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ABSTRACT: The ternary diagram involving a rigid polymer (unfractionated poly(p-benzamide), PBA), a 
more flexible polymer (unfractionated polyterephthalamide of p-aminobenzhydrazide, X-500), and a diluent 
composed of dimethylacetamide plus 3 % LiCl was investigated. Isotropic ternary solutions were monophasic 
below the critical concentration at which the binary PBA/diluent system formed a mesophase. At this point, 
an increase of X-500 content produced an increase of the overall PBA + X-500 concentration at which a nematic 
phase appeared. At  still greater concentrations, the system always remained biphasic, and in no case was 
a single anisotropic phase obsewed. Isolation of conjugated phases by centrifugation, analysis of their composition 
and relative volumes, separation of X-500 from PBA, and determination of the molecular weight of the species 
partitioned in each phase were performed. A peculiarity of the diagram is that the binodal for the anisotropic 
solution lies on the PBA composition axis, indicating complete exclusion of X-500 from the mesophase. X-500 
is found only in the conjugated isotropic phase; thus the tie lines are strongly inclined with respect to  the 
line describing solutions with a constant X-500/PBA ratio. The molecular weight of PBA fractionated in 
the conjugated isotropic phase is considerably lower than that segregated into the mesophase. This effect 
is more pronounced the larger the X-5OO/PBA ratio at a given overall composition or the larger the overall 
composition at a constant X-500/PBA ratio. The X-500 persistence length is intermediate between that of 
a typical rigid polymer and a conventional random coiling polymer. Still, most of the above results are in 
excellent agreement with theoretical predictions valid for ternary systems involving rodlike and random coiled 
polymers. 

Anisotropic solutions of rigid and semirigid polymers 
have been extensively investigated in recent years. De- 
tailed phase diagrams describing the field of stability and 
coexistence of isotropic and anisotropic phases have been 
reported for binary solutions of poly(p-benzamide) 
(PBA),'-3 or poly(y-benzyl L-glutamate) (PBLG).4 Phase 
relationships have also been reported for solutions of 
poly(p-phenyleneterephthalamide) (PPDT),5 polyiso- 
cyanates: cellulose,' cellulose derivatives,"" and poly@- 
phenylenebenzobisthiazole (PBT).12 Interest in these types 
of studies is due to new developments in the fundamentals 
of liquid  crystal^'^ and to new technologies leading to 
ultrahigh modulus  polymer^.^,^ 

The experimental investigations quoted above1-12 refer 
to binary solutions involving one polymer and one solvent 
system (a two-component solvent is often approximated 
as a one-component system3J4). The fact that each of the 
polymers investigated was actually a mixture of species 
differing in chain length was not adequately accounted for 
in the above investigations. Only recently, the problem 
of partitioning of rodlike molecules between isotropic and 
anisotropic phases according to their molecular length has 
been the subject of detailed experimental investigation.l5!l6 
On the theoretical side, the role of a difference in length 
of two rodlike solutes on the biphasic equilibria was de- 
scribed by Abe and Flory." Ternary diagrams involving 
two monodisperse rodlike solutes differing in their axial 
ratio, x ,  and not necessarily possessing the same chemical 
structure show that a single anisotropic phase should occur 
a t  high enough concentration. When the concentration 
is decreased, a biphasic region is expected. The width of 
this region is greater than for monodisperse systems and 
the anisotropic phase is richer in the high molecular weight 
polymer than the isotropic one. Volchek et al.la and 
Aharonilg investigated mixtures of two chemically different 
rodlike polymers in a common solvent and confirmed that 
the well-known compatibility principle is verified. In fact, 
a t  high enough polymer concentration the two polymers 
entered a single anisotropic phase. The theory was ex- 

0024-9297/82/2215-1268$01.25/0 

tended to the case of rodlike particles having a most 
probable20 or a Poisson21 distribution of molecular lengths. 
These theoretical predictions were partly verified by two 
experimental studies quoted above.15J6 Mixtures of two 
mesogenic polymers in the solid state may possibly have 
technological relevance.ls 

Consideration of the behavior of a mixture of rodlike 
molecules differing in length or in composition was fol- 
lowed by the analysis of the behavior of mixtures involving 
polymers differing also in their conformational rigidity. 
Actually, from a technological standpoint, there is a great 
deal of interest in mixed systems including a rigid and 
flexible polymer as a way to produce composite materials 
based on ultrahigh modulus polymers.22 Fragmentary 
results have been published concerning the behavior of 
mixture of poly(n-hexyl isocyanate) (PH1C)-polysty- 
rene,l9la PTB-poly[2,5(6)-benzimidazole] t4 PPDT-nylon 
6,25 PBA-polyterephthalamide of p-aminobenzhydrazide 
(X-FIOO),~ and a series of aromatic polyamides with greater 
flexibility than PBA.27 A theoretical guideline is offered 
by the calculation of the ternary system comprising a 
monodisperse rodlike polymer, a random coiled polymer, 
and a solvent.28 According to this theory, the flexible 
polymer is essentially excluded from the anisotropic phase. 
The isotropic phase exhibits a somewhat greater tolerance 
for the rodlike polymer. None of the fragmentary results 
quoted above19*23-27 represents a comprehensive quantita- 
tive study of the partition of rodlike and flexible solutes 
between isotropic and anisotropic phases, although the 
prevailing incompatibility of the two polymers was dem- 
~ n s t r a t e d . ' ~ , ~ ~  

In the present paper we analyze the phase diagram in- 
volving polydisperse PBA, polydisperse X-500, and a 
solvent composed of N,N-dimethylacetamide (DMAc) + 
3% LiC1. The boundaries of the biphasic regions have 
been determined by isolating the coexisting phases and 
determining their equilibrium composition and molecular 
weight partition. Interest in this particular system arises 
from the fact that both PBA and X-500 form separately 
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ultrahigh modulus  fiber^.^**^ However, X-500 does not 
form a mesophase at  restB and its conformation, as judged 
by the persistence length,30J1 is intermediate between that 
of a rodlike polymer and that of a random coiled polymer. 

Experimental Section 
Materials and Stock Solutions. The X-500 sample used in 

this investigation was prepared by Dr. J. Preston according to  
the method described in the l i t e r a t ~ r e . ~ ~  Its intrinsic viscosity 
in dimethyl sulfoxide (MezSO) a t  25 "C was 1.36 dL/g, corre- 
sponding to a molecular weight of about 8200.31 The PBA sample 
was synthesized by us following the method described by Ya- 
mazaki e t  al.33 Ita intrinsic viscosity in 96% H2S04 a t  25 "C was 
1.94 &/g, corresponding to a molecular weight of about 13 300.34 
The solvent was analytical grade DMAc containing 3 g of LiCl/dL 
of DMAc. The samples were separately dissolved in the solvent 
by slow stirring a t  room temperature (ca. 20 "C) for about 2 
months. The solutions were then filtered with an extrusion 
apparatus equipped with a polypropylene filter. The concen- 
tration of the filtered solutions was determined by precipitating 
the polymer with water. LiCl was eliminated during the same 
operation. Polymer concentration, C is given as weight of 
polymer per 100 g of solution. The stocf solutions of X-500 and 
PBA prepared in this way had C, values of 7.77 and 8.77 g/100 
g, respectively. Additional stock solutions of X-500 (C, = 6.18 
and 3.16%) and of PBA (C, = 6.88 and 4.30%) were prepared 
by diluting the most concentrated stock solution. Concentrations 
are alternatively expressed as polymer volume fraction. These 
were calculated from the coresponding C, by using the partial 
specific volumes of X-500 and PBA, using the specific volume 
of the diluent, and assuming additivity. 

Phase Diagram. Ternary mixtures of X-500, PBA, and solvent 
were prepared by mixing weighed amounts of the above pairs of 
stock solutions as to obtain about 10 mL of total volume (see Table 
I). The overall composition of the ternary systems was calculated 
from the weight and composition of the corresponding stock 
solutions. Mixtures were stirred by slow rotation (1 rpm) a t  room 
temperature (-20 " C )  for about 1 month to reach equilibrium. 
Mixtures showing biphasic separation were then centrifuged a t  
3000 rpm for 2-3 h. Under these conditions a good separation 
of the two phases was obtained, and the boundary between them 
could easily be determined. The volume of the two phases was 
determined by calibration of the centrifuge tube, and the volume 
fraction of isotropic phase (volume of isotropic phase/total 
volume) was calculated. The composition of the two phases was 
determined by using weighed aliquots of each phase. The aliquot 
was diluted with the solvent (DMAc + 3% LiCl) and the polymer 
precipitated with water. The precipitate was washed with hot 
water (to extract completely LiCl), dried under vacuum at 60 "C, 
and weighed. To  determine which part of the precipitate was 
X-500 and which PBA, an extraction with MezSO was performed. 
The latter is a good solvent for X - m l  but does not dissolve PBA. 
Optical anisotropy of solutions was determined with a Reichert 
Zetopan polarizing microscope. 

Viscosity. Intrinsic viscosities were determined at  25 "C (hO.1) 
by means of Ostwald and Ubbelohde viscometers with flow time 
for the solvent greater than 100 s. The relationship of Schaefgen 
et  al.,% used for determining the molecular weight of PBA, is [s] 
= 1.9 x 10-7Mw1.7 and is valid in 96% H2S04 for ATv < 12000. 

LiCl Partition. The amount of LiCl in the coexisting isotropic 
and anisotropic phases was determined by atomic absorption 
spectrophotometry on the waters used for washing the polymer 
precipitated from each phase. 

Specific Volumes. The partial specific volume of X-500 in 
DMAc + 3% LiCl solutions was determined pycnometrically a t  
25 "C and found to be D x . ~  = 0.6968 mL/g. The partial specific 
volume of pBA in the same solvent was found to be upeA = 0.7542 
mL/g. The specific volume of the solvent was found to be 1.0356 
mL/g. 

Results and Discussion 
Data regarding the composition of the various solutions 

are collected in Table I. Under the heading "binary 
solutions" are indicated the concentration and the phase 
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Figure 1. Ternary phase diagram for the system PBA/X- 
500/DMAc-3% LiCl at 20 O C :  (0 and 0)  composition of con- 
jugated isotropic and anisotropic phases, respectively; (0) con- 
centration at which a crystalline phase appears; (A) overall 
composition of biphasic mixtures (1, X-500 3.20%, PBA 5.16%; 

X-500 1.59%, PBA 5.1%). (Cf. Table I.) 
2, X-500 1.91%, PBA 6.61%; 3, X-500 2.46%, PBA 4.14%; 4, 

of the stock solutions, and the amount of these that was 
mixed for preparing the ternary systems. Under the 
heading “ternary systems” we indicate, in columns 3-5, the 
corresponding overall composition given as grams of X-500 
or of PBA per 100 g of ternary system. The overall ratio 
(w/w) of X-500 to the total solid (X-500 + PBA) is also 
given. In columns 6-10 we give compositions of isotropic 
and anisotropic phases (separated by centrifugation) as 
grams of X-500 and of PBA per 100 g of isotropic or 
anisotropic solution. The total solid in the isotropic phase 
per 100 g of solution is given in column 8. The total solid 
in the anisotropic phase coincides with the value in column 
10, since no X-500 was detected in the latter phase. Also, 
in the case of mixtures prepared from the isotropic stock 
of PBA-which yielded only isotropic solutions-the 
overall composition and the composition of the isotropic 
phase obviously coincide. The volume fraction of the 
isotropic phase, 4, and a specification of the phase of the 
system are given in the last two columns of Table I. In 
no case did the compositions investigated yield a single 
anisotropic phase. Formation of a small amount of in- 
soluble gel was observed for the isotropic solutions having 
the largest X-500/(X-500 + PBA) ratio. 

We note that the two phases separated by centrifugation 
appeared homogeneous and stable, and the 4 value was 
not altered by prolonging the time used to reach equilib- 
rium, Moreover, the separation of the two phases was 
obtained with relatively short times and speed of rotation. 
These findings are a t  variance with the behavior of binary 
PBA-DMAc/LiCl solutions previously reported.15 

Optical determinations on the binary PBA systems 
yielded C,* = 5.0% as the critical concentration above 
which an anisotropic phase starts growing at  the expense 
of the isotropic one. The anisotropic solutions of PBA 
crystallized at C, = 12%.  The X-500 solution was isotropic 
up to C = 8.0% when crystallization of polymer was no- 
ticed. h i t h i n  the experimental errors, the LiCl concen- 
tration in the isotropic and anisotropic phases was found 
to be the same. The addition of LiCl was necessary in 
order to solubilize PBA in DMAc. In fact, an increase of 
solubility (salting in) occurs up to -3.5% LiC1, followed 
by a salting out at still greater LiCl c~ncentration.~ X-500, 
instead, is soluble in pure DMAc, and 3% LiCl does not 

0 9$’ 
PEA / \ X-500 

0 1  0 3  0 5  0 7  0 9  

v3d 
Figure 2. Same data appearing in Figure 1, with concentration 
expressed as volume fraction. 

increase its s o l ~ b i l i t y . ~ ~  These salting insalting out effects 
have been adequately described3%% and are primarily due 
to binding of LiCl to the amide bond, followed by satu- 
ration (no net charge is built up at  these high salt con- 
centrations). 

The above data were used to construct the ternary di- 
agrams illustrated in Figures 1 and 2. The diagram of 
Figure 2, based on compositions expressed as volume 
fraction, will be preferentially used to facilitate comparison 
with theory.28 The indexes 1, 2, and 3 refer to diluent, 
PBA, and X-500, respectively. Binary mixtures PBA/ 
diluent (u2 = 1 - ul), X-500/diluent (u, = 1 - U J ,  and 
PBA/X-500 are represented by the left-hand side, the 
right-hand side, and the base axis, respectively. The 
composition along the base axis is given as ugd = 1 - uZd 
(volume of X-500 divided by the combined volumes of 
X-500 and PBA); the superscript d signifies that no solvent 
is present. Composition within the ternary diagrams is u2 
+ u3 = 1 - u l .  Straight lines from the vertex to the base 
represent solutions with constant X-5OO/PBA ratio (or 
constant u , ~ ) .  

The mixtures made from binary isotropic solutions (last 
five entries in Table I) yielded isotropic ternary solution. 
When the binary PBA/diluent system was an anisotropic 
one, biphasic ternary mixtures were obtained. Beginning 
with the binary PBA/diluent system at  its critical con- 
centration u2* (cf. Figure 2), an increase of X-500 con- 
centration produces an increase of the combined PBA + 
X-500 concentration a t  which an anisotropic phase ap- 
pears, as indicated by the downward trend of the (uz + u3)* 
line. The slope of the latter line increases with X-500 
content. From the last experimental point the curve is 
extrapolated (dotted line) to the solubility limit of the 
binary X-500/diluent system. In the absence of crystal- 
lization, (u2 + u3)* would hit the left-hand side axis a t  a 
greater u3 value (cf. seq.). In previous determinations of 
ternary diagrams of this type, the position of the u2 + u3 

line separating the isotropic from the biphasic solutions 
was determined by tracing a somewhat arbitrary boundary 
between the composition of isotropic and biphasic solu- 
tions. This is strikingly at  variance with the present de- 
termination, in which the (u2 + u3)* are the experimentally 
determined compositions of the pure isotropic solutions 
separated from the pure anisotropic ones. In this way, not 
only is the boundary between isotropic and biphasic so- 
lution established with greater precision but the compo- 
sition of each isotropic solution-given in terms of both 
u2* and u3*- is easily related to the composition of its 
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Table I1 
PBA Fractionation Data 
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c,, % 
X-500 

X-500 + isotropic solution anisotropic solution 

overall PBA @ [ r l  I," dL/g M V  [n I,' dL/g @V 

8.36 0.38 0.57 0.76 7 600 2.07 1 3  800 
8.51 0.22 0.40 0.88 8 300 2.07 13 800 
6.60 0.37 0.67 1.17 9 900 2.01 1 3  600 
6.69 0.24 0.62 1.31 10 500 2.23 14 400 

' [n] in 96% H,SO, at 2 5  "C. Original PBA: [n] = 1.94 dL/g, Ev = 1 3  200. 

conjugated anisotropic phase. This is represented by the 
tie lines linking the composition of the conjugated phases 
on the binodals for the isotropic and the nematic phases 
(dashed lines). The overall composition for the four 
mixtures for which tie lines are given is indicated by the 
triangles (1, 2, 3, and 4) lying on the lines connecting the 
vertex to the base a t  the particular ugd composition. The 
strong inclination of the tie line with respect to the ver- 
tex-to-base line is a quantitative representation of the 
disproportion of PBA and X-500 in the two phases. With 
respect to the overall composition, the isotropic solution 
is invariably richer in X-500, while the anisotropic solution 
is richer in PBA. Actually, the binodal for the anisotropic 
phase essentially coincides with the binary PBA axis, il- 
lustrating the total exclusion of X-500 from the pure ne- 
matic phase of PBA. We also note that for a given ugd (or 
u2 /u3  ratio), the enrichment of X-500 in the isotropic so- 
lution increases with decreasing diluent content. At still 
larger polymer concentration, crystallization of the binary 
and of the ternary systems occurred. 

All of the observations reported above are in line with 
the theoretical predictionz8 for the phase diagram for 
mixtures of monodisperse rodlike and random coiled 
molecules. Our system, however, includes two polymers 
having, likely, a most probable distribution. Therefore, 
in terms of the results for polydisperse systems discussed 
in the introductory section, we expect that a fractionation 
based on molecular length is superimposed on the dis- 
proportion of the polymers due to chain conformation. 
The effect of this fractionation should be evident for PBA, 
since this is the only polymer present in both phases. 
Previous work15 showed that, in line with theoretical 
predictions,20 the solute molecular weight in the anisotropic 
phase increased as the volume fraction of the isotropic 
phase increased. In the binary system,15 4 was varied by 
changing the overall composition C,. In the present sys- 
tem, 4 is affected by the overall composition and also the 
X-500/PBA ratio, as illustrated in Figure 3. In the latter, 
the volume fraction of the isotropic phase is plotted against 
the weight fraction of X-500, using the data for the eight 
biphasic mixtures appearing in Table I. The data fall on 
two curves, one characterized by an overall (X-500 + PBA) 
C, = 6.6 f 0.2% and another by an overall C, = 8.37 f 
0.3%. 

Intrinsic viscosities were determined for PBA occurring 
in the conjugated isotropic and anisotropic phases of the 
mixtures included in Table I (in the case of the isotropic 
phase, X-500 was previously extracted with Me2SO). The 
corresponding molecular weights were calculated and are 
collected in Table 11. In analogy with the results presented 
in previous work,I5 Mv in the anisotropic phase is con- 
sistently larger than in the isotropic one. The enrichment 
of the high molecular weight component in the anisotropic 
phase is not greatly affected by the variables affecting the 
system. However, the molecular weight of PBA that goes 
into the isotropic phase is lower, at  a given overall C,, the 
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wX 500+w PEA 

Figure 3. Variation of the volume fraction of isotropic phase with 
the weight fraction of X-500: (0) overall composition C, = 6.6 
& 0.2; (0) overall composition C, = 8.37 h 0.3. (Cf. Table I.) 

higher the weight fraction of X-500. At a given weight 
fraction of X-500, an increase of the overall C, causes a 
reduction of the molecular weight of PBA in the isotropic 
phase. These relationships are more complicated than in 
the previously investigated binary systems15 due to the 
combined effect on 4 of the overall composition and of the 
X-500 weight fraction. 

As indicated in the introductory section, X-500 has a 
persistence length on the order of 50 A,30,31 intermediate 
between those of typical random coils and of molecules 
that are rigid enough to form a mesophase at  rest. On the 
basis of this persistence length, X-500 would be expectedB 
to form a mesophase at  us* - 0.8, but this expectation 
cannot be verified due to earlier occurrence of crystalli- 
zation. However, it has been suggested that a nematic 
phase may form when X-500 solutions are subjected to a 
flow In previous work it was indicated that X-500 
tends to random coil behavior at  a molecular weight of 
about 40000.30~31 The present sample has MV - 8200, 
c~rresponding~l to a contour length of -450 A, which is 
about 10 times the value of the persistence length. Its 
overall conformation may be at a border line between that 
of a wormlike chain and that of a random coil. By contrast 
PBA, which forms a mesophase at  u2 < 0.1, has a per- 
sistence length40 of -400 A. Our PBA sample has Mv N 

13 000, correspondingz9 to no more than two persistence 
lengths. Obviously, there is a considerable difference be- 
tween the conformations of our PBA and X-500 samples. 
However, in view of the above considerations, it is perhaps 
surprising that X-500 conforms to the theoretical predic- 
tions2* valid for a random coil in a ternary mixture with 
a nematic polymer. The theoretical basis for incompati- 
bility,% the interference of the random coil with the mutual 
orientation of the rodlike sections of a rigid polymer, may 
nevertheless be fullfilled in the present system. However, 
it is interesting to speculate about the hypothetical pos- 
sibility X-500 would form a mesophase at  u3* - 0.8 if 
earlier crystallization did not occur. In this case, the phase 
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diagram might assume characteristics typical of those 
expected for two rodlike po1yrners.l’ In particular, the 
binodal for the isotropic phase would be extended to us* - 0.8, and the composition range of biphasic solutions 
would be limited by a line below which a single anisotropic 
phase would occur. One could possibly treat such a dia- 
gram in terms of the Abe and Flory17 theory of two rodlike 
polymers having axial ratios in the ratio €21, corresponding 
to the ratio of persistence lengths of PBA and X-500. Such 
a diagram is also expected” to show considerable incli- 
nation of tie lines with respect to the vertex-to-base line. 

I t  will be interesting to explore in future work if these 
speculations can be put to a more stringent test in the case 
of pairs of mesogenic polymers exhibiting significant dif- 
ferences in their critical concentration before crystallization 
occurs. Also, quantitative determination of tie lines for 
systems involving PBA and a more flexible polymer than 
X-500 should be of interest, as well as a consideration of 
the possible role of actractive interactions between two 
polymers. The latter may occur for some special systems. 

The above results and considerations should offer useful 
guidelines for the identification of conditions under which 
one could prepare technologically relevant composites 
based on these types of polymers.22 
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ABSTRACT: Using the Onsager method, we consider the influence of external fields of the dipole and 
quadrupole types on the liquid-crystalline ordering in solutions of completely stiff macromolecules (rigid rods), 
freely jointed semiflexible macromolecules (chains of freely jointed rods), and persistent semiflexible mac- 
romolecules. We construct the corresponding phase diagrams in the variables strength of the external 
field-concentration. A sufficiently strong orientational field of either type suppresses effectively the liq- 
uid-crystalline phase transition-this leads to  the existence of the critical point on the phase diagrams. At 
the same time, when a sufficiently strong “disorientational” field of the quadrupole type is applied, the 
liquid-crystalline phase transition becomes of the second order. The realization of the phase transition induced 
by the field is generally possible, the case of the macromolecule with a persistent flexibility mechanism in 
the dipole field being most favorable for its observation. 

1. Introduction phase can appear.’ Polymeric materials prepared from 
It  is well-known that in sufficiently concentrated solu- liquid-crystalline solutions have remarkable mechanical 

tions of stiff-chain macromolecules the liquid-crystalline properties;lS2 this is mainly due to high orientational order 
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