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Thermodynamic Compatibility of Polymers
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It is shown on the basis of an examination of studies carried out in recent years that, by a correct thermodynamically well-
founded choice of polymers between which hydrogen bonds can be formed or which can give rise to electron donor -electron
acceptor complexes, it is possible to create thermodynamically compatible systems; compatibility can also be improved by
mixing homopolymers with copolymers. Various thermodynamic situations observed on blending polymers and the
temperature dependence of their thermodynamic compatibility are discussed.
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1. INTRODUCTION

The main trend in the modern technology of the processing
of polymeric materials involves their preparation from mixtures
(blends) of polymers. The thermodynamic compatibility of
polymers with one another, to which numerous studies sur-
veyed in monographs, reviews, and text books have been
devoted, plays a major role in this.!™® However, new
‘aspects have recently arisen concerning the methods of deter-
mination of the thermcdynamic compatibility of polymers, its
causes, procedures for its enhancement, and its temperature
dependence.

The term "compatibility", borrowed from technological prac-
tice, is usually understood as the miscibility of polymers.

The authors of a monog‘raph2 believe that, in relation to poly-
mer blends, the term is inept and they have suggested that it
be replaced by the term "miscibility". They suggest that
one can speak of miscibility only in the case of an ideal solu-
tion whose formation is possible solely following the interaction
of low-molecular-weight substances. However, in essence,
this is incorrect because the formation of an ideal solution is
an extremely rare phenomenon and true real solutions of low-
molecular-weight substances are non-ideal in the vast majority
of cases.?” Nevertheless, the concepts of "solubility" and
"miscibility", which are identical, are applied to them. Evi-
dently in the case of polymer compositions there is also no
point is distinguishing these two concepts and the terms
"mutual solubility" and "miscibility" should be regarded as
synonymous. By thermodynamic compatibility we shall under-
stand (a) the ability of the components to mix with one
another spontaneously with formation of a true solution, i.e.
their thermodynamic affinity relative to one another, and (b)
a transition from possibility to reality, i.e. the realisation of
the above affinity which leads to the miscibility of the com-
ponents. )

The thermodynamic compatibility of polymers is estimated by
thermodynamic and non-thermodynamic methods. The latter
include methods for the investigation of the phase structures
of blends—electron microscopy and X-ray diffraction and also
all the methods for the determination of the glass point of
blends which yield information about the independent behav-
iour of the components in incompatible compositions. How-

ever, it is more correct to estimate thermodynamic compati-
bility by thermodynamic methods, i.e. to determine the
thermodynamic affinity and phase diagrams for polymer—
polymer systems.

1. THERMODYNAMIC AFFINITY BETWEEN POLYMERS

The thermodynamic affinity between a polymer and a solvent
is estimated quantitatively in terms of changes in the chemical
potential of the components Ap; or its excess value ul-e, the
Gibbs free energy of mixing AG or its excess value G¢, the
Flory—-Huggins interaction parameter x;, and the second
virial coefficient A,.

The same parameters also characterise the thermodynamic
affinity between polymers. They can be determined experi-
mentally by studying the static and dynamic sorption of the
vapour of a liquid on individual polymers and their blends,
the dissolution of different polymers in a common solvent, the
mutual diffusion coefficient of the polymers, etc.

The methods of the static sorption of the vapour of a
common solvent was first used to estimate the thermodynamic
affinity of two polymers by Kwei et al.,’® who calculated the
interaction parameter x%; from the sorption isotherm by
Scott's equation:*®

Ina =g+ (1—p:) + XeP F20Ps) 1—p) —x'29ps (1)
where X, and X,; are the parameters of the interaction of the
polymer (2) and the polymer (3) with the common solvent (1)
when the latter is sorbed on the polymer, a, is the activity
coefficient of the solvent in the three-component polymer—
polymer—solvent system, which is determined in the sorption
of the vapour of the solvent on the polymer blends, and ¢,
$2, and ¢3 are the volume fractions of the solvent and the
polymers (2) and (3) in the three-component composition.

It has been shown®® that the critical value of ¥3; for the
polymer—polymer system tends to zero. This means that any
positive value of ¥ characterises the incompatibility of the
polymers.

Eqn. (1) has been used to estimate the compatibility of a
series of systems on the basis of the sorption isotherms of
the vapours of various substances.?® 2 The calculation for
cellulose nitrate (CN)—poly(vinyl acetate) (PVAC) systems
leads to negative values of %, which are consistent with
data obtained by other methods and indicate the compatibility
of these polymers.? However, negative values have also
been obtained for incompatible systems. The authors
suggest that Scott's equation (1), derived on the basis of
the Flory—Huggins theory proposed for the model of a true
solution of polymers, describes only compatible single-phase
polymer systems, the theory being inapplicable to two-phase
colloidal systems.
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In this respect, the method involving the determination of
the Gibbs free energy of mixing of polymers, proposed by
Tager and co-workers,?»® has an undoubted advantage.
The method requires no models and is based solely on the
assumption that the Gibbs free energy is a function of state
of the system and is independent of the path followed by the
process. For this reason, the Gibbs free energy can be
calculated from the thermodynamic equation

—Ag:=AGu— (0:AG;+0:AGy) 2)

where Ag,, is the average Gibbs free energy of mixing of the
polymers, AGy, AGyy, AGpyp are the Gibbs free energies of
respectively 1 g of each polymer and their mixtures with the
vapour of a common solvent (sorbate) having different com-
positions, and @, and w, are the weight fractions of the
polymers in the polymer composition.

This method has been described in detail in original
papers,”?® monographs, and textbooks.?»¥® It has been
applied to polymer—oligomer? and polymer—polymer® % sys-
tems, interpenetrating networks,®® and graft® and block
copolymers.®™® The physical significance of the quantities
calculated by Eqn.(2) has been discussed.®* For block
copolymers, the quantity Agx reflects the work necessary to
mix the blocks and is equal in magnitude but opposite in sign
to the work of their separation, which has been calculated
theoretically.¥>*® For polymer blends, Agy is an integral

" quantity, which depends on the chemical structure and the
degree of dispersion of the system components. According
to Gibbs,®™ any extensive thermodynamic property of a
two-phase system can be regarded as the sum of three con-
tributions: by the phase a, the phase B, and the interfacial
region.

If the interface, which represents a conventional geometrical
surface, is two-dimensional (has no volume), then the average
Gibbs free energy of mixing, i.e. the energy per gram of
the mixture, is defined by the expression

Ag.=Aga+Ags+aS , )

where Ag, and Agg are the average Gibbs free energies of
mixing in each phase, ¢ is the surface tension, and S the
specific area of the interface.

Since it is known that the interfacial tensions in polymer
blends are very low," the last term of Eqn.(3) does not
contribute significantly to Ag,., as shown by Kuleznev.*

However, for real two-phase systems the interface is not
two-dimensional and has a definite thickness and volume.

It is especially important to take this into account in relation
- to polymer systems where the thickness of the transition
layer may be considerable.®":*  In this case it is more
correct to use Guggenheim's method,** which leads to
the differential equation®
dgx = dg, + [0 4 (m,de; + podcy) ] S, (4)
des

where u;, U3, C;, and c, are the chemiecal potentials and con-
centrations of the components in the transition layer, h is
the thickness of the transition layer, and dg, the Gibbs free
energy of mixing, which is independent of the degree of
dispersion and is related solely to the chemical structure of
the components and their affinity for one another. The
second term of Eqn.(4) reflects the contribution of the
structural factors, including the degree of dispersion and
the volume of the transition layer. When there is a high
affinity between the components and the latter are fully
miscible, S = 0 and the second term is zero. Then dg, =
dge. In the complete absence of affinity (polymerophobic
behaviour), dge = 0 and dg.. is equal to the work of dis-
persion and depends on the degree of dispersion. In the

i
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intermediate cases, dg, is given by the sum of both contribu-
tions: dg, < 0, dgg > 0. The magnitude and sign of dg,
depend on the ratio of these quantities.

The method of dynaemic sorption or reversed gas chromatog-
raphy (RGC), which has been described in detail in books"»*
and reviews, ¥ is used widely to investigate the thermo-
dynamic compatibility of polymers. - In contrast to classical
gas chromatography, the RGC method is used to solve the
converse problem—the study of the behaviour of the station-
ary phase (SP) and its interaction with the mobile phase.

The RGC method was applied to polymer systems for the first
time by Smidsréd and Guillet.

A theory of the method has been developed for ideal gas
chromatography® on the assumption that, firstly, the Henry
distribution isotherm for the sorbate between the carrier gas
and the SP is linear, which is valid only for the infinitely
dilute solution of the sorbate in the SP, and, secondly, that
it is necessary to establish equilibrium in the sorption—
desorption process, which is possible when certain conditions
are maintained, but this is by no means always the case for
polymeriec SP. This applies particularly to polymers which
exist in the vitreous state under the experimental conditions.
For this reason, RGC experiments with polymeric SP are as a
rule carried out at temperatures at least 50 °C above the
glass point T, of the polymer, where the latter exists in the
highly elastic state.®® However, in this case too the equi-
libration time may be very long as a consequence of the high
viscosity of the polymer,

In the study of the compatibility of polymers, the stationary
phases are polymer blends on which the vapour of a volatile
liquid is sorbed. If the components of the mixed SP behave
independently, then the specific retention volume is made up
additively of its components;® if they interact with one
another, then deviations are observed from the additivity of
the chromatographic reterition parameters.* In this case
the excess Gibbs free energy G€ is calculated by the equation
of Waksmundzki and Suprynowicz:

O =RT (InVz— SuinVu) , (5)
t

where x; is the mole fraction of the ith component in the mix-
ture and Vy. and Vy; are the molar volumes of the sorbate
retained respectively by the individual components and the
entire mixed phase. Eqn.(5) has been used to determine -
G€ for mixed liquid® ¥ and polymeric® SP. For mixed
polymeric SP, the interaction parameter x'; and the contact
energy parameter X,;, introduced in the new Flory—Prigogine—
Patterson theory,® % are also calculated from the retention
volume data.®®

The thermodynamic compatibility of many oligomer—ocligomer,
polymer—oligomer, and polymer—polymer pairs have been
investigated by the RGC method. The results have been
surveyed in a number of communications, 2»*~%,83

The method involving the determination of the second virial
coefficients A,;, proposed by Kratochvil and co~workers for
the investigation of the compatibility of polymers,®~% is
based on the study of the light scattering by dilute solutions
of polymer blends in a common solvent with subsequent cal-
culation of A,; by the equation obtained on the basis of the
Stockmeyer theory. The values of A,; have been calculated
for the polystyrene—poly(methyl methacrylate) (PS—PMMA)
system and for blends of different polymethacrylates and
styrene—methyl methacrylate copolymers. % %

The second virial coefficients have been determined® for
binary polymer—polymer systems with the aid of the method
based on neutron scattering by dilute solutions of one polyme:

:
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in another. For blends of deuteriated PMMA with statistical
styrene—acrylonitrile copolymers containing 19.9 and 28.7%
of acrylonitrile, A,; > 0 was obtained, which indicates the
compatibility of the components. Later the same method

was used to investigate blends of PS with poly(phenylene
oxide) and its bromo-derivatives,®:% with poly(methyl vinyl
ether),”™ and with polymethylstyrene™ and also blends of
PMMA with poly(vinyl chioride) (PVC) and blends of statis-
tical copolymers of styrene and acrylonitrile.”

The advantage of the neutron scattering method compared
with the scattering of visible light consists in the possibility
of investigating components having similar refractive indices.
However, the complexity of the experimental equipment and
the need to use deuteriated polymers limit the wide-scale
application of the method.

The mutual diffusion method™ is based on the familiar rela-
tion between the mutual diffusion coefficient D, and the
second derivative of the average Gibbs free energy or the
first derivative of the chemical potential with respect to com-
position:

o @ odw D &g

D% M
Dmu=Di27 do;

’

(4
oe; (6)

where D; is the self-diffusion coefficient of the ith component
characterising the thermal mobility of the molecules of the
component and ¢, is its volume fraction.  The application of
this method has been described in detail in a number of
communications. ™7

11}. CAUSES OF THE COMPATIBILITY OF POLYMERS AND
METHODS FOR ITS IMPROVEMENT

The data on the compatibility of polymers quoted in the
literature show that polymers with similar chemical structures
are not compatible. On the other hand, polymers differing
in their chemical nature are compatible. The question of the
causes of the compatibility of polymers and of the role of their
chemical structure naturally arises. This question can be
considered from the thermodynamic and molecular points of
view.

A thermodynamic condition for spontaneous mixing is a
negative Gibbs free energy of mixing, which represents the
algebraic sum of two contributions—the enthalpy (AH) and
entropy (TAS) contributions:

AG=AH—TAS. )

The view that the change in entropy on mixing polymers
plays no role predominated in the literature for a long time.
It was based on calculations by Gee,” who took into account
only the combinatorial entropy of mixing determined by the
number of transpositions of unlike molecules; for a polymer—
polymer system, it is indeed very low. However, there
exists a non-combinatorial contribution to the entropy of
mixing originating from the interaction between the com-
ponents. Flory and co-workers demonstrated theoretically
that this contribution can be fairly large.® This was con-
firmed experimentally for the first time by Tager and
co-workers . %7

For many compatible polymer—polymer pairs, negative
values of AH and AS are observed and the thermodynamic
requirements which are needed for the satisfactory com-
patibility of the polymers have been formulated on this
basis,

1. The entropy of mixing of polymers AS < 0. This means
that the macromolecules in the mixture are distributed in a
more ordered manner than among similar macromolecules,
i.e. jointly ordered polymer structures are formed.
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2. The enthalpy of mixing of polymers AH < 0, which is
possible if the interaction energy between unlike molecules is
greater than between like molecules.

3. The algebraic sum of the absolute values of AH and TAS
must be negative, i.e. |AH]| > |TAS

Patterson and Robard,!® who demonstrated theoretically
that the compatibility of polymers with high molecular weight
is possible provided that AH < 0, arrived at an analogous
conclusion. They state that negative enthalpies of mixing
are frequently accompanied by negative entropies of mixing
and that the competition between these quantities determines
the sign of AG, i.e. the compatibility of polymers.

Thermodynamic predictions have played a major role in the
understanding of the mechanism of the compatibility of poly-
mers and have laid the scientific foundation for the creation
of new compatible compositions. Together with the thermo-
dynamic aspect, the compatibility of polymers has been con-
sidered also from the standpoint of the interaction of the
macromolecules. This has been reflected in a monograph?®
whose authors indicate two ways of improving compatibility,
i.e. of creating compatible polymer—polymer systems. The
first consists in joining macromolecules together via chemical
bonds, which is achieved as a result of the synthesis of
block copolymers and interpenetrating networks and by
carrying out reactions leading to the cross-linking of the
mixture components. The presence of chemical bonds
prevents macrolayer formation in the mixtures even if the
components are thermodynamically incompatible.

The second way of improving compatibility consists in alter-
ing the chemical structure of the blended polymers in a
manner which leads to a negative Gibbs free energy of mixing,
which is achieved by two procedures: (1) by mixing polymers
having functional groups capable of strong interaction;

(2) by modifying one of the blended polymers by altering the
chemical structure of the monomer units or by copolymerisa-
tion.

.

1. The Mixing of Polymers Having Functional Groups

This method of improving compatibility is based on the
idea that large negative values of AH, favouring negative
values of AG, are possible in the presence of specific inter-
actions between the polymers. In their monograph, Olabisi
et al.? put forward the concept of "complementary dissimilar-
ity", according to which the unlimited mixing of polymers is
possible when the macromolecules of each contain different
functional groups capable of interacting. This concept is
close to the idea®™ according to which the best mutual dis-
solution or blending is observed in substances whose mole-
cules contain groups with opposite functionalities and not
in substances with similar structures. For example, the
molecules of one component may contain only proton-donating
groups and those of the other only proton-accepting groups;
in the blends, hydrogen bonds arise between the components
which promotes dissolution. Blending is also favoured by
the situation where the molecules of one component are elec-
tron donors and those of the other contain atoms having
unoccupied orbitals. In this case electron donor—electron
acceptor bonds (EDA bonds) are produced. The influence
of the chemical structure of polymers on their miscibility has
been considered in recent years from the standpoint of this
concept.

There has been a cycle of studies on the compatibility of
PVC with certain polymers. The hydrogen atom in PVC,

activated by the electronegative Cl atom joined to a neigh-
bouring carbon atom, can participate in the formation of a
hydrogen bond.** Consequently PVC tends to enter into
donor—acceptor interactions with polymers whose molecules
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contain groups which function as electron donors with forma-
tion of hydrogen or EDA bonds. Poly(alkyl acrylates),
poly(alkyl methacrylates), and polyesters belong to polymers
of this kind. The compatibility of PVC with such polymers
has been estimated from the Tg of the blends®™® and their
transparency®® and by IR spectroscopic®™™® and DTA
[differential thermal analysis] methods. ¥

It has been observed®® that PVC is compatible with poly-
acrylates where the number of carbon atoms in the alkyl
group is n < 4, and with polymethacrylates, where n < 6.
The incompatibility of PVC with higher homologues has been
explained by the decrease in the fraction of the —~C(0)-0
groups in the macromolecules and by their shielding by long
alkyl groups, which hinders the formation of hydrogen bonds
between PVC and the ester groups of polyacrylates.

The studies considered above lead to the conclusion that
PVC is compatible with PMMA, which disagrees with the data
of other workers, ®:%% who demonstrated only their limited
compatibility. The discrepancy between the results can be
associated with the fact that Walsh and McKeown® estimated
the compatibility from Tg and it is known that in the vicinity
of Ty, the components even in incompatible polymer systems
have the same T."

Table 1 presents data on the compatibility of PVC with
polyesters. Despite the possibility of the formation of
hydrogen bonds, not all the esters are compatible with PVC.
The compatibility of PVC with aliphatic polyesters improves
with increase in the number of CH; groups on passing from
PBA to PCL and PHS (for the significance of the abbrevia-
tions, see Table 1), which is manifested by an increase of the
negative values of the parameter x%; when the content of
CH; is even higher, the compatibility is impaired. It has
been shown that the compatibility of aliphatic polyesters with
PVC is observed in those cases where the ratio CH,/COO
(x = 1,2, 3) is in the range 3 to 12.%

Table 1. The compatibility of PVC with polyesters.
Desig- Com-
Polyester nation Structural formuia patxb;l« Refs.
ity

Poly--propiol- PPL ~CHy—CHy—C,0)-0~ —_ [92]
actone

Poly(ethylene PES «={CHyly—0 ~C,0)—{(CHy'y—C;0,~O— — 190]
succinate)

Yoly(ethylene PEA —.CHy)y—0—C 0—(CH:),—C,0}~0— _ [90]
adipate)

Poly(2,2-dimethyl- PDPS —CH;—~C(CHyl—CH;—0—C(O}—(CHy»—CtO)—0— | - [90]
1,3-propylene

succinate)

Poly(butylene PBA —(CHy'(—0—C{O}—(CHy)(—C(O;—O0— + [90]
adipate)

Polyvalerolactone PVL —(CHy—C.0)—0— + | [90, 93]
Poly-e-caprolactone | PCL —(CH;y—ClO—0— -+ ]839.18 .
Poly(a-ethyl- PEMPL | —CHir—C.CHyCHy ) —C—(Op—0— + (38]
a-methyl-

B-propiolactone)

Poly(a-methyl- PMPPL | —CHs—C(CH3(CsH,)~C(0)—O— + [88)
a-n-propyl-

B-propiolactone

Poly(hexamethylene | PHS —{(CHyjs—O0—C(O,—(CHyp)y—C(0O)—O— + 190]
sebacate) _

Poly(1,4-cyclo- PCDS | —cH—{ >~CH—O—ClO}—(CH:—Ci0}—0—| + [90}
hexylene- —

dimethyl succinate)

Poly(ethylene PEOP —:CH.)x—-O—C(O)/—\\C(O)—O— - 190]
o-phthalate) N’

Poly(butylene PBTP | —(CHa—0—CO—Z _ 3—CO-O— + 187
terephthalate)
Many studies have been devoted to the compatibility of

fluorine-containing polymers with other polymers. Fluorine

is the most electronegative halogen and its atom therefore
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forms strong chemical bonds with other atoms.¥ The
strength of these bonds is the reason why many low-molec-
ular-weight compounds containing fluorine are much less
miscible with other substances and with one another than are
compounds containing other halogens.® Thus solutions of
low-molecular-weight fluorine-containing compounds are
characterised by very large positive deviations from ideality
and on cooling as a rule separate into layers. Fluorine-
containing polymers are also inert. For example, poly-
tetraflouroethylene does not dissclve in any known solvents.

Table 2. The compatibility of PVDF [poly(vinylidene
fluoride)] with oxygen-containing polymers.
Polymer Designation Structural formula ?b?lr;:gat- Refs.
Poly(methyl methacrylate) PMMA —CH,,—C(CHy)— - [101, 103,
] 105, 106)
C{O)—O0—CH,q
Poly(ethyl methacrylate) PEMA —CHy—C(CHg)— + {101, 104}
C(0)—0—C;H;
Poly(isopropyl methacrylate) | PIPMA —CH,—C(CH;)— — [101]
C(0)—O—CH(CHy)2
Poly(methyl acrylate) PMA —CH,—CH— -+ (102}
!
C(0)—0—CH,q
Poly(ethyl acrylate) PEA —CH,—CH— -+ [102)
!
C(0)—0—C,H;
Poly(isopropy! acrylate) PIPA —CH,—CH— — [102}
I
C(0)—0—CH(CHy),
Poly(vinyl acetate) PVAC —CHy~CH~ -+ {108]
!
0—C(0)—CH,
Poly(vinyl propionate) PVP —CH,~—CH— — [108]) 4
; :
O0—C(0)—C,H;
Poly(viny! butyrate) PVB —CH,—CH— — [108]
|
0—C(0)—-C3H,
Poly(methyl viny! ketone} PMVK —CH;—CH -+ {109}
|
C(0)—CH;
Poly(methyl vinyl ether) PMVE —CH,~—CH— - [109]
|
O—CH,
Poly-e-caprolactone PCL —(CHa);—C(0)—0— — [109]

Poly(vinylidene fluoride) (PVDF) and fluororubber are less
inert, because their molecules contain hydrogen atoms capable
of forming hydrogen bonds.¥ PVDF therefore dissolves in
liguids with a high electron donating capacity—dimethyl-
formamide, dimethylsulphoxide, etc.® Fluororubber dis-
solves in acetone. These features of fluorine-containing
polymers affect also their compatibility with other polymers. i
Thus it has been established by the RGC method that fluoro-
rubber is incompatible with ethylene—propylene rubber over
a wide temperature range,'” since hydrogen and EDA bonds
cannot be formed between their macromolecules. In con-
trast to this, PVDF can form hydrogen bonds with oxygen-
containing polymers. Numerous studies have been devoted
to these blends'™ ! and their results have been surveyed?
and are presented in Table 2. The common solvent method '
198,1% the method based on the determination of T 1%,1%2,105,1%,
19,19 and T (melting point) of PVDF, %% 12 the RGC™
and NMR ' methods, and also the study of phase diagrams
of the mixtures™ have been used to estimate the compatibili-
ties. :
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It follows from Table 2 that PVDF is compatible with poly-
mers containing the ester group and a small alkyl substituent
(CH3, C2Hs) in the side chain. The increase in the size of
the alkyl substituent on passing to PIPMA and PIPA leads to
the incompatibility of these polymers with PVDF. When the
methyl group is present in the side branches, structural iso-
merism does not play any role: PVDF is compatible with
PVAC and PMA. It is believed!® that the presence of the
carbonyl group in the molecule of the oxygen-containing poly-
mer is of decisive importance. This follows from the fact that
PVDF is compatible with PVMK and incompatible with PVME.
Analysis of the interaction parameters x%; showed that PVAC,
in the macromolecules of which the carbony! group is more
remote from the main chain than in the other polymers investi-
gated, shows the maximum affinity for PVDF. In terms of
increasing impairment of compatibility with PVDF, oxygen-
containing polymers can be arranged in the sequence PVAC >
PMMA > PMA > PEMA > PVMK > PEA. The increase in the
size of the alkyl substituent impairs the compatibility of the
polymers with PVDF.

It is believed™? that the compatibility of PVDF with oxy-
gen-containing polymers is caused by the dipole—dipole inter-
action between unlike molecules. However, dipole—dipole
interaction alone is insufficient. Hydrogen bonds in which
the carbony! group of the ester and the hydrogen atoms of
PVDF participate may be formed in these systems. This
hypothesis explains the role of the carbonyl group in ensur-
ing the greater compatibility of poly(alkyl methacrylates) with
PVDF compared with poly(alkyl acrylates): the electron-
donating capacity of the carbonyl group in the former is
higher than in the latter as a consequence of the inductive
effect caused by the presence of the methyl substituent in
the o-position, 1

Studies of the compatibility of polycarbonates (PC) based
on di(hydroxyphenyl)propane with polyesters are of con-
siderable interest:*® the compatibility has been estimated
by the DTA and mechanical relaxation methods. It is seen
from Table 3 that the majority of the linear aliphatic poly-
esters obtained are compatible with PC. With increase in
the number of methylene groups per carbonyl group in the
polyester molecule the compatibility with PC is impaired.
Branched polyesters are incompatible with PC. The replace-
ment of aliphatic dicarboxylic acid residues in the polyester
molecules by aromatic residues (PETP, PEQP) leads to their
incompatibility with PC.

It is believed!? that the compatibility of PC with polyesters
is caused by the strong energetic interactions between unlike
molecules, which should entail negative enthalpies of mixing.
To test this hypothesis, the authors used a model approach
consisting in the determination of the heats of mixing of
low-molecular-weight analogues of the polymers investigated.
Diphenyl carbonate (DPC), propylene carbonate, and dimethyl
carbonate were adopted as models. The models for the
polyesters were different esters having analogous and similar
structures. It was shown that low-molecular-weight esters
mix with aliphatic carbonates with absorption of heat and
that the sign of the heat of mixing with DPC depends on the
number n of carbon atoms in the ester molecules per car-
bonyl group: if n < 6, exothermic mixing is observed (AH <0)
and, if n > 7, the mixing is endothermic (AH > 0). The
authors believe'® that the magnitude and sign of AH for the
mixing of esters with DPC are determined by the balance of
two contributions, the exothermic contribution caused by the
formation of donor—acceptor bonds between the C=0 group
of the ester and the aromatic ring of the carbonate molecule
and the endothermic contribution arising as a result of the
rupture of dispersion linkages. This explanation is similar
to that proposed in a study*? of the heats of solution and
swelling of aromatic polymers in tetrachloroethane and DMF.
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The authors'®® suggested that the positive AH for the model
systems should correspond to the incompatibility of the
polymers, while negative values should correspond to their
compatibility. However, they did not observe this correla-
tion for all systems and they reached the correct conclusion
that the use of low-molecular-weight analogues to infer the
compatibility of polymers is illegitimate.

Table 3. The compatibility of polycarbonate with polyesters.
2
g =
(=3 =1
Polyester =] Structural formula 2 )
s 2 &
: 1k
a 8
Poly(ethylene succinate) PES —(CHgz— O—C(0)~(CHR 7~ CIO)—~O— -+ 1 [118]
Poly(ethylene adipate) PEA | —(CHyjy—0—C(O)—(CH,34~C10)—0— - 118]
Poly(butylene adipate) PBA | —!CH,)gO—ClO)—{CH;}4~CIO)-0— -1 [118]
Poly-e-caprolactone PCL | —(CHYs—CiO—0— [117]
Poly(hexamethylene PHS —{CH,j—O—CO)—(CHyy— CIO)—CO— --| 1118
sebacate)
Polypivalolactone PPL | CH3—C(CHys—C(O}-0— — | 1119]
Poly(2,2-dimethyl-1,3-pro- PDPS | —CH—CICHy,~CH,—0—CiO)—(CH,,—CI0)—-0— | — | [119]

pylene succinate)
77N

Poly(ethylene terephthalate) PETP | -(CHyy-O-CO __ >—C({0+0— — | [115]
Poly(ethylene o-phthalate) PEOP —(mz')z—O—C(O)ﬂC(O)—O— — 1[120}
Ne=/
77—\
Poly(butylene terephthalate) |PBTP | —(CHy4—0—C0)—{ > —C(0)—0~— — 1114

/TN 2\
Poly(1,4-cyclohexylenedimethy!| PCDTP ‘CHz—\_/“xz—'o‘qo"\/,/*‘c‘o"'O_ —+ | [116]

terephthalate)
Copolyester based on CPL
terephthalic acid,
isophthalic acid, and
1,4-cyclohexylene-
dimethanol

TP + 1P + CD 411116}

In this connection, it is appropriate to consider in a general
form the relation between the thermodynamics of mixing of
polymers and their liquid low-molecular-weight analogues.
There is no doubt that the affinity between macromolecules
of different chemical structure is related to the affinity of
their monomer units. For example, CN is effectively com-
patible with PVA as a consequence of the high affinity of
CN for vinyl acetate (x; = 0.2).'2 In the absence of affinity
between monomer units, the polymers are undoubtedly incom-
patible. However, the unlimited mixing of low-molecular-
weight analogues of the given polymers by no means implies
that the polymers themselves are miscible.

Detailed analysis of the thermodynamic relations permits the
formulation of the following rule: the higher the positive
deviations from ideality in the mixtures of two liquids, i.e.
the higher the excess Gibbs free energy, the less compatible
the polymers whose units are analogous in structure to the
molecules of these liquids. Here and henceforth the average
Gibbs free energies (Ag), the enthalpies (Ah), and the
entropies (As) of mixing of their excess values (g€, h€, and
s€) corresponding to the maximum in the curves relating these
parameters to the composition will be used to characterise the
mixing of the solution components. Thus the mixing of aro-
matic hydrocarbons with alkanes is accompanied by large
positive deviations from ideality and the values of g€ reach
500—600 J per mole of the solution.*® This is caused by
strong m—7' interaction of the aromatic rings, leading to
association.’®  With increase in the size of the molecules
of aromatic hydrocarbons and other aromatic compounds, the
degree of association rises. For this reason, the latter do

not dissolve in alkanes and are not compatible with polymeric
aliphatic hydrocarbons.
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Analogous behaviour has been observed in the mixing of
polar liquids with non-polar liquids or of substances capable
of forming hydrogen bonds with those which are not. These
compounds differ sharply in the density of cohesion energy
(solubility parameters) and their mixing at 298 K is accom-
panied by a large positive value of g€ of the order of 1000J mol
of the solution.™ For this reason, polar polymers are
incompatible with non-polar polymers over a wide temperature
range.®

More complex rules are observed in the mixing of two polar
substances or substances capable of forming hydrogen bonds.
The difference between the chemieal structures and not their
similarity plays frequently a decisive role for these systems.
We shall consider several situations.

1. The components have dissimilar chemical structures and
contain only proton-accepting groups; for example, two
esters. Hydrogen bonds, cannot be formed between them
and their mixing is accompanied by positive values of g€ and
h€. Polymers containing ester groups as substituents are
frequently altogether incompatible. The classical example
is provided by the PMMA—PBMA system.® An improvement
in compatibility can be achieved in this instance only by
reducing the number of butyl substituents in the molecule
of the second component, i.e. by blending PMMA with copoly-
mers (see below).

2. The components have similar chemical structures and
both contain proton-donating and proton-accepting groups:
alecohol—aleohol, acid—acid, and alcohol—acid systems. In
these cases, the formation of hydrogen bonds between like
and unlike molecules is equally probable. For this reason,
when alcohols are mixed with one another or alcohols are
mixed with acids, one observes small positive values of h€,
which increase with increase in the size of the alkyl group in
the molecules of alcohols or acids.® However, a large
number of OH and COOH groups in the molecules of the mixed
components promotes their blending and polymeric alcohols
(PVA) are readily compatible with polyacids (PAA) with for-
mation of polycomplexes %127

3. One component contains proton-donating and proton-
accepting groups, while the other contains only proton-
accepting groups. Low-molecular-weight alcohols and acids
mix with esters in all proportions, but their mixing is accom-
panied by positive deviations from ideality. Polyacrylic
acid (PAA) is infinitely miscible with poly(ethylene glycol

4. Mixing characterised by a negative value of g€ is the
most favourable. It is observed in systems whose components
have the opposite features: for example, one of them contains
only proton-donating groups (CHCl;, TCE), while the other
contains only proton-accepting groups (ketones); or one is
an electron donor, while the other is an electron acceptor
(aromatic hydrocarbons and chloro-derivatives). Very
strong hydrogen bonds or EDA complexes are formed between
unlike molecules; this is accompanied by very large negative
values of h€, of the order of several thousands of J mol~?!,
and negative deviations from ideality (g€ > 0). Polymers
containing such groups are thermodynamically compatible for
the appropriate ratios of the number of the groups and the
number of hydrocarbon residues (see above).

).127

2. Chemical Modification of the Components of a Polymer
Blend

The essential feature of this method of improving com-
patibility consists in the alteration of the chemical structure
of one of the components of the polymer composition, which
leads to negative values of Ag. This is attained by replac-
ing the units in the macromolecule of one polymer by those

§
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of the other polymer, i.e. by blending polymers with copoly-
mers. Three cases are then observed.

In the first case, the polymer A is incompatible with the
polymer B but is compatible with the polymer C. The
replacement of some of the units in the macromolecule of the
polymer B by those of the polymer C leads to the compatibility
of the resulting copolymer with the polymer A. For example,
poly(phenylene oxide) (PPO) is incompatible with poly-p-
chlorostyrene (PPCS) but is compatible with polystyrene (PS).
The compatibility of PPO with styrene-p-chlorostyrene copoly-
mers of different composition has been investigated by the
scanning calorimetric and mechanical relaxation methods.

It has been shown that the copolymers containing less than
65.3 mole % CS are compatible with PPO, while those contain-
ing more than 68% CS are incompatible. Using an improved
calorimetric method, it has been shown'® that the transition
from compatibility to incompatibility occurs when the contest
of CS units in the copolymer changes by less than 1% (from
67.1 to 67.8 mol $). The analogous "critical", as the authors
put it, character of the compatability—incompatibility transi-
tion has been observed for mixtures of PPO with statistical
styrene—p-fluorostyrene (PFS) copolymers:®*® PPO is com-
patible with copolymers containing less than 56 mol % of FS
but is incompatible with copolymers with a higher FS content.

In the second case, the polymer A is incompatible with
either the polymer B or the polymer C but is compatible with
the copolymer BC. For example, PVC is incompatible with
either polybutadiene® or polyacrylonitrile’® but is compatible
with their copolymer containing 40 mol % of polyacrylonit-
rile. ™  The ethylene—vinyl acetate copolymers form
homogenecus mixtures with PVC, provided that their vinyl
acetate content is in the range from 65 to 70 mole %.'* An
analogous "compatibility window™ has been observed in the
blending of PVC with butyl acrylate—acrylonitrile copoly-
mers.'® It has been established' that PMMA is compatible
with the styrene—acrylonitrile copolymer containing between
9 and 27 mole % of acrylonitrile. According to other data, %
PPO is incompatible with either PPCS or poly-o-chiorostyrene,
but is compatible with their copolymer in the range of PS
contents from 25 to 64 mole %.

Finally, an improvement of the compatibility of the polymer
A with the polymer B can be achieved by replacing some of
the monomer units in the macromolecule of the polymer B by
those of the monomer A, i.e. by blending homopolymers with
their copolymers or by blending statistical copolymers con-
sisting of the same monomers but differing in composition.

As in the previous two cases, the transition from compatibility
to incompatibility occurs very sharply at a strictly defined
ratio of the monomers. This has been shown in relation

to the blending of statistical copolymers of different composi-
tion: styrene—acrylonitrile’® and styrene—butadiene, **
methyl methacrylate—butyl acrylate, ™ and butadiene—acrylo- |
nitrile. 2 It has been shown that PMMA becomes incom-
patible with the copolymers of methyl methacrylate (MMA) with
ethyl methacrylate (EMA) or butyl methacrylate (BMA) when
the content of MMA in their macromolecules is less than 60%.**

Thermodynamic studies of the processes involving the
blending of homopolymers with their copolymers'*® greatly
expanded the existing ideas about the thermodynamics of the f
blending of polymers and demonstrated the possibility of the
existence of several different thermodynamic situations, which
are illustrated in Fig.1.

1. For strong interactions between the macromolecules of
the blended polymers and for favourable steric configurations
and conformations, ensuring the formation of strong ordered
joint structures, negative enthalpies and entropies of mixing
are observed and we have |Ah| > [TAs| and Ag < 0, i.e.
the polymers are compatible over the entire composition

|

|
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range. This is observed also in the blending of the polar
polymers (CN—PMMA, CN—PVAC),™% aromatic polymers
whose macromiolecules are capable of forming 7m-complexes,®
and also in rubber—rubber systems.®® In the latter case,
the compatibility of the polymer is promoted by the dense
y joint packing of the flexible macromolecules, ensuring a
strong dispersion interaction on which the m—1' interaction
of the electrons of the double bonds is superimposed. The
). limiting case in this situation involves the formation of poly-
- complexes, for example the polycomplexes of polyacrylic
acids with poly(vinyl alecohol) and PAA—PEO polycomplexes.?’

Negative values of all the parameters of mixing are also
observed for these systems and on the curves representing
their concentration dependence there are singular points
corresponding to a chemical compound with a stoichiometric
component ratio (Fig.1b).

2. The blending of polymeric components is accompanied,
as in the previous case, by a decrease of the enthalpy and
entropy, but the values of TAs and Ah either cancel out,
whereupon Ag 2 0, or |[TAs| > |Ah| and Ag > 0 (Figs.lc and
1d). This situation is characteristic of the blending of PVC
with the copolymers of vinyl chloride (VC) and vinyl acetate
(VAC),™ containing 17.1 and 28.5 wt.$ VAC, which is
accompanied by the evolution of heat and a decrease of
entropy as a consequence of the formation of hydrogen and
EDA bonds between the macromolecules of PVC and the
copolymers. However, the miscibility of PVC with these
copolymers is limited and the positive Ag increase with
increase of the content of VA units in the copolymer macro-
molecule.

3. All the thermodynamic parameters of mixing are positive
(Fig.le), i.e. the components are thermodynamically com-
patible over the entire composition range, since processes
leading to the disruption of the structure, accompanied by

46
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an increase of entropy and enthalpy, predominate. A
typical example of this situation is provided by the PMMA—
PBMA system, for which 32g/% w2 < 0 (w, is the weight frac-
tion of component 2), i.e. it is thermodynamically unstable.?®

4. The compatibility of the components can be observed for
positive values of Ah and As (Fig.1f). This has been noted
in the blending of the oligomeric nitrile rubber SKN-40 with
the ED-20 epoxy-resin.”’ The combinatorial entropy of mix-
ing, which can be significant for oligomers, plays a role in
this instance.

5. The polymeric components in one composition range are
compatible (Ag < 0) while in another they are not (Ag > 0)
(Fig.1lg). Under these conditions, in the region of incom-
patibility (Ag > 0), the enthalpy and entropy of mixing are
negative (Ah < 0 and As < 0), while in the region of com-
patibility (Ag < 0) these parameters are positive (Ah > 0
and As > 0). The antiparallel variation of the parameters,
observed for example, for the system comprising PMMA and
the copolymer of MMA and 26 wt.% BMA, reflects the com-
plexity of the processes occurring on blending the polymers,
which is accompanied by the disruption of the structures of
the components and the formation of new structures. The
functional groups in PMMA and its copolymers are the same,
but in BMA they are shielded by butyl groups. For this
reason, PMMA molecules interact with one another more
strongly than do the BMA units. If the copolymer macro-
molecules are inserted in the PMMA matrix, the energy
expended on the disruption of the structure is greater than
the energy gained in its interaction with PMMA. For this
region, in the composition range enriched with PMMA, we
have Ah > 0 and As > 0. Conversely, when PMMA molecules
are inserted in the copolymer matrix, the energy gained is
greater than the energy expended (Ah < 0 and As < 0). In
the first case TAs > Ah and the components are compatible,

Agzldhz)TAsI) Agz,AhI,TAS.;l
gt e
\
. A
-5k \ c -6 d
\ ;
A RV -1z} 3\4
Ag? Ag,_,dhz,TASz,
Jgt
12
173
2
CPL(26BMA)
PVC
-2

=4

The possible cases of the dependence of the thermodynamic parameters of
mixing on the composition of polymer blends (for the explanation, see text);
circles, triangles, and squares denote the values of Ag, Ah, and TAs respectively.

the
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while in the second |TAs| > |Ah| and the blending of the
components does not occur spontaneously.

It follows from Fig.1g that the change in the sign of Ag
(transition from compatibility to incompatibility) always
occurs for a component ratio which is rigorously defined for
each system, i.e. a "critical" value of this ratio, since this
entails a change in the ratio of Ah and TAs. This accounts
for the repeatedly observed "critical” compatibility—incom-
patibility transitions in homopolymer—copolymer systems.2*»13714

6. The enthalpy and entropy of mixing have different signs
for different component ratios, as in the previous system,
but the Gibbs free energy of mixing is negative over the
entire composition range. On the curve for the concentra-
tion dependence of Ag,, there is then a convex section for
which 32g/3w# < 0 (Fig.1h). In this composition range,
the system loses stability, but should separate into layers,
which is usually observed for liquid—liquid systems.' How-
ever, as a consequence of the very high macroviscosity of
polymer blends, layer formation does not occur and a colloidal
two-phase system of this kind can exist indefinitely in a state
of metastable equilibrium. This has been observed for the
PVC—PMMA system®? and for other similar systems.

V. TEMPERATURE DEPENDENCE OF THE MISCIBILITY OF
POLYMERS. PHASE DIAGRAMS

When the temperature is altered, single-phase binary liquid
systems, including polymer solutions, undergo phase separa-
tion, which can be of the liquid—liquid type (amorphous
separation) or liquid—crystal type (crystalline separation).!®
On the phase diagram, the boundary curve separating the
homogeneous and heterogeneous regions is the binodal curve
in the former case, while in the latter it is represented by
the liquidus curve.

Depending on the nature of the components mixed, in
amorphous phase separation binodal curves with upper and
lower consolute temperatures (UCT and LCT), whose thermo-
dynamic criteria are well known,* are observed. Thus for
systems with UCT the excess enthalpies and entropies are
positive (h€ > 0, s€ > 0) and the second derivatives of the
average excess enthalpies and entropies with respect to com-
position are negative (3%h/3w3 < 0, 32s/3w3 < 0); h® <0
and s€ < 0 are characteristic of systems with LCT, whilst
3%h/3w3 > 0 and 3%s/9w3 > 0.

This applies fully to oligomer—oligomer and polymer—polymer
systems. Consequently LCT are to be expected for systems
characterised by the situations illustrated in Figs.la and 1b,
i.e. polymer blends which are compatible at the usual tem-
peratures should separate into layers on heating. Con-
versely, blends characterised by endothermic mixing and
positive entropies of mixing, should have UCT, i.e. the
miscibility of the polymers should increase on heating. All
this should be reflected in the phase diagrams, which have
been obtained for many polymer compositions by varicus
methods.

The first phase diagram for a polymer—polymer system was
obtained by Allen et al.' by the turbidity point method or
Alekseev's method.*® Subsequently this method was used
also for other polymer compositions.

The phase diagrams for oligomer—oligomer and polymer—
oligomer systems have been published in a number of com-
munications®% 7710735 93 some of these are presented
in Fig.2. They are characterised by binodal curves with
UCT, limited mixing being observed even for oligomers with
a very low molecular weight (MW). With increase in the MW
of the components, the position of the UCT on the temperature
scale changes in different ways. Thus the UCT increases
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steadily and the region of homogeneous mixing diminishes
with increase in the MW of the components in the polydi-
methylsiloxane—polyisobutylene and polyethylene—polyiso-
prene systems (Figs.2a and 2b).  The miscibility of oligo-
mers containing end groups capable of forming hydrogen
bonds (OH and others) with non-polar polymers in the region
of low MW improves with increase in MW and the UCT is
reduced (Figs.2c and 2d); this is associated with the
decrease in the fraction of polar end groups, promoting the
preferential interaction between like molecules. On further
increase of MW, the end group no longer plays a decisive role
and the UCT increases. In all cases at the usual tempera-
tures, the components exhibit limited compatibility and their
thermodynamic compatibility improves on heating. However,
when polymers having very high molecular weights are
blended, the region of homogeneous mixing is extremely

small and the UCT lies in the unattainably high temperature
range, i.e. does not occur in reality; this has been clearly
demonstrated by Kuleznev.?® The region of homogeneous
mixing can be expanded and the UCT can be lowered by
blending homopolymers with copolymers the macromolecules
of which contain the residues of the same monomers. This is
illustrated in Fig.3, which presents the phase diagram for
poly(vinyl chloride) with vinyl chloride—vinyl acetate copoly-
mers. ¥ The figure shows that the miscibility of PVC with
the vinyl chloride—vinyl acetate copolymer containing

28.5 mole % of VAC is limited. The system exhibits a wide
range of heterogeneous mixing, which narrows appreciably
with decrease in the number of VAC units in the copolymer
macromolecule.
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Figure 2. Phase diagrams for different systems: a) poly-

isobutylene (PIB, MW = 250)—polydimethylsiloxane (PDMS);®
b) polyethylene (PE)—polyisoprene (PI, MW = 220 000);***

c¢) oligoisobutylene (OIB, MW = 114)—oligo(propylene glycol)
(OPG);*® d) p-methylene dimethacrylate (MDM)—polyisoprene
(MW = 220000);'® the numerals opposite the curves denote

the molecular weight of the second component.
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Polymers between the macromolecules where there is a
possibility of specific interaction behave differently. At the
usual temperatures they are miscible but their thermodynamic
compatibility becomes impaired on heating and they are
characterised by LCT. This was first predicted theoretically
for polymer—polymer systems in two communications®** and
has been demonstrated experimentally for many polymer com-
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All that has been described above shows that the thermo-
dynamic compatibility of polymers is promoted by the possi-
bility of forming combined structures and by strong energetic
interactions between their macromolecules. Amorphous oli-
gomers and polymers whose macromolecules contain no func-
tional group are incapable of specific interactions and for this
reason their compatibility is as a rule limited over a wide tem-

positions (Table 4). perature range. Their compatibility improves on heating.
The compatibility of non-polar and weakly polar crystalline
polymers with one another and with non-crystalline polymers
is poor. Classical examples are provided by blends of poly-
ethylene with polyisobutylene*** and by blends of stereo-
regular rubbers—the polyisoprene and polybutadiene
- rubbers." This can be explained by the impossibility of
HAY forming a common crystal lattice.
X However, it is by no means permissible to draw from this
1z \7 the conclusion that the incompatibility of polymers is a rule,
as has been assumed since the studies by Dobry and Boyer-
Kamenoki.!” By selecting polymers with functional groups

| LK
450 -

i X

/
: 400 /
X

) ! L 1
; PVC 0.8 06 ou 7.2 CPL(VC-VAC)

wepve

having the opposite properties, between which there is a
possibility of the formation of hydrogen bonds or electron-
donor bonds, and also by reducing the size of the alkyl
moieties shielding these groups, it is possible to create
specifically thermodynamically stable polymer compositions,
a procedure which should be followed by investigators and
technologists in practice. Such compositions lose their
thermodynamic stability on heating, i.e. they exhibit LCT

Figure 3. Phase diagram for blends of PVC with vinyl
chloride—vinyl acetate copolymers containing different amounts

of the latter (wt.%): 1) 9.2; 2) 17.1; 3) 28.5.¢ and they must be obtained at temperatures below their LCT.
H
b
i
!
3
‘ Table 4. Phase diagrams for polymer—polymer systems.
Type and position
First component M, Second component M Method* of consolute Refs.
temperature
Poly(vinylidene fluoride) 88 000 poly(ethyl methacrylate) 762 000 M.T.P. LCT; 480K 110
Poly(vinylidene fluoride) 88 000 poly(methyl acrylate) — M.T.P. LCT; 560K 110
i Poly(vinylidene fluoride) 88 000 poly(ethyl acrylate) — M.T.P. LCT; 420K 110
. Poly-e-caprolactone 10 000—40 000 | polycarbonate 29 200 M.T.P. LCT; 533-546 K 110
! Poly(2,2-dimethyl-1,3-propylene succinate) — polyhydroxyester of bisphenol A 23000 M.T.P. LCT; 440K 158
s Poly(2,2-dimethyl-1,3-propylene adipate) — ' polyhydroxyester of bisphenol A 23 000 M.T.P. LCT; 380K 158
) Poly(methyl vinyl ether) 51 500 | polystyrene 10000—200000 |M.TP. LCT, 370-480K 18.159
. Copolymer of styrene with 28% of acrylonitrile 88 600 | poly(methyl methacrylate) 45 600 M.TP. LCT; 420K {160
i Copolymer of styrene with 28% of acrylonitrile 88 600 | poly(ethyl methacrylate) 438 000 M.T.P. LCT; 465K [161
: Copolymer of styrene with 28% of acrylonitrile 88 600 polycaprolactone 2240 M.T.P. LCT; 360K 8
i Copolymer of a-methylstyrene with 30% of acrylonitrile 57 000 poly(methyl methacrylate) 20 060—1 000000 | M.T.P. LCT; 430-480K 162
H Copolymer of a-methylstyrene with 30% of acrylonitrile 57000 poly(ethyl methacrylate) 438 000 M.T.P. LCT; 440K 162
H Copolymer of o-chlorostyrene with 47% of pchlorostyrene'{ 220 000 poly(phenylene oxide) 47 000 D.NP. LCT; SS0K 138
; Copolymer of styrene with 46% of p-fluorostyrene 52 000 poly(phenylene oxide) 16 900 D.N.P. ; 578K 163
: Copolymer of acrylonitrile, butadiene, and styrene — poly(methy methacrylate) 100 000 LM. LCT; 413K 164
Polyethylene 29 000 polyisobutylene 1 800000 LM. LCT; 363K [164
b Poly(vinyl nitrate) — poly(methyl methacrylate) 690 Q00 D.N.P. LCT; 330K {165
i Chlorinated polyethylene (chlorine 300 000 poly(vinyl chloride) 450000 D.NP, LCT; 400K (166
H content 42%) O.M.EM.
| Chlorinated polyethylene (chlorine 15 200  poly(methy] methacrylate) 56 000 LM. UCT; 340K; [167]
content 27.4% LCT, 353K
Cmcéxisnlatse;)pulyethylene (chlorine contents 49.8 20 800—25 300 | poly(methyl methacrylate) 1220072 800 LM LCT; 370-410K {168]
and 51.6%
Chlorinated polyethylene (chloring contents 39.1 12000 poly(methyl methacrylate) 64 000 E.-P. [169]
and 61.0%) X.SM. bl
Poly(vinyl chloride) 140 000  poly(methyl methacrylate) 64000—726 000 JE.-P.XSM.} *** [95, 1561
Poly(vinylidene fluoride) 65 000 i poly(methyl methacrylate) 104 000 E.-P.XSM.| 488K [170]
Copolymer of butadiene with 30% of styrene — | cis-polybutadiene — D.N.P. | UCT; 423K [171]
Natural rubber 236 000 | diviny] rubber 253 000 CGC. LCT; 360 K {100]
Ethylene-propylene rubber (SKEPT) 63 000 fluororubber { 4000000 CG.C. UCT; 620K {100}

*Designations of the methods used to determine the phase diagrams: M.T.P.—method of turbidity points; D.N.P.—
determination of the number of phases in the system from T,; L.M.—light scattering method; O.M.—optical micros-
copy; E.M.—electron microscopy; E.-P.X.S.M.—electron-probe X-ray spectroscopic microanalysis; C.G.C.—

calculation from gas-chromatographic data.
** The solubility improves on raising the temperature;
*** The solubility improves on raising the temperature;

UCT above 433 K.
UCT above 470 K.
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