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The results of phase equilibrium studies in mixtures of semicrystalline polymers with low-molecular-mass compounds are
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1. Introduction

The success of solving problems of polymer materials
science associated with fabrication of items via polymer
solutions and mixtures is largely associated with the avail-
ability of data on the phase equilibria and phase structures
in these systems at various temperatures and composi-
tions.!>2
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The fundamentals of the theory of phase equilibria in
binary mixtures of low-molecular-mass liquids formulated
by Gibbs? were later supplemented and extended by
Schreinemakers# and van der Waals and Kohnstamm.>
The authors of the last-mentioned book demonstrated for
the first time that the liquid—liquid binodal in the phase
diagram of mixtures of molecules of different masses is
shifted towards compositions rich in the lower-molecular-
mass component.

The principal concepts of thermodynamics of polymer
solutions were developed in the early 1940s by Flory ¢~ 8 and
Huggins®~'' in relation to the athermal mixing of a
polymer with a low-molecular-mass liquid, which is not
accompanied by a change in the system volume. Quite a
number of later theoretical and experimental studies deal
with upgrading the Flory — Huggins lattice model.!>~*% For
example, Zimm et al.'*'> derived the equation of state
taking account of long-range interactions. Prigogine '® and
Patterson 7~ 19 proposed to include the change in the free
volume upon component mixing. In the so-called Flory
theory,?*~27 the configurational energy was determined by
applying the Hirschfelder — Eyring approximation to a van
der Waals liquid, with the distribution of solvent molecules
and polymer chain segments being assumed to be uniform.
The models that take into account the nonuniformity of this
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mixing have been developed.?®~3! The applicability of the
UNIFAC, UNIFAC-I, UNIFAC-II and UNIFAC-FV
group models based on the assumption of additivity of
contributions of various functional groups to the thermo-
dynamic parameters of the system has been investi-
gated.?9~ 23 These models consider the combinatorial con-
tribution to the activity coefficient, the free volume and the
temperature dependence of energy parameters in different
ways.

Sanchez and Lacombe 34 proposed a lattice model that
took into account the compressibility, specific interactions
(such as hydrogen bonds) and the change in the molecular
architecture to improve the agreement between the calcu-
lated and experimental data.

Qian et al.?>-3% proposed separating the Flory — Huggins
interaction parameter into two contributions, which reflect
its dependence on the composition and temperature. This
allowed them to predict the existence of systems with
liquid —liquid binodal curves with both upper and lower
critical solution temperatures.

Chen 37 and Vetere 3® used a combination of the Flory —
Huggins model with the two-liquid theory, which included
the enthalpy contribution to the interaction between the
components, Orbey and Sandler 3° combined it with a three-
parameter cubic equation of state, which took account of
the number of external degrees of freedom. Subsequently,
the Flory—Huggins theory was advanced by calculation of
the thermodynamic properties of mixtures containing asso-
ciates and allowance for the attractive and repulsive inter-
actions.*0-41

Publications that appeared in the beginning of the 21st
century 4>43 were based on the assumption of possible
incorporation of solvent molecules into polymer crystallites,
which required introducing a new parameter for the crys-
tal—amorphous interaction. Malik er al.** experimentally
showed that the interaction of a semicrystalline polymer
with a low-molecular-mass component can give so-called
clathrates, intercalates or crystal solvates. Anthamatten*>
introduced a new parameter into the Flory — Huggins theory
to take into account the contribution of the terminal groups
to the interaction of components.

The theoretical studies dealing with polymer solutions
published before 1980 were summarized in a monograph 4°
where one chapter is devoted to calculation of thermody-
namic parameters derived from phase diagrams by various
methods: from positions of binodal and spinodal curves,
melting point depression and vapour sorption data, by
reverse phase gas chromatography, etc. Later publications
are analyzed in a review.*’

It is noteworthy that because of insignificant difference
between the predictive powers of the above-mentioned
models, most researchers still use the simplest classical
Flory —Huggins theory for quantitative description of
phase diagrams;!-48-30 however, like the modified versions,
the pristine theory does not always adequately describe
experimental data. In particular, there is still no universal
equation for predicting the phase composition of an arbi-
trary system containing a polymer and a low-molecular-
mass component (liquid or crystalline solid). Analysis of
phase equilibrium is often performed using a phenomeno-
logical approach traditional for physical chemistry, which is
based on a topological analysis of experimental phase
diagrams>! 33 and provides qualitative data on the phase
composition and physical state of these systems over a
broad range of temperatures and concentrations.

Some publications summarize the data on phase equi-
libria and phase transitions in polymer blends ! and polymer
solutions located in a mechanical field.>* Meanwhile, to our
knowledge, analysis of phase equilibrium of this type in
semicrystalline polymer mixtures with low-molecular-mass
liquids or crystalline solids has not yet been reported in
Russian or foreign sources. The present work is intended to
fill this gap.

Now there are two concepts of phase equilibria in the
indicated systems, which differ crucially in the interpreta-
tion of the physical state of semicrystalline polymers. There-
fore, we consider it expedient to discuss both concepts and
to leave the reader to decide which is more well-posed.

The following abbreviations are used in the review:

DBP — dibutyl phthalate,

DEP — diethyl phthalate,

DMTP — dimethyl terephthalate,

DNAP — 2,4-dinitro-2,4-diazapentane,

DOP — dioctyl phthalate,

DPE — diphenyl ether,

DSC — differential scanning calorimetry,

ECTFE — ethylene — chlorotrifluoroethylene copolymer,

EVOH — ethylene — vinyl alcohol copolymer,

HDPE — high-density polyethylene,

HMB — hexamethylbenzene,

iso-PP — isotactic polypropylene,

LCST —lower critical solution temperature,

LDPE — low-density polyethylene,

LMM — low-molecular-mass,

MM — molecular mass,

PBAMO — poly[3,3-bis(azidomethyl)oxetane],

PEG — polyethylene glycol,

PEO — poly(ethylene oxide),

PLA — polylactide,

PS — polystyrene,

PVDF — poly(vinylidene fluoride),

PVF — poly(vinyl fluoride),

SC — semicrystalline,

sPP — syndiotactic polypropylene,

TCB — 1,2,4,5-tetrachlorobenzene,

TIPS — thermally induced phase separation,

UCST — upper critical solution temperature,

UHMMPE — ultrahigh-molecular mass polyethylene,

Tm — melting temperature,

T.r — crystallization temperature,

T, — glass transition temperature,

wy — polymer mass fraction.

2. Traditional description of a phase equilibrium

The phase equilibrium in a linear polymer—liquid system
was first described by Papkov, Kargin and Rogovin,>> who
studied the chloroform—cellulose diacetate couple. In
experiments, they used one of the 14 fractions obtained
from an industrial cellulose ester sample by a combination
of fractional dissolution and precipitation methods. It was
proved that the phase separation is reversible and that the
gross composition of the coexisting phases does not depend
on the way the equilibrium was achieved, that is, by heating
or cooling of the component mixture. In other words, direct
experimental evidence was obtained for applicability of the
phase rule to solutions of amorphous polymers. The validity
of this representation was confirmed almost simultaneously
by studying mixtures of polystyrene (PS) and lauric acid
esters.>® Later, Papkov>? extended this representation to
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Schematic view of phase diagrams of SC polymer mixtures with good (a) and poor (b) solvents and with a crystalline LMM

compound with the melting point close to the polymer melting temperature (c).
The diagrams were constructed within the context of the traditional interpretation of phase equilibria.*?

semicrystalline (SC) polymer—liquid systems taking
account of the results obtained by Richards>7 for mixtures
of high-density polyethylene (HDPE) with xylene, nitro-
benzene and amyl acetate. While discussing in detail the
topology of phase diagrams of these systems, he presumed
that these diagrams do not differ fundamentally from the
diagrams of binary mixtures of low-molecular-mass (LMM)
crystallizing liquids, but still have specific features related to
the macromolecular nature of one of the components, in
particular:

— the eutectic point is shifted along the axis of compo-
sition towards LMM liquid-rich mixtures, while along the
axis of temperature, it virtually coincides with the melting
point of this liquid;

— cooling of the system is accompanied by incomplete
crystallization of the polymer, resulting in the separation of
an imperfect crystalline phase, which includes both crystal-
line and amorphous regions;’

— the system has an increased tendency to supersatura-
tion and supercooling due to low mobility of macromole-
cules, which hinders the formation of crystallites of the
critical size acting as the nuclei;

— when the components are poorly compatible, a com-
bination of the amorphous and crystalline coexistence
regions may occur above the liquidus of the polymer.

Being based on the phase rule and taking into account
the above-listed specific features and differences between
crystallization rates of polymers, Papkov 3238 classified the
polymer —liquid systems in terms of their phase diagrams.
We analyzed this classification with allowance for the fact
that the phase diagram is a thermodynamic characteristic of
a system that does not depend on the duration of relaxation
processes. It turned out that mixtures of SC polymers with
liquids may give rise to only two types of diagrams describ-
ing mixtures of SC polymers with good or poor solvents
(Fig. 1 a,b).

T1In Ref. 52, p. 67, it is noted that ‘for principle consideration of the phase
equilibrium, this imperfect crystallinity is of no significance, since this does
not change the general behaviour of the equilibrium’, that is, crystalline
phase state is, in essence, postulated for SC polymers.

The diagram presented in Fig. 1 a characterizes the
phase composition of a mixture of an SC polymer with a
solvent; the amorphous phase separation domain bounded
by binodal line CDE is located below liquidus 4B of the
polymer. It can be seen that the presumptive eutectic point
is, in fact, markedly shifted towards LMM component-rich
compositions. A single-phase system, that is, a polymer
solution in the liquid, exists above line 4B (domain /) and
a two-phase system consisting of polymer crystallites and a
polymer solution in the liquid occurs below this line
(domain I7). The state of the system below line CDE is
beyond discussion. This domain obeys the lever rule, which
can be used to determine the composition and mass frac-
tions of the coexisting phases.

It was emphasized 3238 that the amorphous phase sepa-
ration domain can be detected only during cooling of the
homogenized mixture, but not during heating of the initial
system. In our opinion, this means that at least one of these
lines is not equilibrium. Traditionally, it is believed that, if
the binodal is measured experimentally, the system entering
the domain below the binodal initially includes two phases
that differ in the concentration of the polymer component
in the solution and, after that, the polymer crystallizes in the
polymer-rich phase to give defective crystallites.

The diagram presented in Fig. 15 depicts the phase
equilibrium in the SC polymer—solvent system in which
the amorphous phase separation domain (domain I7)
bounded by binodal 4BC is located above the liquidus line
(ACD). In this case, the polymer and the solvent are poorly
compatible even at temperatures above the minimum melt-
ing temperature of the mixture, which is characterized by
monotectic point C. The domain above liquid —liquid bino-
dal ABC with an upper critical solution temperature and
liquidus line CD (domain 7) corresponds to a single-phase
solution of the polymer in the liquid. Two liquid phases
coexist in the domain bounded by the binodal (domain I7),
while a solid (defective crystallites) and a liquid (polymer
solution in the liquid) phase occur in the domain below line
CD (domain IIT). The state of the system below line AC is
beyond discussion.

Thus, in the context of Papkov’s classification, the
liquid —liquid binodal line with an upper critical solution
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temperature (UCST) cannot be detected in the phase
diagrams of SC polymer mixtures with a good solvent
(Fig. 1 a), and it is shown in the picture below the polymer
liquidus line from purely theoretical reasons.> In the phase
diagrams of SC polymer mixtures with a poor solvent (see
Fig. 15), the liquid —liquid coexistence line with an UCST is
always located above the liquidus line. In the former case,
only crystalline phase equilibrium exists in the system, while
in the latter case, both amorphous and crystalline phase
equilibria are present.

The types of phase diagrams described by Papkov
should be supplemented by one more type, which reflects
the phase composition of the mixtures in which the melting
point of a crystalline LMM compound is close to the
melting temperature of an SC polymer (Fig. 1¢). The
phase diagrams of this type were first constructed by
Smith and Pennings,® who studied the phase equilibrium
of HDPE mixtures with hexamethylbenzene (HMB) and
1,2,4,5-tetrachlorobenzene (TCB). They contain liquidus
lines for low- (curve AB) and high-molecular-mass (curve
BC) components, a solidus line DE and eutectic point B.
This point corresponds to coexistence of three phases
(crystals of both components and their liquid mixture).

According to the phase rule, the system at the eutectic
point is invariant. Under the liquidus line on the LMM
component-rich side (domain /7 in Fig. 1¢), crystals of this
component coexist with a polymer solution in this compo-
nent; under the liquidus line on the polymer-rich side
(domain 7I7), polymer crystallites coexist with the LMM
solution; and under the solidus line DE (domain IV'), the
crystals of two components coexist.

The publications that we found for the period since 1946
(starting from the study of Richards37) until now reporting
phase diagrams for the SC polymer—LMM component
systems of all three types are summarized in Table 1.

In the vast majority of cases, differential scanning
calorimetry, cloud point determination and optical micro-
scopy were used to construct the phase diagrams. Since
these are kinetic methods, the results must be processed in
order to gain thermodynamic characteristics of the system.
In the case of DSC, the Hoffman-—Weeks method was
used 190 or data were extrapolated to the zero heating (or
cooling) rate.!6!

Note that the DSC method was used not only to
construct the liquidus line of the SC polymer identifiable
with the melting curve of this polymer in the presence of the

Table 1. Semicrystalline polymer—LMM component systems for which phase diagrams are known and methods used to obtain data for

constructing the phase diagrams.

No. System Methods of obtaining the data Ref.
Semicrystalline polymer—good solvent
1  HDPE-—xylene Cloud point method 57
2  HDPE- p-xylene DSC 61
3 HDPE - C¢—C;3 alkanes Cloud point method 62
4  HDPE-phenyl methyl ether Cloud point method 63
5 HDPE-liquid paraffin DSC, optical microscopy 64
6  HDPE—mineral oil DSC 65
7 ~ UHMWPE-liquid paraffin DSC, rheology 66, 67
8 LDPE - 1,3,5-trichlorobenzene Cloud point method 68
9  LDPE-3,6-dimethyloct-6-en-1-al DSC, optical microscopy 69
10  Iso-PP-DOP DSC, optical microscopy 70
11 Iso-PP-oleic acid — 71
12 Iso-PP-—mineral oil DSC 65
13 Poly(4-methylpent-1-ene) —mineral oil DSC 65
14 Poly(2,6-dimethyl-1,4-phenylene ether)—cyclohexanol DSC, optical microscopy 72,73
15 PVDF —sulfolane DSC, optical microscopy 74
16  PVDF —diphenyl ketone DSC, optical microscopy 75
17  PVDF —tributyl O-ethyl citrate DSC, optical microscopy 76
18  PVDF —propylene carbonate DSC 77
19 PVDF-DBP DSC 65,717,778
20  PVDF —dibutyl sebacate DSC 77
21  PVDF —y-butyrolactone DSC 77
22  PVDF-DEP DSC, optical microscopy 79
23 PVDF —methyl 5-dimethylamino-2-methyl-5-oxopentanoate DSC, cloud point method 80, 81
24  ECTFE-dioctyl adipate DSC, cloud point method 82
25  Hexanediol polyadipate —toluene DSC 83
26  Ethylene glycol polyadipate —dichloroethane DSC 83
27  Ethylene glycol polysuccinate — methyldioxane DSC 83
28  Decanediol polyadipate — 1,4-dioxane DSC 83
29  Dodecanediol polyadipate — 1,4-dioxane DSC 83
30  Copolymer of tetramethylene oxide with Nylon-12—monophenyl DSC, optical microscopy 84
ethylene glycol ether
31  PLA- N,N-diethyl-3-methylbenzamide DSC, optical microscopy 85
32 PLA-dioxane—water DSC, cloud point method 86

33 PLA —chloroform —methanol

DSC, cloud point method 87
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Table 1 (continued).

No. System Methods of obtaining the data Ref.
Semicrystalline polymer—poor solvent

34 HDPE-DPE Cloud point method 59, 63,88-90

35 HDPE-amyl acetate Cloud point method 57

36 HDPE-—nitrobenzene Cloud point method 57

37  HDPE-DOP/poly(tetramethylene glycol) Optical microscopy 91

38  HDPE —soybean oil/poly(tetramethylene glycol) Optical microscopy 91

39  HDPE-liquid paraffin/poly(tetramethylene glycol) Optical microscopy 91

40 HDPE-soybean oil DSC, optical microscopy 92

41 HDPE-DOP DSC, optical microscopy 92

42 HDPE-soybean o0il/DOP DSC, optical microscopy 92

43  HDPE-diisodecyl phthalate DSC, optical microscopy 93

44  HDPE —diisodecyl phthalate/dibenzylidene sorbitol DSC, optical microscopy 94

45  HDPE-diphenyl Cloud point method 63, 88

46 HDPE — (Cs—Cj») aliphatic alcohols Cloud point method 63

47  HDPE—p-tert-butylphenol Cloud point method 63

48  HDPE-p-(1,1-dimethylpropyl)phenol Cloud point method 63

49  HDPE—p-octylphenol Cloud point method 63

50  HDPE - p-nonylphenol Cloud point method 63

51  HDPE-p-phenylphenol Cloud point method 63

52 HDPE-o-phenylphenol Cloud point method 63

53  HDPE-p-benzylphenol Cloud point method 63

54  HDPE-dibenzyl ether Cloud point method 63

55  HDPE-benzyl phenyl ether Cloud point method 63

56  HDPE—methyl phenyl ether Cloud point method 63

57  HDPE—ethyl phenyl ether Cloud point method 63

58  HDPE — B-naphthyl methyl ether Cloud point method 63

59  HDPE-isopentyl acetate Cloud point method 63

60 HDPE-benzyl propanoate Cloud point method 63

61  HDPE - benzyl acetate Cloud point method 63

62  HDPE —benzyl benzoate Cloud point method 63

63  HDPE-cyclohexanone Cloud point method 63

64  HDPE-grafted-maleic anhydride —di-n-octyl phthalate DSC, cloud point method 95

65  HDPE/copolymer of ethylene with vinyl acetate— DPE DSC, cloud point method 96

66 UHMWPE-DPE DSC, optical microscopy 97

67 UHMWPE- decalin DSC, optical microscopy 97

68  Iso-PP—myristic acid —diphenyl carbonate DSC, optical microscopy 98

69  Iso-PP-tallowamine DSC, cloud point method 99

70  Iso-PP—DBP/DOP DSC, cloud point method 100

71  Iso-PP-DBP DSC, optical microscopy 70, 101

72 Iso-PP—diamyl phthalate DSC, optical microscopy 70

73 Iso-PP-—dihexyl phthalate DSC, optical microscopy 70

74  Iso-PP—dihepthyl phthalate DSC, optical microscopy 70

75  Iso-PP-—soybean oil DSC, cloud point method 50, 102, 103

76  Iso-PP-—soybean oil/DBP DSC, optical microscopy 104, 105

77  Iso-PP-DPE DSC, optical microscopy 48, 106

78  Iso-PP—soybean oil— carnauba wax DSC, optical microscopy 107

79  sPP-dihexyl phthalate DSC, optical microscopy 108

80  sPP-—dihepthyl phthalate DSC, optical microscopy 108

81 sPP-DOP DSC, optical microscopy 108

82  sPP-—dinonyl phthalate DSC, optical microscopy 108

83 sPP-DPE DSC, cloud point method 107, 109

84  Isotactic PS—cyclohexanol DSC, cloud point method 110

85  EVOH —glycerol DSC, optical microscopy 111

86  EVOH —poly(methyl methacrylate) — dimethylformamide DSC, optical microscopy 112

87  Nylon-12-PEG DSC, optical microscopy 113

88 ECTFE-DBP DSC, cloud point method 114

89  ECTFE— N-methylpyrrolidone
90 ECTFE-DBP

91 ECTFE-DEP

92  ECTFE —glycerol triacetate

93  ECTFE-tributyl O-acetyl citrate

Cloud point method

DSC, cloud point method
DSC, optical microscopy
DSC, optical microscopy
DSC, cloud point method

115
116
117
117
118
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Table 1 (continued).

No. System Methods of obtaining the data Ref.

Semicrystalline polymer—poor solvent

94  PVDF - glycerol triacetate/glycerol DSC, optical microscopy 119
95  PVDF —dimethyl sulfone/glycerol DSC, optical microscopy 120
96  PVDF —glycerol triacetate/glycerol DSC, optical microscopy 121
97  PVDF-1,2-propylene glycol DSC, optical microscopy 122
98  PVDF —diphenyl ketone/1,2-propylene glycol DSC, optical microscopy 122
99  PVDF —dimethyl phthalate DSC, cloud point method 123
100  PVDF —dimethyl phthalate/dioctyl adipate DSC, cloud point method 123
101  PVDF —diphenyl carbonate DSC, optical microscopy 124
102 PVDF —y-butyrolactone/DOP Cloud point determination 125
103 PVDF-DBP/DOP DSC, optical microscopy 126, 127
104 PVDF —dibutyl maleate DSC, optical microscopy 128
105  Poly(phenylene sulfide)—diphenyl ketone DSC, optical microscopy 129
106  Polytetrafluoroethylene —chlorotrifluoroethylene oligomer DSC, cloud point method 130
107  PVF—benzmaleimide Interferometry 131
108  PVF —dimethyl phthalate Interferometry 131
109 PVF-DBP Interferometry 131
110  PVF—dimethyl phthalate Interferometry 131
111  PVF—dimethylphenylmaleimide Interferometry 131
112 PVF-DOP Interferometry 131
113 PVF—diphenyl phthalate Interferometry 131
114  PVF —naphthylmaleimide Interferometry 131
115  Polyacrylonitrile —dimethyl sulfone DSC, optical microscopy, calculation 132
116  Cellulose acetate —dimethyl sulfone DSC, optical microscopy, calculation 132
117  Cellulose diacetate— DEP DSC 133
118  Poly{1-dimethylsilyl-4-[(dimethylsilylene)silyl]benzene} — bromobenzene DSC 134
119 Poly{1-dimethylsilyl-4-[(dimethylsilylene)silyl]benzene} — 1-phenyldodecane ~ DSC 134
120  Copolymer of dimethylsiloxane with [(dimethylsilylene)phenylene- DSC 135
(dimethylsilylene)ethane-1,2-diyl] — cis-decalin
121  Copolymer of dimethylsiloxane with [(dimethylsilylene)phenylene DSC 135
(dimethylsilylene)ethane-1,2-diyl] — trans-decalin
122 Cellulose triacetate —nitromethane Interferometry 136

Semicrystalline polymer— crystalline compound

123 HDPE —thymol DSC 137

124 HDPE-—camphor DSC 137

125  HDPE —dimethyl terephthalate DSC 137

126 HDPE-1,2.4,5-tetrachlorobenzene DSC 60, 137—139
127 ~ HDPE —hexamethylbenzene DSC 60, 137
128  Linear LDPE —pyrene DSC 140

129  Iso-PP-1,2,4,5-tetrachlorobenzene DSC 141

130  Iso-PP-dotriacontane DSC 142

131 Iso-PP—hexamethylbenzene DSC 143

132 Iso-PP— camphene DSC, optical microscopy 144

133 PEO-—fenofibrate Optical microscopy 145

134 PEO—flurbiprofen Optical microscopy 145

135 PEO-LiClO4 DSC 146

136  PEO-LiCF;SO3 DSC 146

137  PEO-LiN(CF3S0,)>» DSC 146, 147
138  PEO-KN(CF3S05)» DSC 147

139 PEO-LiCF3SO:>N(CH»);:0Me DSC 147

140 PEO-KCF3SO:N(CH>)3:0Me DSC 147

141  PEO-NaSCN DSC, diffractometry 148

142  PEO-urea DSC, optical microscopy 149, 150
143 PEO—p-hydroxybenzaldehyde DSC 151

144  PEO—glutaric acid DSC, optical microscopy 152

145  Poly(3-hexylthiophene) —methyl (6,6)-phenyl-Cg;-butanoate DSC 153,154
146  Syndiotactic polystyrene —naphthalene DSC, diffractometry 44

147  Poly(e-caprolactone) —trioxane DSC, optical microscopy 155

148  Nitrocellulose — glycerol triacetate DSC 156
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Table 1 (continued).

No. System

Methods of obtaining the data Ref.

Semicrystalline polymer— crystalline compound

149 PVDF —camphor

150  Decanediol polyadipate — p-dichlorobenzene

151  Decanediol polyadipate —naphthalene

152  Dodecanediol polyadipate — p-dichlorobenzene
153  Dodecanediol polyadipate —naphthalene

154  Ethylene glycol polyadipate—p-dichlorobenzene
155  Ethylene glycol polyadipate —naphthalene

156  HDPE —ferrocene

DSC, diffractometry 157, 158
DSC 83

DSC 83

DSC 83

DSC 83

DSC 83

DSC 83
Diffractometry 159

Note. The following designations are used: DSC is differential scanning calorimetry, UHMMPE is ultrahigh-molecular mass polyethylene, LDPE
is low-density polyethylene, iso-PP is isotactic polypropylene, DOP is dioctyl phthalate, PVDF is poly(vinylidene fluoride), DBP is dibutyl
phthalate, DEP is diethyl phthalate, ECTFE is ethylene copolymer with clorotrifluoroethylene, EVOH is ethylene copolymer with vinyl alcohol,
PLA is polylactide, DPE is diphenyl ether, sPP is syndiotactic polypropylene, PEG is poly(ethylene glycol), PVF is poly(vinyl fluoride), PEO is
poly(ethylene oxide), HDPE is high-density polyethylene; slash means that the solvent consisted of two components.

LMM component, but also to construct the temperature
dependence of the solubility of the crystalline solid in the
polymer. In most cases, the temperatures of endothermic (or
exothermic) peak maxima were recorded; in some publica-
tions (see, for example, Refs 135, 158, 162), the DSC data
were used to construct the Tammann plot for the enthalpy
of the process as a function of the mixture composition. As
a rule, the liquid—liquid binodal line was derived using
optical methods (cloud point method,>”-62-63.88.95.99 gptical
microscopy 64 66.91-94y,

A detailed review of methods used for studying phase
equilibria is given in monographs by Chalykh and
Gerasimov! and Vshivkov.>* It was noted >* that optical
methods and DSC are used to construct the phase diagrams
in more than 75% of cases. Mention should be made of the
dynamic mechanical analysis method, which was also uti-
lized 71-163 to study the phase behaviour of mixtures of
UHMMPE with liquid paraffin and PS with poly(vinyl
methyl ether).

We will analyze some phase diagrams for the three types
of systems presented in Table 1 in order to elucidate the
general trends of the influence of experimental conditions
and the natures and characteristics of the polymer and
LMM component on the diagram topology and phase
transition features upon the change of thermodynamic
parameters of the system.

Typical examples of first type phase diagrams reflecting
the existence of crystalline phase separation (Fig. 2) ¥ were
reported by Richards>’ and Berghmans et al.”> for HDPE
mixtures with xylene and poly(2,6-dimethyl-1,4-phenyl
ether) with cyclohexanol. The liquidus line could not only
have the shape discussed by Papkov [a sharp change in the
melting temperature (7,) in the highly polymer-lean
domain; see Fig. 2a], but can also show a monotonic
decrease in the temperature with increasing content of the
liquid in the mixture (see Fig.2 b, curve 7). In some phase
diagrams, the liquidus line of the polymer has a horizontal
segment at high liquid contents.”!-74

The phase diagram shown in Fig. 2a is based on the
temperatures of disappearance of opacity in mixtures of
different composition during heating. As noted above, line 2

i Here and below the diagrams taken from original publications are
presented in a more convenient form.
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Figure 2. Phase diagrams of a LDPE mixture with xylene (a)*’
and a poly(2,6-dimethyl-1,4-phenyl ether) mixture with cyclo-
hexanol (b).7?

The dots in Fig. 2a correspond to the temperatures of disappear-
ance of opacity. In Fig. 2b: points /, 3 and 4 are melting (DSC),
glass transition and crystallization temperatures, respectively;
points 2 are temperatures obtained by the cloud point method.
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in Fig. 2 b, which is located between the DSC-based depend-
ences Tm(w2) and Te(w2) (T is the crystallization temper-
ature, wy is the mass fraction of the polymer) is taken as a
part of the liquid—liquid binodal line. Although this line
can be detected only on cooling of a homogeneous mixture
of the components rather than on heating, it is still consid-
ered as a phase separation curve that encompasses the
coexistence domain of two liquid phases. This means that
the system located above this binodal and below the Tm(w2)
line constructed during cooling at a rate of 10 °C min—!
should exist in a nonequilibrium single phase state.

The dependence of the glass transition temperature (7)
on the composition shown in Fig. 2b is not a phase
transition line, but it is rather useful for understanding the
physical state of the polymer in the presence of various
amounts of the liquid in the initial mixture of components.

The phase diagram of the PLA — N,N-diethyl-3-methyl-
benzamide system reported by Sungkapreecha er al.®’ is
similar to that considered above: the liquid —liquid binodal
is located considerably lower than the line reflecting the
dependence of the crystallization temperature on the com-
position of the initial mixture. This arrangement of border-
lines is due to the fact that the former was constructed for
an amorphous polymer (L,D-PLA) and the latter was drawn
for a semicrystalline polymer (L-PLA). However, while
discussing the phase diagrams of this mixture, the authors
did not pay due attention to the fact that these lines were
obtained for different compounds.

The variation of the state of a homogeneous mixture of
an SC polymer with a good solvent during cooling was
described in detail by Lloyd et al.,>> who considered the
mechanism of membrane formation by the solid—liquid
type thermally induced phase separation (TIPS). Crossing
the liquidus line resulted in system separation into two
phases: a solution of an amorphous polymer in the liquid
and polymer crystallites. As the temperature decreased, the

size of these crystallites increased and the concentration of
the polymer solution decreased. This gave rise to a two-
phase system in which the sphere-like particles of the SC
polymer were distributed in the liquid (in the solution of the
polymer in the LMM component). With decreasing content
of the polymer in the initial mixture, the mass fraction of
particles in the arising suspension regularly decreased.

An example of diagrams of the second type reflecting the
phase equilibrium in a mixture of an SC polymer with a
poor solvent is illustrated by Fig. 3. This mixture shows
liquid —liquid and crystalline phase equilibria, with the
domain of existence of the liquid —liquid equilibrium in
the phase diagram being encompassed by two (see
Fig. 3a)%7 or one (the right one, see Fig. 3b) binodal
branches.!%® For a mixture of HDPE with nitrobenzene
(see Fig. 3 a), the left- hand branch of the binodal virtually
coincides with the ordinate axis.

The shift of the right-hand branch of the liquid —liquid
binodal line for a mixture of iso-PP with the DBP—DOP
mixed solvent downwards along the temperature axis with
increasing content of DOP and degeneration of this branch
for a polymer mixture with a pure DOP are illustrated by
Fig. 3 b. This means that DOP is a good solvent for iso-PP.
A similar shift of the binodal was observed by Chen er al.195
upon the addition of soybean oil to DBP.

The interest in the phase equilibrium of SC polymer
mixtures with mixed solvents is due to the desire to improve
the performance of polymer membranes by changing the
thermodynamic affinity of the components used to fabricate
the membrane,92-94. 109,104,105, 123

The position of the polymer liquidus line in the temper-
ature —concentration field of the diagram (see Fig. 3b)
virtually does not depend on the co-solvent composition,
but shifts to lower temperature with increasing cooling rate
in the DSC experiment. Nevertheless, some researchers
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Figure 3. Phase diagrams of LDPE mixtures with nitrobenzene (@) >’ and iso-PP with DBP, DOP and their mixtures (5).!%0

The dots in Fig. 3 a correspond to the temperatures of formation of optically transparent homogeneous mixture; the dashed line shows the
presumptive extension of the LDPE liquidus line. In Fig. 3 b, the open dots were obtained by the DSC method from the temperatures of the
polymer crystallization peak at cooling rates of 5 (/—5) and 20 °C min~—" (6), the filled dots were obtained by the cloud point method. Mass
fractions of DOP in the mixture with DBP: (7, 7) 0.00, (2, 8) 0.50, (3, 9) 0.65, (4, 10) 0.80, (5, 6) 1.00.
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discuss phase diagrams containing lines obtained by differ-
ent methods at different temperature scanning rates.®>

Mixtures of iso-PP with dialkyl phthalates exhi-
bited 70199 a decrease in the UCST with increasing number
of carbon atoms (from 4 to 10) in the alkyl substituent
chain. An opposite trend was observed for mixtures of alkyl
phthalates with polar PVDF: an increase in the UCST with
elongation of the alkyl substituent. A study of mixtures of
the same polymer with the DBP—-DOP binary solvent '2¢
demonstrated that increasing the DBP fraction from
27.5 mass % to 32.5 mass % leads to a decrease in the
UCST from 270 to 220 °C.

The dependence of the position of the liquid—liquid
binodal line on the solvent molecular mass was studied '3 in
relation to the polyamide-12—-PEG system. It was found
that as the PEG molecular mass increases from 200 to 600,
the UCST rises from 175 to 200 °C.

It was also ascertained#%-93 that the liquid—liquid
binodal line shifts upwards along the temperature axis
with increasing molecular mass of the polymer, with the
liquidus line position being virtually invariable. In partic-
ular, an increase in the molecular mass of iso-PP, when
mixed with DPE, from 12000 to 580 000 leads to an increase
in the UCST from 110 to 135 °C.#8

The effect of the polymer structure on phase diagrams is
well demonstrated in a study of Yave er al.'%% It was shown
that on going from isotactic to syndiotactic PP mixed with
DPE, the liquidus line of the polymer shifts to lower
temperature, while the UCST increases.

Shang et al.''! used DSC and cloud point measurements
to study the phase equilibrium in mixtures of glycerol with
EVOH. It was found that the liquid —liquid binodal line
shifts downwards along the temperature axis as the mole
fraction of ethylene in the copolymer decreases from 0.44 to
0.38. Conversely, the crystallization temperature of the
copolymer increases and finally (when the ethylene mole
fraction is 0.32) becomes above the binodal temperature.

The sequence of transitions involved in the thermally
induced phase separation of the homogeneous SC poly-
mer —poor solvent system is described in detail by Lloyd et
al

Like in the case of cooling of a homogeneous system
comprising an SC polymer and a good solvent, crossing the
liquidus line located on the right from the so-called mono-
tectic point is followed by polymer crystallization. This

gives rise to the two-phase system composed of polymer
crystallites and a polymer solution in the liquid; as the
temperature decreases, the solution composition varies
according to the law specified by the liquidus line. When
this phase reaches the composition corresponding to the
monotectic point, liquid—liquid phase separation takes
place. The polymer-lean droplets are entrapped within the
spherulites and the system becomes a three-phase one.
However, the researchers do not discuss whether or not
the three-phase state of the system is retained on further
cooling.”?

Cooling of the homogeneous system located on the left
from the monotectic point down to the liquid—liquid
binodal induces separation of the system into two liquid
phases, the compositions of which is specified by positions
of the left- and right-hand branches of the binodal. The
morphology of the arising two-phase system depends on the
ratio between the composition of the initial mixture (w2)
and the composition corresponding to the upper critical
solution temperature (waucst). When wa < waycst, a dis-
persion of droplets of the polymer-rich phase in the poly-
mer-lean phase is formed. When w» = waucst, an inter-
penetrating phase structure appears, while when
w2 > waucst, the polymer-lean phase is dispersed as drop-
lets in the polymer-rich phase. Further cooling to a temper-
ature below the monotectic point induces polymer crystal-
lization from the polymer-rich phase, and a three-phase
system thus appears.

The phase diagrams of the HDPE—TCB,%® HDPE —di-
methyl terephthalate (DMTP) 37 and HDPE —thymol '37
systems constructed by the DSC method are shown in
Fig. 4.

In a system characterized by the phase diagram shown in
Fig. 4 a, the melting point of the LMM component is above
the polymer melting temperature. The phase diagram of this
system is considered to be the full analogue of the diagram
for a mixture of two crystallizable LMM liquids. It can be
seen that the eutectic composition is shifted towards the axis
corresponding to the lower melting point component. Dia-
grams of this type were obtained for mixtures of HDPE
with camphor,!3” HMB - 137 and ferrocene;'>° iso-PP with
hexamethylbenzene '3 and TCB;'4! poly(e-caprolactone)
with trioxane;'>> PEG with glutaric acid,!>? fenofibrate,'4>
flurbiprofen 145 and p-hydroxybenzaldehyde;!>! and poly(3-
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Figure 4. Phase diagrams of mixtures: HDPE with TCB (4),°© HDPE with DMTP (b) '3 and HDPE with thymol (c).'3’
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hexylthiophene-2,5-diyl) with methyl 6,6-phenyl-Cg;-buty-
rate.!>3

A sort of diagram of this type is the phase diagram of an
HDPE - DMTP mixture '37 constructed using DSC data at
a heating rate of 5 °Cmin—! (Fig. 4 b). This diagram has an
almost horizontal segment corresponding to the DMTP
melting point. It was shown that a homogeneous molecular
mixture of the components is formed at a significantly
higher temperature; the dependence of this temperature on
composition was not studied. It was assumed that above the
horizontal segment, there is a domain bounded by the
liquid —liquid binodal line in which two liquid phases
coexist. This type of diagram, combining features of the
diagrams shown in Figs 15 and ¢, was predicted by calcu-
lations in terms of the Flory theory.!*

The phase diagram of the HDPE—thymol system, in
which the melting point of the LMM component is ~80 °C
lower than that of the polymer, is presented in Fig. 4 ¢.137
Since thymol is liquid in the relevant temperature range, the
diagram is similar to the diagrams obtained for mixtures of
SC polymers with good solvents. However, the solubility in
the domain above the horizontal segment of the liquidus
line was not studied in detail and DSC measurements did
not show any thermal effects in this domain; hence, the
question of whether thymol is a good or poor solvent for
HDPE remains open.

Smith and Pennings ®® reported the phase diagram of the
HDPE-HMB system with an isotherm located ~10 °C
below the solidus line within the 0 < ¢> < 0.8 range where
@2 is the volume fraction of the polymer in the mixture. In
the authors’ opinion, this isotherm corresponds to the
solid —solid phase transition, which reflects the polymor-
phic transformation of hexamethylbenzene crystals that
same was also detected in another study.!¢’

An effect of the polymer molecular mass on the position
of the dependence T.(w2) was detected only in a study of
phase equilibrium in mixtures of PEG with fenofibrate and
flurbiprofen.!4> It was shown that with increasing polymer
molecular mass from 3500 to 20000, this dependence
slightly (by ~5 °C) shifts to higher temperature.

Studies of the phase equilibria in polymer mixtures with
LMM compounds involving formation of crystalline com-
plexes (clathrates, intercalates and so on) demon-
strated 44 146148157, 158 that the phase diagrams for mix-
tures of syndiotactic polystyrene (PS) with naphthalene and
mixtures of PEO with urea or organic and inorganic salts
are more sophisticated because of the presence of coexisting
domains of crystalline complexes with different stoichiom-
etry.

Studying the effect of the annealing temperature on the
position of borderlines in the phase diagram of a mixture of
HDPE with TCB showed that lowering the temperature at
which the sample was kept after cooling from the homoge-
neous state is accompanied by displacement of the polymer
liquidus towards lower temperature and displacement of the
eutectic point towards polymer-rich mixtures.!3?

The behaviour of a homogeneous mixture of an SC
polymer with a crystalline LMM compound with the melt-
ing point close to that of the polymer on lowering the
temperature is described in the following way. Cooling of
an eutectic mixture leads to simultaneous crystallization of
the components, while cooling of a mixture of any other
composition induces crystallization of the component the
amount of which in the initial mixture is higher than that in
the eutectic one. When the eutectic composition is attained,

the mixture crystallizes over a short period of time.!3°
According to Alwatarri and Lloyd,'#? crystallization of the
LMM component also takes place in mixtures containing a
somewhat lower amount of this component than the eutec-
tic mixture, while in the case of considerably polymer-rich
mixtures, the polymer is the first to crystallize and then the
separation of the LMM as droplets and crystallization in
the droplets take place simultaneously. According to Alwa-
tarri and Lloyd,'43? this is due to the pronounced difference
between the crystallization rates of low- and high-molec-
ular-mass compounds. In our opinion, these views are not
quite correct, because they are based on the scanning
electronic microscopy data for the samples obtained at
room temperature, which is much lower than the crystal-
lization temperature.

The gelation problem also deserves mention. The issues
concerning the phenomenology of formation and estimation
of physicomechanical, thermal and other properties of
polymer gels are actively discussed in the litera-
ture.4463.76,84,99,166,167 However, only few publications
are devoted to identification of the temperature—concen-
tration domain of phase diagrams in which single-phase
thermally reversible two-component gels based on SC
polymers may exist.”6- 84,166,167

An original approach has been proposed '°! consisting
in determining the temperature at which a metallic ball
placed on the surface of a pre-homogenized LDPE mixture
with various alkylbenzenes (toluene, o-xylene, benzene) that
was cooled down to room temperature in a sealed tube
started to be immersed into the mixture on heating under
the action of gravity. The results of measurements were used
to construct two borderlines in the phase diagram, one of
which (vertical) corresponds to the minimum polymer con-
tent in the solution sufficient for gelation, while the other
one reflects the dependence of the gel melting temperature
on the initial mixture composition. It is obvious that in the
physical meaning, the second borderline is close to the
liquidus line.

Guenet and co-workers %7 identified the liquidus line
constructed using DSC with the sol—gel transition boun-
dary. In the authors’ opinion, the former of the above-noted
lines corresponds to the boundary that separates the poly-
mer solution in the liquid from the liquid solution in the
polymer and is shifted towards polymer-rich compositions.

For constructing the borderline reflecting the sol-—gel
transition, Cui et al.’® proposed a procedure based on
determination of the lowest temperature at which the
gravity-induced flow of a homogenized mixture of a
PVDF melt with tributyl O-acetyl citrate was still observed
as the tube was turned upside down. The curve obtained by
this procedure in the 0.1 < wy <0.35 range of compositions
is located somewhat lower than the liquidus line constructed
using the DSC data.

Generally, in the context of traditional views on the
phase equilibrium in the SC polymer—LMM component
systems, the domain of gel existence can be identified only
approximately. It is clear even from purely geometric
reasons that at least one more curve is required for the
strict definition of the boundaries of this domain.

Thus, according to traditional views, the SC polymer is
considered as a single-phase crystalline system, a set of
defective crystals containing amorphous and crystalline
regions. It is assumed that the phase equilibrium in a
mixture of an SC polymer with an LMM component obeys
the Gibbs phase rule and does not differ conceptually from
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the equilibrium in a mixture of two crystallizable LMM
compounds. The specificity of the SC polymer—thermody-
namically good solvent system is reduced to the existence of
only one phase line in the diagram, namely, the dependence
of the polymer melting temperature on the composition of
the initial mixture, which reflects the crystalline phase
equilibrium. A specific feature of the SC polymer—poor
solvent system is the appearance of the liquid-Iliquid
binodal phase separation above the horizontal segment of
the liquidus line of the polymer component. The combina-
tion of these two curves reflects the existence of the liquid —
liquid and crystalline phase equilibria in the system. The
phase diagram of the SC polymer—crystalline LMM com-
pound system is interpreted as a full analogue of the fusion
diagram of a mixture of two crystalline LMM compounds
containing an eutectic point, which reflects the co-existence
of three phases — crystals of both components and their
liquid mixture.

The position of the borderlines in the phase diagram
depends on the polymer nature, molecular mass and ther-
mal prehistory and low-molecular-mass compound struc-
ture and molecular mass. A general trend that can be
followed for the SC polymer—LMM component systems
listed in Table 1 is the dependence of the positions of
borderlines and monotectic and eutectic points on the
temperature scan rate. The diagrams constructed by means
of kinetic methods are not equilibrium; however, they are
used for discussion of phase equilibria and phase transi-
tions. Considering the fact that lines reflecting the depend-
ences of the glass transition, flow and sol—gel transition
temperatures on the mixture composition can also be put on
the temperature —concentration fields of the diagrams, it is
more appropriate to call them diagrams of the state of
mixtures rather than phase diagrams.

Virtually all SC polymer— LMM component systems
form single-phase thermoreversible gels, but the corre-
sponding domain is not reflected in the phase diagrams.
The interpretation of the evolution of the phase structure
during the thermally induced phase separation of a homo-
geneous mixture proposed in the literature does not provide
a correct description of the mechanism of formation of
capillary porous bodies (membranes, granules, ezc.).! It
should be emphasized that the phase diagrams obtained by
different authors under roughly the same conditions of
kinetic experiments do not always agree with one another.
This lack of agreement is illustrated by reported phase
diagrams of PVDF and DBP mixtures.””-78

3. New description of a phase equilibrium

Mizerovskii et al.1%® were the first to formulate the view
that, according to macroscopic thermodynamics, SC poly-
mers are single-phase liquids with the following specific
features:

— SC polymers are clearly and steadily heterogeneous
at the microlevel, but they are homogeneous as Gibbs
macrophases, since structural parameters of macroscopic
samples of any size are equal;

— due to incomplete crystallization of elementary units
of macromolecules, the SC polymers are thermodynamically
non-equilibrium and, because of physical indivisibility
(without destruction) of microvolumes with different
degrees of ordering of the spatial arrangement of elemen-
tary units, they are internally strained;

— from the structural standpoint, they are cross-linked
polymer networks with thermotropic cross-links repre-
sented by crystallites; unlike in vulcanized elastomers
(which are also 3D-structured liquids), the volumes of
cross-links and regions between them in SC polymers are
comparable.

Thus, SC polymers are single-phase internally stressed
(metastable) spatially structured (microheterogeneous)
liquids with crystallites functioning as the cross-links of
the intrmolecular bond network.

A liquid phase of this type has three specific features.
First, because of molecular inhomogeneity (polydispersity),
inherent in most polymers, this phase is actually multi-
component.”- 169171 Second, in terms of the classical theory
of polymer solutions,” it is characterized by ‘component
dualism’: the whole macromolecules act as components of
the polymer liquid with respect to the LMM component as a
phase, since they participate in the phase exchange; how-
ever, segments of macromolecules act as components of the
polymer liquid with respect to the LMM molecules that
have passed to the polymer liquid phase. Third, the transfer
of macromolecules to the LMM liquid phase is possible
only after they acquire translational mobility, which occurs
after all crystallites disappear.

In terms of this approach, Mizerovskii et al.l°® gave a
detailed substantiation for the necessary presence of one
more borderline in all phase diagrams. This line can be
interpreted as either the temperature dependence of the
solubility of the LMM component in the amorphous
regions of the SC polymer or as the temperature boundary
of transformation of the initial two-phase system compris-
ing the SC polymer and the LMM component into a single-
phase system, a solution of the LMM component in the SC
polymer.

The first studies devoted to swelling of SC polymers in
low-molecular-mass liquids appeared in the mid-20th cen-
tury.!72 173 The experimentally determined swelling ratios
proved to be lower than the values calculated using the
Flory —Huggins theory, even if the impermeability of crys-
tallites for the LMM liquid is taken into account. Two
approaches were proposed to address this issue. According
to the first one, based on the Flory— Rehner theory devel-
oped for vulcanized rubbers, it is assumed that crystallites
function as giant cross-links.!7? The second approach uses
the view that the tie chains connecting crystallites are
strained at temperatures below the polymer melting temper-
ature where the free energy of elastic deformation is equal to
the free energy of crystallization.!”3 According to calcula-
tions,!74- 176 strained, or elastically effective chains account
for > 30% of the total mass of the amorphous polymer.
The rest of the material is represented by non-crystallized
short chains, loops, folds and free ends that do not undergo
elastic deformation during sorption of the LMM compo-
nent.

Subsequently, these views were upgraded!7#-178 by
introducing an additional parameter into the Flory—Hug-
gins and group contribution theories to take into account
the free energy of elastic deformation of tie chains. As a
result, the researchers obtained dependences of the solubil-
ities of low-molecular-mass compounds in polyethylene and
polypropylene on their activity at various tempera-
tures 174175 and temperature dependences of the partition
coefficient 17®¢ and found the proportions of elastically
effective tie chains. The calculations carried out with allow-
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ance for these relationships are in good agreement with
experimental data for SC polymers.

Meanwhile, none of the cited publications report an
explicit equation suitable for describing the temperature
dependence of the LMM component solubility in the SC
polymer.

The above approach is in line with the idea stated by
Mizerovskii er al.'® based on the views of Alfrey and
Mark,'”® according to which the tie chains are strained
due to low entropy; therefore, crystallites involving these
chains are strained. From the physical standpoint, this
means that under ambient conditions in the absence or in
the presence of a liquid, the polymer crystallites grow being
subjected to uniform extension strain, with a force increas-
ing with increasing average degree of crystallinity and with
decreasing length of the tie chains.

In this situation, the highest possible degree of crystal-
linity of the polymer is dictated by thermomechanical rather
than thermodynamic equilibrium conditions, which, in a
first approximation, can be formulated as follows: in any
microvolume of an SC polymer, the internal strain of the
amorphous regions is equal to the ultimate strain upon the
uniform extension of the most defective crystallites.!6® It
was shown in the same study that the addition of the
solubility curve changes the thermodynamic meaning of
the phase diagram, since it separates two- and single-phase
domains. This curve is also present in the diagrams drawn
by Chalykh et al.,'3' who regarded it as reflecting the
’solubility in the amorphous region of the polymer’ and
did not use it for analysis of the phase structure of a binary
mixture.

Pochivalov and co-workers'80-190 constructed phase
diagrams for polyolefin mixtures with various low-molec-
ular-mass components (good or poor solvents, crystalline
compounds) containing the solubility curve for the low-
molecular-mass component in the SC polymer. The data on
these studies are summarized in Table 2.

The diagrams were constructed using four methods:
optical,180-195 DS(C,181.184-191.193-196 grayimetric 180 and
cloud point measurement.!%®

The optical method consists in observation, using a
horizontal microscope, of changes in the state of a closed
polymer—LMM component system during stepwise temper-
ature variation. The method is based on the difference
between the refractive indices of coexisting phases; the
temperature at which the state of a two-phase system
qualitatively changes on heating can thus be determined
with an accuracy of +0.5 °C.

The DSC curves of mixtures of SC polymers with LMM
components during heating, cooling and repeated heating
were measured on Phoenix NETZSCH 204F1 and Mettler-
Toledo DSC 823e¢/400 calorimeters at a heating rate of
10 °C min—!.

The experimental procedure involved in the cloud point
method was as follows. The mixtures pre-homogenized at
elevated temperature for at least 5 h were cooled to room
temperature at a rate of 10 °C min—! in sealed glass tubes
placed in a special thermostat. The phase separation tem-
perature was detected as the onset of sample opacity.

Before the experiments, SC polymer granules were, most
often, treated with an excess of the LMM component below
the amorphization temperature to extract fractions of
macromolecules with a low molecular mass, which do not
participate in the formation of crystallites. This treatment
was not carried out in two cases, first, to study SC polymer
mixtures with a crystalline LMM compound and, second, to
study an LDPE —decane mixture. Apart from the optical
method, the gravimetric method, that is, determination of
the mass of macromolecules that pass to the solvent phase
upon extraction, was used to construct the phase diagram of
the last-mentioned system.

Pochivalov and co-workers 130188 describe the phase
behaviour of SC polymer mixtures with a good solvent (the
first type according to our classification). Figure 5 presents

Table 2. Semicrystalline polymer mixtures with the low-molecular-mass component for which phase diagrams were constructed in the context of

new interpretation of phase equilibria.

No. System

Methods of obtaining the data Ref.

Semicrystalline polymer—good solvent

1 LDPE —decane Optical, gravimetric 180
2 LDPE — tridecane Optical 180
3 LDPE —toluene Optical, DSC 181
4 LDPE - o-xylene Optical 182
5 LDPE - p-xylene Optical, DSC 183, 184
6 LDPE - m-xylene Optical, DSC 183
7 LDPE —ethylbenzene Optical 182
8 LDPE —mineral oil Optical, DSC 185
9 HDPE —m-xylene Optical, DSC 186
10 Iso-PP —m-xylene Optical, DSC 187
11 PBAMO - ternary mixture of dinitrodiiazaalkanes Optical, DSC 188
Semicrystalline polymer—poor solvent
12 Iso-PP-DBP Optical, DSC 189, 190
Semicrystalline polymer — crystalline compound
13 LDPE-1,2,4,5-tetrachlorobenzene Optical, DSC 191
14 HDPE - 1,2,4,5-tetrachlorobenzene Optical, DSC 191-193
15 Iso-PP—1,2,4,5-tetrachlorobenzene Optical, DSC 191, 194
16 Poly[3,3-bis(azidomethyloxetane) — 2,4-dinitro-2,4-diazapentane] Optical, DSC 195
17 LDPE —thymol Optical, DSC, cloud point method 196
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Figure 5. Phase diagrams of LDPE mixtures with p-xylene (a) '8¢
and with n-decane (b) '3 supplemented by photographs (1-7),
which illustrate the state of the mixtures at different points of the
temperature —concentration field (for explanations, see the text).
(1) Data of the optical method, (2) maxima of high-temperature
endothermic peaks, (3) maxima of low-temperature endothermic
peaks.

the phase diagrams for the LDPE mixtures with p-xylene 184
and n-decane.!8? In the polymer-rich domain of the former
mixture, the optical method makes it possible to detect two
events during heating of the initial two-phase polymer—
liquid system starting from 15 °C:

(1) disappearance of the low-molecular-mass liquid via
dissolution in the polymer, which remains opaque and
swells;

(2) transformation of the swollen polymer into optically
transparent liquid.

In the LMM-component-rich region, heating is also
accompanied by two events, which successively take place
at the same temperature:

(3) formation of an optically transparent two-phase
system with a clear-cut interface;

(4) transformation of this two-phase system into a
single-phase one upon mixing.

In the phase diagram shown in Fig. 5a, the borderlines
BD, BC and AB are constructed using the temperatures that

correspond to events 1, 2 and 3, 4 for mixtures of different
compositions. This Figure also shows photographic images,
which demonstrate the state of the system at 15 °C and at
temperatures of the indicated events.

It can be seen that at 15 °C (point K in Fig. 5a), LDPE
granule and transparent p-xylene coexist in the initial
mixture containing 0.7 mass fractions of the polymer
(photo 1). During stepwise heating of this two-phase sys-
tem, the size of the polymer granule gradually increases,
while the amount of the transparent liquid phase simulta-
neously decreases. Photo 2 depicts the situation correspond-
ing to event 1 when the transparent liquid completely
disappears being dissolved in the polymer (point K; in
Fig. 5a). As the temperature is further increased, the
opacity of the swollen granule decreases, and at the temper-
ature corresponding to point K> on line BC, the polymer is
completely amorphized, becomes transparent and flows
under gravity, taking the shape of the tube (photo 3),
which corresponds to event 2.

With excess p-xylene (w» = 0.1), the state of the system
at point K’ in Fig. 5a is the same as at point K (photo 4).
On the way from K’ to K} the polymer granule coexisting
with transparent liquid grows and its opacity decreases.
When the temperature of point K| in line 4B is attained,
event 3 corresponding to the formation of an optically
transparent two-phase liquid system takes place (photo 5).
After ~10 h at the same temperature, the two-phase system
is transformed into a single-phase homogeneous liquid
(event 4, photo 6). A similar behaviour at this temperature
was found for all mixtures at wr < wap.

Thus, during heating of a mixture with wy > 0.28 (see
Fig. 5a), the formation of an optically transparent molec-
ular mixture of the polymer and the liquid is preceded by
the formation of the single-phase opaque microheteroge-
neous system (a solution of the LMM liquid in the SC
polymer). In other words, heating of this system results in
complete amorphization of LDPE, with the destruction ¥ of
the polymer crystallites on the way from point K to point K;
being caused by both dissolution of p-xylene in the polymer
and by temperature rise, while that on the way from K; to
K> is due only to the temperature rise.

Heating of the mixture corresponding to the condition
wy < wsp gives rise to a molecular mixture of a polymer melt
and a liquid at 72 °C (point K}), which is preceded by the
formation of a two-phase optically transparent system. If
wa = wap, the initial two-phase system directly turns into an
optically transparent homogeneous mixture of components
at point B (see Fig. 5a). This means that figurative point B
characterizes the lowest temperature of complete amorph-
ization of the polymer (T2%) that can be reached upon
dissolution of (1 — w2p) mass fractions of a liquid in the
polymer. When w2 < wap, the two-phase system arising at

Sin is a solution of the liquid in the polymer containing
(1 — wo5) mass fractions of this liquid and an excess of pure
liquid (without pretreatment of polymer granules, this
liquid would have contained dissolved polymer fractions
not participating in the formation of crystallites). The
behaviour of this two-phase system depends on the relation-

§ By the term ‘destruction of crystallites’ is meant that the gradual change
in the degree of crystallinity of the polymer with increasing temperature is
a reversible thermomechanical process both in the presence and in the
absence of the liquid.'®° Only the last crystallites not interconnected by tie
chains undergo thermal destruction (melting).
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ship between Ty, and the upper critical solution temper-

atures of the system components. If 757, is lower than the
UCST, a liquid —liquid binodal, reflecting the temperature
boundary of mixture homogenization, would appear in the
diagram. If T, is greater than or equal to the UCST, then
any two-phase system containing more than (1 —w,g) mass
fractions of the liquid would be spontaneously transformed
into a molecular mixture of the polymer and the liquid at

o In the LDPE - p-xylene system, the latter situation
takes place, giving rise to horizontal segment AB (see
Fig. 5 a).

The borderlines ABC and ABD based on optical data
have the following thermodynamic meaning. Line ABC
reflects the variation of the melting temperature of the last
polymer crystallites not connected by tie chains as a
function of the amount of the LMM component present in
the initial system. Line ABD corresponds to the temperature
boundary of transformation of the initial two-phase system
into a single-phase one, namely, into a molecular mixture of
an LDPE melt and p-xylene in segment AB and into a
solution of p-xylene in amorphous regions of solid LDPE in
segment BD. Below this line, pure p-xylene coexists with its
solution in the amorphous regions of LDPE. The temper-
ature dependence of the composition of the second phase is
described by segment BD. In the domain below this line,
unidirectional diffusion of small p-xylene molecules towards
the polymer bulk takes place and osmotic equilibrium is
established, with the polymer serving as the osmotic cell. In
this situation, polymer is the solvent and the LMM compo-
nent is the solute.

Since the osmotic equilibrium is not a phase equilibrium
in the classical meaning of this term,3 segment BD reflecting
the p-xylene solubility in LDPE is not a phase coexistence
line.

Line ABC coincides with ABD in segement 4B, which is
typical of SC polymer—good solvent systems for which the
UCST, as noted above, is lower than or equal to Thy,.
Crossing line BC reflects the change in the physical state of
the polymer component in a single-phase system and is
accompanied by a heat effect due to disappearance (on
heating) or appearance (on cooling) of LDPE crystallites
that are not already (or not yet) bound by tie chains.
According to our interpretation, this crossing does not
change the number of phases in the system (except that at
point B), but results in the appearance or disappearance of
microheterogeneity inside the macroscopic phase. The pres-
ence of heat effect indicates that this process can be
regarded as a first order phase transition, but only relative
to the segments of macromolecules rather than the whole
macromolecules as mixture components.

Segment BC divides the single-phase domain located
above line ABD into two subdomains. Above line BC, there
are molecular mixtures of LDPE melt with p-xylene, while
below line BC, there exist p-xylene solutions in amorphous
regions of LDPE, which are in essence thermoreversible
single-phase gels. The crystallites connected by tie chains
serve as the cross-links of this gel, with the mass fraction of
the crystallites (the degree of polymer crystallinity)
decreases on heating of the mixture of a definite composi-
tion and becomes equal to zero as segment BC is reached.
The degree of crystallinity also increases with increasing
LDPE content in the system at an invariable temperature up
to the value corresponding to the pure polymer.

Thus, curves ABC and ABD form three domains in the
phase diagram:

domain [/ corresponds to a single-phase molecular mix-
ture of p-xylene with LDPE melt;

domain /I corresponds to a single-phase thermorever-
sible physical gel, that is, a solution of p-xylene in the
amorphous domains of LDPE;

domain 11 corresponds to a two-phase mixture of pure
p-xylene and its solution in LDPE (gel), which exist in
osmotic equilibrium.

Phase diagrams such as those shown in Fig. 5 a were
constructed '89-187 for LDPE mixtures with toluene, o- and
m-xylene, ethylbenzene, n-decane, n-tridecane and mineral
oil and for mixtures of HDPE and iso-PP with m-xylene.
Analysis of these diagrams showed that the position of
figurative point B is an important thermodynamic charac-
teristic of the SC polymer—LMM liquid system. In partic-
ular, the thermodynamic affinity level of the components
can be estimated using parameters related to the position of
point B such as the ratio f = Ta%,/Tm and the difference
1 —w,.182.189 The former characterizes the most pronounced
decrease in the temperature of complete polymer amorph-
ization upon dissolution of the particular LMM liquid in
the polymer, while the latter characterizes the minimum
mass fraction of the liquid in the initial mixture that is
sufficient for attaining T 4y,. The values of these character-
istics for the given LDPE mixture with alkylbenzenes are
summarized in Table 3.

Table 3. Thermodynamic parameters of the LDPE—alkylbenzene
systems calculated from the position of figurative point B.

System Taw °C B 1—woap Ref.
LDPE - toluene 68 0.61 0.90 181
LDPE - o-xylene 68 0.61 0.78 182
LDPE —m-xylene 69 0.62 0.75 183
LDPE — p-xylene 72 0.64 0.72 183
LDPE —ethylbenzene 73 0.65 0.68 182

The fact that the mutual solubility of components
increases with decrease in the former and increase in the
latter characteristics indicates that the thermodynamic
affinity of solvents to LDPE increases in the order

ethylbenzene < p-xylene < m-xylene < o-xylene < toluene

For comparison, Table 4 shows the Hildebrand solubil-
ity parameters () for the LMM liquids found using exper-
imental data from the known relation !97-198

|AH, — RT
5= — (1)

Table 4. Hildebrand solubility parameter of alkylbenzenes calculated
from experimental data and by the group contribution method.!97-200

Name Calculation of § x 103 /(Jm—3)0->
from experimental by the group
data contribution method
Toluene 17.2 18.1
0-Xylene 17.4 17.8
m-Xylene 17.1 17.8
p-Xylene 16.9 17.8
Ethylbenzene 16.8 17.8
LDPE 16.8 16.2
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where AH is the molar heat of vaporization of the liquid,
V. is the molar volume of the liquid; the 6 values presented
for LDPE were recommended in a book !'°? and calculated
by the group contribution method.?%° It is assumed that the
smaller the difference between the solubility parameters of
compounds the higher their mutual solubility. Hence, con-
sidering the experimental data, the LDPE affinity of LMM
liquids should increase in the order

o-xylene < toluene < m-xylene < p-xylene < ethylbenzene
while the group contribution method predicts the order
toluene < o-xylene = m-xylene = p-xylene = ethylbenzene

A possible cause for the discrepancy may be the fact that the
data of Table 3 refer to the Tan, < T < T, temperature
range in which LDPE, in the presence of the given LMM
compound, is completely amorphized (in all cases,
T, ~ 70 °C), while the data of Table 4 refer to room
temperature where the polymer crystallinity should play an
important role.

The generalized phase diagram of an LDPE mixture
with n-decane, which has been never studied before, is
depicted in Fig. 5b. The diagrams for HDPE mixtures
with n-alkanes available from the literature 2 are fragmen-
tary, as they contain only liquid —liquid binodals with the
lower critical solution temperature (LCST) above the boil-
ing point of the LMM liquid. The optical method we used
makes it possible to identify the above-described events 1
and 2 during heating of polymer-rich mixtures. For LMM
component-rich compositions, event 5, reflecting the sepa-
ration of the formed homogeneous mixture into two trans-
parent macrophases, is observed apart from events 3 and 4.
It is noteworthy that events 3 and 4 take place at the same
temperature, while event 5 occurs at a higher temperature.

Prior to the experiment,!8° the LDPE granules were not
treated in a large volume of the solvent to remove non-
crystallized macromolecules possessing translational mobi-
lity. Therefore, there was a good reason to believe that
during the stepwise heating of the mixture from room
temperature to event 3 at 745, these macromolecules are
extracted from the solid SC polymer into the solvent phase
to give a polymer solution in the liquid. The mass of
macromolecules extracted in the temperature range of
40-80 °C was determined by the gravimetric method.!80

The phase diagram shown in Fig. 5b contains four
borderlines — FGH, ABC, ABD and EA. Lines BD, BC,
AB and FGH correspond to the temperatures of events 1, 2,
3 and 4, 5, respectively. Curve EA was constructed using
gravimetric data.

Comparison of the photographs presented in Fig. 5a,b
indicates that the processes and events taking place in the
LDPE - p-xylene and LDPE —n-decane systems are similar.
The difference is that in the latter case at wy < wyp, the
optically transparent system that has formed at
Tih, =87 °C after ~15h of observation (photo 6 in
Fig. 5b) is separated into two phases at a higher temper-
ature (photo 7).

Line FGH in Fig. 5b reflects the existence of liquid—
liquid equilibrium with a lower critical solution temper-
ature. Line ABC shows the temperature of complete
amorphization of the polymer as a function of n-decane
amount present in the initial mixture. Line 4BD corre-
sponds to the temperature boundary of transformation of
the two-phase system into a single-phase one, namely, a
molecular mixture of LDPE melt and n-decane (segment

AB) or a solution of n-decane in the amorphous regions of
LDPE (segment BD).

As a result of extraction, two phases coexist below line
ABD irrespective of the composition of the mixture: a
solution of n-decane in amorphous regions of LDPE and a
solution of macromolecules extracted from LDPE in n-
decane. The temperature dependence of the composition of
the former phase is described by line BD and that of the
latter one is described by line EA. In the case of wy < wap,
the extraction equilibrium arising upon the stepwise heating
of the mixture (see curve BD) is transformed into osmotic
equilibrium, which is accompanied by complete dissolution
of the latter phase in the former one.

It is necessary to emphasize that the phases coexisting
below line ABD do not possess features inherent in phases
according to the classical definition.? Indeed, real compo-
nent exchange, which may give rise to true phase equili-
brium in the SC polymer— LMM liquid system, becomes
thermodynamically allowed only when all macromolecules
of the initial polydisperse polymer acquire translational
mobility. This is possible only after the disappearance of
all crystallites functioning as cross-links for the polymer
networks, i.e., after the temperatures corresponding to line
ABC have been attained.

In the temperature —concentration field of the phase
diagrams of a LDPE mixture with n-decane (see Fig. 55),
lines FGH, ABC, ABD and EA define four domains:

domain [/ corresponds to a single-phase molecular mix-
ture of n-decane and an LDPE melt;

domain /I corresponds to a single-phase physical gel: a
solution of n-decane in the amorphous regions of LDPE;

domain 717 corresponds to a two-phase system, with one
phase being a solution of extracted short-chain LDPE
macromolecules in n-decane and the other phase being a
solution of n-decane in amorphous regions of LDPE; and

domain 7V corresponds to a two-phase system, with one
phase being a solution of amorphized LDPE in n-decane
and the other phase being a solution of n-decane in
amorphized LDPE.

Since the SC polymer is a thermodynamically non-
equilibrium system below line ABC,!-2-198 binary systems
containing a solution of the LMM compound in such a
polymer are even more non-equilibrium. These states cor-
respond to domains /7 and 7IT of the diagram in which a
thermomechanical equilibrium is established, which is dis-
cussed in detail by Mizerovskii et al.'® Domain [III is
characterized by osmotic equilibrium (defined by line BD)
as a result of unidirectional diffusion of the LMM compo-
nent molecules into the amorphous regions of the polymer.
Furthermore, extraction equilibrium can be set up in the
system if short-chain macromolecules have not been pre-
extracted from the polymer sample. All these sorts of
equilibrium are not classical phase equilibria; therefore,
the Gibbs phase rule, which was formulated for equilibrium
systems, cannot be properly applied to the 3D-strained
systems existing in the single-phase (//) and two-phase
(I11') domains.

Below line ABC, only the macromolecules dissolved in
the amorphous regions of the SC polymer and not involved
in the formation of crystallites migrate to the solvent bulk.
The amount of these macromolecules regularly increases
during the gradual destruction of crystallites with increasing
temperature (see line £A4 in Fig. 5 b). Therefore, the ther-
modynamic characteristics (molecular mass distribution,
chemical potential, etc.) of the polymer component in the
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coexisting phases do not coincide. In particular, the kine-
matic viscosity (n) of a 1% toluene solution of the initial
LDPE sample at 90 °C (5 = 0.99 mm? s—') markedly
exceeds the kinematic viscosity of the LDPE sample taken
from the extraction solution at 70 °C (3 = 0.47 mm? s—1).
This indicates that the average molecular mass of extracted
LDPE is significantly lower than that of the initial sample.
This observation provides additional evidence for the inap-
plicability of the phase rule to systems located in
domain I77; it can be applied only to systems in domains 7/
and IV. Meanwhile, the lever rule is applicable to domains
Il and IV.

An example of phase diagram of an SC polymer mixture
with a poor solvent (second type) is shown in Fig. 6 for the
iso-PP —~DBP system.!8?

As applied to this system, the optical method can be
used to detect the above-described events 1, 2, 3 and 4,
which account for the change in the state of the system
during heating. Unlike the SC polymer—good solvent
system where event 4, which reflects mixing of two optically
transparent phases, occurs at T4y, in this case, it occurs at
a higher temperature. The state of the system at the time
points of these events is illustrated by photographs 1-6 in
Fig. 6.

In the diagram being discussed, lines BD, BC and AB are
based on the temperatures of events 1, 2 and 3, respectively.
The left-hand (AM) and right-hand (NB) branches of the
binodal were constructed using the temperature values of
event 4. The upper critical solution temperature could not
be determined because of the thermal destruction of DBP,
which is already detected after 2 h of system annealing at
240 °C.

The thermodynamic meaning of line 4ABC is the same as
in the case of good solvent. The curve formed by lines AM,
NB and BD marks the temperature boundary of conversion
of a two-phase system to a single-phase one: a solution of
the LMM liquid in an SC polymer is formed from the initial
system on line BD, while on binodal lines AM and NB, the
system composed of a solution of the LMM component in a
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Figure 6. Phase diagram of iso-PP mixtures with DBP 8% supple-
mented by photographs (1-6), which illustrate the state of the
mixtures at different points of the temperature — concentration field
(for explanations, see the text).

(1) Data of the optical method, (2) maxima of the endothermic
peak from DSC data.
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Figure 7. Phase diagrams of mixtures: HDPE with TCB (a),'*!
LDPE with thymol (b)!°¢ and poly[3,3-bis(azidomethyl)oxetane]
(PBAMO) with 2,4-dinitro-2,4-diazapentane (DNAP) (c)'*° sup-
plemented by photographs, which illustrate the state of the mix-
tures at different points of the temperature—concentration field
(for explanations, see the text).

(1) Data of the optical method, (2) maxima of the endothermic
peak of polymer amorphization, (3) maxima of the low-temper-
ature endothermic peaks, (4) maxima of the high-temperature
endothermic peaks, (5) data of the cloud point method.
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polymer melt and a polymer solution in the liquid is trans-
formed into a molecular mixture of a polymer melt and the
LMM liquid. These lines, together with the liquid —liquid
binodal form four domains in the diagram:

domain 7 corresponds to the existence of a single-phase
molecular mixture of an iso-PP melt with DBP;

domain II corresponds to the existence of a single-phase
physical gel — a solution of DBP in the amorphous regions
of iso-PP;

domain 7II corresponds to the existence of a two-phase
system, with one phase being pure DBP and the other phase
being a DBP solution in iso-PP (the solution composition is
specified by curve BD); and

domain 7V corresponds to the existence of a two-phase
system, with one phase being a solution of iso-PP in DBP
and the other phase being a solution of DBP in an iso-PP
melt (the component ratio in the solutions is specified by
lines AM and NB).

In this system, the phase rule is applicable only to
regions / and IV, while the lever rule is applicable to
domains //7 and IV.

We will consider thermodynamic features of the third
type diagrams, which reflect the state of SC polymer
mixtures with a crystalline LMM compound. Figure 7
shows three phase diagrams for such mixtures, which were
reported by Pochivalov er al.,'°1-193-196 and differ concep-
tually from one another.

As applied to a mixture of HDPE with TCB (see
Fig. 7a), the melting point of which is higher than the
polymer melting temperature, two events can be detected
during heating for polymer-rich compositions, namely, the
disappearance of TCB crystals due to their dissolution in
HDPE, which remains opaque (event 1), and the trans-
formation of the opaque polymer granule into an optically
transparent liquid (event 2).

In the case of compositions rich in the LMM compo-
nent, the formation of an optically transparent liquid phase,
that is, a TCB solution in an HDPE melt, coexisting with
TCB crystals (event 3), and the transformation of this two-
phase system into a single-phase optically transparent liquid
(event 4) were observed.

Borderlines BD, BC, AB and EB in Fig. 7a were
constructed using the temperature values corresponding to
events 1, 2, 3 and 4. The photographs shown in this Figure
reflect the state of the system with w> = 0.8 and 0.2 at room
temperature and at temperatures corresponding to the
borderlines. The phase diagram has two curves — EBD
and ABC. Curve EBD shows the temperature of dissolution
of TCB crystals in a HDPE melt containing TCB (line EB)
and in the amorphous HDPE regions (line BD) as a function
of composition of the initial mixture.

Line ABC reflects, as above, the melting temperatures of
the last crystallites not connected by tie chains versus the
TCB amount in the initial mixture.

Since curve EBD crosses the whole temperature — con-
centration field, it can be stated that only TCB solutions in
HDPE exist above this curve. In other words, at any
component ratio, HDPE is the solvent and TCB is the
solute; hence, the diagram presented in Fig. 7a character-
izes the SC polymer —non-solvent system. In this case, it is
appropriate to use the term ’diluent’ in order to emphasize
the fact that at any composition of the system, the role of
the solvent is performed by the polymer.

Below line EBD, the system consists of two phases: TCB
crystals coexisting with a TCB solution in HDPE melt

(domain IV) or with a TCB solution in amorphous regions
of solid HDPE (domain [II). Above this line, a TCB
solution in HDPE exists as either a molecular mixture of
the components (domain /) or a single phase gel with cross-
links represented by polymer crystallites (domain I7), the
mass fraction of which (degree of crystallinity) depends on
the composition and temperature. In view of the above, line
EBD can be thermodynamically interpreted in a different
way. This curve is the temperature boundary between a two-
phase and a single-phase systems: line BD marks the trans-
formation of the initial system consisting of solid HDPE
and TCB crystals into a solution of TCB in the amorphous
regions of HDPE, while line EB marks the transformation
of the system consisting of TCB crystals and a TCB solution
in an HDPE melt into a molecular mixture of HDPE and
TCB.

The figurative point B marks the lowest temperature of
HDPE amorphization in the presence of (1—-w>p) of dis-
solved TCB. In other words, at this point, both HDPE
crystallites and TCB crystals disappear and the two-phase
system is transformed into a single-phase molecular mix-
ture.

Next we will discuss the dissolution of LMM component
crystals in an SC polymer. Pochivalov et al.'®!-19¢ demon-
strated that readily sublimable crystalline compounds dis-
solve by the vapour-phase mechanism. Figure 8 presents the
results of experiments on heating HDPE mixtures with TCB
without direct contact between the components for compo-
sitions with w, = 0.8 (Fig. 8a—c) and 0.2 (Fig. 8 d—f).

In the former case, all TCB crystals (see Fig. 8a)
disappear at point K; (see Fig. 7a) in line BD; as this
takes place, the cylindrical polymer sample increases in
size and remains opaque (Fig. 8 b). The opacity disappears
at point K>, while the cylindrical sample loses shape, being
converted to a liquid (see Fig. 8 ¢). In the mixture contain-
ing an excess of the LMM compound, the polymer granule
turns into a transparent liquid at point K}, with TCB
crystals being still present in the tube (see Fig. 8¢). At
point K%, these crystals disappear, while the volume of the

Figure 8. Photographs illustrating the state of the HDPE mixture
with TCB in the absence of a direct contact between the compo-
nents at points K (a), K; (b), K> (¢), K' (d), K’ (e), K5 (f) in
Fig. 7a.




328

K.V.Pochivalov, A.V.Basko, Ya.V.Kudryavtsev
Russ. Chem. Rev., 2020, 89 (3) 311-338

Table 5. Thermodynamic parameters of polyolefin mixtures with
TCB.!!

System Tm/°C TR |°C B 1 —wap
LDPE-TCB 111.6 103.0 0.93 0.29
HDPE-TCB 138.0 120.0 0.86 0.45
Iso-PP-TCB 176.4 136.0 0.77 0.79

polymer melt containing dissolved TCB increases (see
Fig. 8 f).

Comparison of the positions of the figurative point B in
the phase diagrams of three mixtures of TCB with poly-
olefins can also be used to characterize the thermodynamic
affinity of their components by the parameter f and the
difference 1 —wyp (Table 5). The highest TCB affinity is
inherent in iso-PP, while the lowest affinity is characteristic
of LDPE.

Figure 7 b shows the phase diagram of an LDPE mixture
with thymol, the melting point of which in the pure state is
49.5 °C. In this case, events 1—4 described above are
preceded by melting of the thymol crystals at 49.5 °C,
which can be observed for the 0 < wy < 0.98 composition
range. The state of two mixtures (polymer-rich and poly-
mer-lean) at room temperature and at temperatures of the
indicated events is illustrated by the photographs.

Borderlines BD, BC, AB and EB are constructed using
the temperature values corresponding to events 1, 2, 3 and
4, respectively, for mixtures of different compositions. The
phase diagram containing these lines is similar to the
diagram of the iso-PP—DBP mixture (see Fig. 6) and,
hence, corresponds to the second type (SC polymer—poor
solvent). The diagram has four domains, the thermo-
dynamic interpretation of which is given above.

The difference between the behaviours of the iso-
PP—-DBP and LDPE —thymol systems is that in the latter
case, the UCST is sifted to thymol-rich compositions to
such an extent that even with 0.995 mass fractions of
thymol in the mixture, the UCST cannot be detected and
the left branch of the binodal virtually coincides with the
ordinate axis (wz = 0). Furthermore, below the melting
point, thymol dissolves in the solid polymer by the
vapour-phase mechanism.

The phase diagram and the photographs presented in
Fig. 7¢ reflect the phase behaviour of an SC polymer
mixture with the PBAMO —-DNAP crystalline system, vir-
tually unable to undergo sublimation. This phase diagram is
similar to that for an SC polymer mixture with a good
solvent (see Fig. 5). A specific feature of the PBAMO -
DNAP system is a very low rate of diffusion processes
taking place in the system. The construction of this diagram
required almost eight months of experiments, while con-
struction of other phase diagrams by the optical method
took 2 to 3 months.

The data described above lead to the following conclu-
sions. The new interpretation of the phase equilibrium in
mixtures of an SC polymer with a liquid or a crystalline
LMM compound is based on the view that SC polymers can
be described as single-phase internally strained (metastable)
3D structured liquids with intermolecular cross-links repre-
sented by crystallites.

In terms of this approach, augmented phase diagrams for
these mixtures were constructed for the first time; the dia-
grams have an additional borderline (BD) reflecting the
temperature dependence of solubility of the LMM component

in the amorphous regions of the polymer. Below this curve,
osmotic equilibrium is established in the system, with the role
of osmotic cell being played by the polymer, which acts as the
solvent for the LMM component acting as the solute.

In terms of their topology, phase diagrams can be
classified into three key types: SC polymer—good solvent,
SC polymer —poor solvent and SC polymer—LMM crystal-
line compound. Diagrams of the first type have a borderline
that shows the temperature of disappearance of the last
polymer crystallites as a function of mixture composition
(ABC) and a line that shows the temperature dependence of
the LMM component solubility in the amorphous regions
of the SC polymer (BD). For some mixtures, a liquid —liquid
binodal with an LCST located above the mentioned lines
can also be identified. The second type diagrams contain,
apart from the lines indicated above, a liquid-—liquid
binodal with a UCST, the right branch of which stems
from figurative point B. The third type diagrams include,
instead of the liquid—Iliquid binodal, a borderline that
depicts the solubility of the crystals of the LMM component
in its solution in the polymer melt (line EB in Fig. 7a). It is
noteworthy that mixtures of an SC polymer with a low-
molecular-mass crystalline component that melts at a lower
temperature than the polymer may have both the first (see
Fig. 7 ¢) and second type (see Fig. 7 b) phase diagrams.

The appearance of borderline BD in the phase diagrams
of all three types markedly changes their thermodynamic
meaning. In particular, curves BD and 4BC strictly encom-
pass the domain of existence of single-phase thermorever-
sible metastable gels with intermolecular cross-links repre-
sented by crystallites. This gel is a solution of the LMM
component in the amorphous regions of the SC polymer. In
the two-phase domain located below line BD, this gel
coexists with the pure LMM component (in the general
case, with a solution of relatively short extracted macro-
molecular segments in the LMM liquid). The borderlines
ABC and BD are not phase boundaries, according to the
classical meaning of this term, and the systems occurring
within the domains they encompass do not obey the Gibbs
phase rule.

A new thermodynamic interpretation was given for the
figurative point present in the phase diagram, which is
commonly regarded as a monotectic or eutectic point. It
was shown that the position of this point determined
experimentally can be used to estimate the degree of
thermodynamic affinity of the mixture components.

4. Differential scanning calorimetry in studies
of phase equilibrium

Differential scanning calorimetry is widely used to construct
phase diagrams (see Table 1) with the following assump-
tions:

— the polymer melting temperature corresponds to the
endothermic peak whether or not this temperature refers to
melting of pure polymer or melting in the presence of the
LMM component;

— for mixtures of SC polymers with crystalline LMM
components with similar melting temperatures, the high-
temperature endothermic peak on the left of the eutectic
point reflects melting of the LMM component and a set of
such temperatures forms the liquidus line;

— extrapolation of the endothermic peak maxima
obtained at different heating rates to the zero heating rate
gives a true melting temperature of the polymer;
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— the most objective information on transformations in
a binary mixture can be gained by repeated heating of the
mixture in a calorimeter after preliminary homogenization,
which provides a sharp increase in the contact surface area
between the components; note that mixtures containing
slowly crystallizing polymers, such as PBAMO, should be
kept at room temperature before the second heating for a
period that would be sufficient for completion of structur-
ing in the polymer component.!®3

The DSC curves measured during the second heating of
SC polymer—LMM component mixtures of various compo-
sition studied by Pochivalov and co-workers '84.193.195,196
are shown in Fig. 9. It can be seen that two endotherms are
recorded by the instrument for an LDPE mixture with
p-xylene (see Fig. 9 a, curves 2—12). As the polymer content
in the mixture increases in the 0.3 < wy < 0.69 range, the
low-temperature endotherm is first broadened and then
separates into two peaks. One of these peaks occurs at a
constant temperature, which is ~4 °C higher than the
reference value for the p-xylene melting point (11.5 °C),
and the other occurs at a lower temperature, which
decreases with decreasing content of p-xylene in the mix-
ture. The decrease in the p-xylene content is also accom-
panied by decreasing intensity of both peaks, so that only
the first peak is observed at w, = 0.80, while at w» > 0.80,
the heat of melting of p-xylene cannot at all be determined

by DSC. Simultaneously, the intensity and the temperature
of the second (high-temperature) endotherm increase.

Considering the results of optical experiments, the DSC
data can be interpreted in the following way.!”! For
compositions wa > wap (curves [—9), they reflect p-xylene
melting and dissolution in the amorphous LDPE regions
and the thermomechanical amorphization of the polymer
induced by the combined action of the swelling pressure and
temperature. In the wy < wap range (curves 10— 12), these
endothermic peaks reflect also mixing of the molecular
mixture of an LDPE melt containing (1 —wz) of p-xylene,
which appears at T3,, with an excess of p-xylene. It can be
seen from the DSC curve that the heats of processes that
take place after p-xylene melting are indistinguishable by
calorimetry. Hence, in analysis of DSC curves, melting of an
SC polymer in the presence of the LMM component can be
considered only conditionally having in mind the integral
heat of formation of the molecular mixture of the LDPE
melt and p-xylene. Therefore, while constructing the phase
diagrams from DSC data, we used temperature values
corresponding to the onset of deviation of the curves from
the baseline (p-xylene melting point) and to the maximum of
the last endothermic peak (the temperature of complete
LDPE amorphization).

These temperatures were put on the phase diagram of an
LDPE - p-xylene mixture (see Fig. 5a). It can be seen that
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Figure 9. DSC thermograms obtained during the second heating of mixtures: LDPE with p-xylene (a),'* HDPE with TCB (5),!°> LDPE

with thymol (c),'% PBAMO with DNAP (d).!%3

(@) wa = 1 (1), 0.907 (2), 0.799 (3), 0.691 (4), 0.667 (5), 0.603 (6), 0.499 (7), 0.402 (8), 0.301 (9), 0.199 (10), 0.100 (11), 0.027 (12), 0 (13);
(b) wa = 1 (1), 0.937 (2), 0.872 (3), 0.700 (4), 0.611 (5), 0.569 (6), 0.494 (7), 0.416 (8), 0.279 (9), 0.202 (10), 0.0973 (11), 0 (12);

() w2 =1 (1), 0.887 (2), 0.781 (3), 0.643 (4), 0.514 (5), 0.420 (6), 0.277 (7), 0.232 (8), 0.178 (9), 0.150 (10), 0.079 (11), 0 (12);

(d) wa = 1 (1), 0.892 (2), 0.779 (3), 0.682 (4), 0.590 (5), 0.496 (6), 0.391 (7), 0.247 (8), 0.154 (9),0.050 (10), 0 (11).
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temperatures of the second endothermic peak are located
below the data obtained by optical method over the whole
range of compositions. This means that line 4BC can be
drawn only approximately using DSC data. It is also
important that, since the temperature of completion of the
dissolution of the LMM component in the SC polymer
cannot be estimated using DSC, it is impossible to construct
borderline BD, without which the diagram gives a wrong
idea of the state of the system below line ABC. The lines
EFG and FH, which have appeared in the phase diagram, do
not change its thermodynamic interpretation, but make it
possible to evaluate characteristic features of the phase
structure formed in the mixture after homogenization and
subsequent cooling.

Below line EFG, which corresponds to melting of
p-xylene, the system still consists of two phases, but one
phase (p-xylene) has converted from the liquid to crystalline
state. The composition of the second phase depends on the
possibility of dissolution of crystalline p-xylene in LDPE. If
the vapour-phase dissolution mechanism is involved, the
second phase will be represented by a solution of p-xylene in
amorphous regions of LDPE, like that above line EFG.
Otherwise, the second phase will be represented by pure
LDPE. Curve FH, which describes the endothermic peak
with the temperature at maximum of <11.5 °C, is inter-
preted 184 in terms of classical views stating that the melting
temperature of LMM compound crystals decreases with
decreasing crystal size.?°! p-Xylene crystals with a size
smaller than the size of these crystals in their own phase
are formed in the pores of the capillary porous body, which
arises as the molecular mixture is cooled down and brought
from domain 7 to domain /7 (see Fig. 5a). The matrix of a
capillary porous body is a physical gel, with crystallites
acting as the network cross-links, while the pores are filled
by p-xylene, which is released upon phase separation and
crystallizes during cooling down to —70 °C in the DSC
experiment. The structure of the capillary porous body after
removal of p-xylene via extraction into isopropyl alcohol is
clearly seen in the optical microscopic image (Fig. 10). As
the amount of the polymer in the initial mixture increases,
the melting point of p-xylene crystals formed in the pores
decreases (see Fig. 5a, line FH) and, hence, the size of
crystals decreases. The calculation by the Gibbs—Thomson
equation demonstrated that the characteristic size of these
crystals increases from 6 to 17 nm as p-xylene mass fraction
in the initial mixture with LDPE is increased from 0.2 to
0.6.184

Analysis of the melting exotherms of iso-PP and its
mixtures with DBP (poor solvent) demonstrated that only
one peak is detected in the DSC experiment, reflecting the
heat of calorimetrically indistinguishable processes of DBP
dissolution in iso-PP and thermomechanical amorphization
of the polymer in the presence of dissolved DBP. No heat of
mixing of two phases is detected as the system arrives at the
liquid-liquid binodal line. The temperature values corre-
sponding to the found peak are shown in Fig. 6, which
indicates that they are regularly located below the optical
data.190

The temperature curves of HDPE, TCB and their
mixtures are illustrated in Fig. 9 5. When w2 = 0.5, a second
endothermic peak appears in the curves, reflecting the heat
of dissolution of excess TCB crystals in an HDPE melt
already containing dissolved TCB. Comparison of calori-
metric and optical data shown in Fig. 7a indicates once
again that line BD cannot be drawn, in principle, using the
DSC data, while line ABC, as well as line EB, reflecting the

2]

Im \f \\l‘
Figure 10. Photomicrographs of phase structure in a PBAMO

mixture with a three-component plasticizer (w2 = 0.4) in the homo-
geneous state at 90 °C (@) and at room temperature (b).!8

solubility of TCB in an HDPE melt, can be drawn only
roughly.

While comparing data presented in Fig. 44 with the
DSC curves being discussed, one can note that, when the
temperature scan rate is increased from 8 (Ref. 60) to
10 °C min—! (Ref. 193), the low-temperature peaks for
compositions wa > wapg (Fig. 7 a) are no longer detected.

Attention should be paid to the interpretation proposed
by Smith and Pennings ¢° for the curve formed by the set of
temperatures corresponding to the endothermic peak max-
ima. In the opinion of the authors, this curve corresponds to
melting of the eutectic mixture, that is, it continues the
solidus. In our opinion, this line, like line FH in the phase
diagram of the LDPE mixture with p-xylene (see Fig. 5a),
reflects the dependence of the melting point of small-sized
TCB crystals on the mixture composition. The position of
the solubility curve BD in the diagram suggests that the
isotherm, which was obtained using DSC ¢® and reflecting a
polymorphic transition of HMB crystals at 111 °C in the
phase diagram of its mixture with HDPE, is terminated at
the LMM component volume fraction of 0.2, because at a
lower content of HMB, it is completely dissolved at this
temperature in the amorphous regions of HDPE by the
vapour-phase mechanism.

The DSC curves of LDPE, thymol and their mixtures
are shown in Fig. 9 c. They differ from the DSC curves of
LDPE mixtures with p-xylene (see Fig. 9a) only by the
presence of an exothermic peak at —25 °C, which reflects
the heat of additional crystallization during the second
heating of thymol that did not have time to crystallize
during cooling of the homogenized mixture. The phase
diagram shown in Fig. 75 was constructed using the tem-
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peratures corresponding to the maxima of the thymol and
LDPE melting endotherms, which made it possible to
determine positions of lines FH and FG and (only roughly)
curve ABC. These lines reflect the melting points of normal-
and small-sized thymol crystals dispersed in the polymer
matrix upon thermally induced phase separation and the
temperature of complete amorphization of LDPE as func-
tions of mixture composition.

The DSC curves shown in Fig. 9 ¢ indicate that the heat
effects in the LDPE mixture with thymol '°¢ are completed
near the second endothermic peak. This means that for this
mixture, like for an iso-PP—-DBP mixture,!®® the temper-
ature in the w> < wyp domain where the system becomes a
single phase cannot be unambiguously determined by DSC.
This temperature can be found by cloud point measurement
(see Fig. 7b). Since the cloud point method is kinetic, like
DSC, the results, as expected, do not coincide with the
results of the optical method.

Figure 9d depicts the DSC thermograms of PBAMO,
DNAP and their mixtures containing an exothermic peak
for additional crystallization of DNAP (curves 3—170) and
an endothermic peak of an intricate shape, which reflects a
combination of melting of small-sized and normal-sized
DNAP crystals in the pores of the capillary porous body,
dissolution of liquid DNAP in amorphous regions of
PBAMO and polymer amorphization.!®> Due to the sim-
ilarity of the DNAP melting point and the temperature of
PBAMO amorphization in the presence of this plasticizer,
which is dissolved in the polymer during the DSC experi-
ment, these processes cannot be separated. Therefore, phase
diagrams shown in Fig. 7 ¢ were constructed using temper-
atures '°5 corresponding to onset of the first and the
maximum of the second endotherms.

The dependences of polymer amorphization temper-
ature on the mixture composition obtained by different
methods are substantially different (see Fig. 7¢). The con-
siderable discrepancy between the DSC and optical data is
due to the fact that long-term stepwise heating is accom-
panied by restructuring of the crystalline regions of
PBAMO, and new, more perfect, rather than the initial
crystallites melt at the temperature determined by the
optical method. Judging by the position of line EF con-
structed using temperatures of the onset of the first endo-
therm, the small-sized DNAP crystals are formed on cool-
ing of the homogenized mixture virtually at any composi-
tion of the mixture.

The discussion of the phase diagrams can be summar-
ized by stating that amorphization of polyolefins both in the
absence and in the presence of an LMM component takes
place in a very broad temperature range. The causes for
existence of this range are discussed in our publica-
tions.199- 191 In particular, it was shown that the endotherm
reflecting the heat of amorphization of the SC polymer
describes both the thermomechanical destruction of crystal-
lites connected by tie chains and the purely thermal melting
of the last crystallites not connected to one another. The
latter of the indicated processes takes place at a definite
temperature, while the former one occurs at a lower temper-
ature over the whole range of compositions. It was found
for various polyolefins that the temperature of complete
amorphization of the SC polymer found by the optical
method never coincides with the endotherm maximum in
the DSC curve.

In some studies published at the end of the 20th century
(e.g., Ref. 202), the liquid—liquid binodal in the phase
diagrams of amorphous polymer—LMM compound mix-

tures was obtained using high-sensitivity DSC instruments.
No data of this type are yet available from the literature for
mixtures containing an SC polymer.

Thus, DSC should not be used as the main method when
studying the phase equilibria in SC polymer— LMM com-
ponent mixtures; however, DSC can detect processes and
structural features unnoticed by other methods, such as
polymer glass transition in the presence of the LMM
component ’>73 and glass transition of the LMM com-
pound;'83 melting of LMM crystals formed in the polymer
matrix with a smaller size than in the own phase;!93 196
change in the crystal structure of the LMM component;®°
eutectic behaviour of mixed solvents at low temperature;'88
transformation of the polymer crystal lattice;'57-158 and
existence of groups of crystallites of different degrees of
perfection (stress) that melt at different temperature in a
polymer sample.??3 In addition, by varying temperature
scan rate in the DSC experiment, one can model the
conditions of real industrial processes and estimate key
process parameters.

The shape of the calorimetric curve on heating the
mixture is specified by an integral function that reflects a
combination of processes differing in the duration and
mechanism (melting, dissolution) and may be accompanied
by ecither heat absorption or heat release. Therefore, it is
clear from purely geometric considerations that the temper-
atures of endotherms and exotherms can only be used for
constructing approximate borderlines in the phase dia-
grams. The curve ABC for complete polymer amorphization
(see Figs 5—7) and the curve EB for solubility of the
crystalline LMM component in a polymer melt (see
Fig. 7a) can serve as examples. For the same reason, it is
not for sure that extapolation of DSC data to the zero
heating rate would increase the efficacy of this method for
the construction of equilibrium phase diagrams.

Without a way to distinguish between the temperature
of completion of dissolution of the LMM component in the
SC polymer and the temperature of completion of mixing of
two liquid phases, it is impossible to draw line BD (see
Figs 5—-7) or the liquid —liquid binodal line using DSC.

The advantage of DSC is that it enables fast construc-
tion of dynamic (engineering) phase diagrams, which can be
used for estimating the conditions for fabrication of func-
tional polymeric materials (membranes, granules, powders,
etc.) and features of the phase structure arising when single-
phase binary mixtures are transferred to domain II7 (see
Figs 5-7).

5. Phase structure of mixtures of semicrystalline
polymers with low-molecular-mass compounds

Proceeding from the new thermodynamic interpretation of
phase diagrams, we will consider how the phase structure of
mixtures of all three types changes as the mixtures are
cooled down from domain 7/ to domain I/I. First, we will
separately discuss the behaviour of these mixtures for
compositions wy < wag and wa > wap.

Cooling of a homogeneous mixture comprising an SC
polymer and a good solvent (LDPE —p-xylene) at wa < wap
(see Fig. 5a) is accompanied by crystallization of the
polymer in the sample microvolumes arising due to concen-
tration fluctuations. Simultaneously, pure p-xylene (in the
general case, containing short amorphous macromolecules)
is evolved as a separate phase, while the mass fraction of
LDPE in the remaining heterogeneous mixture reaches w»g.
As the temperature is further decreased, the volume of
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p-xylene phase increases, the volume of the crystallizing
phase decreases, and the mass fraction of crystallites in this
phase increases. The p-xylene concentration in its solution
in amorphous regions of LDPE is specified by line BD.

The morphology of the arising two-phase system
depends on the ratio between the composition of the initial
mixture w, and some critical composition w, corresponding
to transition from the polymer solution in the LMM liquid
to the solution of this liquid in the polymer. If wy < we, a
suspension of sphere-like polymer particles in the LMM
component is formed; if w, ~ wc, an interpenetrating struc-
ture is obtained; and if w» > w,, a dispersion of the LMM
component in the polymer, that is, a capillary porous body,
which can be considered as a precursor of a polymer
membrane, is generated. Pressure produced by the growing
drops of the LMM liquid, formed upon phase separation,
on the solid matrix surrounding the drops, the decrease in
the matrix volume (bulk compressive strain) and crystal-
lization of the polymer give rise to defects, which reduce the
mechanical strength of the matrix.

As an example, Fig. 10 shows the photomicrographs of
a mixture of PBAMO with a ternary mixture of dinitrodia-
zaalkanes, which is a good solvent (w2 = 0.4).!38 Cooling of
the pre-homogenized mixture (Fig. 10a) to room temper-
ature is accompanied by phase separation, giving rise to a
dispersion of the plasticizer in a polymer matrix (Fig. 10 5).

The morphology of a capillary porous body formed at
wa > we is illustrated by Fig. 11. It can be seen that, after
removal of the LMM component, the thermally induced
phase separation of the mixture gives interconnected large
(~ 10 m) sphere-like particles with small pores. Analysis of
phase diagrams (see Fig. 5a) demonstrated that the total
volume of the evolved liquid and the average size of liquid
drops decrease with increasing amount of the polymer in the
mixture.

When a mixture of iso-PP with DBP is transferred from
domain / to domain IV (see Fig. 6), the initially homoge-
neous system is separated into two liquid phases, which
form an internally unstrained emulsion. The temperature
dependence of the compositions of coexisting phases is
described by the left- and right-hand branches of the
binodal. The emulsion structure depends on the relationship
between the composition of the initial mixture w, and the
composition corresponding to the upper critical solution
temperature (waucst). If w2 < waucst, a dispersion of
polymer-rich liquid phase drops in a polymer-lean liquid
phase is formed; if w> &~ waucsT, an interpenetrating phase
structure is formed; and if wz > waycst, the polymer-lean
liquid phase is dispersed in the polymer-rich liquid phase. In

Figure 11. Electron microscopy image of the capillary porous body
formed from an LDPE mixture with p-xylene at w, = 0.3.

the last-mentioned case, further cooling of the system does
not change the number of phases or the already formed
morphology, but is accompanied by crystallization of the
polymer. As a result, the polymer-rich matrix phase is
converted to a gel with network cross-links represented by
crystallites (a solution of the LMM liquid in the SC
polymer), whereas the dispersed phase rich in the LMM
component is converted to a low-concentration suspension
of sphere-like particles of the same gel in the LMM liquid.
Polymer crystallization and separation of the LMM com-
ponent during further cooling bring this two-phase system
into a 3D strained state, with the degree of strain determin-
ing the defectiveness of the resulting capillary porous
bodies. Since the primary formation of the dispersion does
not induce mechanical strain, presumably, SC polymer
mixtures with poor solvent would give much less defective
capillary porous bodies than the mixtures with good sol-
vents considered above.

The photomicrographs shown in Fig. 12 illustrate the
phase structure evolution during cooling of an iso-PP—-DBP
mixture (w2 = 0.38). It can be seen that the mixture that is
homogeneous in domain [/ (Fig. 12a4) undergoes phase
separation on going to domain /7 and forms a dispersion
of the polymer-lean phase in the polymer-rich phase
(Fig. 12b). On further cooling of the mixture down to
domain /71, the polymer crystallizes, which is accompanied
by a sharp increase in the opacity (Fig. 12¢).

Electron microscopic images of the capillary porous
bodies resulting from removal of DBP are shown in
Fig. 13. A cellular structure (polymer matrix with nearly
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Figure 12. Photomicrographs of the phase structure of an iso-PP—DBP mixture (w2 = 0.38) in domains 7 (a), IV (b) and III (¢) of the phase

diagram shown in Fig. 6.
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spherical pores) is generated in an SC polymer—poor
solvent mixture, which differs substantially from the struc-
ture formed in an SC polymer—good solvent mixture (see
Fig. 11). The total volume of the pore space and the
characteristic pore size of the capillary porous bodies
presented in Fig. 13 decrease with increasing amount of
the polymer in the initial mixture.

Cooling of a homogeneous mixture of HDPE with TCB,
the melting point of which exceeds T, induces the
following changes. As curve EB in the phase diagram is
crossed (see Fig. 7a), TCB crystallizes from its liquid
solution in molten HDPE. As the temperature is lowered,
the mass fraction of TCB crystals increases, while that of
the solution decreases (domain /'), with the component
ratio in the solution being specified by line EB. Crossing line
AB induces crystallization of the polymer component, the
matrix phase being converted to a physical gel, with HDPE
crystallites acting as the cross-links and amorphous regions
containing dissolved TCB. On further cooling, phase sepa-

ration continues; however, the growth of the separated TCB
crystals is limited to the network of polymer crystallites,
which deteriorates the strength characteristics of the system.

As an illustration, Fig. 14 shows photomicrographs of
an is0-PP—-TCB mixture with w, = 0.2 during its slow
cooling from the homogeneous state at 150 °C (see
Fig. 14a). At 133 °C, large (5—20 m) needle-like TCB
crystals are formed as a dispersion in a mixture of liquid
TCB and molten iso-PP (see Fig. 14 b). Further decease in
the temperature to 117 °C induces crystallization of the
polymer in the matrix phase and matrix solidification (see
Fig. 14 ¢). At 115 °C, small non-needle TCB crystals appear
within the solid matrix bulk (see Fig. 14d). As room
temperature is attained, the amount of small crystals
increases (see Fig. 14 ¢), while the polymer matrix in which
both large and small crystals are dispersed virtually does
not contain dissolved TCB any longer.

The structure of the capillary porous body obtained
from an HDPE — TCB mixture with w, = 0.34 after removal

Figure 13. Electron microscopy images of the capillary porous bodies formed from iso-PP mixtures with DBP studied in Ref. 189.

wa = 0.2 (a), 0.25 (b) and 0.3 (c).

Figure 14. Photomicrographs of the phase
structure of the iso-PP-TCB mixture
(w2 =10.2) at 150 (@), 133 (b), 117 (o),
115 (d) and 25 °C (e).1%*
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Figure 15. Electron microscopy image of the capillary porous body
formed from an HDPE mixture with TCB studied in Ref. 191.
wa = 0.34.

of the LMM component by evacuation at 60 °C for 1 h is
demonstrated in Fig. 15. In this case, pore morphology
repeats the shape of TCB crystals formed on cooling.

The cooling-induced structuring of SC polymer mixtures
with crystalline LMM compounds that melt below T35 but
above room temperature (LDPE-thymol'®® and
PBAMO-DNAP %> systems) does not differ fundamen-
tally from the structuring of the above-considered mixtures
of SC polymers with poor and good solvents. Depending on
the composition of the mixture, one of the three above-
described morphologies is formed: dispersion of the poly-
mer-rich phase in the polymer-lean phase; interpenetrating
structure; and dispersion of the polymer-lean phase in the
polymer-rich phase. A specific feature of these mixtures is
that, at room temperature, the LMM component is crystal-
lized irrespective of morphology.

Cooling of any of the above homogeneous mixtures with
w> > wop below curve BC (see Figs 5—7) induces crystalli-

zation of the polymer giving rise to a single-phase physical
gel in which crystallites act as cross-links for the intermo-
lecular bond network. The mass fraction of these cross-
links, characterizing the degree of crystallinity for a mixture
of a definite composition, increases with decreasing temper-
ature. Transfer of the system below curve BD induces phase
separation; as a result, the polymer-lean phase becomes
dispersed in the polymer-rich phase (gel).

The evolution of the phase structure of an iso-PP—TCB
mixture with w, = 0.8 during cooling from the homogene-
ous state at 180 °C is reflected in Fig. 16. Of interest is the
isothermal structuring kinetics at 130 °C. In some regions,
iso-PP crystallizes as a mixture with TCB (see Fig. 16 ).
Subsequently, these regions increase (see Fig. 165’, 16 ")
and coalesce (see Fig. 165”). Finally, a single-phase gel of
the same composition as the initial mixture is formed. On
further cooling of the system down to 100 °C, TCB crystals
of a moderate size appear in the gel (see Fig. 16 ¢) and on
cooling down to room temperature, the amount of these
crystals increases (see Fig. 16 d). The shape of TCB crystals
is illustrated by the photomicrograph shown in
Fig. 16d’.194

While being evolved as a dispersed phase, the low-
molecular-mass component occurs in either the liquid
(p-xylene, DBP and so on) or crystalline (TCB, DNAP)
state, depending on its chemical nature. Meanwhile, the
matrix phase in domain 7/I of the phase diagram always
possesses a rigid framework of polymer crystallites con-
nected by tie chains and is subjected to three-dimensional
strain.

In this Section, we demonstrate how the new interpreta-
tion of phase equilibria in the SC polymer— LMM com-
pound mixtures can be used to predict the change in the
morphology of these systems as they are cooled from a
homogeneous state. Qualitative analysis based on phase
diagrams was illustrated by the results of optical and
scanning electron microscopy. Depending on the mixture
composition and type of the diagram, phase separation
affords a dispersion or a structure of interpenectrating

"

The series of photomicrographs b—b

“

Figure 16. Photomicrographs of the phase structure of the iso-PP—TCB mixture with w, = 0.8 at 180 (), 130 (b), 100 (¢) and 25 °C (d).

describe? structuring at a constant temperature (130 °C).1%4
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phases. A detailed classification of the arising morphologies
is necessary in order to develop manufacturing processes for
polymeric membranes by thermally induced phase separa-
tion and to study the effect of process parameters on their
performance.

6. Conclusion

This review gives a systematic account of experimental data
on the problem of phase equilibrium in mixtures of SC
polymers with liquid and crystalline LMM compounds,
which was not addressed in detail previously in Russian or
foreign literature. This is a fundamental problem for mate-
rials science of polymers, because analysis of phase dia-
grams helps to develop formulations for the production of
new materials, find out how the phase structure of mixtures
changes over the operating temperature range, formulate
the views on the operating parameters of new processes for
manufacturing functional materials (membranes, fibres,
granules) and so on.

The review considers two standpoints differing in the
interpretation of the phase state of semicrystalline poly-
mers. According to one of them, a crystalline phase state is
postulated, i.e., the SC polymer is considered as a single-
phase system: a set of defective crystals containing amor-
phous regions. It is considered that phase equilibrium obeys
the Gibbs phase rule and phase diagrams contain the
following:

— for an SC polymer mixture with a good solvent, a
liquidus line for the polymer component;

— for an SC polymer mixture with a poor solvent, a
liquid-liquid binodal line located above the liquidus line;

— for an SC polymer mixture with a crystalline LMM
compound, liquidus lines for the low- and high-molecular-
mass components and the solidus line.

The positions of these lines in experimental phase dia-
grams always depend on the temperature scan rate and also
on the polymer nature, molecular mass and thermal prehis-
tory, the structure and molecular mass of the LMM com-
pound and so on.

According to the second standpoint, the SC polymer is a
single-phase 3D-structured liquid — a physical gel in which
the network is formed by crystallites connected by tie

chains. According to this approach, one more borderline,
reflecting the temperature dependence of solubility of the
LMM component in the amorphous regions of the SC
polymer, appears in all phase diagrams. This curve can
also be interpreted as the temperature boundary for trans-
formation of the two-phase SC polymer— LMM component
system into a single-phase solution of the LMM component
in the SC polymer on heating. This line indicates that an
osmotic equilibrium is present in the system. The solubility
curve was constructed in the phase diagrams of more than
twenty systems consisting of an SC polymer and a liquid or
crystalline LMM component. Together with the curve for
complete amorphization of the SC polymer in the presence
of an LMM component, this line encompasses the domain
of existence of the single-phase physical gel, which cannot
be located proceeding from traditional views. The indicated
borderlines are not phase boundaries according to the
classical meaning of this term and, hence, the phase rule is
inapplicable in the diagram domains below these lines.

By analysis and comparison of experimental data, it was
possible to identify three main types of phase diagrams,
which are schematically shown in Fig. 17. Phase diagrams
of the first type (see Fig. 17a) are characteristic of SC
polymer mixtures with a good solvent, which can be in
either liquid or crystalline state at room temperature.
Second type phase diagrams (see Fig. 17b) are character-
istic of SC polymer mixtures with a poor solvent, which can
also exist in either of the physical states at room temper-
ature. Mixtures of an SC polymer with a crystalline LMM
compound, the melting point of which is close to that of the
polymer, are characterized by phase diagrams of the third
type (see Fig. 17 ¢).

The experimental phase diagrams containing the solu-
bility curve of the LMM component in the SC polymer
made it possible to formulate, for the first time, physically
clear views on the phase structure evolution of binary
mixtures during cooling and on the mechanism of formation
of the capillary porous bodies — precursors of polymer
membranes. These views were confirmed in DSC and
optical and scanning electron microscopy experiments.

The potential of DSC method for the construction of
phase diagrams for SC polymer—LMM component mix-
tures was evaluated. This method is applicable for approx-

T|°C a
A

T/°C

T/|°C c

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4
Mass fraction of the polymer

Mass fraction of the polymer

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Mass fraction of the polymer

Figure 17. Schematic view of the phase diagrams of SC polymer mixtures with the LMM component, which is either good (a) or poor (b)
solvent for the polymer or is able to crystallize in the same temperature range as the polymer (c). The diagrams were constructed within the

context of the new interpretation of the phase equilibrium.
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imate construction of the curves reflecting the dependence
of the temperature of complete amorphization of the
polymer on the amount of the LMM component in the
mixture and the temperature dependence of the solubility of
LMM compound crystals in the SC polymer melt. The
solubility curve described above, without which the diagram
is incomplete, cannot be constructed, in principle, using
DSC. Meanwhile, DSC allows one to determine the polymer
glass transition temperature in the presence of the LMM
component, detect the formation of LMM component
crystals in the polymer matrix that are smaller than the
crystals in the own phase of this compound, determine the
melting points of these crystals, follow changes in the type
of the polymer crystal lattice upon temperature variation
and so on.

In view of the foregoing, the following lines of research
appear to be most promising for the future:

— development of new theoretical views and construc-
tion of equations of state able to satisfactorily describe the
phase equilibria in mixtures of SC polymers with LMM
compounds;

— study of the phase states of ternary mixtures (SC
polymer, solvent and non-solvent);

— evaluation of the possibility of formation of clath-
rates, intercalates and crystal solvates and their influence on
the topology of phase diagrams of binary and ternary
mixtures;

— development of a detailed classification of the mor-
phologies resulting from thermally induced phase separa-
tion.

The illustrations presented in the review were taken
from different sources (the references are given in the figure
captions) and modified. Figures 8, 11-13, 15, 17 were
composed by the authors.

This review was prepared within the State Assignment of
the G.A.Krestov Institute of Solution Chemistry, Russian
Academy of Sciences (No.01201260483) and the
A.V.Topchiev Institute of Petrochemical Synthesis, Russian
Academy of Sciences (theme AAAA-A19-119020490054-7).

The authors are grateful to Corresponding Member of
the RAS O.1.Koifman for valuable advice and remarks in
the preparation of the review for publication.
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