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ABSTRACT

The system poly-y-benzyl-L-glutamate—dimethylformamide (PBG/DMF) is the most-
studied of the rodlike polymer-solvent systems. However, up to now there is no
satisfactory experimental phase diagram (PD) for this system in the entire range of
concentrations. For all studied systems only fragments of the PD are known. Some
regions of these fragments agree qualitatively with the theoretical PD for an ensemble
of rodlike particles in an isotropic solvent. However, most parts of the PD do not agree
with the theoretical ones. A critical analysis of the corresponding experimental data
was carried out and on the basis of this analysis a new PD was constructed in the enti
re range of concentration. The obtained PD differs essentially from the known
theoretical diagram and is very close to the diagram predicted by Papkov taking into
account the formation of crystallosolvates. The peculiarities of the phase transitions in
the various regions of the PD are considered. It is shown that the so-named lyotropic
liquid crystals (LC), on the basis of solved rodlike polymers, are thermotropic LCs
diluted by the isotropic solvent. A specific role in the PD are played by the
crystallosolvates (CS), which are identified with the phase defined by Luzzati as the
“complex phase.” In particular, the phase region LC-CS exists instead of the LC-LC
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region in the theoretical PDs. Some new concepts of the crystallosolvate defects and on
the “limiting” LC phase are discussed. Consideration of the liquidus lines CS/LC and
CS/(isotropic liquid) permits us to propose some explanations of the PDs at low
polymer concentrations. Most parts of the real PD represent the superposition of
different phase equilibria and are complicated by the processes of gelation,
crystallization and crystallosolvate formation that cannot be described by the modern
theories. The fragments of the PDs in the literature for some rodlike polymers in
solution agree well with the general PD for PBG/DMF. Special features of the phase
transitions in the different areas of the PD are discussed. On the basis of the principles
used in this work for construction of the PD, critical consideration of the PDs published
in the literature have been carried out; our understanding of results obtained by other
authors are presented. The perspectives of further investigations are considered.

Key Words: Polymer; Liquid crystal; Phase diagram; Gel; Crystallosolvate; Poly(y-
benzyl-L-glutamate).

1. INTRODUCTION

Construction of the phase diagram (PD) of polymer solutions capable of forming a
liquid crystal (LC) state is an important direction in the investigation of these systems (see,
e.g., Refs.'=*). This is due both to scientific interest in the polymer LC state, and of the
application significance of the corresponding results. Thus, from LC polymer solutions
high strength and high modulus fibers have been obtained”~"'; from polymer LC systems
with polymerizable solvent anisotropic plastics have been obtained saving the LC
structure of the initial solution®~'"); LC polymer solutions have been used for preparation
of highly selective membranes,!'?! including membranes from block copolymers with
mesogenic blocks'"*!; many biological systems operate in the LC solution state,'*! etc.

This is, naturally, far from the complete list of possible applications, but
independently of its length, knowledge of the PD of the system used is undeniably
necessary in all cases for its employment. In this work we will consider the system of a
rigid-chain polymer/isotropic solvent as an example of polymer bicomponent systems that
can form a liquid crystal state. We suppose, however, that the problem raised in this paper
has a direct bearing on all polymers capable of forming thermotropic liquid crystals and
simultaneously to be soluble in an isotropic solvent.

First of all we keep in mind that all thermotropic LC polymers are constructed with a
“mesogen attached to a spacer” in the main or side chain. We suppose that the PDs of the
temperature-composition type for binary systems from this type of polymers and solvents
will have one of the shapes described in this work. This is natural because the phase state
of these polymers, as in the case of rigid-chain polymers, can be described by an ensemble
of rigid rods.

The systems PBG-solvent are one of the most comprehensively studied model
polymer systems with LC structure (see, e.g., reviews!'°~'® and monograph!'®"). This is
caused not only by a detailed knowledge of molecular properties of the polymer but also by
the uniqueness of the properties of its LC systems, and by accessibility to investigation of
these systems with comparatively simple experimental methods. The systems PBG-solvent
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have become classic model subjects and results of their investigations have a general
significance for the rigid-chain polymer/solvent systems, capable of forming a mesophase.

For the studies of PBG solutions the most frequently used solvents have been
dimethylformamide (DMF), dioxane, m-cresol, dichloromethane, dichloroacetic acid, and
some others.

However, despite the variety of studies of PBG solutions, both in the isotropic state
and in an LC state, our knowledge of the PD of these systems was far from complete until
recently. With reliability, only some parts of the PD were obtained. At the same time there
are many separate works in the literature not devoted directly to the construction of the PD
but nevertheless such that their common consideration and analysis can be used for this
construction.

In the present paper a critical analysis of the experimental data of different authors
about the PD of the system PBG/DMF is carried out. On the basis of this analysis the real
PD is constructed for the indicated system for all possible concentrations. The constructed
PD significantly differs from all known PD for this polymer up to the present time. Its
shape qualitatively agrees well with a hypothetical PD, proposed by Papkov for solutions
of rigid-chain polymers taking into account the superposition of various phase equilibria
and possible formation of LC and crystallosolvates.!*'®!” In addition special features of
the phase transitions in various areas of the PD will be considered.

In Section 1 some general characteristics of the main components of the considered
system, PBG and DMF, will be briefly given. The most important results of theoretical
studies of PDs of rodlike macromolecules are outlined in Section 2. In Section 3 literature
experimental data relating to temperature and concentration transitions in the systems
PBG-solvent and other experimental data concerning the structure and properties of these
systems and physical interpretation of mentioned transitions will be considered. In Section
4 it is shown how to construct the generalized PD for the PBG-DMF system in the entire
concentration range on the basis of the data considered in the previous sections. A
significantly new feature is the existence of the crystallosolvate (CS) phase. The
availability of this phase can explain many special peculiarities of the system and its PD.
This classification introduces a new structure unit for the system with the possibility of
defects of the CS phase. Wherever it is possible, analogous behavior and properties of
other systems of rodlike polymer-isotropic solvent will be discussed. Based on the
principles, used in this work for construction of the PDs, critical consideration of PD
published in the literature has been carried out; our understanding of results obtained by
other authors will be presented. The perspectives of further investigations are considered.

2. GENERAL CHARACTERISTICS OF THE PBG-DMF SYSTEM

The synthetic polypeptide PBG has the following chemical structure for its repeat
unit: (—-NHCH(R)CO-),,, where R = —(CH;), C(O)OCH,C¢Hs. Since the discovery of
Elliot and Ambrose,””! detecting a liquid anisotropic phase formed upon evaporation of a
PBG solution in chloroform, PBG solutions have been widely used as model systems both
for studies of the PD of rodlike polymers and for investigation of the nature of the
polymeric LC state. This is due to several reasons.
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First, Robinson!?'** showed that the anisotropic phase of PBG solutions can form not
only in chloroform, but in many other solvents as well, in all cases represented by LC of
the cholesteric type. By a series of works'®! ~2*! devoted to the LC state of PBG solutions
Robinson attracted the wide attention of researchers to the PBG/solvent systems.

Second, almost simultaneously with Robinson’ experimental works the theoretical
works of Onsager'?! and Ishihara?®! appeared, devoted to the properties of athermal
solutions of rodlike particles; they predicted the dependencies of some main parameters of
LC systems—so-called “critical concentrations”—on the axial or aspect ratio of the rods
x =L/D, where L and D are the length and diameter of the rodlike particles. Shortly after
this, some theoretical works of Flory were published.””’* In the Flory theory, for the
same systems of rods in solvent, not only critical concentrations were predicted but
also—and what is especially important—the shape of the PD in the x versus V,
coordinates, where x is the Flory-Huggins interaction parameter and V, is the
concentration (or the volume fraction) of the rodlike particles. Because the parameter x is
a single-valued function of the temperature T'**! the theoretical PD can be verified
experimentally in T versus V, coordinates.

Thirdly, by synthesizing PBG of various molecular mass (MM), i.e., varying the rod
length, it was possible to change the aspect ratio without significant change of the
polymer-solvent interaction. Then it was possible to study the influence of x and
x-polydispersity on the different properties of LC systems (for example, see Refs.*>]),

Fourth, the specific helix structure of cholesteric LC systems allows a very easy and
convenient method to identify the LC state and detect its changes in response to an
external action; it can be made by usual optical methods, mainly by polarized light
microscopy and by small-angle diffraction of polarized light.

This permits the use of LC solutions of PBG for studying the effects of temperature,
concentration, solvent nature, and other physicochemical factors (e.g., Refs.[21’22’30*34j),
and of electric and magnetic fields (e.g., Refs.*3 *40]) on the cholesteric structure.

Also the LC solutions of PBG are very convenient objects for studying by other
techniques as can be seen from the cited reviews.

We note that there are two possible conformations adopted by PBG molecule in
solution: a-helix and random coil. The LC state appears only in the PBG solutions
featuring the a-helix conformation. Only in this case can the PBG molecule be modeled by
a rigid rod (that is important for the forming of LC state) and in this case it can be
considered as a rigid chain polymer.

Figure 1 shows a schematic diagram of the rodlike structure of PBG molecules,
representing a right-handed a-helix =4 By analogy with Ref. 1461 this diagram
illustrates various possibilities of selecting the molecular diameter D for calculating the x
value.

Note that the side chains of PBG exhibit a rather autonomous behavior. In particular,
they form, together with the side chains of neighboring molecules, slightly tilted stacks of
benzene rings."*” This stacking creates a kind of external spiral groove with respect to the
backbone. The pitch of this groove differs sharply from the pitch of the a-helix and
determines the chirality of the cholesteric helix.!**!

The groove tilt depends on the temperature and can change its sign to the opposite
one. This determines a unique temperature dependence of the pitch for cholesteric LC in
PBG solutions. This is reflected in the fact that the temperature dependence of the chiral
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Figure 1. A comparative diagram of possible lateral dimensions of the molecular rod of PBG for
calculation of the aspect ratio x, from top to bottom: 1—radius of the backbone helix plus the first
side bond length™®!; 2—half of the minimum intermolecular distance in a pseudo-hexagonal crystal
lattice; 3—backbone rod radius plus side chains represented as free rotators with rms dimensions™®!;
4—half of the intermolecular distance in crystallosolvate!*”®*; 5—backbone rod radius plus full
extended side chains.®!

pitch changes its sign at the so-called inversion temperature; at this temperature the pitch
become infinitely high (cholesteric state transforms into nematic one) and then the pitch
value decreases and the nematic LC transforms again to the cholesteric one but with the
opposite sign of the screw of the cholesteric helix.?334

According to Zimmel et al.,**) D = 25 A for the side chains having a completely
extended trans conformation. The side chains considered as independent rotators are
characterized by a root-mean-square radial size of D = 15.2 A Ina “dry” PBG at room
temperature the molecules tend to pack in a quasi-hexagonal crystal lattice with
parameters in the base plane of the unit cell of a = 15.88 A, b= 13‘001&, v =113.7°,
while heating up to 95 °C leads to a hexagonal lattice witha =b = 15.4 10%, v = 120°.14
The intermolecular distances in the lattice of the so-called “complex phase” or in a
crystallosolvate amount to 15.7A (see the text below).
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According to data reported by various authors, the density of PBG in the solid state
varies from 1.177 to 1.280 g/cm®,*°~?! while the crystal lattice density calculated from
the x-ray diffraction data is 1.305 g/cm®*! or 1.320 g/cm?.>?

PDs of the PBG-solvent systems were most frequently studied using DMF as the
solvent (Refs.[18’22’30’46’54_64], etc.). This solvent is distinguished, among the other media,
featuring the helix conformation of PBG molecules and allowing their liquid crystals to be
studied in a convenient temperature interval (232—426 K), by suppressing the aggregation
of PBG molecules.**%! Otherwise, the aggregation could change the x value and,
accordingly, modify the shape of the PD and the properties of the system under

consideration.

3. SHORT REVIEW OF THE THEORETICAL PHASE DIAGRAMS OF
THE SOLUTIONS OF RODLIKE PARTICLES

We will only briefly outline the history of developments that are required for the main
aim of this paper. In 1949 Onsager'®' studied the athermal (x = 0) solutions of
monodisperse rodlike particles under the condition L > D (i.e., for x tending to infinity).
His analysis took into account only the steric interactions between the rodlike particles and
employed a virial expansion of the free energy of the system into a series, with all the virial
coefficient above the second one assumed to be zero (which is valid only for a sufficiently
low solution concentration, V, < 1). The Onsager theory predicted the values of the first
(V%) and second (V%) critical concentrations of rodlike particles as functions of the
parameter x, where V5 is the minimum volume fraction of particles at which an LC phase
appears in the system, and V4 is the minimum fraction of these particles at which the entire
volume of the system is occupied by the LC phase.

Table 1. The main particulars of Onsager and Flory theories for LC state of rodlike molecules
solutions (in accordance with Ref.!%”).

Onsager'>! Flory'?"-?
Vh =3.4/x, V4 =4.5/x V4 = 8.0/x, V4 =12.5/x
Advantages

1. Continonus medium 1. Consideration of various values
of x, of different concentration
V, and values of x = 6.4

2. Asymptotically exact solutions at 2. A possibility of construction

L>Dand V, K 1 of a phase diagram
Disadvantages
Consideration restricted by condition Consideration of discrete medium
L>D,V,<«1,x=0 (lattice model) with an

artificial dividing of rodlike
particles
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Flory?”-**! used a lattice model to describe a system of cylindrical particles, having
length L and diameter D, surrounded by spherical particles of solvent having the same
diameter D. The theory was applied to non-athermal solutions (x # 0) of molecules with
various aspect ratios in the range x = 6.4 (according to Flory, in this range an LC phase
will always form provided a sufficiently high concentration of cylindrical particles).

In Table 1 are summed the main advantages and disadvantages of the Onsager and
Flory theories and expressions are given for the calculation of the critical concentrations.
One must also note the work of Ishihara,'**! which appeared at the same period of time and
was devoted to an athermal solution of rodlike particles; the result V}, = 3.4 /x agrees with
the Onsager theory. The reasons for the quantitative discrepancies of the Onsager and
Flory theories were analyzed by Khokhlov!®® and Birshtein et al.l®”!

Khokhlov!®®~7" applied the Onsager approach to analysis of the solutions of rodlike
particles, successfully eliminating the main restrictions involved in the Onsager theory.
Then, as Flory, he theoretically constructed a PD of the model system. Figure 2 shows
schematic PDs, based on the theories of Flory and Onsager—Khokhlov, for the case of
relatively large x values. The two types of diagrams are qualitatively similar, comprising
an area of isotropic phase (I), a narrow corridor of the two-phase states reflecting
coexistence of the isotropic and LC phases (I + LC) at negative and small positive x
values, a broad two-phase region (I + LC) corresponding to positive x values, a region of
homogeneous liquid—crystalline state (LC), and a region of the coexistence of two LC
phases (LC; + LC,) with different ratios of polymer and solvent.

It should be noted that the theoretical calculations for large x values (see e.g., curve 1,
Fig. 2a) give equal temperatures T and T, at which the left- and right-hand walls of the
two-phase corridor originate; the walls are virtually vertical. The triple point D (Fig. 2)
represents a coexistence of three phases, the two LC phases and the isotropic phase. As the
x value increases, the corridor narrows and shifts toward lower concentrations (cf. curves 1
and 2 in Fig. 2a).

-0.24 II T
0.1, | :
X 07
0.1+ /
! 1 ' OF
0'2 T T T l| >
¢ 02 04 06 08 1.0
a V2 b

Figure 2. Theoretical phases diagrams calculated according to a—the Flory theory for x = 100 (1),
and 50 (2)*"); b—the Onsager—Khokhlov theory™®! for x > 1.
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There have been several works devoted to a topological analysis of the PDs for the
solutions of rigid rodlike molecules, considering this diagram as a combination of various
types of independent phase equilibria. This approach was inspired, on the one hand, by an
implicit attempt to introduce the Flory phase diagram (that did not conform to the known
PD[1’3’72]) into the PD classification of binary systems, and, on the other hand, by the
necessity to take into account the properties of real polymeric systems (such as their ability
to form crystals, crystallosolvates, thermotropic LC phase, to respond to the introduction
of a third component, etc.“’3’72*76])

The first analysis of this kind was attempted by Papkov in the work,'”! though he
analyzed a particular problem of “combination and superposition of phase equilibria in
polymer solutions” earlier.'” Analyzing the various types of PDs for polymers and low
molecular weight thermotropic liquid crystals, he formulated a promising hypothesis
concerning the shape of the Flory PD. It was assumed that this PD must be a part of a more
complete PD describing the dilution of a thermotropic liquid crystal by an isotropic liquid.
According to the hypothesis, the narrow two-phase corridor must exhibit a “bending” at
high temperatures toward the pure polymer, thus restricting the region of LC solutions, and
terminate at a point of transition of the thermotropic LC polymer into an isotropic melt
(Fig. 3).

This hypothesis was theoretically confirmed in Refs. , where a system of rigid
rods featuring anisotropic dispersal interaction was placed into a diluent with x = 1. For
this binary system a distinct “bending” of the two-phase corridor toward the high
concentration of rigid rods'”’! was first shown, and then it was shown how the Flory
diagram can be a part of a more general Papkov diagram (Fig. 4)."®!

Papkov believed that the real PD of a two-component system always comprises a
superposition of curves due to various phase equilibria including the potentially

[77,78]

0 v, 1

Figure 3. Hypothetical scheme of the phase diagram (in accordance with Ref.!”™) explaining the
existence of the narrow biphasic region in real system. I—isotropic liquid phase; LC—Iliquid—
crystalline phase; Ty c_j—transition temperature for the thermotrophic LC phase into isotropic
liquid phase.
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f a
T

Ty w1

TCr —»N

Figure 4. Schematic phase diagram representing a combination of various phase equilibria: (a)
liquid phase (curve 1), crystalline (2, 2/, 2"), and liquid—crystalline (3, 3)"#; (b) isotropic liquid—
liquid crystal system and the curves of the polymer solubility in an (1) anisotropic and (2) isotropic

solvents.l”>73!

possible ones.'"! Proceeding from this notion, he constructed a hypothetical PD for the
solutions of rodlike molecules represented in Fig. 4a.”* We should like to emphasize,
following Papkov,!'*! the incorrectness of a widely encountered notion of liquid
crystals, formed in the solutions of rigid-chain polymers, as lyotropic systems. Strictly
speaking, the latter term applies only to polycomponent mixtures where none of
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the components belong to the class of thermotropic liquid crystals. The liquid—
crystalline polymer solutions should be classified as thermotropic liquid crystals diluted
with an isotropic solvent.

A similar point of view was formulated by Ciferry.l”®! (It will be shown below that
this formulation is confirmed experimentally.) A superposition of the Flory’s PD,
obtained for a solution of monodisperse rods, and the calculated curves of solubility of
a crystalline polymer upon transition to an isotropic or anisotropic solutions was
considered in Ref.!”?! (Fig. 4b). A difference between the latter curves leads to both
quantitative and qualitative changes in the PD. In particular, the temperatures T; and T,
at the base of the narrow two-phase corridor prove to be markedly different, which
gives rise to a region of metastable states. It was also demonstrated, in the same work,
that the shape of the theoretical PD may significantly depend on the choice of the
interaction parameter . For example, in a poor solvent, the melting curve of the
anisotropic phase in the region of low concentrations V, may increase rather than
decrease with the temperature.

Papkov®7¢8%81 has also considered, from the general physico-chemical points of
view, some combinations of various phase equilibria whereby crystallosolvate (CS) may
form in the system in addition to the LC phases (Fig. 5). In this case, an LC 4 CS region
appears in the phase diagram instead of the region representing two coexisting LC phases,
and a mixture I + CS replaces I + LC in the broad two-phase region. However, these
suggestions were not confirmed experimentally.

CS+Cr

' .” "
V2 V V2 VZIV Vz

Figure 5. Hypothetical phase diagram of a solution of rodlike macromolecules with an allowance
for the crystallosolvate (CS) formation.”>*°! More detailed consideration of this type of PD will be
given in the following sections.
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4. EXPERIMENTAL STUDIES OF PBG-SOLVENT SYSTEMS

4.1. Concentration-Dependent Phase Transition from Isotropic
Liquid to Liquid Crystal

The concentration-dependent phase transition from isotropic liquid to LC phase was
most extensively studied because the critical concentrations in this systems can be rather
simply determined by the method of polarized light microscopy and compared to the
theoretical values.

The most simple is the determination of the first critical concentration V5 by the
observation with polarized light microscopy the appearing of the birefringence phase with
an increase in PBG concentration in the solution (see, e.g., Refs.[“’zz]). Other methods
were used as well, in particular the sharp change of the solution viscosity.!®!

Slightly more complicated is the determination of the second critical concentration
V4. By visual or light microscopy observation of high concentration solutions some
anisotropic domains located in the different layers along the view direction can be
superimposed and overlap the entire field of view; thus, the illusion can be produced that
the entire volume is occupied by an anisotropic phase. The concentration at which the
boundary between the isotropic and anisotropic phases reaches the meniscus sometimes
can be taken as V414 although the thus determined values of V%, of course, will be
underestimated.

Figure 6a shows a scheme for another kind of the V4 determination by visual or light
microscope technique'®¥: one plots the volume fraction of the isotropic phase V; as a
function of the volume fraction V, of polymer in solution; at first we will have V| = 1, but
then, starting from V5, the value of V| must decrease linearly. At high values of V, some
deviations from linearity can be observed, the value of V4 can be determined by the
extrapolation of V; to zero.

Recalculation of the weight concentrations as volume concentrations can be produced
by the formula:

Vil = VPV 4 (1 — VIHVP /vy (1)

where V;"l and V3" are the volume and weight polymer fractions in the solution; the
specific volumes of solvent and polymer can be taken as V¥ = 1.058 cm?/g and
V3P = 0.786 cm? /g, respectively. Note that the passage from volume to weight fractions
of a polymer in solution does not qualitatively modify the PD as a whole and does not
change the shape of the concentration dependencies of various parameters of the system.
Obviously this is due to the linear relation between V3* and V3 in the most interesting
interval from 0.2 to 0.7 (Fig. 6b). In particular, for the determination of V4 (see Fig. 6a) it
is possible to plot V; versus weight fraction of polymer. In Ref.®*! an IR-spectroscopy
method was used for the determination of the V4 value. Note that unless otherwise
indicated, the concentrations below are given in the units of wt.%.

Figure 7a shows a comparative representation of theoretical and experimental values
V5, obtained by various authors!>7->%:64-82:85861 414 gathered by Flory in his review.’®*” For
calculations of the aspect ratio the formula x = M1/MyD was used, where D is the diameter
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Figure 6. Scheme of the determination of the second critical concentration V4 (a) and the
relationship between the volume and weight concentrations of PBG in DMF solutions (b).

of the molecule, M is its molecular mass, My = 219 is the mass of the repeat unit, and
1=1.5Ais the length of the repeat unit projection on the molecular helix axis.

The agreement of calculated and experimental data is satisfactory especially if one
takes into account that in the mentioned works samples of PBG with a relatively high
molecular mass from 2.2 X 10° to 3.4 X 10° were used. Such molecular masses are
comparable, or some exceed, the molecular mass M = (1.5 — 2.0) X 10° corresponding
to the persistence length of PBG molecules (~700 — 1600 A) in  a-helix
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Figure 7. The plots of the first critical concentrations versus aspect ratio or molecular mass of
PBG: (a) calculation based on the Flory theory (solid line) and the experimental data (points) for the
PBG solutions in various solvents: m-cresol (1)®?! and (2)®%), DMF with the additives of methyl
alcohol (3)[86] and (4)[57’58J; (b) calculations based on the Flory (1) and Onsager theory (2) (lines) and
the experimental data for the PBG solutions in DMF (points)./**!

conformation'™®~%3!; strictly speaking, this factor does not allow modeling the molecule

by an absolutely rigid rod.

In Ref.!! solutions of PBG (with M from 2.6 X 10* to 2.0 X 10°) in DMF were
investigated; the experimental values of V5 were compared with the calculated ones on the
basis of different theories (Fig. 7b). The Onsager theory shows a better agreement at low
molecular masses of polymer, while the Flory theory provides a better description at high
molecular masses. Similar conclusions were made in Ref.”*. In general it can be
concluded that both types of theories give values of the critical concentrations that
qualitatively agree with experiment. As for the quantitative results, the experimental
critical concentrations fall between the values calculated by the two theories.
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Let us consider the data available on the critical concentrations at various
temperatures (i.e., on the entire two-phase corridor). Figure 8 shows the first experimental
PD of the PBG solutions in DMF reported by Miller et al.>*~®" Although the authors
believed that their experiments generally confirmed the Flory theory, the published data
also revealed the main discrepancies between the earlier theory and experiment. One of
these features consists in the above-mentioned “bending” of the two-phase corridor toward
higher concentrations with increasing temperature.'>* Besides the “bending,” the data of
Miller et al."**" revealed a maximum in the region of low concentrations (Fig. 8b, ¢);
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Figure 8. Phase diagrams of PBG solutions in DMF measured in the regimes of (a, b) heating and
(c) cooling®”>861: (a) M = 3 X 10%; region A is plotted from NMR data,>*'%* region B is obtained
by an isopiestic technique,® D is the triple point, the dashed vertical line corresponds to the
composition studied in Ref.[192! (see also Fig. 12); (b) effect of molecular mass on phase boundaries
from Ref."* various points were obtained by different methods, open circles—by polarizing
microscope, filled circles and crosses—by NMR technique. The solid lines show a part of the phase
diagram for the same PBG as in Fig. 8a (M = 3 X 10°), the dashed lines show a part of the phase
diagram for PBG with M = 1.2 X 10°, and the dashed—dotted line shows only the left branch of the
corridor for PBG with M = 9 X 10%; (c) a part of the phase diagram in the region of small PBG
concentrations constructed by visual observation of the process of gel formation (open and black
circles representing the start and end of the gel formation, resp.).”>”!
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the results, plotted in Fig. 8b and 8c, were obtained by heating and cooling, respectively.
The data in Fig. 8c were obtained by the visual observation of gelation. The upper curve
corresponds to the beginning of this process and the lower to its finish.

Miller®>5728] believed that the “bending” reflects an increase in the flexibility of the
molecular rods with temperature. As was mentioned above, in order to explain this feature,
Papkov developed a concept of the thermotropic origin of the LC solutions of rodlike
molecules!'"’®7 by considering the real PD as a superposition of various curves of phase
equilibria.””>! From this standpoint, the “bending” of the two-phase corridor, its narrowing,
and the crossing of two branches at the melting point of pure PBG from the state of
thermotropic liquid crystal to an isotropic liquid appears to be quite natural. However,
because this melting point falls within the region of thermal degradation of many rigid-
chain polymers it was considered that experimental verification of the hypothesis is hardly
possible. As we will see, this is not so for PBG solutions. Ciferry!’®! explained the
experimental “bending” on the basis of the Warner-Flory theory!””! and also believed that
one of the components of an LC rigid chain—solvent system must occur in a thermotropic
LC state.

Similar “bending” was observed for the poly-e-carbobenzoxy-L-lysine solutions in
DMFS%73%1 and for the poly-p-phenylene-terephthalamide solutions in sulfuric
acid.®>%! The bending was also found for solutions of PBG of different molecular
masses.”!

Figure 9 shows the parts of the PD of the PBG-DMF system obtained by visual
determination of the turbidity points and thermo-optical measurements.”®! These data also

1 I
0 02 04 06 08 1
VZ

Figure 9. Parts of the phase diagrams of PBG solutions in DMF®; M = 5 x 10* (1) and 2 X 10° (2).
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revealed “bending” of the corridor and a clear difference of the T, and T, temperatures
corresponding to beginnings of the left- and right-hand walls of the corridor. At first sight
the difference of the T and T, values confirms the notions of Papkov[3’74’76] and Balbi!’
on the superposition of various types of phase equilibria but, as will be shown in this case
the situation is more complicated. However, the combination of the phase equilibria of
various types leads to fundamental differences of the experimental PDs from the
theoretical PDs of Flory and Onsager—Khokhlov, taking into account only a single type of
phase equilibrium (isotropic liquid—LC).

Volchek et al.”7°! studied the temperature dependencies of the critical
concentrations of PBG in DMF solutions (Fig. 10). They observed the increase in critical
concentrations (or the corridor “bending”) with temperature but explained it by the
disruption of aggregates of PBG molecules during the heating. In the model experiments
the authors added to the solutions small quantities of trifluoroacetic acid and considered
that it also disrupts the aggregates. In agreement with their idea they obtained in the latter
case an independence of critical concentrations on the temperature and correspondingly
the absence of the corridor “bending.”

If one considers the author’s conclusion to be valid then it must be related only to the
investigated and very restricted temperature interval. However, the “bending” must exist,
because a temperature of disordering of the LC monophase (i.e., its transition into
isotropic state) must exist also. Thus, a disruption of polymer aggregates during heating
can explain the temperature independence or weak temperature dependence of critical
concentrations only in a restricted temperature interval. Besides, in our opinion, the small
additions of trifluoroacetic acid to the PBG solutions can disrupt not only the aggregates
but also some intramolecular H-bonds at local points of the PBG a-helix that leads to a
decrease in the rigidity of molecular rod and therefore a decrease in its aspect ratio and
corresponding increase in critical concentrations.
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Figure 10. Phase diagrams of different molecular masses PBG solutions in DMF: M = 3 X 10° (a),
2% 10° (b), and 1.2 X 10° (¢).*"!
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4.2. Effect of Molecular Mass on the Shape and Position of the Narrow
Biphasic Region

Effects of the molecular mass of a polymer, that is, of parameter x, on the shape of the
PD were first studied in Ref.m], and then in a number of works (e.g. Refs.[54’82’84’86’98’99]).
In particular, Miller showed'>* that an increase in the molecular mass shifts the narrow
two-phase corridor to lower concentrations (see Fig. 9b). Based on his experimental data
Miller®*>>! concluded that the PD changes upon variation of the molecular mass in
complete agreement with the Flory and Ronca theory. 2519191 However, this conclusion
is not quite correct, because the theory cannot account for a major part of the phase
diagram and only describes, to a certain approximation, the narrow two-phase corridor.

The influence of molecular mass was investigated also in Ref.*®! (see Fig. 10). If, as
according to Refs.”*7* the parts OA and BC of the experimental PD in Fig. 9 are
considered as the curves of the solubility in isotropic and anisotropic solvent respectively,
then it follows from this figure that an increase in PBG molecular mass reduces the
solubility (for higher molecular mass the curves OA and BC occur at a higher level) or,
what is the same, reduce the polymer-solvent interaction. In agreement with this factor the
T, and T, shift to lower temperatures with an increase in molecular mass. Besides, it is
seen that the corridor width reduces with increasing in the molecular mass.

Nakajima et al.’® studied the PD of a ternary system PBG-DMF-methanol, in which
the addition of methanol increase the values of V5. The PDs for these systems were
obtained at a constant temperature and different values of x (150 and 350). In accordance
with all main theories, the increase in x led to narrowing of the two-phase corridor and its
shift toward lower concentrations.

Thus, from the experimental data it can be concluded that an increase in the molecular
mass (or x) of the polymer leads to (1) a shift of the corridor base to smaller
concentrations; (2) a narrowing of the corridor; and (3) a shift of the corridor to lower
temperatures.

4.3. Character of the Transition from the LC Phase into a Broad
Two-Phase Region (Miller’s Studies)

In accord with the theory, a transition from LC to a broad two-phase region in
solutions of rodlike molecules may be accompanied by separation of the system into two
LC phases having different polymer concentrations (see Fig. 2). Special efforts to detect
this transition and determine the region of coexistence of the two LC phases were devoted
in the works of Miller et al.,'”’ ~5°! where an attempt was made to construct the PD in the
entire range of PBG concentrations (Fig. 8a). The dashed line in Fig. 8a shows the part of
the PD not determined in that work. However, the authors believed that connection of
the two experimentally measured parts (A and B) implies convexity of the missing part of
the phase curve from the side of high temperatures, thus providing for the existence of a
region where two LC phases may coexist.

Portion A of the PD in Fig. 8a was obtained by NMR,”* while portion B was
determined by the isopiestic method.”®! Both techniques are not direct methods for the
detection of phase transitions. However, taking into account that portion A agrees
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qualitatively with the published results obtained by different methods, these data are
undoubtedly reliable. At the same time, the character of portion B contradicts the DSC
data of some other researchers.!'®¢!-6

Russo and Miller!'°*! undertook special experiments in order to refine the behavior of
the phase curve in the vicinity of portion A. The study was performed by measuring the
temperature dependence of the cholesteric helix pitch by the method of small-angle
scattering of linear polarized light. The idea and the scheme of experiments are illustrated
by Fig. 11a—d. They measured the pitch value, P, of the cholesteric structure in a 12.87%
PBG solution in DMF during cooling from 100° to 14°C (the dashed lines in Fig. 11a, c¢) to
reach the phase equilibrium curve (point C in the figure). Before the reaching of point C,
the value of P will decrease in accordance with the temperature dependence of P in
the given solvent. However, after the moment when the system reaches the phase curve the
type of change of P depends on the shape of the PD. If the PD has the shape, presented in
Fig. 11a, then after achievement of the point C in the phase curve the system will
decompose into two LC phases. In this case most of the system will be occupied by the
dilute LC phase (the volume of which is determined by the known “lever rule””) with an
increase in P during further dilution, determined by a decrease in the temperature.

| b
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T

Figure 11. Scheme for clarifying the idea of Miller’s et al. experiments for the confirmation of
the existence of two LC phase regions in the phase diagram of PBG-DMF system: (a) hypothetical
scheme of the phase diagram with a (LC; 4+ LC;) region and (b) corresponding temperature
dependence of the cholesteric pitch; (c) hypothetical scheme of the phase diagram without a
(LC; + LC,) region and (d) corresponding temperature dependence of the cholesteric pitch.

[102]
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An effect of a relatively small amount of concentrated phase on the observed P value can
be neglected. The plot of P(T) must have the shape presented in Fig. 11b. In the opposite
case, if the PD has a shape as in Fig. 11c, after the achievement of the phase curve the
system will decompose into an isotropic solution and concentrated LC phase, and
therefore the P value will decrease again but more sharply, as shown in Fig. 11d, because
the concentration of the LC phase will increase. The experimental plot of P(T) agrees with
Fig. 11b. Therefore, the authors made the conclusion that a region of two LC phases on the
PD exists.

In our opinion, however, these data only proved that the phase equilibrium curve
exhibits an increase with the temperature in the concentration range studied, and that the
system separates into two phases, one of which is a dilute LC phase. As for the nature of
the second phase and the behavior of the phase equilibrium curve during further growth of
the concentration, these questions remained open and will be considered below.

4.4. “Complex” Phase

Luzzati et al.""®¥ studied the PBG-DMF system by an x-ray diffraction technique and
showed that a broad two-phase region observed at V, = 15-70% and room temperature
contains a “complex” phase characterized by a special system of reflections differing from
reflections corresponding to the crystal phase of a dry polymer. The positions of the
reflections did not change as the concentration varied within the limits indicated above.
This implies that the composition of the “complex” phase (containing a certain amount of
solvent) also remained unchanged.

Detailed study of the “complex” phase structure was carried out at V, = 55% in
Refs.7 194 1t was shown,'*”! that the benzene rings of the PBG side chains in the
“complex” phase have a quasi-helix order, differing from the a-helix periodicity of the
main chain, and form stacks. The stacks of neighboring chains unite into one continuous
quasi-helix configuration of side chains.

In further investigations it was shown that the “complex” phase has a hexagonal
lattice and four chain pass through the unit cell.!®"! However the content of the solvent in
the “complex” phase was determined only in Ref.!®*! (see Section 4.6).

4.5. Gelation

The passages from an isotropic state, a two-phase corridor, or an LC state to the broad
two-phase region in the systems of PBG and a helix-forming solvent were always
accompanied by gel formation !'8->+57-38:98.105.1061 Gelation has been observed even at
concentrations as small as 0.03—-0.05%.!"®%! Miller et al.”® explained the gel formation
by special features of the spinodal decay kinetics and believed that these gels are
nonequilibrium thermodynamically. By electron microscopy they demonstrated that the
gels comprise a network formed by bundles of the macromolecules with a diameter from
several hundreds to about a thousand Angstroms, typically spaced by approximately 1 pm.

A similar gel structure was described by Uematsu and Uematsu (Fig. 12),""® however,
they considered that the network nodes consisted of the “complex” phase.
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Figure 12. Model of the structure of gels (networks) formed by the aggregation of rigid rodlike
molecules. This model was proposed on the basis of electron microscopy data for gels obtained from
very dilute (0.5%) PBG solutions.!'®
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Figure 13. The plot of transitions temperatures versus concentration determined for PBG-DMF
systems by DSC: 1—Ref.!'8); 2—Ref.1%4],
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At a PBG concentration below 20% they could not find x-ray reflections of the
“complex” phase, but nevertheless, Uematsu et al.!'®! believed that the “complex” phase
was present even in the gels formed in systems with low PBG concentrations, suggesting
that this was confirmed by a continuous concentration dependence of the gel melting
temperature determined by DSC (Fig. 13, curve 1).1'81]

A sharp variation in the properties of gels was observed at a polymer concentration of
approximately 60%."®°! For this reason, the transition temperatures were not determined
in the concentration range from ~58% to ~72% (see Fig. 13, curve 1). At a higher
concentration, the peaks in the thermograms broadened and the transition became
irreversible. The melting of the gels was classified into three groups, depending on the
initial solution concentration.'"® The melting of dilute gels (< 18%) leads to the formation
of an isotropic phase, while the melting of moderately concentrated gels (20—60%) is
accompanied by a transition of a mixture of the “complex” phase and a solvent-rich phase
into a LC phase. The “complex” phase contains a stacked structure of benzene rings of the
side chains. The melting of gels with a still higher concentration (> 70%) leads to collapse
of the stacked structure.

Similar DSC data were obtained in Ref. '/, Figure 14 shows these DSC curves for
the PBG solutions of various concentrations. As the polymer concentration increases, the
intensity of endothermic peaks corresponding to the gel melting initially grows, and
the peaks shift toward higher temperatures. At a concentration of approximately 63%, the
character of the DSC curves changes: a high-temperature shoulder appears, grows, and
shifts to higher temperature (Fig. 14, curve 4 and Fig. 14b, curve 1), while the “main” peak
broadens so as to hinder determination of the melting point (Fig. 14b, curves 2,3).

Figure 13 shows matched thermograph data compiled from both works.!"®* Their
discrepancies apparently related to different experimental conditions and molecular
masses (2 X 10% and 3.1 X 103, respectively). The DSC data of Ref.[®*! agree well with the
results obtained by using other methods for detection of the gel formation in
the concentration range up to ~63%.1®! Therefore, in the further construction of the
corresponding curve of phase equilibrium in this concentration range, preference was
given to the data of Ref.!®¥. In the region of high PBG concentrations in DMF, where
a “complex” phase and crystallites are formed, the data of Refs.!'®°!1 were preferred
because the cells used in Ref.!*! were not hermetically sealed sufficiently, 2 feature
especially manifested at elevated temperatures.

The partial evaporation of solvent apparently led to intense crystallization.

Note, however, that good agreement of the data from both works is observed for the
concentration range close to a 100% content of the “complex” phase (~67% PBG) and a
100% content of PBG. The temperatures of the transition from crystalline into LC phase at
V, = 100% reported by the two groups of researchers,!'®¢"%*%8] are rather close (130°C
versus 137°C, respectively), although the difference may reflect the effect of molecular

aWe note that in Refs.'**~?® and other of our works PBG synthesized by the known scheme!*!+107+108]

of polycondensation of corresponding N-carboxy-anhydride in benzene, with tri-ethylamine as
initiator was used. This technique leads to narrow molecular mass distributions.!'®®!'®! The
synthesis was carried out during many years for our works by a chemical laboratory headed by Prof.
T. A. Sokolova and then by Prof. G. P. Vlasov. We are very grateful to them and to their colleagues.
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Figure 14. DSC thermograms for PBG-DMF systems at various concentrations of PBG plotted in
accordance with Ref.'*: a—9.6 (1), 38.0 (2), 62.8 (3), 65.4 (4), and 100% (dry film, obtained from
the PBG solution in DMF) (5); b—76.4 (1), 82.7 (2), 96.0 (3). Molecular mass of PBG was 2 X 10°.

mass of the polymer rather than be merely a random scatter. The specific heat of
the transition to the broad two-phase region (normalized to the PBG content) was
6—8 kJ/mol.>”!

Russo and Miller'®” explained the formation of the “complex” phase by the presence
of water (~1%) in the PBG-DMF system. However, this factor was eliminated in
Refs.[927%+%8] where the DMF was dried over calcined zeolite and the amount of residual
water, as monitored by gas chromatography, did not exceed 0.01% and could be ignored
according to Ref.[®®!. Nevertheless, the formation of the “complex” phase was
unambiguously detected under the anhydrous conditions.'%*%%!
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Figure 15 shows a part of the PD of the PBG-DMF system for PBG with a molecular
mass of M = 2 X 10°.1%*) This part of the PD was determined by five different techniques.
In particular the points on the curve of phase equilibrium were determined taking into
account the fact that, as noted above, the transition to a broad two-phase region is always
accompanied by gel formation. The temperatures of gel formation were determined by the
two rheological techniques.'® During the measurements, the gel was heated with a rate
0.2° per 30 min. The temperatures of gel formation determined by these two techniques
coincided to within the experimental error, about 1.5-2.0°. During cooling with the same
rate the temperatures of gelation were 5-7° less. The same difference was observed
between the transition temperatures determined during heating and cooling by the visual
registration of the turbidity. Figure 15 shows the results of heating.

The transitions from both the isotropic phase and the LC state led to the formation of
macroscopically homogeneous gels with different structures. Note that gels of the first
type (isotropic phase plus anisotropic network nodes) had only one anisotropic phase,
while in the second type (LC state plus anisotropic nodes) both phases are anisotropic.
Accordingly, the gels of the two types were referred to as isotropic—anisotropic or
anisotropic—anisotropic.

80

60+

0 20 40 60 V,,%

Figure 15. A part of phase diagram of the PBG-DMF system determined by various method (in
accordance with Ref.[%): (1) optical polarization microscopy, (2) DSC, (3) visual determination of
the turbidity points plus the method of weight-induced fluidity losses, and (4) elastic gel detection
(“throw-ball” technique).
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Interesting phenomena were observed for transitions in the systems occurring within
the narrow two-phase corridor of a sufficiently large width (e.g., in PBG with
M = 5 X 10*.1®) The samples were placed into sealed ampoules. At temperatures in the
range T; < T < T, only the anisotropic part of the system, occurring in the bottom part of
the ampoule, was found in the gel state, while an isotropic fluid phase was observed in the
top part. It was only at T < T that the isotropic phase also converted into a gel state. The
interval T; < T < T, is characterized by a large probability of forming metastable gels
(which will be discussed below). However, on the transition from LC to gel state the gel
components exhibited the same structure irrespective of the initial solution concentration,
which is indicative that the system was close to the thermodynamic equilibrium. The same
is indicated by nearly equal values of the transition temperatures determined by various
methods, including optical, rheological, and thermograph techniques (see Fig. 15), and by
a small difference (within 5—7°C) between the values measured in the slow heating and
cooling regimes. It should be noted that a change in the state of the solution is observed at
concentrations above ~67%, whereby the samples convert from gel-like into
nontransparent paste-like systems.'*®!

4.6. X-ray Diffraction Studies of the LC State and the Transition from
the LC Phase into a Broad Biphasic Region

Robinson et al.”*?! used x-ray diffraction techniques to study the dependence of
the intermolecular distance d (in the direction perpendicular to the long axes of
the molecular rods) in liquid—crystalline PBG solutions in dioxane on the polymer
concentration V,. It was found that the intermolecular distance decreases by the law

d =127/,/ V¥’ with increasing V,; the spacing corresponds to hexagonal packing of
molecular rods in solution.

A similar dependence was reported for the liquid—crystalline PBG solutions in DMF
at 70°C.1°* In the same work the authors studied the transition from the LC state to the
broad two-phase region in the PBG-DMF system by the WAXS method. The experiments,
unlike those reported in Refs.!'%1%41 were performed on nonoriented samples. This led to
a decrease in the intensity of reflections, so that only the most intense diffraction features
were observed. Figures 16a, b present simplified patterns of the x-ray photographs, while
Fig. 16¢c shows how the position of the system on the PD varies in the course of the
experiment, and assigns the reflections to various points on the PD. The LC state is
characterized by a strong reflection, corresponding to the spacing d; (Figs. 16a and 17a)
between PBG molecules measured in the direction perpendicular to the molecular axes,
and an amorphous halo (Fig. 16a). Upon transition to the broad two-phase region
(20-22°C), the diffraction patterns showed two new reflections (Figs. 16b and 17b).
This transformation of the x-ray diffraction pattern was reproduced during variation of the
solution concentration within wide limits (at least from 16.6 to 63%). (At higher
concentrations, the form of the diffraction pattern was strongly dependent on the method
of sample preparation, sometimes showing new reflections characteristic of the crystalline
PBG lattice.) The positions of the reflections obtained from the LC phase and the
corresponding spacing d; depend on the concentration in accordance with the hexagonal
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Figure 16. Schematic of x-ray diffraction patterns of (a) an unoriented monophase LC solution and
(b) a two-phase system. Schematic diagram (c) illustrates a transfer from (a) to (b): on cooling of the
monophase LC system characterized by the reflection d; from an elevated temperature (point A) to
room temperature (point B) the system decomposes into two phases characterized by main
reflections d, and d5.[%*

model of PBG packing and in agreement with the data of Robinson et al.'*?! (Fig. 18).
After cooling the sample to 20°C, the x-ray diffraction patterns retain traces of the initial
reflection due to the LC state (Fig. 17b). The position of the “external” reflection, with a
spacing d, = 15.7 £ 0.2 10\, agrees well with that of the most intense reflection from the
“complex” phase and does not change with the concentration. The “internal” reflection,
corresponding to a spacing of d3 = 32.5 0.3 A, characterizes a more dilute LC phase
formed at 20° C. At constant T the position of this reflection also remains unchanged upon
variation of the polymer concentration V.

Figure 19 shows the concentration dependencies of d;, d,, and ds. The curve of d;(V5)
(dashed line) crosses the two other plots (parallel to the abscissa axis) at a concentration of
15 = 1% and 67 = 2%. The former value agrees well with a concentration determined
from the PD for the dilute LC phase at room temperature (near the triple point), while
the latter corresponds to a pure “complex” phase (see Figs. 15 and 16c). Based on
the molecular masses of DMF (73 a.m.u.) and the repeating unit of PBG, (219 a.m.u.) it
was concluded'®® that the “complex™ phase has three DMF molecules per two repeating
units of PBG. However, a structure model with mutual positions of PBG and solvent
molecules has not been proposed up to now. At concentrations exceeding ~ 67%, the x-ray
diffraction patterns showed new reflection characteristic of the crystalline lattice of
PBG.!*
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Figure 17. Some x-ray diffractograms of the systems PBG-DMF (Ni-filtered Cuk,-radiation):

(a) LC solution V, = 25.9%, 70°C; (b) two-phase system (LC + CS) with the same concentration
at 20°C.1Y
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Figure 18. Logarithmic plot of the intermolecular distance d; versus the PBG concentration in
DMF at 70°C (LC state).'®®! Dashed line corresponds to a hexagonal packing of molecules in

accordance with Robinson’s results.”*?! The point at V, = 100% correspond to the intermolecular
distance in a crystal lattice.[*>4
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Figure 19. Plot of the interplanar spacing (1) d, (determined at 70°C), d, (20°C), and d; (20°C)
versus the PBG concentration in DMF.[3

5. CONSTRUCTION OF THE FULL PHASE DIAGRAM
FOR THE PBG-DMF SYSTEM

5.1. Identifying the “Complex Phase’ with Crystallosolvate Phase
and Its Position in the Phase Diagram
Crystallosolvates have been observed for different synthetic polymers.!'!! =116
Apparently, the formation of crystallosolvates is characteristic of polymers susceptible to
a specific interaction with a solvent. In Ref."" '3 crystallosolvates in a mesogenic system of
rodlike polymer-solvent were found in the first time.

The experimental data considered above, which were obtained by different methods,
suggest that both the behavior and properties of the PBG-DMF system sharply change
upon passage through the point with a polymer concentration of approximately 63%.
These changes (summed up in Table. 2) apparently are related with an appearance in the
system of a sufficiently large fraction of the “complex” phase referred to as the
crystallosolvates.

The molar ratio of solvent to solute in the DMF-PBG system, 3:2, is typical for the
crystallosolvates: the amount of solvent, on the one hand, must not exceed the amount of
structural units of dissolved substance (in our case, the number of repeat units of PBG)
and, on the other hand, must not be too low (at least, not below a minimum level necessary
to form the first solvent envelop around the polymer molecules).

Moreover, the presence of crystallosolvates identified with the “complex” phase
explains the change in properties of the system observed upon crossing the corresponding
concentration threshold, and the thermoreversible gel formation (see Table. 2). It is
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Table 2. The particulars of behavior and properties of the system PBG-DMF below and above the
concentration region in the vicinity 63% of PBG.

V, = 63% V, = 63%
LC phase A broad two-phase region At all studied temperatures
Fluid liquid Turbid elastic gel Consistency varies from

paste-like to solid, transition
from the turbid non-fluid state
to the fluid never observed

One strong reflection on Two strong reflections on the Superposition of reflections of
the WAXS patterns WAXS patterns with crystalline and “complex”
with concentration- concentration-independent phase on the WAXS patterns
dependent position positions; WAXS corresponds

to the mixture of LC and
“complex” phase

the domains of “complex” phase or crystallosolvates that apparently form the gel network
nodes.!®!

Finally, one more piece of evidence for the important role of crystallosolvates is
the virtually coinciding shapes of the qualitative PD proposed by Papkov for the
solutions of rodlike macromolecules [constructed by him by taking into account the
combination of various types of the phase equilibria,”">7® in particular with an
allowance for the possible formation of crystallosolvates; see Fig. 5] and the
generalized PD (Fig. 20).

5.2. Generalized Phase Diagram

Figure 20 shows the most complete (at present) PD of the PBG-DMF system; it
was plotted on the basis of the entire body of experimental material presented above.
This shape of the PD is typical of PBG with sufficiently high molecular mass (2 X
10°-3 X 10%).

According to the experimental data and in full accordance with the concept of
combination of various types of phase equilibria, the generalized PD of the system under
consideration exhibits two homogeneity regions, corresponding to the isotropic liquid (I)
and liquid crystal (LC), and five two-phase regions: isotropic liquid plus liquid crystal
(I+ LC), isotropic liquid plus crystallosolvate (I + CS), liquid crystal plus crystal-
losolvate (LC + CS), crystal plus crystallosolvate (Cr + CS), and crystal plus liquid
crystal (Cr 4+ LC).

5.3. Classification of the Different Structure Units in the PBG-DMF System

Let us consider the region of the PD with concentrations in the vicinity of V, S and
temperatures above T, in Fig. 20, corresponding to the triple point D. Imagine
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Figure 20. Schematic phase diagram based on a combination of the experimental data obtained

for the high-molecular-mass PBG solutions.M = (2—3) X 10°. (1) DSC!'86!: and other data taken

from [*+°71; (2) DSC; (3) optical data revised by us; (4) turbidity point and fluidity loss methods;

(5) detection of the gel formation by probing mechanical properties (rebound of a steel ball).

the possible structural units which the system can be composed of. If we assume that the
structural units of the crystallosolvate phase comprise, in accordance with the x-ray data,
a combination of two PBG repeat units and three DMF molecules then the PBG mass
fraction in CS is exactly V, S =2 /3 (or ~66.7%). The scheme of this structure unit is
shown in Fig. 21b. In order to permit the CS phase to convert completely into an LC
phase upon dilution, it is necessary to add at least one solvent molecule to the CS
structural unit (Fig. 21a). The LC phase composed completely of these structural units
will be termed the limiting LC phase. The polymer concentration in the limiting LC
phase amounts to V, lim — 60%. Structural units (Fig. 21c) obtained upon subtracting one
solvent molecule from the CS structural unit will be referred to as the “semidry” units.
The polymer concentration in the semidry LC phase is 75%. “Dry” systems comprising a
single solvent molecule per two PBG repeat units (Fig. 21d) contain 85.7% of the
polymer. Finally, the “crystal-like” structural units (Fig. 21e) contain 100% of the
polymer.

As we can see in the next section a similar classification of structure units can be
useful for understanding the PD features.
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a b c d e

Figure 21. Schemes of conventional structure units in PBG-DMF system: rods are the repeat units
of PBG, circles are molecules of DMF; (a) limiting LC phase; (b) crystallosolvate phase; (c) semidry
structure units; (d) dry structure units; (c) crystalline phase.

5.4. Concentration and Temperature Transitions in the High
Concentration Region

Following Papkov!*! we denote the concentrations V", and V," in Fig. 20. The
concentration of the “limiting” LC phase V, lim — 60% is very close to concentration
V4 = 63%. Let us consider this part of the PD in more detail (Fig. 22). During heating of
the system with a concentration V, im — 60% and at its transition from the region
(LC + CS) into the LC phase a melting occurs at the point B’ and the melt formed in an
ideal case will consist only of the structure units of the “limiting” LC phase. In the case of
melting of more concentrated systems the other types of the structure units must of
necessity exist with a lower solvent content. Nevertheless, at concentrations near
V, ~ 60% the sharp changes of different properties (rheological, mechanical, optical,
thermal) which have been observed for this system at V, ~ 63%'°**%! do not occur (see
Table. 2). Apparently, for these changes, a sufficiently large fraction of the CS phase is
required in the system. Simple calculation shows that 3wt% of polymer added to
the concentration of the “limiting” LC phase can form in the system up to 48 mol.% of the
structure units of the pure CS phase. During heating of the system with V, = 63% at point
B”, 48 mol.% of CS phase and 52 mol.% of the “limiting” L.C phase will form.

Thus, the structure interpretation of V', as the concentration at which a sufficiently
large fraction of CS phase forms to sharply change the physical properties of the system is
clear.

v, V'is a concentration corresponding to one more possible sharp change of the system
properties ata sufficiently large fraction of the “dry” defect units of the CS phase. Howeverno
experimental evidence for this concentration has been seen up to now. It is clear only that it
should be located between V, S = 66.7% and the concentration corresponding to 100% of
nonequilibrium “semidry” defect units of CS phase (V, = 75%). At concentrations
V5 > 75% some fraction of crystal-like structure units always occurs.

Possibly one experimental evidence of V, !V is that in the concentration interval from
60% to 72% (i.e., to near V,'") the DSC diagrams are very diffuse and their usage for
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Figure 22. A part of the phase diagram, shown in Fig. 24. V, lim j5 the concentration of PBG
corresponding to the “limiting” LC phase; V' is the concentration, corresponding to the boundary of
congruent and incongruent melting of gels; V, S is the concentration corresponding to 100% of
crystallosolvate phase.

the determination of transition temperatures presents a problem. Let us remark also that
v, V'is a hypothetical eutectic concentration of the mixture of crystallosolvates and
crystallites if the former should melt congruently.

Now let us discuss in more detail the special features of the temperature transitions in
the region of high values of V,. In the region V, = V4 heating of the systems located in
the area (LC + CS) of the PD must lead to a congruent melting of the crystallosolvates
(representing the junctions of the gel network), i.e., without their degradation into the
components, PBG and solvent, and to a transition of the system from the biphasic state (a
mixture of CS phase and relatively diluted LC phase) to a single LC phase with a
concentration corresponding to the given value of V,.

In the concentration interval V5, <V, <V, the heating must lead to an
incongruent melting of the gels, i.e., to a melting which must be accompanied by a
degradation of the CS phase into solvent and polymer. In so doing, part of the components
form a new LC phase with a polymer concentration V", in it, and the other one forms a
crystal phase melting in the process of the following heating to higher temperatures. In the
concentration interval V, S <v, < v, Cr the heating must lead to an incongruent melting
of the CS phase. Instead the CS phase must yield the LC phase and an additional fraction
of the crystal phase. Thus, the concentration V", divides the areas of congruent and
incongruent melting of the CS phase.

Some quantitative evaluations of the phase composition forming during the melting
and following degradation of the CS phase are schematically represented in Fig. 23.



uﬁlil MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

™

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

32 Ginzburg and Shepelevskii

CS phase:

PBG - 66.7 wt.%
@ ovvra-333wu%

INCONGRUENT MELTING
OF CS-PHASE
AND REORGANIZATION

/N

LC-PHASE, CRYSTAL PHASE,
90 wt.%% 10 wt.%

"limiting" CS
L.C units units
52 mol.% 48 mol.%

Figure 23. Scheme of a component redistribution during incongruent melting and the following
reorganization of the crystallosolvate phase.

During melting of the 100% CS phase, one part of the polymer with all corresponding
solvent goes into formation of the LC phase (consisting of 52 mol.% of the structure units
of the “limiting” LC phase and 48 mol.% of CS structure units), and the remaining part of
the “dry” polymer can form the crystalline phase of PBG.
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From this consideration the existence of two peaks in DSC diagrams in the
concentration interval from 63% to 67% become understandable (see Fig. 14): the first
peak is related to a CS melting and the second one (or the high-temperature shoulder)
apparently is related to crystal phase melting. If the temperature scanning rate is too quick
the processes of structure transformation (melting of the CS phase, forming of the LC
phase, and forming and melting of the crystal phase), taking place in a relatively short
temperature interval, can lead to the smearing of the peaks in DSC diagrams. Just this
factor was shown by the authors in Refs.!"®®! and apparently this is a reason that they did
not show their DSC results in the 58% < V, < 72% region (see Fig. 13).

In the concentration region V, <V, the fraction of the crystal phase, forming
immediately after the CS melting, is relatively small (Table. 3); however, for a variety of
reasons (for example, the large viscosity of the system, hindering the crystallization) the
concentration of a new forming crystal phase can be even smaller. Hence, at V, = 64% it
can reach a maximum value ~3.0% (see Table. 3) but apparently in the real experiment it
does not form at all and DSC diagrams can record only one peak which reflects the melting
of the CS phase and the transition of the system into the LC phase. It can be proposed that
instead of the 3% of crystals a corresponding fraction of more solvent-rich structure units
is produced. At higher concentration of PBG (but less than V, ©5) the maximum value of
new forming crystals is also not very large, not more than 8—10% at the common polymer
concentration of 64—-66% (see Table. 3). Thus, the exothermic effect of crystallization

Table 3. Calculated relationships of the phases during melting of the crystallosolvate phase in
concentrated (V, = 60%) system PBG-DMF. Notation: LC = fraction of LC phase; CS = fraction
of crystallosolvate phase; Cr = fraction of crystalline phase; Crp = maximal common fraction of
crystalline phase after the melting of crystallosolvate phase;Cr’ = maximal fraction of the new
crystalline phase, formed after melting of crystallosolvate phase. All fractions are given in the weight

percents.
Before the melting of CS-phase After the melting of CS-phase

N V, LC CS Cr LC Cro Cr' (Cr'/CS) x 100
1 60.0 12.9 87.1 0 100 0 0 0
2 62.8 7.5 925 0 100 0 0 0
3 63.0 72 92.8 0 100 0 0 0
4 64.0 52 94.8 0 97 3 3 3
5 66.0 14 98.6 0 92 8 8 8
6 66.7 0 100 0 90 10 10 10
7 70.0 0 90 10 81.1 18.9 8.9 10
8 72.0 0 84 16 75.7 24.3 8.3 10
9 76.0 0 72 28 64.9 35.2 72 10
10 82.0 0 54 46 48.7 51.3 53 10
11 88.0 0 36 64 32.4 67.6 3.6 10
12 94.0 0 18 82 17.2 83.8 1.8 10
13 96.0 0 12 88 10.8 89.2 1.2 10
14 98.6 0 6 94 54 94.6 0.6 10
15 100 0 0 100 0 100 0 —
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cannot compensate the endothermic effect of CS melting. Then two endothermic peaks are
observed in DSC diagrams corresponding to melting of the CS phase and, at a higher
temperature, to melting of the crystal phase; both phases transform into the LC phase.

During melting of pure CS phase (at polymer concentration V, ) the maximum
amount of crystal phase that forms is 10%. With further increase in initial polymer
concentration the fraction of crystal phase (forming at the transition through the
temperature TdCS and melting of the CS phase) decreases again. However, with increase in
the initial polymer concentration the initial fraction of the CS phase also decreases and,
relative to it, the fraction of forming crystal phase remains constant (~ 10%, see Table. 3).
Obviously, this amount of the crystal phase is sufficient such that the exothermic effect of
crystallization would be comparable with the endothermic effect of melting of the CS
phase. This can be one of the reasons that some strong thermal effects are not observed at
the transition from the two-phase region (CS + Cr) into the two-phase region (LC + Cr).
The only peak observed on the DSC thermograms corresponds to the melting of
crystallites and the transition of the system into LC monophase.

Similar considerations can be applied to the transitions between the regions (I + CS)
and (LC + CS): a partial melting of CS must occur simultaneously with the forming of the
LC phase. A question arises on the nature of the LC monophase forming from the two
phase region (LC 4 Cr) at polymer concentrations exceeding its concentration in the
“limiting” LC phase. In the more general case at V, = V% melting of the crystal phase
occurs with its transition into an LC phase containing no solvent (though immediately
diluted by the solvent); in other words, a thermotropic transition occurs. Thus a transition
(LC + Cr) — LC can be considered as thermotropic according to the earlier Papkov
concept.*" Liquidus curve on the considered PD and the existence of the transition
temperature Tc_, ¢ for the melting of pure crystals into thermotropic LC, in our opinion,
are the experimental confirmation of this hypothesis. Thus, the assignment of the rodlike
polymer solutions to lyotropic systems is wrong from the scientific point of view and can
be used only for an indication of the technological method of their preparation.

Note that the thermotropic LC state in rodlike polymer systems sometimes cannot be
realized owing to two reasons. The first one is a thermal degradation of chemical structure
of the polymer chains before the melting. The other reason is a monotropicity that was
observed in low molecular LC phases. In the latter case, evidence of a possible LC state
and determination of its possible kind can be obtained through the mixture with in other
LCs with known structure, analogously as it is usually carried out for low molecular
LC.m7

The temperatures Tc— ¢ determined by three groups of authors, on the
one hand, are very similar (137°C, 130°C, and 130°C) and on the other hand, the scattering
of the results is not accidental and reflects the effect of molecular mass.

[18,61,62,64,118]

5.5. Temperature of Isotropic Liquid-Gel Transitions at Concentrations
Below the First Critical Concentration

At first sight a low concentration region appears to be investigated best of all,
because it is this region that has been studied the most in the literature (see, for
instance, Refs.[54_64’84’106], etc.). However, strange as it may seem, it is this region, in our
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opinion, that has the most uncertainty. For instance three types of shape of phase
equilibrium curves have been experimentally observed between an isotropic phase and a
two-phase region (I 4+ CS): a curve with a maximum (see Fig. 8b, c), a curve with
a “horizontal step” and equality of T, and T, temperatures (see Fig. 20), and a curve with a
“vertical ledge” and different T, and T, temperatures (see Fig. 9).

Apparently there are two kinds of possible reasons which can influence the mentioned
variety of shapes of experimental curves. One kind is related to the kinetic character of the
thermal prehistory of the samples. The other kind is related to the molecular mass effect on
the transition temperatures of the CS phase and correspondingly on the position of CS-LC
and CS-I liquidus curves.

Consider these assumptions in more detail. Let us begin from the curves with a maxi-
mum in the considered region of concentrations (Fig. 24a). For the explanation of the curves
of this type it is necessary to assign one more equilibrium with upper critical point between
two isotropic solutions. Naturally, this equilibrium is only potentially possible, though it
occurs very often in practice.””! However, its influence can be distinctly exhibited if a
binodal lies not far below the liquidus curve CS-I along the temperature scale.

The rate of the formation of crystallization nuclei (or of the nuclei of crystallosolvates
formation) during solution cooling can be insignificantly small, especially in the low
polymer concentration region.

However, if crystallization occurs in the area of potential stratification of isotropic
liquid (below the mentioned binodal), then the stratification of isotropic liquid become the
reality and immediately accelerates a crystallization process, because the rate of crystal
nucleation is higher in the more concentrated solution.

J
DTCS—>LC

"
l.B"T'c':s—-—Lc

(o
V2 VZ

Figure 24. Examples of various shapes of phase equilibrium curves in the low concentration
region between isotropic liquid and two-phase region (I + CS): a curve with a maximum (a), by the
dashed line an equilibrium curve is shown, between two parts of disintegrated solution with upper
critical points; (b) the curves with a horizontal step UL’ (upper PD) and vertical ledge U"L" (lower
PD, bold lines).
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Apparently this situation has been observed in Ref.”), where a gel formation in this
PD region was studied during cooling by recording visually beginning and end of the
process. In Fig. 8c the experimental curves have a distinct maximum, the shape of which
obviously repeats the shape of an equilibrium curve between two isotropic liquids.
Inasmuch as the curve of crystallization temperatures repeats the shape of that equilibrium
curve, the curve of melting temperatures (Fig. 8b) could contain this information as a
thermal prehistory.

Consider now some examples of the assumed effects of PBG molecular mass
(Fig. 24b). In the case of high molecular mass, the liquidus W'H' of the equilibrium CS-I
apparently is higher than in the case of lower molecular mass (liquidus W”H") and crosses
the narrow two-phase corridor so that the horizontal step U'L’ forms on the equilibrium
curve I-(I + CS). In the case of low molecular mass this step does not form, but on the
equilibrium curve a peculiar kind of “vertical ledge” L"U” can be observed.

Note that, in accord with our assumption, the CS-I liquidus always is steeper than the
CS-LC one, and the corresponding hypothetical transition temperature Tcs— lies above
Tes—Lc- In our mind, this assumption is confirmed by the calculation of Balbym' from
which follows the same conclusion.

As for the transition temperature Tcs—,y we suppose that this temperature must
coincide with the temperature Ty 1. One of the arguments in support of this point of view
is the approximate equality of transition temperatures of crystal phase into isotropic liquid
and isotropic liquid into monotropic LC in mesogenic low molecular mass compounds.
However, in any case, both liquiduses and transition temperatures must lie above for a
high molecular mass polymer than for a low molecular one.

5.6. Metastable Gels Region

Let us consider some features of the experimental obtaining of true equilibrium curves
in the PD with different shape in the low concentration region.

5.6.1. Phase Diagrams with the Horizontal Step

Consider the PD in Fig. 25a. Let us select a solution with some y-th concentration,
V,”, and begin to cool it from the point Y, that is from the temperature Ty in the isotropic
phase, to the temperature Ty, cs.

In this case it is necessary to consider a set of possible experimental results
determined only by the kinetics of the processes occurring in the system.

Let us decrease the temperature of isotropic liquid (sufficiently slow for a quasi-
equilibrium state to establish at each temperature step). After reaching the narrow biphasic
region the system divides into two phases with polymer concentrations V5 and V4%; then
these phases will be cooled and their configuration points in the PD will move along the
corresponding branch of the narrow biphasic region toward the points L and D, located at
the temperatures T; and T, respectively, though in this particular case T; = T,. The LC
phase at point D, owing to its higher order, has a greater tendency to crystallization
(formation of crystallosolvates); hence with further temperature decrease it forms
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Figure 25. Preparation of equilibrium gel systems and hypothetical schemes of the ways of
corresponding configuration points along the phase diagrams: (a) with a horizontal step and (b)
vertical ledge. For additional explanations see the text.

(quickly or with a small overcooling) gel. At the same time the isotropic phase, located at
point L, as a phase without any long-range order and more diluted, has significantly more
tendency to overcooling than the LC phase.

Nevertheless, in the case of quasi-equilibrium cooling one would expect almost
simultaneous solidification of both phases. This is likely, because the interface can serve as
a center of crystallization in the isotropic phase. However, even in the state of a common
gel, a two-phase state and a dividing of the system into two parts (points Z/ and Z") will be
fixed as in the previously considered region of the PD.

Each of the forming gels is also a two-phase system with its own relationship of the
components determined by concentrations V5 and V5. Because in the case of high
molecular mass of the polymer these concentrations are very close to each other, therefore
gels, formed from isotropic and anisotropic phases, have almost the same composition and
properties. Nevertheless the “memory” of the previous two-phase state makes the common
gel, strictly speaking, a nonequilibrium gel from the thermodynamic point of view, though
it is stable in time owing to loss of its fluidity. Even a following annealing can be only a
little effective. Thus a quasi-equilibrium cooling of a two-phase system of this type can
lead to a nonequilibrium gel.

Consider a variant of quick cooling, during which the system does not have time for
dividing into two macrophases. In Fig. 25a the quick cooling is reflected in the transition of
the system from point Y into point Z. From the position of point Z it is clear what
relationship will arise during microphase separation of gel on isotropic and CS phase. By
means of subsequent annealing this gel can be transferred into the state as close as one
likes to equilibrium (point Z"); this will give the same melting temperature for all
solutions (gels) with concentrations between V5 and V4. However, another variant is
possible for obtaining a thermodynamically equilibrium state in this concentration
interval. It is possible to carry out the cooling of the isotropic liquid at sufficiently low
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concentration so that a single gel forms through the whole sample (a way from point Q to
point R in Fig. 25a). Then, removing the solvent vapors and heating the system
(sequentially or simultaneously) one can obtain equilibrium gels, including as close as is
wished to the phase equilibrium curve between the gel and narrow biphasic region (for
instance, by RZZ" or RZ").

5.6.2. Phase Diagram with a Vertical Ledge

In the case of the PD with a “vertical ledge”, a stratification of gels, forming during
quasi-equilibrium cooling, will be much more pronounced than in the previous case. This
is due to the fact that PDs of this type can be observed most probably for solutions of
relatively low molecular mass PBG (see Fig. 13). For such solutions the narrow biphasic
region is much wider and temperatures T and T, differ significantly.

Thus, during quasi-equilibrium cooling of the sample from a narrow biphasic region
and its transition across the temperature T, (Fig. 25b), gel forms in the anisotropic part. At
the same time, the isotropic phase remains fluid and equilibrium up to the temperature T,
when the left branch of the narrow biphasic region crosses the liquidus line CS-isotropic
liquid.

Below T the sample will consist of two gels as in the previous case. Thus, the state of
the sample is not reflected by any configuration point in the concentration interval between
V5 and V4. During heating of such a sample, a melting of its different parts will occur in
the reverse sequence, first a less concentrated gel at T, and then a more concentrated gel at
T,. For preparation of a thermodynamically equilibrium single gel through the whole
sample the same techniques can be applied as described in the previous case. Then the
equilibrium gel will give the same melting temperature during heating of all systems
within the concentration interval between V5 and V5.

Thus, to obtain equilibrium gels an unusual way is required. This feature is
determined by the necessity of transition of the system from one two-phase region to the
other one with a simultaneous loss of the fluidity.

Let us point out that a decrease in molecular mass (in addition to the enumerated
earlier effects on a narrow biphasic region) leads to an increase in the difference T,—T;.

5.7. The Results of DSC Studies

Some special features of thermograph studies of binary systems have been considered
in the literature.!"'®! Ignorance of these features can lead to incorrect setting up of
experiments and to misinterpretation of experimental results. In particular, during the
transition through a two-phase region in a PD with a crossing of two equilibrium curves,
DSC diagrams very often give only one peak. On the other hand, the presence of a
singularity similar to a peak in these diagrams does not mean unambiguously a crossing of
a phase equilibrium curve.

Consider some theoretical thermograph results, directly relating to the topic of this
paper. Figure 26 shows a typical scheme of the PD of binary systems with a simple eutectic
point (Fig. 26a), and schemes of corresponding changes of the heat capacity C, (Fig. 26b),
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Figure 26. Schemes illustrating the special features of thermal measurements in binary systems:
(a) the phase diagram of a binary system with a simple eutectic for components 1 and 2; (b) the heat
capacity C, versus temperature for different volume fractions of component 2 (see the text); (c) the
jump of the heat capacity AC,, (at the transition through the liquids) versus volume fraction; (d) the
heat generation versus: temperature in DSC thermograms; (e) temperature of the system versus time
(T-t diagrams); (f) connection of the phase diagram with T-t diagrams; schematic dependence of
melting time versus V, is shown by dashed line.

concentration dependence of the jump of the heat capacity AC, at the transition from
heterophase region to monophase (Fig. 26¢), DSC curves (Fig. 26d), T-t diagrams, where
t is a time (Fig. 26e), and connection of the PD with the T-t diagram (Fig. 26f).!''!

Consider these schemes for heating of systems which are initially below the eutectic
temperature T and have an eutectic concentration V, " of the component 2 (Fig. 26a).
During passage through the temperature T a jump of heat capacity (Cp, — ) occurs in
the form of a 8-function (Fig. 26b, curve 1); with further temperature increase the value C,,
in a liquid monophase also smoothly increases. Only one sufficiently sharp peak,
corresponding to a 8-like jump of C,,, will be observed on thermograms (Fig. 26d, curve 1).
On T-t diagrams a horizontal step will arise (Fig. 26e, curve 1), the length of which
corresponds to the time of a sample melting At"".

Consider a case when the composition of a system differs from eutectic (for example,
at concentrations V,’ and V,® of component 2). The character of the temperature
dependence of C, changes significantly: in addition to a 8-like jump at T there is a \-like
singularity rises with a sharp drop in the value AC,, during the transition through a liquidus
curve (at temperatures T' and T¢ corresponding to the selected composition of the mixture)
(see Fig. 26b, curves 2 and 3). Similar changes are observed on DSC curves (Fig. 26d,
curves 2 and 3). On the T-t diagrams bending and a smeared step arise with a length At"9 at
the same temperatures and in addition to a horizontal step at the T"".
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Besides, for deviation of a composition from an eutectic one the intensity of a 8-like
jump of a heat capacity decreases directly proportional to the part of the sample which has
a eutectic composition, and a A-like jump, vice-versa, increases in intensity (Fig. 26b, c,
and d), and its shape approaches to &-like one. Accordingly the DSC peak intensity
decreases (Fig. 26d, curves 2 and 3). On T-t diagrams the length of the horizontal step
At™™, corresponding to the melting time of the sample fraction with an eutectic
composition, decreases (Fig. 26e, f).

Finally, at V, = 1 there is only one 8-like jump of heat capacity (Fig. 26b, curve 4),
one peak in DSC thermograms (Fig. 26d, curve 4), and also the only horizontal step on the
T-t diagrams (Fig. 26f, curve 4), corresponding to a melting of a pure component 2.

Thus, the A-shaped jump of AC, is small in the vicinity of the eutectic point (Fig. 26b,
curve 2, and Fig. 26¢) and a peak-shaped singularity on DSC thermograms (Fig. 26d, curve
2) is correspondingly small. Therefore a recording of liquidus crossing near the eutectic
point by DSC is hindered, especially at high-temperature scanning rates. On the other
hand, far from the eutectic composition (e.g., at V,*) and at high-temperature scanning
rates, a recording of the transition through the T*"(Fig. 26d, curve 3) can be hindered
because the system has a small part with eutectic composition. Similar problems arise
during determination of T-t diagrams (Fig. 26e).

Problems of recording of transitions between the regions of phase diagrams by DSC
can be related not only with the 3-like feature of heat capacity jump at T*", but also with a
redistribution of different phases during the heating or cooling of the system, in the two-
phase region. On approaching the liquidus, in accordance with the lever rule, too small an
amount of the melting phase in the system remains. Accordingly the thermal effects must
be small, which is reflected on the T-t diagrams.

However here, at high-temperature scanning rate, it is easier to record this transition
by DSC because, during the approach to phase equilibrium curve, a melting phase is
maintained to a higher degree. Therefore, we suppose that the dependence of properties of
concrete systems on the temperature scanning rates in DSC experiments must be various in
different ranges of the phase diagrams.

In this relation let us return to a discussion of the experimental data obtained by two
groups of authors for PBG-DMF systems (see Fig. 13).

Apparently, the rate of sample heating used in Ref.[®* (5°C/min) was too high, and
only points where the system passed through a liquidus were detected. As noted above,
reliability of the results reported in Ref.'**! was proved by different methods detecting the
gel formation on the liquidus curve between crystallosolvates and isotropic liquid.

The heating rate used in Refs.!'®°!"! was probably lower and the results obtained in the
concentration interval 20-40% most likely refer to transition from (I + CS) to
(LC 4+ CS). However, the heating rate, although sufficiently low for the above
concentration range, could be too high for the system to rearrange when the concentration
increased further to approach the V,“ level. For this reason, the experimental points in
the concentration range of 40—50% fall between the two curves of phase equilibria. In the
vicinity of V, CS a concentration corresponding to the crystallosolvate phase, the complex
character of structural rearrangements probably accounts for the difficulty in interpretation
of the DSC curves. The high rate of temperature scanning may result in the structure
transformation, involving the melting of crystallosolvates, the LC phase formation, and
the formation and melting of the PBG crystallites within a relatively narrow temperature
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interval, which leads to smearing of the DSC peaks. This circumstance was also
emphasized"®®" and may explain the fact that no results were reported on the
determination of phase transition temperatures in the concentration interval
58% <V, < 72%.

At still higher concentrations, the heating rate (provided it was constant) remained too
fast, which hindered the detection of transitions in the solid and gel states. In our opinion,
the experimental points reported for this region reflect only the transitions to a liquid-phase
state upon crossing the liquidus curve. The shape of the liquidus curve plotted with the
data,'"®! and a close correspondence between the melting temperature of the crystalline
phase reported by the two groups of researchers, confirm the above conclusions and justify
the approach used to construct the phase diagram in the range of high concentrations.

It should be noted also that, according to Ref.!''?, the heat capacity C,, for a binary
heterogeneous isolated system within the two-phase region is given by:

2 2
G = Z m,Cpo + T Z My xxaldV, 0‘/dTllz’ @)
a=1

a=1

where a = 1, 2 are symbols of the system components, m,, are their molar fractions, Cp,
are their isobaric molar specific hear capacities, T is a temperature, g4y o is the second
derivative of the Gibbs energy on the change of the fraction of the a-phase, and
|dV,®/dT|p is the change of the fraction of a-phase with variation of the temperature.

Hence we have that the heat capacity of the system equals the sum of heat capacities
of coexisting phases only in the case that a relationship between the fraction of phases does
not change with temperature variations, that is, the boundaries determining this
relationship in the two-phase region of the PD are vertical.

This case corresponds to heating a monophase gel from temperature T, to temperature
T, on the PD with a vertical ledge, which occurs for relatively small PBG molecular
masses or other polymers with a sufficiently small aspect ratio of rodlike molecules.
Therefore, during passing through the system temperature T;, the heat capacity of this
system changes by a jump that can be manifested on DSC thermograms; up to now,
however, nobody has observed it.

5.8. Phase Diagrams for Some Other Systems

In this section we shall give a series of examples of PDs of rigid-chain polymer-
solvent from the literature, which, in our opinion, can be corrected on the basis of our
results in this paper and using the general principles of constructing PDs for binary
systems.

In Ref.!""®! molecular aggregation and gel formation was investigated in the system
PBG-benzyl alcohol. Figure 27 shows some parts of the PD of this system in the regions
of high (>60%) and low (<10%) concentrations. The experimental points for high
concentrations are taken directly from Ref."''®) but points for low concentrations are
the result of our rearrangement of the series of plots of temperature dependencies, shown
in Ref.""'8! of shear modulus for gels in PBG (with M = 1.5 X 10°) solutions of various
concentration. In this case only the points in the curves lying just before the melting were
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Figure 27. Phase diagram for the system PBG-benzyl-alcohol and constructed on the base of data
obtained in Ref.!''®!. See the text.

used. Of course, the obtained curve is conventional but it is close to the real equilibrium
curve. It is seen from Fig. 27 that the considered fragments have only small discrepancies
from corresponding parts of the generalized PD. Especially note that the temperature
transition from homopolymer into the thermotropic LC melt in Fig. 27 is at 130°C in good
accordance with the results for the PBG-DMF system. !

Phase diagrams of the poly(p-phenylene terephtalamide)-H,SO, system were studied
in Ref.!"'?) In particular, the equilibrium boundaries between the CS-containing regions
were investigated. Figure 28 shows two plots of melting temperature of CS phase vs.
concentration for polymers with molecular mass 4.48 X 10* and 3 X 10*. In our opinion
these curves differ significantly.

Consider curve 1. Among the experimental points there is a sharp drop from the curve
for the point near V, = 15% (point A). However we think that point A is not a result of
data scattering and should not be averaged with the others during plotting. In the same
figure we plot, by dashed lines, the equilibrium curves on the basis of our understanding of
the situation. We also added some neighboring parts of the common PD although we
understand that the PD may be only approximately plotted because of a deficiency of
experimental points. As follows from the dashed lines in this figure it is possible that there
are three different equilibria: (1) between monophase-region 1 and two-phase region
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Figure 28. Plot of melting temperature versus concentration for crystallosolvates in the system
poly (phenylene terephtalamide)—H,SO,. All points and bold solid lines are the data from Ref.!''”}
for the polymers with molecular mass 4.48 X 10* (1) and 3 x 10* (2). Dashed (3) and dash-dotted (4)
lines is a schematic representation of the part of the PD on the base of the same experimental points
in accordance with an idea on a “horizontal step” (3) and “vertical ledge” (4) in the PD. For
additional explanations, see in the text.

(CS-I) (section M); (2) between two-phase regions (I + LC) and (I + CS) (section N); and
(3) between two-phase region (LC 4 CS) and monophase-region LC (section P). Note that
point A most likely does not mean any critical concentration and is only close to one of
them. The PD presented here has a “horizontal step” which corresponds to higher
molecular mass, as could be expected.

Now consider curve 2. In this case we also have a great deficit of experimental points
but it appears that this curve is more similar to a PD with a “vertical ledge” characterizing
polymers with low molecular mass. The presented experimental points, as a minimum, do
not contradict the proposed classification of PD details.

In the work by Park et al.''® the structure and morphology of an aromatic
polyimide/m-cresol system was studied. In Fig. 29a is shown the PD, plotted by the
authors, in correspondence with their experimental data. On this PD the authors presented
five ranges: area of isotropic solution (I on the PD); area of existence CS of one type
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Figure 29. Phase diagram for the system aromatic polyamide—m-cresol. a—interpretation of the
experimental data by the authors of Ref."! 16l b—correction of this interpretation in accordance with
concepts given in this paper. See also the text.

(CS1); area of coexisting of LC phase with CS of the other type (CS2 + LC); area of
coexisting of LC with isotropic solution (LC + I) and, last, area of existence of a
crystalline phase (Cr), where, in the opinion of the authors, the capability of existence also
of other phases is not eliminated. Their presence could not be revealed by the x-ray
scattering method and polarized optical microscopy used.

We shall carry out an analysis of the presented results. First of all, the PD should be
corrected in correspondence to the common views about the PD’s of binary systems.
According to these representations two monophasic areas cannot be placed alongside each
other—between them there should always be a biphasic area. Therefore monophasic area
CS1 should be exchanged with a biphasic area of (I + CS1). Besides, the transition from
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one biphasic area into the other one cannot be accompanied by a simultaneous change at
once of both phases. Therefore between areas (I + CS1) and (CS2 + LC) there should be
one more biphasic region (LC 4 CS1).

Here it is necessary to note that the conclusion about the existence of two types of CS
the authors made was on the basis of an observation of two types of spherulites—negative
and positive (on the sign of a birefringence along radius of spherulites), in the low-and
high-temperature regions of the PD. However, there was no direct x-ray evidence of
the existence of two types of CS in the published paper. Besides there are, in our view, two
arguments against the existence of a CS2. First, the availability of fluid positive
spherulites, related to the LC phase, is not evidence of the existence of a CS phase in
general. Secondly, and this is the main argument, the shape of the PD in this case would be
different. It is known (see, e.g., Ref.!"), that an intermediate compound in the area of its
existence divides the PD in T-C coordinates into two parts, each with its own eutectic
point. Existence of two intermediate compounds (e.g., of the CS type) would divide it
already into three parts that should be manifested in the experimental PD.

If one suggests that there is only one CS phase, the indicated difficulties in
interpretation can be avoided (correction is shown in Fig. 29b): at low temperatures there
is a biphasic area coexisting of isotropic solution with CS (I 4+ CS); above it there is a
biphasic area of coexisting of LC and CS phases (CS + LC), and the area of the LC phase
exists at even higher temperature. Besides, in accordance with the general representations
about PDs of binary systems, in this figure the areas (Cr 4 CS), (CS 4 LC), and
(Cr + LC) are imaged. Thus, it becomes clear, what experimentally undetected phases it is
necessary to search for in the various areas of the PD.

Among other results of the work!"'® we note the clearly visible strong bend of the
narrow biphasic region toward high concentrations, that, as appears now to us, is a natural
limitation of existence of the LC phase from the side of high temperatures. Further, the
authors of Ref.!''®! have showed that in the low-temperature area of existence of the
spherulites, gel is formed. And, finally, on the PD shown in Fig. 29 there is a clear liquidus
apparently separating the area of the LC phase from the biphasic area of (LC + Cr); this is
additional confirmation of the thermotropic nature and thermotropic behavior of one more
rigid-chain polymer and its solution.

5.9. Main Advances and the Perspectives for Further Investigations

Figure 30 shows a PD constructed by us on the basis of the experimental literature
data for the PBG-DMF system. This PD corresponds to PBG molecular mass of
(2-3) x 10° but, other than for a few exclusions, reflects also the main features of the PD
for lower molecular mass PBG.

Let us discuss this PD in two aspects: what on this PD is reliably established and what
is required for further refinement or can be changed by further investigations of similar
systems. We note that, in our mind, the possible changes can be related mainly by taking
into account the molecular mass effect and kinetics of structure changes during
measurements while heating or cooling the system.
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Figure 30. The final schemes of the phase diagram of PBG-DMF systems. Generalized PD,
constructed on the basis of modern experimental data.

1. Three independent groups of authors!'®:61-62:641181 haye established

the temperature of melting of the crystalline phase (130—137°C). Some
scattering of the data may be due to the difference in molecular mass of the
investigated PBG.

2. Apparently the liquidus Cr-LC (the curve AB in Fig. 30) is also established
sufficiently reliably!'®®?; however the position of point B probably will be
refined. The shape of the liquidus AB is confirmed by Ref.''®! where the
equilibrium curve Cr-LC for the system PBG-benzyl alcohol has the same shape.

This result has a fundamental significance because it unambiguously
evidences that the PBG melt is a thermotropic liquid crystal whose melting
temperature decreases in the presence of the solvent.

3. There is no doubt, from our point of view, in the existence of a crystallosolvate
phase, its identification with the earlier so-called “complex phase” and
establishment  of the  corresponding polymer  concentration
(V, S5 = 66.7%).192-64

4. It seems that the shape of the liquidus CS-LC (BD curve) is close to the true one
up to the triple point D (although positions of the curve and point D depend on
molecular mass[64]).

5. Reliably, many authors (Refs. etc.), established the existence
of the narrow two-phase corridor with some tilt toward higher concentrations.

[52-57,62-64,97,99]
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The position of the corridor along both coordinates, the values of V5 and V5,
and the width and shape of the corridor depend on the polymer molecular
mass.

Now let us consider the peculiarities of PD, which can be refined or firstly established
in further investigations (Fig. 31).

1. Although from the PD it follows that point A corresponds to the transition from
crystalline into the LC state, it is desirable to confirm this by structure methods
(diffraction or microscopic, similar to that by which one identifies low
molecular liquid crystals). This has an independent interest also, because in the
considered case the LC state forms in the melt of very long molecular rods that
can be characterized by special features.

2. Up to the present time the transition temperature from thermotropic LC to
isotropic liquid is not established (point A’). Apparently, this is hindered by the
fact that this temperature lies higher than the polymer degradation temperature.
There can be two ways to resolve this situation. The first way is related to the
study of PBG or other rigid chain polymers with relatively low molecular

T A
4' *TLC—bl
| a
A
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|
+CS |
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Figure 31. The scheme of the hypothetical PD of PBG-DMF systems for wide intervals of
concentration and temperature changes.
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masses, with extrapolation to higher values. The second way is to use very quick
(“shock”) heating so the decay of the polymer does not take place during the
melting. Determination of the transition temperature into the liquid phase will
give the reference end point to both branches of the narrow biphasic corridor.

3. Practically not studied is the equilibrium between crystallosolvate and
crystalline phases. Their common state must be determined, though the large
relaxation times can complicate the real characterization.

4. The quick (“shock”) heating of pure crystallosolvate phase can help the
determination of its congruent melting temperature Tcs—ic.

5. Note, also, the importance of determination of transition temperatures of the LC
phase into the narrow biphasic region at high concentrations. In other words, it is
important to establish the “bending” of this corridor with increase in
concentration up to V, = 100%, where both corridor branches meet in the point
A/, This is one more important confirmation of the concept of thermotropicity of
the considered systems.

In this case the narrow biphasic region can be considered as the region of
coexistence of a thermotropic (but not lyotropic as is usually agreed) LC phase
diluted by the solvent and an isotropic liquid phase. The left (or upper) branch of
this corridor can be considered as the liquidus curve between the thermotropic
LC phase and isotropic phase.

6. In our mind a more detailed study of the effect of polymer molecular mass (or
axial ratios of rods) on the shape and position of liquiduses CS-isotropic liquid
and CS-LC is necessary. In particular, of some interest is the systematic study of
molecular mass effects on the changes in shapes of the phase equilibrium curves
CS-isotropic liquid (from the horizontal step to vertical ledge) and also on the
changes in the T and T, temperatures. Also desirable are more detailed studies
of the “bending” shape of the biphasic corridor; at V, S this shape may result in
peculiarities in the points E and K (see Fig. 31).

7. For completeness of the picture in the region of the lowest temperatures and
concentrations in Fig. 31 the liquidus curve between the crystalline state of
DMF and isotropic liquid (though it practically will coincide with the
temperature axis) and the region of solid solution of DMF crystals and
crystallosolvates are plotted.

It is natural that some of the considered questions in this section are only hypothetical.
Nevertheless, the carried-out consideration may be useful for a better understanding of the
complicated combination of phase equilibria, kinetics effects, and thermal prehistory on
the shape of real phase diagrams.

One may also express a careful optimism suggesting that the question of the complete
view of the experimental phase diagram PBG-solvent can be resolved in relation to the
synthesis of para-substituted poly(y-benzyl-L-glutamate)s''*'": it shows a thermotropic
liquid crystallinity both in the pure 100% state and in solutions, and in so doing, as is
important, in the temperature range much lower than the possible degradation

temperature.
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6. CONCLUSION

A critical analysis of the theoretical and experimental data available in the
literature allows us to suggest a new phase diagram of the PBG-DMF system in the
entire concentration range as the most prominent example of the most extensively
studied system of the mesogenic rigid-chain polymer-solvent type. A special role in the
phase diagram belongs to crystallosolvates, which are identified with a “complex”
phase described in the literature. The presence of crystallosolvates explains the pattern
of changes in various properties of the PBG-DMF system (optical and rheological
characteristics, aggregate and phase states) during the passage through the
corresponding concentration interval.

The existence of crystallosolvates also accounts for the formation of thermoreversible
gels in which crystallosolvates play the role of network nodes. Suggested classification of
conventional structure units in PBG-DMF systems at high concentrations and quantitative
evaluations of the fractions of these units in various ranges of the phase diagram allows to
clarify the physical meaning of some phase transitions and corresponding special points
and equilibrium curves in phase diagrams.

Analysis of the effect of polymer molecular mass on the liquidus curves CS-LC and
CS-isotropic solution explains some peculiarities of phase diagrams in the area of low
concentrations.

Experimental verification of the Flory and Onsager—Khokhlov theories, developed
for description of the solutions of rigid rodlike macromolecules, is possible only within the
narrow biphasic corridor in the phase diagram. Most of the remaining part of the phase
diagram is complicated by processes, such as gel formation, crystallization, and
crystallosolvate formation, not described by the above theories.

We should do justice, however, to Flory’s phase diagram, which was obtained on the
base of a lattice model. Flory emphasized repeatedly the conventional character of his PD.
Nevertheless, despite its discrepancies with many details of the experimental phase
diagram considered here, it undeniably has played that positive role which was
predestined? to it by Flory himself, and during almost 30 years was the only theoretical
guide for researchers studying liquid crystalline solutions of polymers.
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