driving force to lower its free
enthalpy of mixing by separating into two phases.
Figure 2 shóws that the compositions of the coexisting phases will be given by
the common tangent to the A G,-w

curve. This curve shows two points of ,in-

flection which separate two different regions of demixing.
-15-

In the two regions between the common tangent point and the inflection points
the solution is metastable. The curvature is still positive and a small variation
in concentration gives an increase in A Gm. This causes the small variation in
concentration to be extinguished. Only a big jump in concentration at certain
loci in the solution (a nucleus) canin principle give a phase separation. This
is why separation of the solution in these areas is called nucleation and growth.

Between the points of inflection the phase separation is initiated by any change
in composition, however small this variation may be, because this always lowers
A Gm. Here the mechanism of phase separation is called spinodd decomposi-

tion. Of course the AGm-w curves are here given for one temperature. It is
possible that, on changing the temperature the curve in figure 1changes to a
curve like that in figure 2. This gives rise to a T-w diagram which is schematically drawn in figure3.
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Fig. 3. Schematic representationof a phase diagram for a polymer solution exhibiting liquidliquid phase separation.
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The tie-lines connect the compositions

of the phases which are in equilibrium

a t a certain temperature. The temperature at which the tie-lines

reduce to one

point yields the so called criticalpoint. In this strictly binary system, thispoint

is given by the highest temperature a t which phase separation occurs. The
(a 2
a X2 )p,T = O and the collection of these points in the T-w diagram is called the spinodal curve (dotted
line in figure 3).

inflection points in figure 2 are given by

AG^/

CRYSTALLIZATION
s

.

Crystallization, the solidification of one o r more of the components of a solution in the form of an ordered structure may occur
when the solution temperature is lowered to below the melting point of one of the components. This situation is presented in figure 4 in a schematic AGm-w curve at constant temperature Tl, below the melting point of component B. Below its melting point the
chemical potential of B is smaller in the solid state than of the mixture in the
liquid state. At certain compositions the free enthalpy can thus be lowered.

Fig. 4. Schematic representation of a free enthalpy curve for polymer solution
phase separation by crystallization.

-1 7-

exhibiting

The composition c,f the liquid phase in equilibrium with solid B is given by the
tangent to the AG -w curve from the h p of the solid phase.
m
When the melting point of the solvent is high enough a eutectic point can b e observed. ,In most instancesin poLymer solutions, where the solvent melting point

is a great deal lower than the melting point of the polymer, the expected eutectic composition has disappeared in the w = O axis. F o r this cas.è the collection

of melting points as given by figure 4 f o r different temperatures is given in
figure 5.

-Tom

D

T

t
~

I

02

I

04

I

I

06

I

I

I

Fig. 5. Schematic melting point curve for a polymer solution.
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FREEENTHALPYEXPRESSION
The mostwidely used equation for the free enthalpy of mixing is the FioryHuggins equation. This equation, derived independently by Flory and Huggins,
gives essentially the entropy of mixing of a polymer with a. low molecular weight
substance, calculated on the basis of a lattice model. The equakion has been
used in a number of formulations which differ only slightly. Here we will use
the one introduced by Schoite,using weight fractions.

--AGrn
RT

- w oI nw o

+

C

MO
-

Mi

w i 1b w .1

f

'

g, w O w

where R is the gas constant, T the temperature, wo is the weight fraction of
solvent, wi is the weight fraction of polymer species, i, Mo is the molecular
weight of the solvent, Mi is the molecular weight of polymer species 1, w is
the total weight fraction of polymer, and g is the emperical freeenthalpy
correction parameter.
The first two terms on the right hand side give the entrppy of mixing. It is
clear that when a high molecu1a.r weight substance is involved M. will be large
compared to Mo and the term

MO
wi In wi will ,benegligibly small. This is the
Ml

t e r m which is responsible f o r the asymmetry in position of the demixing gap.

Additional to the entropy of mixing t e r m a free enthalpy term g wo w is introduced. The Van Laar type enthalpy correction g can be used to cover all nonidealities and can be assumed to depend on any variable such as temperature,
concentration, molecular weight distribution etc.
In recent years it has often been tried to improve the Flory-Huggins equation.
In order to explain the high temperature phase separation in polymer solutions
(LCST behaviour) theories based on the difference in free volume have been
introduced. These give an entropy correction term plus an enthalpy correction.
The theories are able to explain the phase separation processes qualitatively,
but for quantitative descriptions even more correction parameters a r e neces-

sary-. One of the rather simple ways of estimating#the interactionbetween solvents and polymers is on the basis of the solubility parameter theory,' a theory
which uses,the heats of vaporization of the pure substances as parameters.

-1 9-
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The investigations for this thesis have been worked
out in the form of seven
publications or futurepublications. The contents of the chapters are:
CHAPTER I1

In this paper the determination of the free enthalpy correction
parameter g is described for the system PPO-toluene. The
method used here was light scattering for solutions of different
concentrations up to 10 76 and at various temperatures.

CHAPTER III In this paper the crystallization and melting of PP0 from solutions
in toluene is investigated. The method used here was differential
scanning calorimetry. The presence of toluene in the crystal lattice is suggested.
CHAPTER IV This chapter described the investigations on the crystallization
of PP0 from toluene solutions with,the novel PulseInduced Critical Scattering technique. The kinetics of the crystallization is
discussed.
CHAPTER V

In this paper the determination of the free enthalpy correction

parameter from melting point curves is discussed for PP0 in the
homologo.us solvent series toluene-hexylbenzene. The influence
of-solvent entering the crystal latticeis discussed.
CHAPTER VI This paper.discusses two alternative methods to determine the
free enthalpy correction parameter forPP0 in toluene: vapour
t

pressure osmometry and high pressure membrane osmometry.
The applicability of free-volume theory and of solubility parameter concept is discussed.

CHAPTER VI1 In this paper the determinationof solubility parameters forsolsolvent/polymer pairs from other physical quantities is discussed.
CHAPTERVIII This paper described the formation mechanism of asymmetric
ultra- and hyperf iltration membranes. 'The roleof liquid-liquid
phase separation (nucleation and growth, spinodal decomposition)
and crystallization is discussed.
A summary of this thesis is given in CHAPTER M.

-20-
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Phase-Separation Phenomena in Solutions
af Poly(2,6dimethyl-1,Q-phenyleneOxide). I. Thermodynamic
Parameters of Solutions in Toluene
D. M. KOENHEN and C. A. SMOLDERS, Twente Uniuersity of

Technology, Enschede, Th.e Netherlands
Synopsis
New experimental data have been collectedon thermodynamic properties
of solutions of poly(2,6dimethyl-l,.i-phenlgleneoxide) (PPO) in toluene. The Flory-Huggins interaction parameters g
have been determined from light scattering measurements. These values are in agreement with
values obtained by osmotic measurements at low concentrations and theyallow the calculation of
a nlelting point curve which fits
the experimental melting points. No liquid-liquid phase separation
can be calculated,
as was concluded ina preceding paper. Spinodals could not detected
be
by light
scattering or DSc-measurements. This also indicates that liquid-liquid phase separation does not
occur. The phase separation on cooling
of a PPO-toluene solution isthus believed to be a crystallization phenomenon.

INTRODUCTION
When a homogeneous solution of poly(2,6-dimethyl-l,4-phenyleneoxide)
(PPO* resin) in toluene is cooled,
the solution exhibits a phase separation
visible
. by an increase of turbidity. This phenomenon has been explained in two different ways:
1. Crystallization of the polymer. The temperature at which turbidity appears
(on slow cdoling) is called
the crystallization point.1 It is possiblethat thesolvent
participates in the crystal structure.2
2. Liquid-liquid phase separation, and subsequentcrystallization of polymer
from the concentrated phase. In this case the temperature of appearance of
turbidity with very
a
slow coolingrate ( loC/48 hr)has been taken as a point on
the cloud point curve, and with a fastercóoling rate (l0C/1O min) as a point
on
the ~pinodal.~
. The melting-point curve, obtained by heating the phase-separated solutions,
has the same meaning in both'approaches. The first explanation is the most
straightforward one. It, howeper, does not provide an explanation
for the fact
that depending on the rateof pooling there can be found two temperatures at
which the solution becomes homogeneous on heating.3 The second interpretation was mainly based on
the change-over of the phase boundariesof the system
PPO-toluene in comparison withthe ternary system PPO-toluene-ethan01.~On
and near the binary side, PPO-toluene, of the ternarydiagram it was possible
* Registered trademark of General Electric Company.
155
91977 by John Wiley & Sons,
Inc.
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to determine threephase-transition temperatures, whereas in a system withmore
ethanol present, only liquid-liquid
Rhase separation occurred. It seemed that
the cloud point curve of this ternary system
could be extrapolatedto thebinary
PPO-toluene side. When cooledat a fast rate thesolution becomes homogeneous
curve, which also points to liquid-liquid phase
again at or near this cloud point
separation. As a last pointof this interpretation itwas stated that the
liquidliquid phase separation precededa crystallization of the polymer-rich phase.
This could explain theoccurrence of the three-phase boundaries
which have been
found inthe experiments.
In the present paper
some additional experiments are described
which allow
a betterchoice to be made between'the proposed mechanisms.
b

THEORETICAL
General Thermodynamic and Kinetic Framework
In polymer solution, the free enthalpy (Gibbs free energy) of mixing isusually
expressed in theform of the Flory-Huggins e q ~ a t i o n .In
~ this paper we willwrite
the Flory-Huggins equation usingweight fractions, and with a free-enthalpy
correction parameterg according to Koningsveld5~6

where AG, is the free enthalpy of mixing of MOgrams of solution; wo is the weight
fraction of the solvent; w;is the weight fraction of polymer component i, w is the
total weight fraction of the polymer, Mo is the molecular weight of the solvent,
and M; is the molecular weightof the polymer componenti.
. Equation (1)can be used
to describe liquid-liquid phase separation. When
the free enthalpy of mixing of a homogeneous solutionof a given composition
is higher than thefree enthalpy of a combination of two liquid phases havingthe
same total composition, the homogeneous mixture will separate intotwo phases.
In a graphical representationfor a binary system,the compositionsare given by
AG, versus compositioncurve. Between the comthe common tangent to the
mon tangentand thepoints of inflection the curve is concave upwards,which
means that thesolution is stable towards fluctuations limited to neighbaring
compositions, but unstable against formation and
growth of a nucleus with a
composition acrossthe instability gap. This mechanism of phase separation
is called nucleationand growth. Between the points of inflection the AG,, curve
is concave downwards. This means that thesolution is unstable towards any
koncentration fluctuationand sucha solution will separate intotwo phases instantaneously. This mechanism is called spinodal demixing. Therefore, upon
temperature lowering in a system which
shows liquid-liquid phase separation
one will first pass througha region in which nucleationand growth canoccur:
,the points at which the phase separation starts constitute the
binodal. When
occur, starting
this nucleation mechanism is retarded, spinodal demixing can
a t the spinodal curve. If the empirical correctionfactor g is known, both binodal
and spinodal curves can be determined. On the other hand,if the spinodal could
be determined experimentally,it should be possible
to calculate g.
In thiswork the g parameters have been determined
by light scattering. The
-22-

P H ASSEEP A R A T I O
I NN

PP0 SOLUTIONS. I

157

g parameters obtained
can be used
to compute AG, versus compositionat several
temperatures from which it can be judged, whether liquid-liquid phase separation could occur. Light scattering can also indicate the existenceof a spinodal
region,since the scattering intensity should,increase enormously on approaching
the spinodal curve. This has also been checked for the system under investigation. Furthermore, an attempt has
been madeto determinea spinodal tem-,
perature (if any) for the system PPO-toluene by fast-cooling experiments in
differential scanning calorimetry. On increasing the cooling rate one should
find a phase separation temperature'for spinodal demixing which is independent
of the cooling rate.
Finally, in terms of crystallization phenomena, one
can also use the g parameter
to calculate the lowering of the melting pointof crystalline material in solutions
of various polymerc o n c e n t r a t i ~ n . ~This
* ~ , ~allows the calculation of the melting
point curvewhich can be compared with
the experimental one,

,

'

s

.'

,

'

I

Measurement of the intensityof light scattered from a polymer solution
at
various concentration's and, angles is a means 'for the 'determination of the
chemical potential and the interaction parameters
of the ~ y s t e m . ~
The equations derivedby Scholte read:

and

where APO is the chemical potentialof solvent in solution less the chemical poM
tential of pure solvent; p is the chemical potential of the polymer insolution; L
is the scattered light intensity from the solutian minus that from the pure solvent,
relative to the light intensity of pure benzene scattered perpendicular,to 'the
incident ray (scattering angle
d = 90"); a .isthe angle factor (sin d)/(l -k Cos2d);
p is the densityof the solution; ng is the refractive indexof benzene at wavelength
X of light; RB is the Rayleigh factor of benzene; N A is the Avogadro's number;
(dnldw) is the specific refractive index increment;and subscripts Mn and MWD
indicate diffeFentiation with respect.to w at a fixed number average molecular
.
.
weight and afixed molecularweight distribution, respecdively.
The right side of eqs. (2) and (3).can be determined experimentally. Integration of eq. (2) from verylow values of 'w upwards then yields values of APO.'
Differentiation of,eq. (1) with respect to the number of moles of the various
components yields, respectively:
I

1

'

.

I

l

and
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It follows that the quantity

can be calculated; xw is the well-known Flory-Huggins interaction parameter.
When a spinodal is approached,the light scattering can reachvery high values.
ScholtelO has given an extrapolation procedure to determinethe spinodal by
plotting valuesof l / ( a A I ) e = oagainst 1/T or T (when the temperaturerange is
not toolarge) and extrapolating tol/(aAI)e=o= O.

Melting-Point Depression
The melting-point depression equation
for polymer-solvent systems derived
by Flor9 andmodified by Hoffmang
reads:

where Aphu is the chemical potential changefor the melting of one mole of
polymer segments;
is the molar enthalpy of fusion for the polymer repeat
unit; T m is the melting point insolution; and T; is the melting point of pure
polymer.
At equilibriumbetween polymer.crystals and a polymer solution, the following
relations are valid:*

AH:

j

and

is the thermodynamic potentialof one mole of repeat units for the
polymer
in thecrystalline state; pio)is the thermodynamic potentialof one mole of repeat
units for the polymer in the standard state;
p: is the thermodynamic potential
of one mole of repeat unitsfor the polymer in solution and M refers to mixing,
f to fusion.
Using eq. (5) and inserting a temperature and concentration dependent
g of
the form
p:

g = g o +g1p z w

(8)

(go, g1 and g2 are constants),we obtain thefollowing expression for the change
in chemical potential
upon mixing polymerand solvent.

.

Combining eqs. (6),(7), and (9) we find:
-24-
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+ (go +

+

2gzw)(l -. w)2] (10)
Tm
By solving eq. (10)
for at least three setsof melting temperature versus composition data,we have apossibility in principleto determine go, gl, and g2 from
experimental data.

Differential Scanning Calorimetry
'

As has been pointed out by Van Emmerik18 it is possible to determine the
phase separation temperatures in this systemby differential scanning calorimetry. When the phase separation
is a resultof nucleation and growth a certain
induction or delay time hasto be expected, irrespective of the type of phase
separation. These delay times should become shorter with increasing undercooling. At temperatures below a spinodal even the smallest fluctuation in
concentration is sufficient to destabilize the solution and therefore demixing
must occur without a delay
tirne.l1J2 In DSC measurements spinodaldemixing
is in principle detectable, since phase separation temperatures should then become independent of the cooling rate.

EXPERIMENTAL
Light Scattering
The light scattering experiments were performed with a Soîica 42000 M
photogoniodiffusometer. The wavelength used was 546nm (unpolarizedlight).
There was no need for extra neutral filters with the intensities measured.
Temperatures at which experiments were performed were 25, 55, and 75°C.
Temperature controlwas within O.loc, with an external thermostat. The toluene used was Baker Analyzed Reagent p.a. grade which wasdistilled and dried
by molecular sieves (4
The PP0 sample used had@, = 21.600 and
=
37.700 as determined by osmometry and light scattering, .respectively. The
solutions werefreed from dust by filtration through a 0.45~Millipore filter. With
the viscosity at
this filter only solutions with w I0.1 could be filtered because
higher concentrations.

w).

a,

Melting-Point Depression
Homogeneous mixtures of PPO-toluene were made by weighing the appropriate amountsof PP0 and toluene in smailglass tubes, whichwere degassed,
flushed with nitrogen, and sealed under
vacuum at liquid nitrogen temperature.
The sealed glass tubes were heated in anoil bath to obtain homogeneous
a
solution. These solutions were cooled very slowly
(loC/48 hr)in a thermostat'until
the solutions becameturbid. Melting points were determined visually byheating
the turbid solution very slowly, until the solution again became clear. The
melting points were confirmed by differential scanning. calorimetry measurements.
-2 5-
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Differential Scanning Calorimetry
Solutions were made in theglass tubes asmentioned above. After the tubes
were cooledand broken, samples wereput infoliquid type sample pans. Only
those pans which showed no
weight loss after 24 hr at 90°C wereused: DSC
measurements were performed witha Perkin E,lmer DSc-2 apparatus.

RESULTS
Scattering

I

,

Light

1

.

In Figure 1a typical scattering plot
is shown from which
the extrapolation of
u] F O
yielded a weight average molecular weightof 37.700which isin accordance with
~~~
the previously determined value. For the calculation of ( d p / d u ] ) and
[d(Apo)/dw], the following constants have been used.
aAl to 8 = O was made. The extrapolation of ( w / ( i x A b o ) values to

At T = 25°C; nB = 1.502 RB = 16.3 X 10-6 (CF-')
The values of ns/RB occurring in eqs. (2) and (3) have been correctedfor temperature effects with the Lorentz-Lorenz equation( m ) and data of Cohen and
Eisenberg13 (forRB),and yield

'

(nilR~)550c
= 0.908 (&RB)wc
(ni/R~)750c 0.847 ( P ~ . $ / R B ) ~ ~ o c
The densities at 25°C and 55°C weretaken from Ref. 3and,thedensities at 75°C
were calculated withthe relations given in Ref. 1.
The calculated valuesApo and xw are shown in Table I. Figure 2 shows xw

0.07-

1

0.05-

0.03

0.01.

,
l
w.0.02
t

*
O

-26-

w=O.OI

~=0005

I

PHASE
SEPARATION

IN P P 0 SOLUTIONS.
I

161

TABLE I
Chemical Potentials and InteractionParameters fpr PPO-Toluene Solutions
Temperature, "K

.005

298

328

348
14.48
.

,

-A/.l,,
W

X

10-6,

xw

erglmole

0.591
1.305.
3.10
11.25
35.02
0.607
1.443
3.439
13.00
39.05
0.38 0.703
1.58
3.80

o.o10.40
0.02
0.407
0.421
0.05
0.10
0.437
0.005
0.39
0.01
0.40
0.02
0.404
0.05
0.412
o.10
0.435
0.005
0.38
0,Ol
0.02
0.392
0.05
0.422
0.10

,

0.40

'

45.43

as a functionof concentration and temperature. The values of xw at 75°C are
probably somewhat toolow in comparison withthe values at 25°C and 55°C
because the densities calculated fromthe equations of Shultzl arelower than
those foundby VanEmmerik3at higher temperatures, thus yielding higherApo
values and a lower xw. The concentration dependenceof xw, however, is the
values
same forthe three temperatures.The xw values are in agreement with the
x = 0.38 f 0.04 at low concentrations, determined with osmometry this
in laboratory for the determinationof the number average molecular weight,
and by
Barrales-Rienda and Pepper.14
It can be concluded that the temperature
dependence of xw is very smallfor
this system,but thereis a distinct concentration dependence
(Fig. 2).
When g is taken as a function of concentration and temperature [es. (€j)],
combination witheq. (5a) gives
I

From the experimentallight scattering data we thus find in a first approximation

I

I

2

I

I

4

I

I

6

I

8

I

I

1

I

0

wx100

Fig. 2. The interaction parameter xw as a function of concentration and temperature. ( O ) 25"C,
(O)55"c,(A)75°C.
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Fig. 3. ( d p / d w ) ~ wfor
~ PPO-toluenesolutions at different temperatures. ( O ) 2 5 T , ( O ) 55"C,
(A)75°C.

Fig. 4. Extrapolation plot to determine the spinodal.

that g1 = O. From data plotted in Figure
2, g2 and go can than be determined.
The slope of the curve yieldsg2 = 0.19 f 0.02 and from xw at w = O a value of go
= 0.58 f 0.02 is obtained. In Figure 3 a graphical representation
of ( d p / d w ) ~ ~ o
versus composition is
shown. It can be seen from this figure
that ( d p / d w ) ~ w o
also has onlya slight dependence on
T. The spinodal (if it exists) is located at
l / ( d I ) e = o = O; this means that high-fluctuation scattering
occurs onapproaching
a spinodal point.
From Figure4 it appears that theextrapolation tol/(aAI),=,= O leads toan
extremely low spinodal temperature; about180°K. In thetemperature range
studied thereis noindication for high-fluctuation scattering. Hencea spinodal
curve is not presentin the temperatureregion of interest,

Melting-Point Depression
Melting temperatures determinedvisudy with an accuracy of &loc
are given
of the polymer concentration. The results agree very
in TableI1as a function
well with other literaturedata.l.3 The inverse melting points plotted
versus the
-28-

PHASE
SEPARATION

IN P P 0 SOLUTIONS. I

163

TABLE I1
Melting Temperature.of P P 0 Solutions in Toluene
W

Tm, "K

0.1

334
345
359
373
389

o. 2

0.3
0.4
0.5

weight fraction of polymer in the solution, show a practically linear relation (Fig.
5), over the large concentration range covered. Therefore, the melting-point
depression cannot beused to discriminate between contributions of g J T and
gzw in eq. (10). Fromthe light scattering experiments it follows that g J T is very
small and we have already concluded that g = go g2w can be used in eq.
(10).
Since data on AH: range from 6 to 20 cal/g15 and data on T!] from 510545"K3J6it is not feasible to calculate go and g2 directly from melting-pointdata.
With the dataobtained from light scattering: go = 0.58 and g2 = 0.19 a good fit
of the experimental melting points was found using
T:] = 545"K,
= 9.5 cal/g
and also using T; = 535°K with AH! = 9.8 cal/g: both data setsgive the "calculated" line from Figure6. This type of experiment, obviously is not a very
sensitive means of obtaining thermodynamic data. For lower go values, good
fits can be obtained also,
but only when using somewhat higher values. The
AH: and
values chosen remain withinthe range reported in the literature.
For g2 = O a fit can only be obtained by choosing large go values. Then the
normal typeof 1iquid;liquid phase separation should
occur with amaximum in
the cloud point curve at low polymerc~ncentration.~ This type
of phase separation is not found for toluene as a solvent. It has to be concluded that gzuj
contributes appreciably to the total
g as was found in the light scatteringresults.
Qualitatively, the melting point data arein agreement with the results for g from
the light scattering data. Melting-point data are not very suitable to obtain
quantitative informationon g(T,w).

+

AH:

AH:

7';

Fig. 5. Reciprocal menting pointsvs. concentration in the PPO-toluene system.
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4*1

O

0.2

Fig. 6. Melting points for the PPO-toluene system. (-1

-w
04

calculated, (O) ScuItz, ( O ) this work.

Differential Scanning Calorimetry

,

,

,

Phase separation upon
cooling appears in DSC measurements as
an exothermic
peak. The temperatureat which the peak begins corrected as needed,7
is taken
as the phase separation temperature. The phase separation temperature depends largely on the scanning speed(see Fig. 7). Since phase separation temperatures decrease steadily with increase
in scanning speedthese experiments,
show that we are in theregion of nucleation and growth. Thus even at the highest
possible scanning speed, with temperaturesbelow
far those of the spinodal determined earlier,3 the spinodal has not been reached,

DISCUSSION
Some attempts to determine the thermodynamic parameters
g and x for the
system PPO-toluene have been published
previously.
The determination of the x parameters by Shultz and McCulloughl agrees
qualitatively with the present results when their inverse temperature dependence
. of x is replaced bya concentration dependence. We have shown that within the
series of melting point versus concentration
data it is impossible to distinguish
betweenthe two dependences. Since Shultzand McCullough assumed xa parameter .independent of concentration, only a temperature dependence was
found. The light scattering experimentsin his work indicate that thetemperature dependence is very small and that thereis a distinct concentration dependence. We believe that thelight scattering experiments publishedear1ierls
and theconclusions basedon them, are
erroneous. The difference in thelight
scattering resultsis probably causedin partby the pretreatment given tothe
solutions. We foundthat small,amounts of water in toluene, and filtration
of
the solution with a filter of larger pore size, gave very
high and less reproducible
scattering values. Moreover, Figure 2 of Ref. 18 corresponds nearly totally with
the value of ( d p / d w ) ~ due
~ ~ , to the
last factor inside the brackets in our eq. (3)
which arises from the molecula+ weight distribution,This contributionis zero
=~O to find the spinodal
was not
only at w = 1,so extrapolation to( d p / d w ) ~ w
possible. Both these points, x values and extrapolation procedure, led tothe
,

'
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' 241
'

'

\

204

L

2Ò

410

8Ò

1

160

I

320

SCAN SPEEDPClmin)

Fig. 7. Phase separation temperatures on cooling as determined by DSC at various scanning
rates.

,

invalid conclusion that the occurrence of liquid-liquid phase separation was
demonstrated bylight scattering 'measurements.
The values forxw found inthis work by light scattering agree with those
from
osmometry; these values can be usedto derive g and describe the melting-point
curve satisfactorily. These g values do notgive a liquid-liquid phase separation
gap in the region studied. To obtain aliquid-liquid phase separation aminimum .
. value of xw ,of 0.5 'must occur in a solution
of a polymer ,of infinite molecular
weight, and axw,must not depend
on the concentration.* For alower molecular
weight polymer and a concentration dependent xw, higher values of this parameter 'are needed for a liquid-liquid phase separation. In addition, when
liquid-liquid phase separation occurs there should bea spinodal nottoo far below
tbe cloud point ctuve. Because this spinodal cannotbe detected, neither by light
scattering norby DSc, it is unlikely that liquid-liquid phase separation occurs
in this system between273 and 373°K.
The calculation of g parametersfrom the'.'cloud point curve" obtained by slow,
cooling, as was done by Van
Emmerik andSmolderslg raises seriousdoubts, since
it was incorrectly assumed that theg parameters for twocloud-point curves are
the sàme at their point of intersection. A final comparison with otherdata is
possible fòrthe ternary system PPO/polystyrene/toluene
where no liquid-liquid
phase separatiòn 0ccurs.l Hence it can be expected that theinteraction between
PP0 and toluene is not very different frdm
that between polystyreneand toluene.20 Indeed the x parameters foundfor polystyrene-toluene6are of the same
magnitude as the values forPPO-toluene foundin this work. This supports our
conclusion that thephase-separation phenomenon observedfor PPO-toluene
is a crystallization phenomenon and'not a liquid-liquid phase separation.' The
sophenomenon of the two different temperaturesat which a phase separated
lution can become homogeneous willbe dealtwith inthe second paperof this
series.
5

1

'

~

'
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To obtain more g values, high-pressure osmotic and vapor pressure measurements are presently being made inour laboratory. It is tobe expectedthat
a more accurate statement about
the small temperature dependence
of g can be
made in a laterstage.
The authors are indebted to J. W. A. van den Berg and G. van de Ridder for helpful discussions
and suggestions. .
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Phase-Separation Phenomena in Solutions of Poly(2,6dimethyl-1,4phenyleneOxide). 11. Differential
Scanning Calorimetryof Solutions in Toluene
D. M. KOENHEN andC. A. SMOLDERS, Twente University of

Technology, Enschede, The Netherlands
Synopsis
The phase-separation phenomena observed
in solutions of poly(2,6 dimethyl-1,4 phenylene oxide)
in toluene have been investigated by
differential scanningcalorimetry. These measurements supplement the experimenta1 evidence in. favor
of the concept that thephase transitions observed are
crystallization and melting phenomena. The experiments suggest that two kinds of crystals can
develop and that a seeded crystallization is possible.

INTRODUCTION
Homogeneous solutions of poly(2,6 dimethyl-1,4 phenylane oxide)(PPO*)
in toluene, up to concentrations of 40% by weight, can be obtainedby heating
the mixture to a temperatureof 110 "C. Whensuch asolution is cooled,turbidity
sets in at a temperature which depends onthe cooling rate.1 When this turbid
solution is again heated,it becomes clear a t a temperature higher than thatof
incipient phase separation, butalways below 110 "C.In the literaturetwo explanations have beenput forthfor the phase separation phenomena observed
in this system: a) liquid-liquid phase separation, after which the concentrated
phase undergoes crysta1lization.l b) crystallization of the polymer -fromthe
soIution.2
The transitions are accompanied
by a heat effect,.which makes it possible to
detect the transition with a differential scanningcalorimeter. In thiswork DSC
measurements are reported which supplement earlier DSC workon this ~ y s t e m . ~
The measurements were devised in sucha way that the resultsmight provide
data thatwould help to discriminate between the two mechanisms proposedfor
phase separation.
'

EXPERIMENTAL
The apparatusused was a Perkin-Elmer DSc-1B apparatus with
liquid
a nitrogen subambient assembly. The solutions were made up invacuum-sealed
tubes as described earlier,l
cooled downquickly to enable the filling of the liq-

* PP0 is a trademark of the General Electric Co.
167
O 1977 by John Wiley & Sons, Inc.
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Fig. 1. DSc traces of a 40% solution of PP0 in toluene.

uid-type sample pans with a semisolid
polymer-solvent system. Only sample
pans were used which showed no weight
loss after being held at 90 "C for 3 days.
The PP0 used was a narrow distribution sample.characterizedby
= 35,800,
Mu, = 39,500. This'sample was obtained by liquid-crystal fractionation. The
toluene used was Baker Analysed Reagent p.a. grade.
t

s

,

RESULTS

\

'

In Figure 1some results for a 40% w/w,PPO solution areshown. Different
concentrations showed parallel characteristics. The transition temperatures
increase monotonicallywith concentration. When a solution,which has been
at a temperature of 120 "C for several hours,
is cooled at a rateof 16 "C/min, curve
A is obtained. There is an exothermic heat effectwhich begins at T = 42 "C.
Heating this solutionat a rate of 16 "C/min to 120 "C produced ctirveB. An
endotherm is shown which ends at T = 78 "C. When the solution heated up to
120 "Cis cooled again at the same rate, curve
A is reproduced: However, when
the.heating procedureof curve B is stopped at T = 85 "C (well beyond the endotherm) and the sample
is cooled at a rateof 16 "C/min, curveC is obtained.
When this, solution
is heated again,there is no endotherm endingat 78 "C but
one-endingat 106 "C (curve D). In this case, when heating is stopped at 85 "C
and thesystem is cooled,no exothermis observed.
When the solutionis cooledfrom 120 "C to O "C at different cooling rates and
then heated at 16 "C/min, the curves shown in Figure 2 are obtained. With a
cooling rate of 0.5 "C/min curve E is obtained upon heating. This curve
shows
the endotherm at106 "C. Reheating the samples directly after faster
cooling
(lO C/min and 2 O C/min) produces a second endotherm (curves F and G) at lower
temperatures.. After cooling at a rate of 4 "C/min, reheating gives curve H with
a single endothermat 78 "C. This curve is identical withthat obtained after
cooling at a rate of 16 OC/min (curve B in Fig. l). In curves F and G the lower
endotherm increases in area with increasing
cooling rate, whereas the other endotherm decreases. In addition the.endof the lower endotherm shifts to a higher
temperature. The higher endotherm endsat 106 "C in all cases.

-34-

PP0 SOLUTIONS. I1

PHASE SEPARATION
IN

169
cooling

rate

0.5 "C/m

E

7-------

. _ _ c

I

'

I
r
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Figure 3 shows the heating curves obtained uponcooling the sample quickly
from 120to 47,"C in the DSC apparatus andwaiting for various periodsof time
at thattemperature. The temperatureof 47 "C was chosen because it is higher
than the temperatureof appearance of the exotherm (Fig. 1, curve A ) . After
the waiting period the sample was cooled quicklyto, O "C and then heated aat
rate of 16 "C/min. . Curve K of Figure3 is obtainedafter waiting for several hours
a t 47 "C, curve L after waiting for 10 min, curve M after waiting for 5 min and
curve N with no waiting time at 47 "C. Curve N is identical with curve H in
Figure 2'and with curve B in Figure 1.
As can be seen, waiting at 47 "C has approximately thé same effect as a slower
cooling rate (curves E to H in Fig. 2). When the waiting periodwas introduced
at a temperaturebelow the exotherm of curve A , Figure 1, acurve identical to
curve B of Figure l was obtained, evenafter waiting for several days. Also, when
a solutionis cooled quickly from 120to O "C (below the exotherm of 42 "C) and
then brought to 47 "C during var,ious.periodsof time (up to days),
only the en7
dotherm ending'at 78 "C appears on heating.
At other polymer concentrations the same features are observed but the
temperature of transition and therecorded heat effects differ. The transition
temperatures increase by about 1.23 "C.per percent concentration increash 'The
heat effects are larger at higher concentrations. For example,at 30% the heats
involved are about0.3 ca1.per.gof solution and at40% 0.9 cal per g solutiòn.
I

-

. .

DISCUSSION
,

.

.

,

,

.

Results equivalent.to curves A and B of Figure 1have been found in earlier
work.3 The exotherm at.42"C was assumed to be brought about.by spinodal
decomposition. The endotherm of 78 "C was thought to arise frornkhe liquidliquid separated mixture becoming homogeneous. After prolonged waiting below
the phase separation temperature, the endotherm at106 ",C appeared, which
was interpreted as the
melting of the partlycrystallized concentrated phase.
Curve A of Figure l is reproducible only after,the solution has been reheated

_.
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.Fig. 3. DSC traces of a 40%solution of PP0 in toluene. Heating after different waiting periods
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Fig. 4. Hypothetical inductiontimes for lowmeltingcrystals (- - - -). Measured inductiontimes
for a30% PP0 solution in toluene ( 0 0 ) . The induction times were obtained by visual observation
by Van Emmerik andSm~lders.~

to 120 "C. When after a cooling run the solution is only heatedto 85 "C the
exotherm oncooling appears at a higher temperature. An explanation canbe
derived from the assumption that after the first cooling run ( A )some nuclei are
established which are not destroyed
at 85 "C and cause a "seeded" phase separation during the second
cooling run (C). On reheating, the latter phase-separated mixtureshows only 106 "C endotherm. This endotherm can be attributed
to themelting of crystallites-(purePBO isolated from such
a solution shows a
melting peakat 510 "K in DSC3). With reason the nuclei may be supposed
to
be crystalline in nature, andthe phase separation to be crystallization.A remarkable fact is the complete disappearanceof the 78 "C endotherm for this
seeded crystallization. This endotherm is &o absent when the solution is cooled
very slowly (curve E of Fig. 2), and it appears onlyat higher cooIing rates,
-36-
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The melting endothermat 106 "C is not obtained when the exotherm at 42
brought about by .fast cooling, followed by prolonged storage of the
phase-separated solutions. This phenomenon doesnot depend upon the temperature at which the phase separatedsolution is kept; O "C or-47"C (above the
temperature of the exotherm) give the same results. This is contrary toearlier
findings by. VanEmmerik andSmolders.3
In view of these results the phase separationat 42 "C cannot possibly bea
liquid-liquid phase separationbecause: a) In a liquid-liquid phase-separated
solution, the crystalline phase melting at 106 "Cmust be obtained after some
time. b) The endothermat 78 "C should not disappear completelywhen liqa small fraction of the
uid-liquid phase separation has occurred, because only
polymer crystallizes in the concentrated phase.
The crystals melting at 106 "C originate directly from the solution but nucleation is slow. It now appears that at high cooling rates this nucleation can
be overtaken by
the nucleation and growth of a lower-melting crystal modification, which is lessperfect but has a higher growthrate at the lower.temperature.
The induction timesfor the nucleation of both kinds of crystals can be represented schematically as in Figure
4. In curves F and G of Figure 2 and L and
M of Figure 3 the growth of the crystals melting at 106 "Cwas not complete while
the undercooling was proceeding so that thelower-melting crystal couldalso
grow.
at that
The concentration of the polymer in thesolution phase has decreased
stage because of the growth of crystals of the higher melting configuration. This
causes.thelowering of the melting temperatureof the less perfect modification.
When the growth of the high-melting modification is complete,
the lower-melting
one is not found inthe temperature range studied (curves
E and K ) . The phenomena observed can be explained by assuming
two crystalline modifications,
of which the lower-melting oneconsists of a less perfect crystalline material.

"C is
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SYNOPSIS

INTRODUCTION
With the Pulse Induced Critical Scattering method itis possible to follow
isothermally the light scatteringof polymer solutions, which is induced
by a preceeding thermal pulse ( in most instances this means a cooling
Step). The application of this technique in the determination of the phase
separation phenomena in liquidrliquid demixing systems has been reported l., The system poly ( 2,6-dimsthyl-l, 4-phenylene oxide) ( P P O % resin)
in toluene exhibits a phase separation on cooling which has been shownto
be a crystallization phenomenon .' It wa.s found that the crystallization
occurs after a delay-time which has been measured by opticaL microscopy

. This delay-time

is sometimes attributed to the time necessary

for the growing centres to reach detectable dimensions 4. The classical
way in which these delay-times and the kinetics of crystallization can be
measured is by dilatometry. This method, however, is not very sensitive

*
~

.. .

.

PP0 is a registered trade name of General Electric Co.
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in the first stages of crystallization. An advantage of the. dilatometry method is
l

that the crystallization can be followed to completion 5. With the purpose to
'

improve the limit of detection to the smallest particles ( the nuclei'), we have
used a PICS type 1ight scattering apparatus as has been developed by Gordon
and coworkers

.

This light scattering technique enables one to detect particles, which. a r e
smaller than the wavelength of the light used. With some assumptions

I

the

kinetics in the very first stages of the phase separation can be determined

as well. Because of the very small size used in the PICS technique, assuring
that rapid temperature equilibration is reached, even very fast crystallizations can be monitored.

THEORETICAL CONSIDERATIONS
LIGHT SCATTERING
The light scattering of particles with diameters small compared with the
wavelength of the incident light is given by Rayleigh

where i

7

as:

e is the light scattered at angle e ; r is the distance to scattering

volume ; 'x t is the waveleqgth of light used, divided by the refractive index

of the medium; v i s the number of particles;

a

is the polarizability of the

particles and I, is the intensity of theincidentlight,

I
p

.

The light scattered at an angle 8 thus depends on. the square of the polarizability

a.

The
polarizability

a

increases
linearly

with the
volume.

This

means that, taking the. particles as spherical, the intensity of the scattered
light varies with the sixth power of the radius

7.

When the particles are bigger but still remain smaller than the wavelength,
the light scattered at '.larger qngles decreaseswith a factor P ( e ). This
type of scattering is known a s Debye scattering.
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I

'

l

For isotropic spheres this factor is
P (e)

with U

=

=

--

u3

-

(sin U

U cos U)

2

2 IT ( L/ X') sin (8/2); L is the diameter of the sphere.

Equation 2 shows that when the spherical particle is growing, the dissymmetry
O

O

of intensities measured at two angles ( e . g. 30 and 90 ) increases rapidly.
So it is easy to determine which kind of scattering is followed by monitoring

the dissymmetry of the scattered light. This is important in order to determine the order of magnitude of the dimensions of the particles which. one
observes. From the measurements of the dissymmetry in Debye-scattering
one could in principle determine the radius of the particles.
KINETICS OF CRYSTALLIZATION
The most widely used equation to describe the kinetics of crystallization
from polymer melts is the Avrami-Evans equation5
X

=

l - e x p( - k t

n

.

)

(3)

where X is the degree of conversion; k is the rate constant; t is time; n is
the A vrami exponent.
For very small conversionsthe first term of a series expansion of equation
3 can be used givingX = ktn.

F o r the case of growth from a solution the kinetics of heterogeneous crystallization have been worked out mathematicallyby Turnbull*. For low conversions his equations reduce to a form equivalent to equation 3, with n = 3/2
for diffusion controlled growth andn = 3 for interface controlled growthand
assuming for both types a fixed number of nuclei'. When nucleïare generated
during the crystallization the exponent shiftsto a slightly higher value.
So if heterogeneous nucleation is assumed with a fixed number of nuclei' the

Rayleigh light scattering at small t values in the case of diffusion controlled
growth should depend on the third power of time ( since-for small conversions
2

I is properional to X ). F o r interface controlled growth Rayleigh light scatte-

ring is proportional to the sixth power of time ( see tabel l).
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Table 1.
growth
controlled

heterogeneous
nucleation

homogeneous
nucleation

by diffusion
n

=

3/2 q = 3

n = 3 / 2t o 2q = 3 t o 4

by interface
n

=
q

3

n = t3o q4 = 6 t o ' 8

= 6

( n is the Avrami exponent, q is the expected scattering exponent I

Q
,

tq, for

Rayleigh scattering and small conversions).

Oster has considered the

light scattering during various types 'of polymeri-

zation reactions. In some instances the' crystallization from a solution could
be considered a s a kind of polymerization reaction. Oster finds f o r a condensation reaction that the light scattering is proportional to time. The light

'

scattering in a radical polymerization depends quadratically on time.

EXPER €MENTAL
The experiments were performed with a PP0 sample characterised by

'

Mn = 25.000 and MW = '42.000 (by GPC).

The toluene used, was of analytical grade. Stock solutions of different concentrations were made, from which the capillaries for the PICS instruments
were filled with a syringe and sealed. From these stock solutions also the
dilatometric measurements were made, using a digital density meter DNLPi' 50
from Anton Paar. This apparatus measures density changes as small as
I O - ~ g/cm

3

.

The PICS instruments has been described in

the literature '

. The Ìight

scattered by the polymer solution after a fast temperature step is recorded
a t angles of 30' and 90'.

The laser used as light source was a He/Ne typé'

( Spectra Physics 134).

RESULTS
1

.

The light scattering curves obtained with PICS after cooling a.homogeneous
solution ( which was heated for 10 minutes a t a temperature of2OoC above
the crystalline melting point of that solution

O) all show a long delay-time

after which scattering increases. In analysing the curves care is taken to
use only the scattering in the first stages of the crystallization process, up
-41-

3

to. scattering intensities less than one third of that observed at the inflection
point, as was ascertained by control experiments. .In these curves there is
no additional dissymmetry detectablewhich could be attributed to the growth
O

of larger particles. The scattering curves detected at 30' and 90 a r e equivalent. It can therefore be concluded that Rayleigh scattering is observed.
,

0

I

2
.
Till Irl1.l

a

4

6

Fig. I. PICS light scattering curves ( recorder traces) for a 20 % PP0 solution in toluene.
Pulse temperature to 25OC,

I

A typical light scattering curve of this type'is curve A in figure 1. When a

phase separated solution is not heated a t high enough temperatures ( e. g. to
a temperature in the region of the high end of the DSc melting endotherm)

then after cooling curve B can be obtained. This form of the light scattering
curve is the same as in curve A , but the delay-time has disappeared.
-42-

Thus the assumption was made that the growth of particles is the same in both
experiments but in curve A there is a time lag, necessary for nucleus formation. Curve B is, therefore, interpreted as a IIseeded'I crystallization. Curve
B could be described by a third power law. Since in curve A the growth part

is' identical to curve B this curve can be described by

T

I = k' ( t-

at t >

T

I=O

att <

T

i s the delay time

This equation gives a satisfa.ctory fit in all experiments. Without assuming

a delay-time, higher exponents were obtained with deviations especially

,in

the first part of the curve.
In figure 2 the delay-time, obtained after fitting the curves with equation 4,
are presentedas' a function of temperature and concentration.

- 1.5

c

1
'
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. . . .

I
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-
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.

I

Fig. 2. Delay-time measured by PICS for solutions of PP0 in toluene.
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.

.

.

.

31

T

i s given ïn minutes.

If a phase separation is brought about to different degrees of crystallization,

and the separated solution is heated until1 the region in which partial melting
occurs, some interesting phenomena in the field of seeded crystallization
can be observed. F o r the experiments in figure 3 the temperature of heating,
after the initial phase separation, was kept constant, as was the time of this
heating. The difference is in the extent of phase separation before heating.

Fig. 3. PICS curves for seeding experiments on a 20

%J

P P 0 solution in toluene. Capitals refer

to original extent of crystallization as indicated on the outer right curve. Pulses to 25O@, intermediate heating to 60°C for 30 minutes.

Finally in figure 4 a typical curve obtained by density measurements is shown.
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.b

.2

Fig. 4. Density measurements with DMA 50 for 20 % solution of PP0 in toluene at 3OoC. The
theoretics1 curve ( with

T =

O) has been shifted horizontally. to obtain coverage of the experimental

curve, which has been plotted with the delay-time ( r = 7 minutes) found by PICS.

The density measurementsof the crystallizing solution give a crystallization
isotherm which a.t low conversions cannot be described by the normal AvramiEvans equation. However,

when the delay time is introduced the Avrami ex-

ponent can be computed as n = 1 . 5 2 O. 1 (figure 4). This conclusion .agrees
with the measurements of heterogeneous crystallization of PP0 from the melt
as done by Packer and Shariff

Avrami exponent n

= 1.6.

'l.

Here also a delay-time was found and an"

The exponent n = 1 . 5 can also be deduced from the

measurements by optical microscopy of Van Emmerik and Smolders

3,

who

found thak the radii of the spheres growing in the solution increased withthe
square root of time ( assuming a constant number of nuclei?.
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From the absence of additional dissymmetry during the first stagesof growth
as followed by PICS 'we conclude that in this stage we observe Rayleigh scat-

tering. It is known that the crystallinity in the final material is low1 2. The
crystallization is possible here by solvent molecules which constitute part of

. The high amorphous content

the crystalline unit cell

of the small particles

makes it reasonable to neglect anisotropy in the scattering particles. The
scattering is thus thought to arise from the higher density of the spheres. Of
course ï n polymers which form more ideal crystallitesone should make a
correction for anisotropy.
Thus from the density measurements where we found that n

=

1.5 we can

3

expect that the light scattered will depend on t after a certain delay-time.
A s is shown this is precisely what is found in these solutions.

The Avrami exponent found for these solutions shows that the growth is diffusion contro1le.d. This means that material is transported from bulk solution
to the crystal surface. Since the overall crystallinity in the spheres is low,
this suggests that only parts of the macromolecules are able to crystallize.
The fraction of the chain which can participate in crystallization and the time
it takes for its formation outof disordered chains, will of course, be governed
by the internal ordering ability of the macromolecular chain. The sequences
of ordered segments have to diffuse towards each other.

When after a pre-

vious phase separation the solution i s heated for some time at a temperature
in the region of the high, end of the melting endotherm as found by

DSc I 2 ,

the

delay-time has disappeared. This type of crystallization can be explained a s

a "seeded" crystallization.
When the melting procedure is Less rigorous (viz. not long enough) we obtain
O

after pulsing back to 20 C at first a linear increase in scattering intensity.
After passing the pointto *which theoriginal crystallization had proceeded, a
norrnaL curvature takes over.. The slope of the initial part of these curves is
very much dependent on the original degree of crystallization, This effect
can be explained by assuming incomplete melting of the crystallites and/or
incompIete diffusion of crystallisable material fromthe area of the old crystallite into bulk solution.- When this solution crystallizes again, crystallization
probably occurs within the outline of the old crystallite. Because of the
availability of matertal necessary. for the
growth within this area, crystallization resembles a condensation recation. After the complete old volume has
been crystallized the normal growth situation ( diffusion controlled) is restored again. When the degree of conversion of the original crystallization is
-46-

higher, the area in which this phenomenon can occur is larger and the slopes
are steeper. This crystallization in molten crystallite volumes has been observed for spherulites of cther materials aswell.
In these experiments all of .the original scatteringhad disappeared before the
second temperature jump was made. This, together with the prolonged induction times for the completely molten solution suggests that the crystallization
of PP0 involves a two step nucleation process.
It is probable that first a conformation change is needed before nucleation
and growth of crystals can occur.
In the seeded experiments the crystals may have disappeared, but the material is still in the right conformation.
The experiments reported above a r e in agreement with DSC results reported
earlier

l?

It is clear that,, thePICS light scattering technique can give very useful infor-

mation about the first stages of nucleation from solution.
w e thank dr. J. Goldsbrough and m r . B. W. Ready for carryingout Part of
the measurem,ents.
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SYNOPSIS

Melting points curves for solutionsof p l y ( 2,6-dimethyl-l, 4-phenylene oxide) ( PPO)in a series of
homologous solvents, toluene to n-hexylbenzene have been obtained from visual and dgferential
Bcannlng calorimetry measurements.
The measured melting points were used to calculate interaction parameters. It was found that consistent values were obtained with the Flory-Hoffman melting point depression equation only if the
assumption was made that the solvent forms part of the crystal lattice and usingan adapted dependence of the melting enthalpyper polymer unit on the co-crystallizingsolvent. The dependencies
of the interaction parameters in the series of solvents are explained qualitatively with solubility
parameter theory and with the Flory-Prigogine equation of state.

INTRODUCTION

It has been shown in previous papers in this series that
the phase separation of

solutiom of PPO* in toluene is a crystallization phenomenon1’2’ 3. Measurements
of the thermodynamic parameters showed for these solutions an increase in the

free enthalpy correction pa.rameter gwith polymer concentration’

. The role of

the solvent in the crystallization is not made clear in previous work.
Thermodynamic parameters can be derived from melting point curves. This
gives a possibility to test the hypotheses which may be put forward for the role
of the solvent. It allows the determination of thermodynamic parameters for
other solvent systems as well.
In this contribution the melting curves have, been determined for
PP0 in the solvents toluene, ethylbenzene, n-propylbenzene ’ n-butylbenzene, n-pentylbenzene

* Registered

trade markof General Electric Company.
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same lattice is used for both thé polymer and the solvent this equation probably
gives a configurational entropy which is somewhat too: high.
A second contribution comes from free-volume effects. For this type of correction the corresponding states theory of Prigogine and Floryl 0 is used.
Another reason for deviations from the Flory-Huggins configurational entropy

is polymer chain flexibility and backbending. It is customary to correct for all
non-idealities with the correction parameter g in equation 1 introduced in this

f

form by Koningsveld

MELTING POINT DEPRESSION
The difference in chemical potential between a crystalline polymer segment and

a polymer segment in the pure liquid state can be written as1 2:

where the unit is defined as the polymer segment and Ag:

, Ah: , A soU a r e the

partial molar free-enthalpy, enthalpy and entropyof fusion p e r mole of pure
polymer segment.
When we now put

Ah:

O
7 as Tm,
this equation can be written as:

The difference in chemical potential between a polymer unit in the solution and

a polymer segment in the pure liquid state is given by:

In this'form this quantity is defined for Mo. grams as being one mole. Hence f o r
the difference in chemical potential p e r mole of polymer segment m i t s , i t
should read:

'

and n-hexylbenzene. These solvents are characterized by an increasinglength
of hydrocarbon chain onan aromatic phenyl ,ring. Normal alkanesare non-solvents for PPO, whereas aromatics are hewn as good solvents4 Thus in the
o

series mentioned the solvent power decreases. This will of course effect the
$

1

measured melting point curves and thethermodyna.mic parameters. Also there
a r e consequences wh’ich can be drawn from the model of the crystals assumed.
If the solvent is not entering the crystallite itself, the usual melting point theo-

ries can be applied. If the solvent forms part of the crystalline lattices as is
the case with solvents such as a-pinene and decalin5 the theory has to be adapted. The purpose of this work was to see whether thermodynamic parameters
(Ah:

,,T
:

g) determined for PPO-toluene solutions, and combined with the

measured melting point curves for thehomologous solvent series could give
a meaningful set of parameters for the series of solvents.

THEORETICAL CONSIDERATIONS
In order to describe polymer solution thermodynamics use is made of the

well known Flory-Huggings equation 6.
,

.

where A Gm is the free enthalpy of mixing for Mo grams of solution, T is the
temperature in K, R is the universal gas constant, wo and w. are the weight
fractions of solvent and polymer species, respectively, Mo and Mi are the
molecular weight of solvent and polymer, and g is the free enthalpy correction
parameter.
This equation is given here in weight fractions as was proposed by Scholtea.
The use of weight fraction is especially recdmmended when studying the same
solution at different temperatures, because this concentration variable does

not change with temperature as is the case with volume fractions, The original
Flory-Huggins theory was derived on the basis of the lattice theory6. This
means that every segment in the lattice is associated with a certain volume,
hence volume fractions should be used. For generally encountered organic substances the molecular weight of a fixed volume segment is approximately the
same

’.

This allows equation l to b e used. In view of the approximation that the
-50-

In the las4 two equations the correction parameter g has been written as
g1
g = go f T f g2 w, where go, g1 and g2 a r e supposed to be constants.
In the equilibrium state between polymer crystals and the polymer solution
the following relation is valid.
C

0 -

u, - v u

-

1
1
-, u,

O
I

'

.

Therefore we obtain as an expression for the melting point depression:

In this equation the assumption has been made that

A hu and A su in equation

2 a r e independent from the temperature, which is not correct. This problem

Tm
has been solved by Hoffman 13, who showed that a correction term - .was
T&

necessary for the description of the chem ical potential difference

',

and A su below T o
m'
This results! inthe following equation f o r the lowering of the melting point:
p

- :p

to correct for the temperature dependence ofAhu

So far t b influence of crystal morphology has not been mentioned. Factors

involving the crystal morphology have been evaluated for a similar system by
Helms

4.

He found that the crystal morphology ( surface entha.lpy coordination

numbers , fold length etc. ) has not very much influence on the thermodynamic
parameters ( g). On the other hand the charecteristic melting enthalpy and

,

thermodynamic melting point a r e influenced. Since wedo not have specific
knowledge abdut the crystal morphology as such in the systems considered
.7 and ,'8 and we regard A hoand T

'O

m as
. characteristic values for a given morphology and not a s thermodynamic equilibrium values.

here, we useequalions

U
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This is justified when the factors involved in the morphology do not change too
much in the series studied.

SOLVENT IN THE CRYSTAL LATTICE
When solvent enters the crystal lattice the situation becomes somewhat more
complicated. It has been assumed tha.t the solvent enters the crystal lattices

at a fixed ratio, between solvent molecules and polymer segment units ( solvent
ma.y stabilize helix formation). It is known that the crystallinity in these systems
disappears on removal of the solvent by evaporation.
A t the melting point the c-rystals ( including the solvent) will be in equilibrium
with the solution in which the crystal is immersed. When nearly all crystals
have been melted, the concentration is effectively the net solution concentration.
Theoretically it is possible to obtain a certain (though very low) degree of
crystallinity until the solution concentration approaches 100 %.
The chemical potential-of the solution is again given by equation .5 and the
chemical potential of the crystal is again given by equation 3,, and with the
Hoffman correction equation 8 is obtained again. The parameters A h: and
T E of courso a r e now characteristic for a given polymer (solvent) crystal
and they will change with a change of solvent.
It is to be expected that A h:

decreases with increasing molecular weight (i.e.

volume) of the solvent because the crystals obtained will have larger spacings
per unit cell. If the total enthalpy per gram of crystals remains constant, A h:
will decrease because this value is defined per mole of polymer units. Of course
the total melting enthalpy depends on intermolecular forces on the helix stability, but it is assumed here that these last effects do not exceed the first mentioned
volume effect

e

EXPERIMENTAL
VISUAL DETERMINATION O F MELTING POINTS
The appropriate amounts of polymer and solvents were weighed in a pyrex glass
tube with an inner diameter of 3 mm. The contents were degassed and sealed

.

as previously described
The sealed tubes were heated to a temperature at
which the contents became homogeneous. The homogeneous solutions were cooled
by only IOC p e r day to obtain crystals of the highest possible order.
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Then the tubes were heated a.gain a.t a rate of l0C/day and the melting points
were detected at the disappearance of the turbidity.
DSc DETERMINATIONS OF THE MELTING POINTS
The determinations were performed with a. Perkin-Elmer DSc-1B differential
scanning c8lorimeter. The solutions prepared as described above were quickly
cooled to obtain a solid mass. The tubes were broken and a small amount

.

( 2 1 0 mg) of the solid mass, was transferred to the liquid-type sample pans

a.nd sealed. The sample pans were heated to a temperature a t which complete
dissolution was assured, held 1 day at that temperature, arid checked for

.

. ,

we ight lo s.s

The sample pans which had a. good seá1 were cooled down to room temperature
a t a rate of loC/2 hr.
The melting points were now detected by the end of the melting endotherm in
the heating thermogram. The scanning speed was
MATERIALS

lG°C/min.

'

Determinations were made with a polymer sample, which wa.s characterized
by

.@n = 23.000, Ew = 44.000. The solvents used were of analytical grade.
\

RESULTS
The results f o r melting points curves are given in figure 1.'Vi.sua1 and DSc
determinations agreed to within IOC. A s was expected the melting curves for
the solvents with increasing length of hydrocarbon chain shift to higher temperatures.
For PP0 solutions in toluene go, g1 and g2 values have been evaluated in a. previous paper l . This resulted in the values go = O. 58, g1 = O and gz = O. 19.
Litera.ture values for Ah: and T g for PP0 crystals show a. broad range of
values Therefore
t

we decided to evaluate these values directly from the

to-

luene melting, points.
With a computer optimization program, using in equation .S the values go = O, 58,
g1= O and g2 = O. 1 9 and the measured toluene melting point curve the value
A ho.= Ah:/120
= 11.84 cal/g was obtained. The
optimum in the calculations is
g
that T
:
at which Ah: is a constant over theTm,t)curve.
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F o r equation -7 ( the simple Flory equation) the same program was run, but we
O

found unrealistic high T values,
m

coupLed with very low A h: values.

d 4 '

-w

and T o were now'used to calculate the term
m
2g2 w from equation 8 for the other solvents, using the experimental

The above values found f o r A
h:
go

f

melting points ( g1 was set to zero for the complete series of solvents). The
results for g

f

2g2 w versus w

are presented in figure 2.

A s can be seen here there is no linear relationsship between go

f

2g2 w and

concentration w as was found for toluene. This would mean that for solvents
other than toluene consistent sets of go and gz values could not b e calculated.
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Moreover the values for go

f

2g2 w a r e surprinsingly low. In our analysis, consi-

der,ing solvent participation in the crystal lattice of the polymer to take place, an
O

assumption, has now to be ma.de concerning the dependence of Ahu and T i on
the molecular weight
solvent,
of the

Mo.

'

O

Since the g values themselves are sensitive to Ah: and less sensitive to Tm
it is assumed that Ah: will decrease proportionally with increasing molecular
weight of the solvent, whereas T i will remain constant at 580 K, i. e.

Aho
g

Mo
q
-c o n s t a n t
-

=

11..8 4 x

..
O_i
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I

,

92
=
120

9. 0 8( c a l / g )

(9)

l

The results for the calculation of go f 2g2 w from equation 8 and using T g =
580 K and Aho as given in equation
g

9 are given in figure 3.

FIK. 3. Calculated curves for go * 2g2 w with the aseumption of co-crystallization
toluene, X ethylbenzene, O pmpyibenzens,
butylbeazeae,
pentylbnzene, and 0 hexylknzene.

by the solvents.

-

v

Consistent sets of go and gz values- which were calculatedfrom figure 3 are
given in table 1. A s can now been seen from figure3 and from table l there
is an increasing concentration dependence in g for ,the solvent series studied.
The concentration dependence of g values for solutions of PP0 in toluene as
well as in the other solvents can at least in part be explained by the equation
of state theory of Flory andPrigogine

-56-

.O

Table 1. Calculated go and gz values with the assumption of co-crystallization from the solvent.
correlation coefficient
of curve
o. 997

go
-

g2
-

e thylbenzene

O. 61

O. 25

n-propylbenzene

O. 63

O. 32

O. 998

n-butylbenzene

O. 67

o. 35

O. 998

n-pentylbenzene

O. 70

O. 38

O. 998.

n-hexylbenzene

O. 7 1

O. 41

o. 997

Table 2 shows the results for the calculation of the interaction parameter g from
the type of equation as proposed by Dayantisls

%

, for the excess entropy

Q

in. which v. and v1 a r e the characteristic volumes of solvent and polymer res-

pectively, cl is the constant giving the number of degrees of freedom of the polymer segment compared to the solvent,

QJ

VI is

the characteristic volume of the

solution.
g values are calculated from:

and thus only represent an entropic correction.
Table 2. Calculated values of the correction parameter g from free volume
Q

Q

theory. Assumptions: v. = 1.2515, v

.

-w

1

=

g1
g=go+T+g2w

O. 05

O. 362

o. 1
o. 2

O. 366

O. 3

O. 386

O. 4

o. 397

o. 5

O. 408

1.135, cl

= O.

. .

O. 376
;
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125.

.
I

.

We expect that the concentration dependence of g calculated with this theory will

not be verysensitive to anincreaseinmolecular

weight of thesolvent.

l

There is still a different approach to obtain valuesf o r polymer-solvent interaction parameters: by using the solubility parameter theory. If there is no
concentration dependence, the interaction parameter g can be calculated directly from the solubility parameter theory. To assume an interaction parameter
which does not depend on the concentration would imply that onlv dispersion forces are present. The polar forces could then independently be accomodated in
the concentration dependent term. We have calculated here the enthalpy correction parameter

I

xH as:

O

using 6 value for PP0 from Koenhen and Smoldersl6 and‘taking 6 d values
from van Krevelen8 Results are given in table 3.

.

Table 3. Calculated values for the enthalpic interaction parameter XH
calculated with the solubility parameter theory. go and g2 values
from table 1.
(taken from table l)
6O

‘h

d

I

82

tg0

O. O58

O. 58

o. 1 9

0.087

O. 6 1

O. 2 5

8.73

O. 1 0 8

O. 63

O. 32

n-butylbenzene

8.69

O. 1 3 6

O. 67

o. 3 5

n-pentybenzene

8.66

O. 1 6 3

O. 70

O. 38

n-hexylbenzene

8.6

o.

O. 71

O. 41

toluene

8.84

ethylbenzene
n-propylbenzene

8.76
’

’

3
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DISCUSSION
1. MELTING ENTHALPY AND NIELTING TEMPERATURE

We could show above that no realistic values a r e ,obtained for the melting
enthalpy and the melting temperaturewhen using the simple Flory melting
point depression theory. Obviously it is not allowed to neglect the variation of
the melting enthalpy and entropy with temperature for these rather large melting
point depressions. ( A T 2 200 K).
-58-

The Ah,:

O

Tm "values obtained with the Flory-Hoffman theory show values in

the expected range. The Flory-Hoffman equation is used here in a slightly different form compared to earlier publications' 'l7 '

, because

there the diffe-

rence in definitions of the unit o r the segment for solvent and polymer was neO

glected. In that case our calculations for toluene solutions would give Ah

=

g
9.08 cal/g. This value agrees well with the uncorrected values reported earlier1.

We now see that the correct value for toluene as solvent is Aho = 11.84 cal/g.
g
2, INTERACTION PARAMETERS IN SOLUTION
,

The results for go

o

-

2g2 w versus w calculated with equation (8) and Ah =
g
11.84 cal/g give values for the series of solvents (fig. 2) which are contrary
f

to the expectations, and therefore we believe that these values a r e not correct.
When the assumption was made that the solvent forms part of the crystals and
,

I

O

the simple dependence of A h on
tained for go

f

MU

was introduced, straight lines were obMo
?g2 w versus w which permitted the calculation of consistent

u

g and g2 sets for each solvent.
O

,

It has to be stressed however, that it is in no way proven that the 'dependence
O'
we used has to be correct one, nor is the constancy of T proven.

m

Since the final result of our calculations of solution parameters, derived from
experimental melting point data and using an assumption on solvent co-crystal'lization, gives go and g values which show an increase with solvent molecular
2
weight ( a s we had anticipated from solubility expectations),we think that this
once more is an indication f o r the fact that solvent is built in in the lattice.
A part of the concentration dependence of g can be attributed to the equation
of state contributions; as is shown in table 2. From the solubility parameter
theory ( equation 1 2 ' and table 3) it is shown that the enthalpic contribution
to the interaction parameter increases with molecular weight of the solvent
in the series studied. Since the enthalpic contribution for PP0 solutions in
g1
toluene is nearly zero ( literature 1and tzble 3) the term T was not used.
(In general the enthalpic contribution is depicted as A

f

B/T). In the inter-

pretation of our melting point curves however, it is difficult to distinguish.between
concentration dependenceand

a reciprocal temperature

dependence as

was shown in a previous paper

. An eventual contribution

of

a.

by the changing enthalpic contribution
-59-

7,

induced

over the solvent series, is incorporated

in the term gz w because of the difficulty to discriminate between them @/T
is linear in w ).
The interaction parameter

xH

m

calculated with the solubility parameter concept
O

for dispersion forcesis given at one temperature ( 25 C) and it is not concentration dependent. The observed increase over the solvent series is in agreement
with expected values and is also in good agreement with the increase in-values for
g ( table 3) from the melting point depression calculations.

Summarizing, the conclusion can now be drawn from the melting point depression curves that solvent is built in the crystal lattice. The thermodynamic polymer-solvent interaction parameters calculated from these curves with
the appropriate assumptions are reasonable and canbe explained qualitatively by solubility
theories.
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SYNOPS I S

Vapour pressure osmometry and high pressure membrane osmometry have been used as
techniques for the determination of the interaction parameters for solutions of PPO in toluene.
Vapour pressure osmometry proved to be a good method for these determinations in the concentration range 5 to 15 % by weight of PPO.
Membrane osmometry is a slow method but yields accurate results. The interaction parameters which have been determined are somewhat lower than those determined earlier by
light scattering. On the whole the agreement however, is very good. From these measurements it could be shown that the temperature dependence of the interaction parameters in this
system is very low.
The results for the phase separation behaviour is that liquid-liquid phase separation cannot
be expected, whereas crystallization is possible. From the apparently low melting temperature
found for the pure polymer, in relation to its Tg-value; it was concluded that this melting
phenomenon is not the real crystalline melting point but that of a degenerate lattice. Together
with X-ray observations for this and other systems
with PP0 this led to the conclusion that
the crystals formed in solution
contain
the
solvent
molecule
in
the
lattice.
. .

INTRODUCTION
In this work we describe the determination of the thermodynamic correction
parameter XW from theFlory-Hugginsequation1using

two differentmethods.

These methods a r e vapour-pressure osmometry and high pressure membranc
osmometry. In an earlier paper the

xW and g parameters for

toluene have been determined from light scattering data2

*

PP0 is a trade mark of General Electric CO.
-61-

the system PPO*-

. Introduction of these

parameters in experimental melting point depression data suggested that the
right order of magnitude of these

and g vaLulm had been obtained. The con-

X,

centration range covered,however, was rather small (w < 1 0 %) and some Confusion could have been roused by three different publicatiom which give completely different values

' ' 4. The purpose of this work is to determine the thermo-

dynamic parameters from independent methods , which do not have the same type
of disturbances possible with light scattering. The data are here obtained over
an extended concentration range as well. A n uncI3rstanding of the temperature and
concentration dependence of the

x,

and g parameters is important for the use

of these parameters in describing phase transitions in

the solutions

5

.

k

The influence of these factors on the liquid-liquid phase separation is qualitatively described by Van Emmerik ard Smolders'

. In the first

articles in this

series however, it was shown that crystallization is expected to occur2
The solvent is thought to take part in the crystal lattice. In this case it is even
more important to know the concentration and temperature dependence of interaction parameters accuratelyto explain the special conformational features in
this type of crystallization. " F o r instance in helix formation it is known that
interaction between solvent molecules and the polymer solution e. g. making
,

use of a corresponding states theory, accurate data

'

,

are necessary as welLI1.

THEORETICAL

VAPOUR PRESSURE OSMOMETRY
The principle of this method is the determination of a temperature difference
between a drop of poLymer solution and a drop of pure soLvent. This temperature
diffekence is induced by solvent, condensationwhich occurs because of a difference
in vapour pressure between the solution and the pure solvent. The temperature
differences' involved are compared with the heats measured froma solution of
a known low molecular weight substance which obeys Raoults law, and thus has

a known vapour pressure lowering. The calibrating substances used to determine
the vapour pressure lowering from the heat of condensation of the solvent can be
benzil, methylstearate or glucosepentaacetate. Because these substances

are

sppposed to behave ideally in the concentration range used, the method is often
employed as a means of determining the number average molecular 'weight of
p olymers. This determination makes use of extrapolation 'to zero concentration
where the polymer solution behaves ideally as well.
-6.2-

In this work however, we do not extrapolate to zero concentration and the polym e r solution does not behave ideally a t the concentrations measured. Thus we
have to determine the actual vapour pressure lowering of the polymer solution
by comparison with the effect f o r the ideally behaving calibrating substances
ment ioned.
F o r the chemical potential difference of the solvent in the solution and in the
purestate,

we have

avo =

12

:

+ B ( P ~- P;)

RT In PJP;

and f o r the solutions of low molecular’weight substancesat not too high concentration:
\

P1 = X P

y

\

(Raoults law)

where R is the gas constant, T is the temperature in Kelvin, B is the virial
s

coefficient of toluene, P the vapour pressure of the solution, P: the vapour
1
pressure of the solvent, and X is the molè fractiomof toluene.
.

\

l

Thus:

allo

= RT In

xA +

B P:

(xA -

l

1)

I

\

B can be calculated from the following relation

.

t

3:

\

From the measurements of the calibrating substance Apo can be obtained for
different concentrations of this substance. For the polymer solution of a known
concentration the Auo of the solution is set equal to the A u o for the calibrating
substance with a concentration giving the same recorder reading. From the latter concentration A u

The X parametercan now be calculatedfrom theFlory-Hugginsequation
W

for

I

1

o:

\

\

’,

can than be calculated.

\

where w is the weight fraction of polymer in the solution.
HIGH PRESSURE MZNIBRANE OSMQMETRY

Membrane osmometry is often used as a means of determining the number average molecular weight of polymers as well as is the case for vapour pressure
osmometry. In addition to this, osmometry has frequently been used to determine the thermodynamic parameters of polymer solutionll '

4.

At higher con-

centrations however, the osmotic pressureswhich develop are much higher than
those commonly used for molecular weight determinations. This is why we use
the indication high pressure membram osmometry for this
method. In. the
principles of the m&h.xls there is no difference.

Avo

= IT V.

where V. is the molar volume of the solvent and IT is the osmotic pressure.
When IT is measured x values can again be determined from the combined
W

equations 5 and 6.

EXPERIMENTAL
VAPOUR PRESSURE OSMOMETRY
For the measurements use was made of a commercial Knauer instrument. For

the calibration substance benzil was chosen, of which solutions in toluene were
made with concentratfors between 74 x 10-5 and 9806 x 10-5 mole/kg. Temperatures of 35. l; 39.3; 53.5; 64.5 and 75.6 'C were used. For concentrations
below 10 % polymer psarl thermistors were used, for concentrations in excess
of 10 % universal thermistors were used. The amplifierwas set at range 64
at concentrations uti11 10 %, at 32 for concentrations from 10-15 % and a t 8
for 15-20 % PPO.
The recorder used was a Kipp BD5 apparatus; sensitivity range was set at
1mv. All the soiutions of both benzil and toluene were made up from the same
batch. of analitical grade tolueen, The PP0 used had a number average molecular weight of between 19.000 and 24.000 as determined with this instrument and
23.000 as determined by low pz-essure osmometry.
Before the solutions were syringed into the instrumeat the solutions were thermostated to within loc of the temperature used in the instrument. Instrument rea-64-

dings were always taken after 5 minutes.
HIGH PRESSURE OSMOMETRY

A membrane osmometer was constructed with a design as given in figure 1.
This design is very sïmilar to that 'used by Flory et al. but it has better filling
and sealing characteristics. Pressure was given by compressed air o r nitrogen
over a mercury column. Membranes used were common com.mercia1. regenerated
cellulose membranes. 'Temperatures used were39.1; 45.4; 53.5; 64.6 and
74.5 OC.

Fig. 1. Iiigh pressure membrane osmometer. 1 membrane, 2 porous steel plate,
3 O-rings, 4 filling ports, 5 glass capillary, 6 mercurj filled U-tube

RESULTS
VAPOUR PRESSURE 0SMOMP;:TRY

From the menwrements at different consentrationsof benzil f o r every temperature given above, a caribration curve of t e m p r a t u r e difference (arbitrary
I

recorder units An) v e r s u ~coacentration is obtained (figure 2)

Fig. 2. Calibration curves for the vapour pressure osmometer for benzil solutions at

different temperatures.

F o r a specific polymer solution now a value Anp is measured. For this

An:
P
the corresponding comentration of benzil (l-X) is obtained from figure 2 and
L p o can be calculated. In tabel 1the results are shown.
-6 6-

Table 1. Thermodynamic parameters from vapour pressure osmometry
e r r o r in

temperature
polymer
comparable
chemical
interaction
concentration
concentration
potential
parameter
OC
we ight
benzil
Eract,ion
XW
5
mole/kg x 1O A I - i o
O- ~ l

3-9. 3

53.5

O.27.30
005033

1 .o.
6640900. 4902 6 4
O. 019457
3O.0 06158609.1.5310
O. 095424
2086.40
49.

O.
O.
O.
O.
O.

0 02 53 0. 0303'
009254
019457
050151
095424
O. 1 4 5 3 0 9

- - ---

-e&?Hi?

_
c
_

35.1

XW

*

O. 6453
136. 987. 490

'

O. 030
'O. 007
O. 003

o. 4
o. 39

O. 5512
1.198
3 43 9
15.75
49.25
105.4

50.00

14!5.79
65'7.1 O
2050.30
4371.40

O. 005033
33.00
1 . 8O.57 340.00902 6 4
O. 019457
178.50

5.797
O.224
019454
O. 0 5 0 1 5 1
O.2101
095424
O. 1 4 5 3 0 9
2O.
61720. 8
3105591 3

O. 30

O. 3 6 4

65 O. 82

O. 4469

o., 35

o. 1 2
o, o32

O. 356
O. 368
O. 389

0:007
O. 003
o. 002

o. 1
o. 1

O. 2 9
o. 1 0
O. 027
o. O06
O. 003
O. 003

o.

34:t

1 . 7 8O.
6060. 60 09 2 6 4
O. 019454
O. 0 5 0 1 5 1
O. 095424
O. 1 4 5 3 0 9
O. 200510

'

O. 358
O. 369
I

'770

20.15
5.4: 56

5134

O. 1 6
O. 3 1 1
O. 362

o. 356
o. 3(3

133.9

- - - .__-

c

75.6

O. 3 6 4

O. 27

61978. 4. 290

53.92
9.095424
2147.00
O. 144815323920. 901 0
64.5

o. 33
o. 11

o. 3 4 4

44

o. 050157.

0. 3
o. 1 9

O. 035
O. 008

-

o. 2
2 37.20
814.30
2171.10
4626.90
8125.40

O. 13
O. 298

6.341
21.79
58.22
124.6
220. O

o. 355
o. 37 .
O. 410

'

0.8003
Q.o09
Q.OS22

O.
O.
O.
O.
O.

1397
037
008
004
16
Q.O09

E r r o r s in the in?r^;:j.~ur3m~:,ts
do occur during the determination of the calibration
curve figure 2 and in the determination of A n for
P

e r r o r s can be converted

CO e n o r s

the polymer solution. These

in X in the following m y :

Ax = standard erro: of estimate of calibratioll cu:rxc
slope of curve
-6 7-

When the standard deviation in a series of measuremeats is larger than the
standard e r r o r of estimate for the calibration curve, the following relation
is valid:

AX =

standard deviation of measured values
slope of c u x e

These relations a r e valid when the e r r o r i n making up the b e n d and PP0 con-

centrations is negligibly small, which condition is satisfied here.
Another source of e r r o r s which is contained in AX,

is the uncertainty in Mn.

A t lom conzentrations it has to b e expected that e r r o r s caused. by the instru-

ment becoae notable. This effect then appears because of the very small
signals at these low concentrstions. These effects (see table 1) have not been

evaluated in this work.
In figures 3 and 4 dependencies of

x

on concentration and temperature are

given.
MEMBR4NE OSMOMETRY
The results for the membrane osmometry a r e given in ta5le 2 .
Table 2. Thermodynamic parameters from high pressure membrane
osmometry

--- ----

-

o. 349
o . 347

157.6
499
506
513

53. l

O. 3 7 1

64.5

o. 100
o. 100
o. 100

54,9
56.3

o. 3?5

5 3 . 41 2 4
64.6
7 4 . 16 3 0

O. 1 5 0
O. 1 5 0
O. 1 5 0

1151

53.4
226
64.6

o. 200219
o. 200

39. l
45.5
53.5

131.2
155. O

39.5
53. 6

7 446
.5

*

I _ _ _ _ _ _ - _ _

16-13
16.61
17-04

O. 050
O. 050
O. 050

O . 346

o. 314

o. 329

1148
126

1172

0. 383
3.383

O; 401
O. 398

2 018
2059

4183 o. 300

5

Not reliable due to same kakage from
-68-
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,cell.

O. 46"

DISCUSSION
Vapour pressure osmometry proves to be a reliable method which gives the
right .magnitude of interaction parameters. At low concentrations (w < 5 %)
the method becomes inaccurate. This also occurs at concentrations above

2 15 % where the

thermistors are not linear any more, and the viscosity of

the solution prohibits the syringing. Between these concentrations the method

is easy to use and quick. For normal vapour pressure measurements this concentration range would be very difficult, experimentally.
Membrane osmometry is known to be more accurate. Here equilibrium is obtained after a reletively long time (24 hours). Thus the method is rather slow.
The p r e s s u r e which have to be applied (up to 3 atm) present sealing problems.
With membrane osmometry the limiting factors are the pressures and the
temperature which can be applied for the membrane used. For the system PPOtoluene with cellulose rnsmSraaes this means that tempwatureshad to be lower
than 8OoC and concentrations less than 30 %.
From table 1 and 2 one can see that the values obtained from vapour pressure
osmometry show a 1a.rge-r spreading than the values from membrane osmometry.
Both methods give values which a r e somewhat lower than those obtained by
,

light scattering experiments in previouswork.
We believe that the mcmbrane osmometry values obtained here are the best

published €or the system PPO-toluene. In the case of light scattering always
the problem of waler and dust removal from the solutions is present

. A small

amount of these last conponents gives higher light scattering values for
The distinct dependence on concentration and the relative insensitivity of

xw'
xW

towards temperature is given by all three methods. From t.he membrane osmometry data. values for go and' g2 can be calculated. We found go = O. 498 and
g

2

= O. 163 while

g is taken to be zero. These values once again show that no
1

liquid-liquid phase separation has to be expected, because when these values
a r e inserted in the Flory-Huggins equation no inflection points can be calculated in the AG versus w curves. For the calculations based on the experim
mental melting point curves as given in previous work9 these go, g2 values
have the effect that the Ah: values become higher and Tm
o is somewhat lower.
( Aho = 14.4 cal/g; T L = 531.5 K) compsred to Aho = 11.4, T G = 580 K. The

g
g
go and g values to be calculated for PP0 in the other solvents (ethylbenzene to
2

hexylbenzene) a r e correspondingly lower. These values were calculated
the assumption go

=

.with

O. 58 and g2 = O. 1 9 for PP0 in toluene in previous workg
-6 9.-

I

The other conclusions however, a r e unaffected.
It has often been found that T
:

values for crystals of PP0 lie between 513 M and

545 K. This gives a ratio T /t from O. 91 - O. 834' 5 ' 15e
g m
In comparison with other polymers, including poly (1,4-phenylene oxide) and
'

poly(2,6-diphenyl-l, 4-phenyleneoxide)

17'

this is unexpectedlyhigh.

In B C measurements a melting endotherm is measured at around 523 K, for

"as received" polymer. This polymer probably has been madeby oxidative poly, followed by a coagulation step. We havs also f o n d that rapid coagulation in non-solvents of a different nature like diethylether, methanol o r
merization'.'

hexane gives the same DtsC melting endotherm and a very weak X-ray pattern.
The melting endothermand the same weak X-ray pattern is also observed if
wet crystalline mats of PP0 in a-pinene

are treated with non-solvents with

the loss of the original strong X-ray pattern.

W!len the wet mats of

-pinene

crystals are dried in vacuum o r air all crystallinity is lost .O'

It is known that in the

ct -pinene

crystals the a -pinene forma part of the cry-

stal lattice. Crystals grown from toLuene show the same behaviour. From these
observations the.conclusion can be drawn that the melting' point measured €or
the p w e polymer in DSc is not the real crystalline melting pointbut the melting
point of a de,generak crystal structureo r a partly ordered glassy state. The
m l t i n g points are this low because in the crystals the solvent forms; a part of
the lattice and on drying the structure is lost. The real melting point for pure
PP0 must be a t higher temperature as in indicated by the work of Boon and

Magre 2' who measured a T

m

of 603 K for stretch crystallizedPP0 and the

22 who measured 'I' = 623 K in their heterogeneOu,$
m
ratios f o r T /T
Probably PP0 has internal constraints, which prohibit the
g m'
crystallization to a great extent in the pure state. These constraints can possi-

work of Packter and Shariff

bly be attributed to the meta-substitution which is always present as can be seen
from the 815 cm'-' peak in infrared spectra23.
When the solvent is incorporated in the lattice these constraints could be cancelled.
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The Determination of Solubility Parameters of‘
Solvents and Polymers by Means of Correlations
with Other Physical Quantities
D. M. KOENHEN and C. A. SMOLDERS, Twente University of Technology,
Enschede, The Netherlands

Synopsis
Correlations of solvent solubility parameters with molar attraction constants and with
properties like surface tension, dipole moment, and index of refraction have been explored.
From relations found to be valid for
solvents, it is possible to calculate the solubility parameters for polymers. .A relation between the dispersion contribution to the surface energy of
polymers (a measurable quantity) and the dispersion solubility parameter of polymers has
been found which is similar to a relation established for low molecular weight substances.

INTlRODUCTïON
Predicting the energy of mixing of solvents and polymers from properties of
the pure substances is an alluring prospect. I n recent years, good progriss has
been madewith methods basedon thesolubility parameter concept proposed by
Hildebrand and others.’ This theory relates the energy of m.ixing to the energies of vaporization of the pure components : .

6 = [C.E.D.]”‘ =

[“;:.l’”
~

where a m i , = energy of mixing (or enthalpy, if A V m i x is zero), $1,42 = volume
fractions of the componcnts, V , = average molar volume based on mole fractions, S,& = solubility parameters, C.E.D. = cohesive energydensity, and AE,,,
= energy of vaporization.
This theory has beendeveloped for mixing of nonpolar substances. However,
many of the solvcnts and polymers in common use are polar, i.e., have’dipole
moments and/or capabilities for hydrogen bonding. It is clearthat thcsc factors
should be included in thetheory.
The first step was made by Prausnitz et BI.,^^^ who divided the energy of vaporization into a nonpolar, dispersion part and a polar part. They were able to
calculate a nonpoIar solubility parameter X and a polar solubility parameter r. .
hans er^^.^ divided the polar part r into a dipole-dipole contribution and ahydrogen bonding contribútion, both of which could bedetermined throughsolubility
1163
.
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experiments with polymers. I n this article, we will use the notation introduced
by Hansen4):
6' =

6d2

+ '6, +

ah2

(2)

where &, = solubility parameter due to dispersion forces, 6, = solubility parameter due to dipole forces,and 6 h = solubility parameter due to hydrogen bonding
(or in general due to donor-acceptor interactions).
.
Chen6 showed that the contribution to the energy of mixing in polymer solutions caused by dispersion forces and dipole forces could be taken together to
one enthalpy correction parameter XI; (aFlory-Huggins-type correction parameter),

which, together with the S<S, could describethe solubility characteristics.
The two last-mentioncd theories produce good predictions forthe solubility of
polymers.
The determination of the solubility parameters of many substances, however,
is still a difficult and laborious undertaking. A new approach in recent literature
and other
has been to find correlations between solubilityparameters S(&, S,, S,)
physical properties of the substance.
In thïs work wehave explored possible correlationsof the solubility parameters
with molar attraction constants and with properties like surface tension, .dipole
moment, and index of refraction. Since it,is obviousthat notall contributions to
molecular interactions affect both AE,,, and the physical properties mentioned
in a parallel way,our main purpose wasto improve existing relationships between
them.

RELATIONBETWEENSURFACETENSION
ANDCOHESIVEENERGYDENSITY
Using a Lennard-Jones potential for the interaction between the molecules,
one can derive7

'

in which y L = surface tension, n, = coordination number in the surface layer,
n = coordination number in the bulk phase, a = cross-sectional area per molecule, and E = minimum potential in a L-J potential curve. If the area per molecule is proportional to V;'3, as for spherical molecules, arld if AE,,, (= .V,*
C.E.D.) is proportional to E, the following relation holds
(5)

in which A is a constant.
This relation has also been derived by some other a p p r ~ a c h e s . ~These
~~~~~'~
derivations malte use of a spherical symmetric type of potential around a molecule, in most cases explicitly a Lennard-Jones
potential. This potential, however, is not valid for interactions between molecules in polar substances," i.e.,
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1504

Fig. 1. Relation between surface tensionand solubility parametersfor solvents.

substances where dipole-dipole and hydrogen bonding forcesact. Hence eq. (5)
is found to be valid for nonpolar liquids only.
Beerbondo used the division of the different contrÍbutions t o the C.E.D. according to Hansen5in a computer analysis and arrived at thefollowing relationships, rewritten in theform of eq. (5) :
Sa2

+ 0.632 6p2 + 0.632 6h2

Ad2

+ + 0.06 Ah2

=

13.9 ( - & ) T ~ fornonalcohols

(6)

(k)

(7)

v 3

=

13-9

y L for
most
alcohols

and

ad2 + 2liP2 + 0.481 ah2

=

13.9

foracids,phenols

-.

and amines (8)

(;J3

I n our least-squares analysisof solvent data, we find that therelation

fits practically all substances listed in Table I, with a correlation coefficient
of 0.99 and a sta.ndard error of estimate 5.6 for ad2
aP2 (Fig. 1). Exceptions
are somecycliccompounds, acetonitrile, carboxylicacids, and polyfunctional
alcohols.
The reason for the absence of s', in this relationship, which is also valid for
rnonofunctional hydrogen bonding
substances, is probably the fact that theinteractions responsible for liquid-vaporinterfacial energy do not involvethe breaking of hydrogen bonds; see also eq.(7).
Bagley et aI.ll showed recently that the contribution to the cohesive energy
from hydrogen bonds dependson temperatureonly, at least at pressures not too
far removed from atmospheric. The contributions o f dispersion and dipolar
the vapor pressure a t an
forces are shown to be volume dependent.'l When

+
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TABLE I
Solubility Parameters, Surface Tensions, Molar Volumes, and Calculated Values of Solvents
6d2

Vm,b

Substance

6da

Methanol
Ethanol
n-Propanol
n-Butanol
2-Eth. butanol
Meth. isob. carb.
Cyclohexanol
2-Butoxyethanol
Cellosolve
Diethylether
Furan
Diethyl sulfide
Dimethylsulfoxide
Acetone
Methyl ethyl ketone
Acetophenone
Tetrahydrofuran
Ethyl acetate
Acetonitrile
Butyronitrile
Nitromethane
Nitroethane
2-Nitroprop.
Aniline
Nitrobenzene
Dimethylformamide
Diprop. amine
Diethylamine
Pyridine
Carbon tetrachloride
Chloroform
Trichloroethylene
Chlorobenzene
a-Bromonaphthalene
Benzene
Toluene
Ethyl benzene
Hexane
Cyclohexane
Pentane
3-Methylpentane
3-Methylhexane
2-Methylbutane
2-Methylpentane
Heptane
Octane
Decane .
Cyclopentane
,
Ethylcyclohexane
2-Methylhexane
2-Methylheptane
Acetic acid
Formic acid
Butyric acid
'

'

a

b

7.42 ,
7.73
7.75
7.81
7.70
7.47
8.50
7.76
7.85
7.05
8.70
8.25
9 .o0
7.58
7.77
8.55
8.22
7.44
7.50
7.50
7.70
7.80
7.90
9.53
8.60
8.52
7.50
7.20
9.25
8.65
8.65
8.78
9.28
9.94
8.95
8.82
8.70
7.27
8.18
7.05
7.13
7.29
6.75
7.13
7.50
7.54
7.74
8.10
7.96
7.22
7.34
7.10
7. O
7.30

Hansen.5~13
Riddick and B~nger.~6

&
a,

&ha

6.0
4.3
3.3
2.8
2.1
1.6
2.0
3.1
4.5
1.4
o .9
1.5
8.0
5.1
4.4
4.2
2.8
2.6
8.8
6.1
9.2
7.6
5.9
2.5
6.0
6.7
0.7

yb

10.9 22
9 . 5 22
8.5 22.62
7.7
23.38
6.6 24.32
6.0 22.63
6.6 33.91
5.9
27.4
7.0
28.2
2.5 16.50
2.6 23.38
1.0
24.5
5.0 42.86
3.4 22.27
2.5
23.04
1.8 37.72
3.9 26.4
4.5 22.99
3.0
27.55
2.5 25.84
2.5 34.98
2.2 32.13
2.0 29.29
5.0 42.79
2.0 42.00
5.5
35.2
2.0 22,.28
3.0 19.39
1.1
2.9 36.33
4.3
O
O
26.15
2.8 26.53
1.5
2.6
28.8
1.5
1.0 31.37
2.1
2.0
44.2
1.5
1.0 28.18
0.5
1.0 27.92
0.7
0.7 28.48
0.3
O
O
17.91
O
O
24.38
O
O
15.48
O
O
17.60
O
O
19.30
O
O
14.46
O
O
16.87
O
O
19.80
O
O
21.14
O
O
23.37
O
21.82
O
O
O
25.14
O
O
18.80
O
O
20.14
3.9
6.6
27.3
5.8
8 . 1 37
2.0
5.2
26.6
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cc/mole (~/V,,,)'/~Y &,z
40.7
58.5
75.0
91.8
123.2 .
127.2
106.O
132
97.8
104.8
72
108.2
71
73.9
90.2
117.1
74.0
98.5
52.9
87.0
54.0
71.3
86.9
91.1
102.3
77.0
136.9
103.2
80.4
97.1
80.7
90.2
102.1
140.O
89.4
106.4
123.1
131.6
108.7
116.104
130.611
146.714
117.38
132.875
147.456
163.530
195.905
94.713
143.141
148.576
164.607
57.1
37.8
92.5

1

6.39
5.67
5.37
5.19
4.90
4.51
7.18
5.39
6.13
3.51
5.63
5.15
10.37
5.31
5.15
7.72
6.30
4.99
7.35
5.85
9.27
7.76
6.62
9.52
8.99
8.29
4.33
4.14
8.43
5.70
6.15
6.43
6.72
8.53
6.31
5.90
5.73
3.52
5.61
3.17
3.47
3.66
2.95
3.31
3.75
3.87
4.02
4.79
4.81
3.33
3.67
7.09
11.O7
5 .88
'

91.1
78.2
71 . O
68.8
63.7
58.4
76.3
69.8
81.9
51.7
76.4
70.3
145.O
83.5
79.7
90.7
75.4
62.1
133.7
93.5
143.9
118.6
97.2
97.1
101.o
117.5
56.7
54.5
104.1
74.8
77.1
79.3
90.5
101.1
80.4
78.3
75.8
52.8
66.9
49.7
50.8
53.1
45.6
50.8
56.3
56.9
59.9
65.6
63.4
52.1
53.9
65.6
82.6
57.3

CED

=

+ +
&p2

&d2

6h2

204
168
143.2
122.1
107.3
94.4
119.8
104.6
130.9
57.9
83.3
71.3
170.O
95.0
86.0
94.0
90.6
82.4
142.7
99.7
150.2
123.4
101.2
122.1
113'.9
147.1
60.7
63.5
112.5
74.8
84.9
86.1
91.5
105.1
84.1
79.3
76.3
52.4
66.9
49.7
50.8
53.1
45.6
60.8
56.3
56.9
59.9
65.6
63'. 4
52.1
53.9
109.2
148.3
84.3
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interface has moderate values, yL therefore depends only on dispersion and dipolarforces.Theseforcesalso
determine the internal pressure of a liquid"
P , = Sd2 6,2, so cq. (9) is in fact a rdation between internal pressure andsurface tension.
On the otherhand,in t.heexpression for the C.E.D. (C.E.D. = ad2
6h2 = A&ai/v,), 8h cannot be omitted, sincc during evaporation of liquids toward dilute vapor, hydrogen bonds arc beingbroken.Hence
a relation between C.E.D. and yL, eq. ( 5 ) ,is not to be expected, unless = O.
Equation (g), of course, is not valid for polyfunctional alcohols which can
from three-dimensional "nctn-orks" in b u k but not in t.he surface region. The
other substanccsthat deviate fromeq. (9) havc solubility parameters which are
placed rather arbitrarily, l3 especially thc carboxylic acidsand cyclic compounds.
The 6 parameters of cyclic ~ ~ ~ ~ l c c ubeing
I c s , assessedby solubility experiments
on polymers, are even more uncertain; these. molecules "exhibit enhancedinteraction affinity compared to flexible aliphatic molecules,because they act to
separate the polymer chainsand thusreduce interchain forces.14
I n view of the uncertainties in the solubility parameters," especially in 6,
and ah, eq. (9) applied to all types of solvents is just as accurate in predictingy L
valuFs as the threeBeerbower relations (6)-(S) for separate series of solvents.
The contribution of the dispersion forcesis nearly thesame in both approaches;
generally this contribution is the most important one.
Equation (9) is applicable to substanccs with zero 6, values (hydrocarbons)
and to those with finite 6, and 6h values (polar molecules). This suggest that
relations of the form

+

+ +

(k)

v 3

!d2

=

A

YLd

where yLc = part of y L due to dispersion forces,and

where y L p = part of y L due to dipole. forces, might
be valid.
For a check of these relationships, yLd values have been determined byapplication of the homomorph concept: A homomorph is a hydrocarbon counterpart of the same size and shape,at the samereduced temperature TE= T/Tcritical
(Tand T,,in K).
Fiom literature data on hydrocarbons,15
a homomorph chart for yLdhas been
constructed (Fig. 2) which can be used for liquids that have simple linear saturatedhydrocarbonsas a homomorph.Knowing V , and Ta of asubstance,
one can directIy read rLdfrom Figure 2. I n Table 11,the yLdvalues found for
several substances of this kind are shown, together with 6d2 values obtained
from recent homomorph charts for 6d.3,16 Theequationobtained
by leastI1is (Fig.1)
squares analysis of data from Table

with a correlation coefficient0.99 and standarderror of estimatc 3.5.
*See for a discussion on this matter reference 16. We have used Hansen's tabIes unIess
otherwise stated.
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TABLE I1
Dispersion Solubility Parameter, Dispersion Contribution
of Surface Tension, and TotalSurface Tension of Solvents
TLd,

Substance
Methanol
Ethanol
n-Propanol
n-Butanol
Pentanol-l
Propylene glycol
Ethylene glycol
. Butanediol-1,4
Ethyl lactate
Butyl lactate
Diethylene glycol
Dipropylene glycol
2-Butoxyethanol
Cellosolve
Diacetone alcohol
Methylcellosolve
Diethyl ether
Methylal
Diethyl sulfide
Dimethylsulfoxide
Acetone
Methyl ethyl ketone
Ethyl acetate
Butyl acetate
Acetonitrile
Butyronitrile
Nitromethane
Nitroethane
Dimethylformamide
Dipropylamine
Diethylamine
Chlorobutane

.

60
60.4
60.7
60.7
61.9
67.5
71.2
68.0
62
61
63
68
62 .O
62
63
63
52.5
57
61
88.8
59
59.3
57.8
58.5
64.3
65.7
67.6
65.8
69.7
57.5
56
59

TL,

dyne/cm

dyne/cm

16
17
19
20.5
22.4
23
22
23.5
22.5

22
22
22.6
23,.4
25.6
72
46.5
37.8
28.8

’

2&
21.5
25
23
21
23
20.5
15.5

17
-20.5
27
18
19
18.5
22
19
21.5
20.5
21.5
24
20.5
17.5
19.4

48.5
27.4
28.2
31
16.5
21
24.5
42.8
22.3
23
23.0
25
27.6
25.84
34.9
32.13
35.2
22.7
19.4

‘

In view of the fair agreement between the value of the numerical constant in
equations (9) and (12), onecan conclude that

where A is about 13.5 and also
y L = yLd

+ y L pand yLn

O

for most substances.
Obviously, valuesof y L dcalculated by PanzerI7 using

agree with values found in this work, when the error of estimates are takeninto
consideration. Withthe establishment of eq. (12) we have shown that this
calculation of yLdis justified.
,
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CALCULATION OF THEDISPERSIONCONTRIBUTION
WITH MOLAR ATTRACTIONCONSTANTS
From tables of molar attraction constants of characteristic groups in molecules,18it is possible to estimatethe solubility paramcter with the
equation
6

=Z Fi
Vm

where 'Fj = molar attraction constant of a specific group i. Sincc Hanscn4 kas
made a separation in contributions to theC.E.D., one should expectthe following
relationships to hold:

where Fid, Fï,, Fin are themolar attraction constants for dispersion-, dipole-, and
hydrogen-bond forces, respectively.

Dispersion ContributionF f d
We have derived the molar attract.ion constants for the dispersion contributions F f d with the help of values taken from H a n ~ e n . ~Results
.~
arc given in
Table 111. The constants appear t o be truly additivp, ivithin the errors inherent to the determination of & values by the honlomorph concept a.nd by
solubility experiments as performed by Hansen (up t o l Hildcbrand unit in
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TABLE I11
Molar Att.raction Const.ants (Dispersion Contribution) F i d

~~

-CH2-

139
193

CHI-

-OH

I

201

70

99

800

-CHO

51

-C-C=N
-N02

159
21s
215

II

'

738
G59

I
l

-C-

-C

//

160%

F

O
200

O
'H
a

van Krevelen.'*

Polar Contribution F i p
As an example of a polar group, the -OH alcohol group vas chosen. The
molar attraction constants calculated with 6,'s appear to be of constant nmgnitude when only 'one -OH group is present in t.he molecule. When tv-o or,
more of these groups are present in the same molecule, the contribution of each
-OH group to the attractionconstant F,,-(OH) decreases considerably (Ta,blc
IV) .

,

'

This, of course, can be expected to depend on the distance and mutua.1 orientation of the groups. Therefore it is not possible to definenlola,rntt,ract.ion
constants for dipole forces when more than one polar group is present in the
molecule.
%

\

TABLE
IV
'
Molar Attraction of One-OH Group (Polar Cont.ribution) P;,,
I n substance
Methanol
Ethanol
n7Propanol
n-Butanol
n-Pentanol
2-Ethylbutanol-l
'
2-Ethylhexanol-l
------_____-______-----------------------------1,3-But,anediol
Glycerol
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Contribution of H-Bonds F ,
The energy of. a special type of hydrogen bond Ehcan be takenas a constant, l9
which may be different for different H-bonded compounds. For the energy of
one --OH group, Hanscn5113used 5000 cal/mole
and hefound
=

dEh.A/Vm

d 5 0 0 0 A/Vm

(18)

where A is the number of -OH groups in the molecule. Since B', = V , =
dvm5000 A, the molar attractionconstant for a H-bondinggroup in a
homologousserieswould depend on molarvolume,whichmakesH-bonding
contributions to Ft intractable. Equation (18) canbe used,however, if the
energies for dif€erenttypes of H bonds or acceptor/donor complexes are known.20
We. can conclude from this section that (a) the molar dispersion attraction
constants F i , d (Table 111) enable one to calculate 6a for liquids and polymers;
(b)since constant valuesfor
and
cannot bedefined, the prediction of
the total solubility parameter 6 from attraction constant contributions is of
limited value.

RELATIONBETWEEN INDEX OF REFRACTION (n,) AND

6d

SewelP has already searched for a relationship between the C.E.D. and the
index of refraction. The main idea is that the interaction energy between nonpolar molecules is dependent on the polarizability (London dispersion forces).
The.polariaability can, on the other hand, bedescribed by the Lorentz-Lorentz
equation:

where n, = refractive index, N = number of molecules per cc, and ar = average
polarisability per molecule.
Sewell found a correlation between the C.E.D. and ( n D 2 - l ) / ( n D 2 2) with
C.E.D. values calculated from Small'stables.I*JgUsing
the separation of
C.EB. in three contributions, we expect a rdationship between 6 d and nD even
for polar substances, in wgch relation the interference of polar and hydrogen
bonding forceshas vanished.
The right-hand side of eq. (19) is almost a linear function of nDin the region
of nD values observed (nD between 1.3 and 1.6). This is also true for nD2(see
Fig. 3) and therefore one of these functions can be used with equivaIent results.
The relation found to be valid here for the substancesof Table V is

+

6d

=

9-55nD - 5.55

(20)

with correlation coefficient 0.90 and standard error of estimate 0.32. This relation resembles very much the relationships found by PapazianZ2 and H01rnes~~
by
between the surface tension and thedielectric constant or the square of the index
of refraction.
Equation (13) suggests that a factor V,% .mightoccur in eq. (20). This
dependence on V , has not been evaluated in this study because of the minor
importance of this .factor in the range ofmolarvolumes studied. For more
accurate studies,however, incorporation of this dependence of V , might be
recommendable.
-80-
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TABLE V
Index of Refraction, Dipole Moment, and RelatedSolubility Parameters for Solvents
Index of
refraction
noa

Substance
Methanol
Ethanol, 99.9%
n-Propanol
n-Butanol
Pentanol-l
Propylene glycol
Ethylene glycol
Cyclohexanol
Ethyl lactate
2-Butoxyethanol
Oxitol (Cellosolve)
Diacetone alcohol
Diethyl ether
Furan
Dioxane
Methylal
Carbon disulfide
Dimethylsulfoxide
7-Butyrolactone
Acetone
Acetophenone
Tetrahydrofuran
Ethyl acetate
n-Butal acetate
Isoamyl acetate
Acetonitrile
Butyronitrile
Nitromethane
Nitroethane
2-Nitropropane
Aniline
Nitrobenzene
Dimethylformamide
Dipropylamine
Diethylamine
Morpholine
Cyclohexylamine
Pyridine
Carbon tetrachloride
Chloroform
Ethylene chloride
Methylene chloride
l-1,l-Trichloroethane
l-Chlorobutane
Trichloroethylene
Chlorobenzene
o-Dichlorobenzene
a-Bromonaphthaline
Benzene
Toluene
Xylene

,

1.32840
1.36140
1.38556
1.3993
1.4100
1.4329
1.4318
l .46477
1.4124
1.41980
1.4077
1.4235
1.35243
1.42140
1.42241
1.35335
1.62799
1.4783
1.4348
1.35868
1.53423
1.40716
1.37239
1.3900
1.4007
1.34411
1.3838
1.38118
1.39193
1.39439
1.58628
1.5500
1.43047
1.4043
1,3854
1.4542
1.45926
1.51016
1.4600
1.4460
1.4448
1.42416
1.4379
1.4021
1.4767
1.52481
1.55145
1.6580
1.50112
1.49693
1.49722

Dispersion
solubility
par. 6 2
7.42
7.73
7.75
7.81
7.81
8.24
8.25
8.50
7.80
7.76
7.85
7.65
7.05
8.43
8.55
7.35
9.97
9.00
9.26
7.58
8.55
8.22
7.44
7.67
7.45
7.50
7.50
7.70
7.80
7.90
9.53
8.60
8.52
7.50
7.30
8.89
8.35
9.25
8.65
8.65
8.50
8.52
8.25
7.95
8.78
9.28
9.35
9.94
8.95
8.82
8.65

Dipole
moment
P (

W

1,70
1.69
1.68
1.66
1.7
2.25
2.28
1.86
2.4
2 .O8
2.08
3.24
1.15
O . 71
0.45
O . 74
0.06
3.9
4.12
2.69
2.69
1.75
1.88
1.84
1.82
3.44
3.57
3.56
3.60
3.73
1.51
4.03
3.86
1.03
1.11
1.50
1.26
2.37
O
1.15
1.86
1.14
1.57
1.90
0.8
1.54
2.27
1.29
O
0.31
0.45

Polar
solubility
par. 6,d
6.0
4.3
3.3
2.8
2.2
4.6
5.4
2.0
3.7
3.1
4.5
4.0
1.4
0.9
0.9
0.9
O
8
8.1
5.1
4.2
2.8
2.6
1.a
1.5
8.8
6.1
9.2
7.6
5.9
6.0
6.0
6.7
0.7
1.1
2.4
1.5
4.3
O
1.5
2.6
3.1
2. l
2.7
1.5
2.1
3.1
1.5
0.5
0.7
0.5
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TABLE V (continued)
Index of
refraction
par. Substance
Ethylbenzene
Styrene
Tetralin
Hexane
Cyclohexane
Acetic acid
Formic acid
Butyric acid
Benzaldehyde

Dipole
moment

Dispersion
solubility
82

.

1.49588
1.54682
1.54135
1.37486
1.426223
1.3719
1.37140
1.3980
1- 5455

(DY

P

8.70
9.07
9.35
, 7.24
8.18
7.10
7.00
7.30
9.15

Polar
solubility
par. 6,"

'

0.37

0.3
0.5
1.0

O . 13

0.60
O . 085

0
0

0

1.68
1.82
1-65
2.77

3-9
5.8
2.0

4.2

Values from Riddick andBunger36and Handbook of Chenbistry and
Values from Hansen.5113
Values from Riddick and Bunger36and McClellan.*6
d Values from Han~en.s.1~

a

b
C

1.2

1.4

1.6

"o

Fig. 3. Some
functions

RELATIONBETWEEN

1.8

of

nD.

2.0

.

THE DIPOLEMOMENT

_ .

(p)

AND 6,.

I n order to calculate the contribution of permanent dipoles to the cohesive
energy density, Hamen5 has
used the formula proposed by BÖttcherz4:

where E

= dielectric constant andp = dipole

-82-
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Another, and more simple empirical relationship has been proposed by Beerbower :l6
'6,

=

A'

v.
P

When the statistical thermodynamical derivation ot Bonn and van Aartseng
is used, including the Keesom potential for dipole-dipole interaction (which in
fact is not justified),12the following relation can be found:

Empirically we found a linear relationship between 6, and the squarcroot of the
right-handside of eq. (23) :

When 6, values are takenfrom H a n ~ e n , we
~ >found
* ~ for 59 solvents(Table V)
P

6, = 50.1 Vm"/"

(244

with a correlation coefficient 0.99 and a standard error of estimate 0.38.
For therelation of Beerbower, eq. (22),these solvents give

with a correlation coefficient 0.97 and a standard error of estimate O.Fj0. We
may conclude here that cit,hcrof the relations (24a) or (22a) can be used to calculate 6, values.

APPLICATION TO POLYMERIC SYSTEMS
Applying the relations found in the preceeding sections to polymeric system'
6 d values for polymers from n., and F , data, respectively.. If the dïpole moment of the polymer is known, .we arc: able to predict 6, of the polymer also. Furthermore, since a particular type of hydrogen
bond appears to have a constant :energy, we can calculate from this energy
and the molar volume of a segment, using eq. 18.

we have. been able to predict

Dispersion Contribution to the C.E.D. for Polymers from F , and n,
In Table VI, the Bd values for several polymers are .given, calculated from
eq.(17a), and from n.,, eq. (20). As can be seenfrom the bablc,values
for polymers with polar groups attached t o the phenylene ring like in p0ly(2,6dimethyl-1,4-phenylene oxide) have not bcen included in the calculations from
Fid.
There were not enough values of low molecular weight analogs available
to incorporate t,he effect of the phcnylenc: ring on the additive value F , for an
attached polar group. A shift to somewhat higher F , values is expoctcd, as is
the case for the additive constants for the molar' refraction (R), calculated by
G~edhart.~~
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Fig. 4. Relation between dispersion partof the surface tension and the solubility parameters for
polymers.

RelationBetweenand

+y$for Polymers

I n the case of polymers, the molarvolume derivations based on spherical
molecules are not valid, and therefore one cannot use the factor (l/Vm)'I3from
eq. (5). Wu2' has proposed an approach for polymers in which he useda n eff ective cross-sectional area to obtain the factor between the C.E.D., calculated with
~~
(5) then becomes
attractive constants,28and theyc value of Z i ~ m a n . Equation

where C.E.D., = C.E.D. of a segment, V,, = V , of a segment, and n, = number
of atoms in a segment.
The C.E.D. values calculated by Wu, using the attractiveconstants of
do not represent true dispersion contributions; neither are the values of the
contribution^.^^
critical surface tensions for polar polymers based on dispersion
Therefore, the relation we propose for polymers must be analogous to eq. (10)
and reads

(e)
=/3

&z2

=

A

Ysd

where Y$ is the dispersion contribution part of the free surface energy of the
polymer.Values
of
are knownfornonpolarpolymers,31
andin twocases
immersion calorimetry hasbeenperformed
on polarpolymers toobtain X,d
In Figure 4, a graphic representation of eq. (26) is given, where values of
Table VI have been used. The constant A found by least-squares fitting has the
value 3.4; because of a different geometric factor, this constant deviates from
the one found in eq. (12). The correlation is good, but more data arenecessary
and we hope that theywill becomeavailable soon.

Polar Contribution to the C.E.D. for Polymers, 6 ,
The measured avefage dipole moments of polymers26are generally 70-90%
of the dipolemoments of the corresponding'monomer unit. For polymer P
values.not to be found in'the literature, we have estimated the dipole moment
a t 80% of the dipole moment of the monomer.
The 6,'s calculated with eq. (24a)are given in Table VI.
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The Hydrogen-Bonding Parameter 6h for Polymers
It is argued above that the energy for a hydrogen bond should be known in
order to makc an-estimateof ah- The energy forthe H bond in alcohols has been
given. as 5 kcal/mole. For the energy of the amide H bond, we have used the
R/I~Clellan.~~
value of 3.9 kcal/mole givenby Pimentel and
For esters, nitriles, monochloro, ether, and cyclic compounds, we have used
values of Ehcompiled by Beerbower and Hansen:20
En

=

enthalpy of an H bond or donor/acceptor group
-ester group
-nitrile group
-ether group
-monochloro substituent
-phenylene ring

about 1250 caI/mole
about 500 cal/mole
about 550cal/mole
about. 100 cal/mole
about 100 cal/mole

The results of calculations of ah for some polymers, using the above Eh values
of H bond types aregiven in Table VI.
. DISCUSSION

I n the foregoing sections, we have discussed relations between solubility parameters and other physical properties, and the possibility of determining the
solubility parameters with additive constants. Prom the relations established,
it is possible to determine the Solubility parameters (&,, ad, 6), for solvents and
polymers. Especially for the lattergroup of substances, this is a very important
result, becauseotherwisetime-consuming determinations (solubilityorswelling experiments) must bemade.
We have demonstrated that only the dispersion contribution to the C.E.D.
can be calculated with a molar attraction constant. The values of Ff&which we
found for -CH3 and -CH2equal those reported by
Allen, Gee, and W i l ~ o n ~ ~
for n-alkanes. The value of tid for polyethylene calculated with these values also
compare quite well withthevalueobtainedbyextrapolation
of the
of nalkanes to infinite chain length.32 The literature values for F,'* usedin the
calculation of the total Solubility parameter always represent somekind of
compromise, especially when hydrogen bonds occur. The solubility .parameters
calculated with these va.lues can beconsidered as highly approximate only.
For nonpolar substances, these 6 values are apparently too low. Our solubility
parameter components (&, A, 6), for polymers have been calculated from relationships based,on solvent data of Hansen. Therefore, it is better to compare
our values with his.33
This is possible by making plots of solubility spheres similar to those Hansen
used to obtain his values.Because tid valuesespeciallycoveronly
a narrow
range (ad = 7-10), the solubility spheres are usually occupied only for a small
part by coordinates (lid, 6, 6h) of solvent solubility parameters. It is therefore
possible to envelope these points by a solubility sphere with different center
coordinates (lid,-&, ah of the polymer) and a different radius. When the radius
increases, the center coordinates must shift-in the direction of the empty part
of the solubility sphere.
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Although the polymer solubility parameters given by Hansen33 can thercfore
be only approximate, his method of plotting can be used to check polymer 6
values obtained in diffcrcnt ways: thcsc valucs have,to be the center of a solubility sphere which envelopesthe coordinatcs of thc solvents in which the polymer
is soluble, and which excludes thc coordinates of the nonsolvents. The values
given in Table VI satisfy this condition.
The difference between 6d from Ff,Land from ll.D in Tablc VI is within thc
confidence limit of twice the standarderror of cstimatc (-0.6 Hildebrand).
Althoughsolubility parameters arc a vtlry hcipful ,instrument to cstimate
polymerswelling and solubility, it should bc cmphasizcd that they reflect the
attractive forces in thc pure substanccs only. Interactions not expcctcd by
combining separate 6-parametervalucsmayarise,cspccially
so forhydrogen
bonds.
Chen6 has shown that upon mixing, 'the dispersion and dipolar forces can bc
taken togethcr to one parameter xH and that thehydrogcn-bonding forces need
tobe
t.aken into consideration scparatcly. Donor-acceptorcomplexes
are
known to be formed when an electron donor group can comc into contact with
an acceptor group. In a purc substancc which is of electron-donating type, 6b
may be small. When, howevcr, this substancc is mixed with a substance which
is electron accepting (also6), small), strong hydrogen bondswill be theresult.
We fccl that these shortcomings of the solubility parameter theory can be
overcome if it becomes possible to cxtcnd dra go)^^^ thcory for the prediction of
the enthalpy of donor-acceptor complexes to solvent and polymer-solvent mixtures.
The authors areindebted to Dr. D. Bargeman for many enlightening discussions during the
preparation of this manuscript.
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Phase Separation Phenomena During the Formation of
Asymmetric Membranes
D. M. KOENHEN, M. M.V. MULDER,* and C. A. SMOLDERS, Twente
University of Technology, Enschede, The Netherlands
Synopsis
The formation of membranes from two systems has been studied.
In thesystem polyurethanedimethylformamide-water, the mechanism for the formation of the sponge-like structure proves
to be a liquid-liquid phase separation with nucleation and growth of the diluted phase. This
mechanism has been confirmed for the system modified polystyrene-polyisoprene-polystyrene/
o-dichlorobenzene/(methanol-water). Crystallization and gelation is discussed. The membranes
prepared showed hyperfiltration activity. The mechanism proposed here is believed to be valid
for other systems, too.

INTRODUCTION
Loeb and Sourirajanlwere the first to
develop a method
for preparing asymmetric (“highflux”) membranes forthe application of desalination by reverse
osmosis. These membranesconsist of an extremelythin selective layer (0.1-0.2
pm) backed bya porous substructure inwhich sometimesfinger-like cavities can
be present. In principle, these asymmetric membranes were obtained by the
following procedure: Aftercasting a solution of cellulose acetate (CA) on a glass
plate, the volatile solvent (acetone)was allowed to evaporate for a short time,
followed by immersion in a precipitating agent (for instance, water). Heat
treatment of the finalmembrane will improve the saltrejection.
Many investigations have been dedicated
to elucidate the formation mechanisms of the asymmetric structure of the membranes. These investigations cover
roughly the following lapproaches: (1) An explanation is given af the phase
transition, or phaseinversion, during the formation of the membrane structure.
(2) An explanation for the final asymmetricstructure is brought in relation to
physical quantitiesof the materials usedand theconditions in which the membranes areprepared;
In the first
group of investigations, several authors explainedthe formation
of the sponge-like structure in a way very similar
to thecolloidal demixingtheory
described by Bungenberg de Jong.2 To this group of authors belong Maier and
S~heuermann,~
Keilin;4and K e ~ t i n g . ~ I n mechanism
the
described, spherical
droplets ormicelles are formed in whichthe mass of the polymer molecules is
concentrating at the exterior surfaces. Subsequently, the micelles willcontact
each other and form polyhedra.
The process is completed byfurther polymer
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desolvation, syneresis, and capillary depietion. Strathmann, Scheible, and
Baker,6 making use
of ternary phasediagrams, describedhow the polymer-rich
solid droplets,
'
phase separates froma supersaturated solution to form spherical
which can grow and agglomerate to form an
interconnected solid structure.;,: In
a later report, Strathmannet
revised this mechanism in such a way that the
precipitated polymer-rich phase remains
fluid for some time andagglomerates
to form finally a solid polymer matrix.
In thesecond groupof investigations, Frommer and Lancetg and'strathmann
et
have related the final asymmetric structure to the rateof precipitation.
When the rateof precipitation is low, a sponge-like structure will beobtained.
These authorsalso studied theformation of finger-like cavities which are often
found in asymmetric membranes. They concluded that theformation of finger-like cavities, growing in thefluid layer, is generally associatedwith a high
rate of precipitation.
Matzg explainedthe formation of finger-like cavities on the basis of changing
surface tension during the coagulation
step. The surface tension of the polymer-rich phase increases through
loss of the solvent, while the surface tension
of the aqueous phasewill decrease. At the point wherethese surface tensions
are equal, the interface is very sensitive to distortion and cavity formation is easily
initiated. Growth can occur through diffusionof the solvent into these cavities.
Another explanationwas proposed byStrathmann etal.7 whostated that the
homogeneous skin layer cracks through shrinkage
of the polymer-rich phaseand
cavities can develop. Growthof cavities proceeds by shrinkage of the polymer
matrix which is caused byinflow of nonsolvent.
Much the same typeof coagulationprocess which occurs
during the formation
of asymmetric membranesis encountered duringthe wet-spinning processof
synthetic polymer fibers, The presence of finger-like cavities in the fibers has
been reported,for instance, for wet-spun acrylic fiberslOJLand for nylon 6 and
polyurethane.12
According to Gröbe et al.ll the mass transferwill be favoredin places of the
polymer-poor phase. The number of these places is given bystatistical distribution. The phase separation frontwill movefasterïn theseplaces becauseof
the faster exchange of solvent and nonsolvent. Because there is nonsolvent
present in the
polymer-poor dilute phase, solvent canreduce its chemcal potential
by diffusing into it.
Eventually, the cavity will contain so much of the solvent that thecomposition
is below the precipitation threshold. Coagulation at the'boundary of the cavity
will then be retarded.Solvation of the polymer molecules in thesolution, just
outside the cavity, is lowered by diffusion of the solvent into the cavity.
Therefore, transfer of the polymer will occur to surrounding places bycreep;
eventually, complete desolvation
will take place.
In this paper,we will report on experiments done in our laboratory
to obtain
more information concerningthe phase separationinvolved,in the membrane .
formation. Originally,this work wasstarted toprovide insight in the coagulaticp
process asa part of a program on wet-spun fibers. Later, it appeared to us that
it would also be applicable to theprocesses occurring duringthe formation of
asymmetric membranes. The demixingprocess willbe discussed takingthe line
of the thermodynamics and kinetics of phase equilibria in polymersohtiqns.
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THEORETICALCONSIDERATIONS
Liquid-Liquid Phase Separation
The Gibbs freeenthalpy of mixing of a polymer and asolvent can bedestribed
with the Flory-Huggins equation13 which is expressed here in weight fractions:

in which AGm = free enthalpyof mixing, R = universal gas constant, T = absolute temperature, w, = weight fraction of solvent, w; = weight fractionof polymer
species i, M, = molecular weight of the solvent, Mi = molecular weight of the
polymer species i,"andg = empirical correctionfactor. The firsttwo terms on
the right-hand side of eq. (1)give the entropyof mixing. This entropyis small
compared withthe mixing of low molecular weightsubstances throughthe factor
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Fig. 1. Schematic representationof the free enthalpy components givenby eq. (1)and the
corresponding phase diagram for a binary system with liquid-liquid phase separation: curve
a, gS~oiro,;
curve b; w oIn w o Zi(Mo/M;)wiIn wi;curve c,AGmIRT; curve d, cloud point curve, curve e, spinodal.
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Fig. 2. Schematic phase diagramfor a ternary system.

M o / M i . Because this entropyof mixing is small, a small endothermic enthalpy
. of mixing or some other nonideality, together represented the
by positive term
g Z wowi, can causea phase separation.
The situation in such a case is given schematically in Figure 1,where points
A and D are thecommon tangents of the AG, curve. These concentrations A
and D have identical chemical potentials and form phases
in equilibrium. The
points Band C are the points
of inflection of the G, curve. Any composition
between pointsA and D can lower'its free enthalpyof mixing b.y separating into
phases of compositions A and D, Lines connecting the compositions of the
coexisting phases(A-D, etc.) are called tie lines. At pointE, the compositions
are thesame and the tie
line is a point, the critical point. Compositions between
A and B on one sideof the demixing regionand C and D on the other side are
metastable and only
give demixing whena nucleus is formed havinga composition which is close enough to thecomposition at the other endof the demixing
gap. These nuclei grow further until a complete demixinginto phases A and
D has takenplace. This mechanism is called nucleationand growth.
The compositionsbetween the points of inflection B and C are unstable to the
very small fluctuations which are always present. Such compositions would give
instantaneous demixing, the so-called spinodal demixing. This typeof demixing,
however, is difficult to obtain in fluid
systems because in most cases nucleation
and growth will occurin passingthe metastable region.
In a system whichis composed of a polymer and one or more solventsand
are more degrees
nonsolvents,which isthe case in membrane preparation, there
of freedom. The phase diagramof a ternary system consistingof a polymer, a
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solvent, and a nonsolventis most convenientlygiven bythe so-called isothermal
sections (Fig. 2). When a polymer solutionis coagulated with a nonsolvent as
in membrane preparation,we can assumethat after the initial skin formation,
the overall polymer concentrationin the membrane is constant, while the concentration of solvent decreasesand thatof nonsolvent increases.
In a system as illustrated in Figure
2, a solutionof, say; 10%polymer passes
the horder of the two-phase regionat thediluted side of the critical point, whereas
a solutionof 30%enters thisregion at theopposite sideof the critical point. In
the firstcase, nuclei of the concentrated phasewill beformed with alarge difference in composition fromthe original solution, and the diluted phasewill
change continuouslyin composition, getting more and more dilute. In the latter
case, nucleiof the diluted phasewill beformed while the concentrated phasecan
change continuously. Thus, in nucleation andgrowth, we have two possibilities:
(A) nucleation and growth of the concentrated phase, and(B) nucleation and
growth of the dilutedphase
The consequences forthe morphology inthe final coagulated polymer solution
of the concentrated phase dispersed
are obvious. In case A, one expects spheres
in a dilute solution. In case B, one expects spheres of a dilute solution surrounded by concentrated polymer solution matrix. When the precipitation
process hascome to an end, the
concentration of polymer in the concentrated
phase has become very high, i.e., the polymer has solidified and thefollowing
morphologies‘canexist: In case A, a latexis obtained which in principle has no
mechanical strength. Through coalescence orsticking of the polymer spheres,
an open-pore structure can beobtained which could have somestrength. In case
B, spherical cells willbe formed.

Crystallization

,

.

Crystallization isanother typeof phaseseparation which is possible
in solutions
of macromolecules. From dilutesolutions, some polymerscan crystallize in the
form of lamellar single crystals being about 100 Athick andoften manymicrons
in the lateral directions. In these crystals, the polymer chains are oriented
normal to be plane of the lamellea and are arranged
in a foldedmanner.16 From
concentrated solutions, more comp1,icated crystal structurescan be obtained,
reminiscent of the familiar spherulites obtained by crystallization fromthe melt.
The melting points of these crystallites can be describedqualitatively by the F,lory
melting point depressionthe0ry.1~
When the concentration is highor when the crystallites are small, many links
between different polymer moleculesare formed, and a homogeneous but cloudy
gel can be obtained. These gels are thermoreversible, and themelting points
can also bedescribed by the Flory therory.l7 The gel structure is thought tobe
composed of the familiar fringed micelles. Often, the formation of helices is
~ J ~ ~ ~can
~ also occur
involved in the crystallization and gelling p r o c e s ~ . ~Gelation
in solutions of the well-known membrane material cellulose acetate.21 These
concenconsiderations will beof importance for the solidification.(gelation)-of
trated polymer regions in membranes, like the “skin” at the surface of the
membrane, or the concentrated polymer phasewhich forms the ,matrix in the
porous part of the membrane.
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EXPERIMENTAL
Materials
Two different types of membranes havebeen prepared (a)from polyurethane
(PU) (Estane 5701 Fl), and (b) from a modified polystyrene-polyisoprenepolystyrene (SIS)block copolymer (CARIFLEX
TR 1108). All of the solvents
used were of analytical grade.

Cloud Points
Cloud points were determined in well-homogenized P U solutions. Homogeneous mixtures of polyurethane-dimethylformamide were prepared by the
method also used byVan Emmerik and Smolders.22
The appropriate amountswere weighedin small Pyrex
glass tubes which were
degassed, flushed withnitrogen, degassed again, and sealed under vacuumat
liquid nitrogen temperature. The sealed glass tubes were heated, if necessary,
in anoil bath toapproximately 80°C for at least 24 hr in order to obtain homogeneous liquid mixtures.
Phase separationpoints were usually determined bycooling or heating the
thermostat bath 1°C
every hour or1°C every 10min.

Optical Microscope Studies
The phase separation of polyurethane was examined with a Olympus EH
microsope. A drop of polymer solution is placed between two microscope slides.
By meansof a hypodermic syringe, water is placednear the edge. Photographs
are takenof the interface at certain timeintervals.

Membrane Preparation
PU Membranes. P U membranes were prepared from15-30% polyurethane
solutions in DMF'. The solution was cast on a glass plate and, after a short
evaporation time, immersedin a coagulation bath. Water and different ratios
of DMF/water solutions were used
as precipitation media.
Ionic Membranes. These were prepared frompolystyr.ene-polyisoprenepolystyrene (SIS)block copolymer whichwas modified asfollows.23 To a 10%
SIS solution in toluene, Nlchlorosulfonyl isocyanate (NCSI)
was added at room
temperature. Below, the reaction of the polyisoprene middleblock with NCSI
is shown schematically:
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The molar ratio of NCSI added to isoprene was 60%. After isolation of the
product, the polymer was dissolved in 1,2-dichlorobenzene.
A 15% solutionof compound I in 172-dichlorobenzene was
cast on a glass plate.
After a certain evaporation time,
the castpolymer was immersed into a water/'
methanol (20/80) bath. In order to prevent extensive swelling, crosslinks were
introduced by immersingthe membrane in a2% hexamethylenediamine solution
in toluene at room temperature. In a final step, the membranewas modified
by immersingit atroom temperature in a concentrated(4M) ammonia solution
in which hydrolysis occurs) giving polymerI 1

Scanning ElectronMicroscope Studies
Cross sectionsof the membranes were examined with JEOL-JSM
a
U3 scanning electron miscroscope (SEM). Samples were prepared by cryogenic breaking
followed by freeze drying (or etching) and coating the sample with a chargeconducting layer according to ,a technique developed earlier.12

Hyperfiltration Experiments
Hyperfiltration experiments were
carried out in a stirred.Amicon high-pressure
cell, Type 420, at an operating pressure of 40 atmospheres. In each experiment)
a.3000 ppm NaCl solution was used
as feed solution. The concentrations in feed
and productwere determined by specific resistance measurementsusing a conductivity cell.

RESULTS
.

I

In the quasi-ternary system
of polyurethane-dimethylformamide-water)
quasi-binary sections were chosenfor which the following phasetransitions were
studied.

Liquid-Liquid Phase Separation
In'the first place, a range of polymer solutions.with a constant ratioof di:
methylformamide-water were studied. When a homogeneous solution is cooled)
cloudiness appears at a certain temperature. The appearance of the cloudiness
is not dependent on
the rateof cooling; and when the solution iscentrifuged)two
liquid layers can be obtained in the tube.By heating the phase-separated solution) the system becomes homogeneous againat the same temperature. Hence,
a liquid-liquid phase separationis obtained in these experiments. The cloud
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Fig. 3. Cloud point curves inthe system PU/DMF/H20.

H20

DMF

DMF

Fig. 4, Ternary diagram forPU/DMF/H20 at 2OOC.

point curves obtained for several quasi-binary sections (this means different
ratios of dimethylformamide-wateras solvent) are givenin Figure 3. In Figure
4, these data have been plotted in a ternary diagram for one temperature
(25OC).
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Fig. 5. Phase behaviorat low water content inthe system PU/DMF/HzO for a polymer concentration of 25%.
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Fig. 6. Gel melting points in the system PU/DMF/HzO for a polymer concentration
50%.
of

If plotted againstthe increasing concentrationof water at one polymer concentration (25%), curve A in Figure 5 is obtained.

Crystallization
If there is less than 8%water in thepolvent, the PU solution becomes turbid
at a temperature which is dependent on the cooling rate. In Figure 5, curve B
corresponds to a very low coolingrate (1°C per 24 hr). A t faster cooling rates,
this curve is shifted tolower temperatures.
The phase-separated solution remains fluid. On heating the phase-separated
solution, the turbidity disappears
again at a temperature corresponding to curve
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Fig. 7. Coagulation front 8 sec after contact with water(PU concentration 25%), as observed with
an optical microscope.

C. Thïs gapbetween coolingand heating curveclearly indicates crystallization,
ge:
in which undercooling is quite common.I6 At high polymer concentration,
lation occurs; the kinetics of gelation depend onwater content and temperature.
The gel iselastic and opaque. Upon heating, the gel becomesfluid at a certain
temperature (the gel melting point), In differential scanning calorimetry (DSc),
an endothermic peakis obtained onheating. In Figure6, the gel melting points
determined byDSC measurements are given for gels
with a polymer content
of
50%.

Morphology and Kinetics
By means of an optical microscope,'the coagulation process was studied.
Figure 7 was taken 8 sec after water was added. A higher magnificationof the
coagulation frontis given in Figure 8- In Figures 9,10, and 11,which weretaken
at time intervalsof 1sec, coalescence of droplets canbe seen to occur,
In Figure 12, a scanning electron miscroscope photography of a membrane
obtained from the system PU in DMF, coagulated in water, is shown. Figure
13 shows a SEM micrograph of a demixed solution inwhich the polymer concentration was verylow (0.5%PU). It is obviousthat the structurediffers from
that in Figure12. In Figure 14, a scanning electron microscope photograph
of
a membrane obtained from the system modified SIS/1,2-dichlorobenzene/
water-methanol is shown.
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Fig. 8. High magnificationof the coagulation front shown in Fig.
7.

As can be seen from Figure
15,the penetration distarice of the coagulation front
(the liquid-liquid demixing front, not that of the finger-like cavities) is proportional to &. The penetration rateof the coagulation is of the same magnitude here as in the
system cellulose acetate-dimethylformamide-water.8
Hyperfiltration Experiments
Hyperfiltration experiments were carried out asdescribed. Typical results
of the polyurethane membranes were a salt rejection of 21% and a flux of 1.1
cm/hr. The modified SIS membranes showed a salt retentionof 62% and aflux
of 2.4 cm/hr. The membrane performanceshave not been optimized as yet.

DISCUSSION
The combination of the optical microscope photographs (Figs. 7-11) and the

SEM photographs (Figs. 12 and 14)shows that what is visible asa droplet during
the demixing underthe microscope isin the final membrane a spherical void in
the sponge-like area. The photographs of the coalescent droplets also showthat
at thatparticular stage of the coagulation, both phases can still
be fluid. The
SEM photograph of the product of the coagulation process at very low (0.5%)
polymer concentration (Fig. 13) shows spherical polymer particles. Following
the theoretical section on liquid-liquid phase separation, nucleation andgrowth
of the dilutedphase occursin the firstcase (Fig. 12).
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Fig. 9. CoaIescence of droplets, optical microscope.

Fig. 10. Coalescence of droplets. Picture taken 1 sec after Fig. 9.
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Fig. 11. Coalescence of droplets. Picture taken1 sec after Fig. 10.

Fig. 12. Hyperfiltration membrane obtainedfrom the system PU/DMF/H20 (SEM photograph).
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Fig. 13. SEM photograph of the latex particles which occurafter the coagulation ofa very diluted
PU solution.

In the latter
case (Fig. 13), nucleation and growth of the concentrated phase
has occurred. Nucleation and growth of the diluted phaseis observed for the
,PU system as long asthe polymer concentrationis above 5%. Therefore, the
critical point in Figure 4 lies at a rather low polymer concentration (<5%

PU).
The SEM photograph of the SIS membrane shows the same sponge-like
structure which originates fromnucleation and growth of the diluted phase. The
structure observed for our membranes has also been found in other typesof
membranes.778~~~
The explanation of the presence of the finger-like cavities given
by Gröbeet al.ll seems the most probablefor this type of systems. This opinion
is mainly based onthe observation made byseveral authors that these
fingers
can penetrate the
solution further than the
coagulation front, without causing
direct coagulation in the areas betweenthese
This observation excludes,as the usual mechanism, the cracking of the surface
skin layer orthe disturbance of this layer and occlusion of nonsolvent. Moreover,
the explanation of Gröbe et al. is in agreement withthe results of Frommer et
aL8 who fo.und
a bigger chance to obtain finger-like cavities when the nonsolvent
and thesolvent show a high affinity (big exothermic heat of mixing). This means
a large driving force for diffusionof the solvent into these fingers. Frommer also
found that the fingers could only grow in the liquid polymer solution. The
number of finger-like cavities should be diminished when the difference in
chemical potentialof the solvent in the polymer solutionand the nonsolvent is
'
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Fig. 14. SEM photograph of a membrane obtained from the system modified SIS/1,2-dichlorobenzenel(waterlmethano1):

Fig. 15. Penetration of the,coagulation front in the PU/DMF/H2O system.
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lowered. Frommer achieved this by salt-gelling, while we found that in the
polyurethane system, adding solvent [DMF)
to thenonsolvent (water)was effective in thisrespect. This effect was also found by Strathmann.7
In theSIS system, the solvent (1,2-dichlorobenzene) not
is miscible with water,
and miscibility is achieved
only after adding methanolto the nonsohent
solution.
Thus, the affinity between solvent and nonsolvent is low, and a membrane
without finger-like cavities is the result (Fig. 14). Of course, the above reasoning
can onlybe approximate becausethe affinities between solvent and polymer and
nonsolvent and polymer have been
left outof consideration,
The difficulty in the explanation
given by Matzg
is that thesurface tensions
(valid for the interface betweenthe substance and air) do
not give direct information aboutthe interfacial energy between
the polymer solution
and coagulation bath. Furthermore, it should be argued that the interface becomesless
sensitive when the viscosity increases throughthe loss of solvent to thecoagulation bath. At anyrate, the explanation is not consistent with the experimental
data which show
that adding solventto the
coagulation bath gives fewerfingerlike cavities.
The penetration of the coagulation front inward is proportional to G. This
i s in agreementwith all the diffusionequationsderivedforsuch
situat i o n ~ . 7 * ~ ~When
* ~ ~ *the
~ ~liquid-liquid
$~9
phase separation has
proceeded through
the formation of spherical droplets orfinger-like cavities, the polymer matrix
will gradually become more concentrated untilit eventually solidifies. We feel
that thetendency of a polymer solution to crystallize and/or forma gel when high
enough in c.oncentration could be very
important for the final membrane per‘formance. Indeed, it has been foundin cellulose acetate membranes that the
ordering inthe skinis an important~ a r i a b l e . ~ ? ~ ~
A different type of mechanism might be operative
typically for,skin formation.
Since, in general, the top layer of the film has a higher concentration bythe
evaporation of solvent and because the rate of phase separationis very highfor
this layer, in direct contact withnonsolvent, the mechanism of spinodal demixing
(see theoretical section) cannot beexcluded. The result is a favorablefine-mazed
polymer network, intertwined by the fine pores. .Crystallization in polymer
regions mayalso follow here.

CONCLUSIONS
The general mechanismfor the membrane formation by coagulation in nonsolvents follows the following scheme:
a. Direct desolvation ofa top layer (skin)where most likely gelationtakes place
(especially when an evaporation step is performed before coagulation).
b. Liquid,liquid phase separation in thesolution below the skin. In most
instances, nucleation andgrowth of the diluted phaseoccurs. In thiscase the
polymer forms the continuous matrix, and the final structure after
complete
desolvationis the typical sponge-like structure. When the difference in chemical
potential for the solvent betwéenthe polymer solution and the
nonsolvent is large,
finger-like cavities also occur.
The authors aregratefd to Mr. A. Bakker for carrying out a part
of the experiments describedin
this paper.
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In this thesis. workon somt? aspects of phase'sepa.ration phenomena in polymer
solutions is reported.
In the first chapter a geueral introduction is given on the importance of phase
separations in polymer solutions. The differsnt types

of phase separations which

a.re possible are discussed. Of course the thermodynamics of polymer: solutions
have received a. great deal of attention. The first part of the thesis is devoted to
solutions of poly(2,6 dimethyl- 1 , 4 phenylene oxide) in aromatic solvents (mafn1.y
toluene).

The thermodym~~iic corrzction parameter
in the Flory-Huggins equation (g) has
been datermincd (Chapter 11) by a light scattering method (for PP0 in toluene).
This gave the relatiomhip for g. g = O. 58 f O. 19 w. With this paramnebir it
proved to be possible to describe the phase, separation 3s a crystalliza.tion
phenomenon. However it was not possible to describe a liquid-liquid phase
sepa.ration with this parameter. In differential scanning calorimetry experiments
it appsared that these solutions were indesd able to crystallize. Frum two

,

distinct endothermic peaks ( dspcndent on thermal history) it was concluded
that possibly hm dÏfferent modifications of crystallites exist (Chapter III ).
Measurements of the kinetics of the phase separation with the Pulse Induced,
Critical Scattering method revealed (Chrtptx IV ) thrtt there is a distinct induction
time connected with the phase separation. This

is also an indication for

'

crystallization, proba.bly in two succedixgsteps. For the sa.me poI_ymc=~
in the
homologous solvent series toluene /-n-hexylbenzene the thermodynamic
correction parameters were calculated, using experimentally determined
melting point curves. Only when the assamption

-WAS

built in the P P 0 crystal lattice, reasonable values for

made that the solvent is
the correction parampter

were obtained (Chapter V).
The la.st chapter on PP0 solutions (Chapter VI) describes the deter-mination of
the thermodynamic correction paraneter g from vapour peessur3 osmbmetry
and high pressurv rnemi~rani: osmometry. The correction parameter appea.r,sd
not to be very dependent on the t e m p r a t u r e , but here thz coacenttratioa dep3ndence was noted as well. The values for membrane osmometry ywers g = 0,498
O
and g2 = O. 163. Whereas memhranz osmometry proved to be the most reliable
method, vapour pressure osmometry proved to be a very quick method, which
-106-

is very usuable in a certain concentration range ( 5 % and 1 5 % ) . From these
'

lower valucs of g and the very ratio for T / T found in this system it w a ; ~
g
m
collcluded that the
usua.lly foundwas not thethermodynamicmeltingpoint,
but the ,melting of a degenerated structure, while in real crystals solvent is
co-crystallizing into the lattice. With the hypotesis

of a crystallization o€ P P 3

by a solvent stabilizad llelix s t r u c t u n , all the observed phenomen:3. can be

explained.
Chapter VI1 describes the relations between solubility parameters for polymer
and solvents and other physical qurtntkties as index of refraction, surface tension
and dipvle moments. Also som3 additive con:;tants ha.ve been determi.ned f o r the
calcul.ation of solul3ility parameters.
Chapter VIII describes the forma.tioa mechanismof asymmetric membranes.
In the .explanationof the formation mecha.nism, the phase separations .which are
described above, are used.
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SA ME.NVAT’rNZ;
In dit proefschrift wordt het onderzoek naar enkele aspecten
van fase-scheidingen
in polymeeroplossingen beschreveu.
In het eerste hoofdstuk wordt een a.lgemene inleiding gegeven o7er de betekenis
van fase-scheidingei En polymeeroplossingen. De verschillende typen fasescheidingen die mogelijk zijn worden besproken.
Natuurlijk hseft de thermodynamica van polymeeroplossingsn een belangrijk
deel van do aandacht gelmugctl. Het eerste deel vin het proefschrLEt i s gewijd
a . a i oplossingeu van poly (2,6dimethyl-l, 4 phenyleen oxide) in aromhtische

oplos middelen (hoofdzakglijk tolueen).
De thermdynamische correctie parameter

in de Flory-Huggins vergelijking (g)

‘is bepaald (,Hoofdstuk,11) met een 1iclitverst.rooiinga methode (voor PP0 in
to1uoen), ‘Dit leverde d;. relatie voor g, g= O , 58 f O , 19w. Met deze parameter
bleek het mogelijk om de fase-scheiding te beschrijvenals een kristallisa.tieverschijnsel. Het was ‘met deze parameter echter niet mogelijk

een

vloeistof-

vloeistof fase-schsidfng te beschrijven.
Uit Differzutiele Scanning Ca.Lorimetrie experimeuten bleek’ dat deze oplossingen

inderdaa.d in staat waren te kristalliseren. Uit twee aparte endotherme pieken
(afhankelijk van thermische geschiedenis ) werd geconcludeerd dat er misschien
twee verschillende modificaties kristallen 1~staa.n(Hoofdstuk 111).
Meting van de kint~tiekvan de Fase-scheidiag met de Pulse Induced Critical
Scattering methode onthulde (Hoofdshk IV) dat er een a.parte inductie tijd verbonden is Lmetde fase-scheiding. Dit

is tevens een aanwijzing voor kristallisatie,

waarschijnlijk in twee opecnvofgeuds atapljon.
Voor het zaKde polymeer werd in de hornolqp oplxxniddelen reeks tolueen/
-n-hew1 benzeen de thermodynamische correctie parameter berekend ,daarbij
gebruik makend van experimenteel vastgestelde smeltpunt curves.
Alleen wannser de onderstelling werd gemaakt dat het oplosmiddel was ingebouwd
in het PP0 kristd rooster , werden redelijke wm.rden voor d2 cormctie parametsr verkregea (Hoofdstuk V).
Het laatste hoofdstuk over PP0 oplossingen (Hoofdstuk VI) beschrijft de bepaling
van de thermodyna:mische correctie paramt2ter g door middel van damp druk
osmometrie en hoge druk mem5raa.a osmoxetrie. De corr5ctie parametsr bleek
niet erg afhankelijk te zijn van de temperatuur , maar hier werd ook de cmcen-108-

.

tratie a.fhrmkelijkhsid aangetrolfen.
De waarden voor membraan osmometrie .-m.ren g

:=

O , 498 en g = O , 163,
2

Terwijl membraan osmometrie de ineest betrouwbxe.methode bleek t.e zijn, was
de damp druk osmo.metri3 een erg stldle methods ,die goed bruikbaar is in een
bepaald coicentratie gebied (

5% en

15%). Uit dezelagewaardenvoor

g en

de zeer hoge verhouding voor T / :Tm gwonden voor dit systeem., werd gecong.
cludeerd dat de Tm die gewoonlijk gevonden w o ~ d tniet
.
het therrnodSranlni~,cllu
smelipunt is , maar het smelten van t?eu gedegenereerde structuur. terwijl in
echte kristallen het oplosmiddelm+e in het rooster uitkristalliseert

.

Met de hypothese van een uitkristalliseren van PP0 in eendoor oplosmiddel
gestabiliseerde helix structum kunnen alle waargenomen verscbijnselan, verklaard worden.
Hoofdstuk VU beschrijft de .:relaties tussen opl.osSaltrht.ids~ars.mc!ters, oplos-

middelen en andere fysische grootheden zoals brekingsindex, oppervlakte.span=
ning en dipodmomenten- Ook zijn enlcele additieve constanten bepaald voor de
berekening van oplosbaarheidsparameters.
HooEdstuk VZII boschrijEt het mt?clmni.sme w n de p r r n i n g van asymnmetrischt?
me~nl-,rsnm,In de verklaring van 1x.t vormi!lbra-rnecll~~lisrno
zijn de hierboven
heachreven fase-scheidingen gebruikt.

.
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