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ABSTRACT In this article a ternary phase diagram for the system poly@-phenyleneterephthalamide) 
(PPTA)-sulfuric acid-water is described. The concentration range between 3-23 % polymer and 92-100 % 
sulfuric acid were investigated. The phase system shows immiscibility of its components in the solid state, 
i.e. it exhibits compounds between the components and eutectic behavior. Experiments were carried out to 
detect the clearing temperatures of ternary PPTA-ulfuric acid-water solutions; the eutectic transition between 
solution, crystal solvate, and solid sulfuric acid; the transition temperatures from the solid phase into the 
liquid crystalline state; and the composition of the crystal solvate. Polarization microscopy, wide-angle X-ray 
scattering, and calorimetry were used to detect parta of the binary and ternary phase diagrams. Experiments 
were done to discover the influence of acid concentration on the degradation of the polymer in solution. 

1. Introduction 
Stiff-chain polymers are well known for forming liquid 

crystalline phases in good solvents.'" Common substances 
for investigation of such lyotropic systems are aromatic 
polyamides. This article deals with poly@-phenylene- 
terephthalamide) (PPTA) and its phase behavior with 
absolute sulfuric acid as its only known good solvent, and 
water as the coagulant. PPTA is spun into high-modulus 
fibers from a nematic sol~t ion,4*~ and there is not only 
scientific interest in PPTA solutions but also technological. 
During the spinning process the nematic solution is 
coagulated into water or diluted sulfuric acid, but the 
mechanism of the coagulation process is not well under- 
stood. The ternary phase diagram PPTA-sulfuric acid- 
water is investigated in the present paper. I t  may clarify 
the equilibrium conditions for the coagulation process and 
give a new basis for fiber processing. 

The binary phase diagram PPTA-sulfuric acid is 
partially known. Kulichichin et  ala6 described transitions 
in the anisotropic solutions, and Papkov et  ale7 proposed 
a partial binary phase diagram. It is based on immiscibility 
of polymer and acid. The difference between the melting 
temperatures of PPTA (500-600 0C)29498 and sulfuric acid 
(10 OC)9 is unusually high. Therefore the eutectic point 
between polymer and sulfuric acid is shifted to low polymer 
concentrations and transitions like the melting of com- 
pounds between acid and polymer are hidden under the 
clearing curve. In the anisotropic region below the clearing 
curve the binary system shows two phases, which are 
separated by two-phase regions: the crystal solvate and 
the liquid crystalline phase. The former is a stoichiometric 
compound which was characterized by Arpin et al.l0 and 
Iovleva and Papkovll by means of X-ray diffraction. A 
homogenous liquid crystalline phase appears a t  a certain 
temperature above a monotectic three-phase reaction.12J3 
According to the occurrence of a nematic texturelo this 
phase was classified as a lyotropic nematic phase. The 
nematic phase was also investigated by Gardener et  al.,14 
who used a model system consisting of low molecular 
weight PPTA and sulfuric acid for their microscopic and 
calorimetric experiments. 
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PPTA shows degradation in sulfuric acid solution a t  
higher temperature.15J6 I t  is not useful to investigate the 
phase diagram a t  temperatures above 180 OC because of 
fast degradation. Picken" found the clearing temperatures 
to be dependent on the molecular weights of the used 
polymer. Furthermore transition temperatures depend 
on the acid Concentration. It is difficult to prepare and 
to store absolute sulfuricacid. Most of the articles dealing 
with the system PPTA-sulfuric acid therefore describe 
experiments carried out not in the binary system but in 
the ternary system PPTA-sulfuric acid-water.13 Experi- 
ments concerning the clearing temperature of the ternary 
system were carried out by Nakajima et  al.18 in the 
concentration range below 3 7% PPTAand 85-94 % sulfuric 
acid. 

2. Experimental  Section 

A commercial PPTA sample with an average molecular weight 
M ,  = 31 OOO g mol-' was used. The molecular weight was 
determined by size-exclusion chromatography (SEC). Sulfuric 
acid (96%) was used as carrier solvent. The apparatus was 
calibrated with a standard polymer (M,  = 29 OOO gmol-1). 

Solutions with different polymer content in 99.8% sulfuric 
acid were prepared in a 6-L Drais kneading machine. For the 
solution process frozen acid was used to avoid degradation. It 
was easy to prepare solutions with polymer contents up to 23 % 
without heating. Concentrations given in this paper are in weight 
percent (wt  96 ). To vary the acid concentration of agivensolution 
water was added stepwise during kneading in an IKA laboratory 
kneader at room temperature. With this method it was possible 
to prepare samples down to acid concentrations of c& 85 % without 
coagulation of the polymer. The solutions were stored in vessels 
under PzOs-dried air. In absolute sulfuric acid the solutions with 
polymer contents below 8% PPTA were isotropic at room 
temperature, with decreasing acid concentration and at higher 
polymer concentration they became all anisotropic. 

Microscopic samples were prepared in a glove bag under dry 
nitrogen atmosphere and sealed with a paraffii oil layer between 
the slides to protect the solutions from wet atmosphere. The 
samples were equilibrated over solid COz for several hours. A 
Lomo Min 8 polarization microscope with a Linkam THMS 600 
hot stage was used for texture observation. Transitions were 
investigated by stepwise heating with different annealing times 
between two steps. For the detection of the clearing curves 
heating rates between 3 "C/min and 15 OC/min were used. 
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Figure 1. DSC heating scans with 3 OC/min. Baselines were 
calculated using a linear regression program. The beginning of 
the transitions signals the monotectic transition at 33 "C. The 
monotectic temperature should be constant for all polymer 
concentrations. Deviations from ideality may be caused by small 
differences between acid concentrations of the solutions. Mea- 
sured monotectic temperatures lie between 31 and 35 O C .  

Gold-coated cups were used for the calorimetric measurements. 
The samples were prepared in the glove bag, too. The experiments 
were carried out with a Perkin-Elmer DSC7 using a heating rate 
of 3 "C/min. Some of the samples with polymer contents lower 
than 1 2  % were equilibrated over solid COP before being measured. 

WAXS experiments were carried out with a Huber-Guinier 
goniometer at room temperature. Samples were sealed in 
capillaries (diameter 1.5 mm). 

Degradation was measured by means of SEC. The average 
molecular weights of the coagulated polymer were determined 
after being heated in solutions with different acid concentrations. 
All solutions were annealed at 85 "C for 2 hand coagulated. The 
polymer was washed in distilled water and dried at 40 "C in 
vacuum. All preparations were carried out in a dry box. 

3. Results 
3.1. The Binary System PPTA-Sulfuric Acid. The 

concentration range between 3-2396 PPTA in 99.8% 
sulfuric acid was investigated. The eutectic crystallization 
of sulfuric acid and the monotectic transitions into the 
fluid state were investigated by DSC. The results of 
calorimetric measurements are shown in Figure 1. The 
onset of the melting process lies at 33 "C. It was found 
to be constant for all samples which exhibit a nematic 
phase a t  higher temperatures, independent of the polymer 
concentration. Small deviations from that ideal case may 
be caused by variations of the effective acid concentration 
of the investigated solutions. With rising polymer con- 
centration the transition interval gets broader according 
to a greater temperature interval in which crystal solvate 
and nematic solution are coexisting. Simultaneously the 
shapes of the melting curves change. They get more 
asymmetric and more peaked according to a higher amount 
of crystal solvate due to the lever rule. For a 23% PPTA 
solution it looks much more like a single peak than like 
a broad transition. The upper limit of the transitions was 
found to be constant for solutions with polymer concen- 
trations above 22%.  

The melting behavior of a 14 % PPTA solution in 99.8 % 
acid was investigated by polarization microscopy. It is 
shown in plates 1 and 2 (Chart 1). The solution is composed 
of isotropic solution areas which are black under crossed 
polarizers, and crystal solvate areas showing characteristic 
textures a t  room temperature. At temperatures slightly 
above the monotectic point of 33 "C the isotropic solution 
becomes anisotropic if the sample is annealed long enough 
(several days or weeks). The temperature was increased 
to 40 "C after 20 h of annealing a t  32 "C to accelerate this 
process. It is supposed that sulfuric acid diffuses from 
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Figure 2. WAXS on PPTA-sulfuric acid solutions. Crystal 
reflections get weaker with decreasing polymer concentration. 

0 

Figure 3. DSC on 11% PPTA solutions with different acid 
concentrations. See text for explanation. The small peaks in 
some of the curves at ca. 100 O C  are an artifact caused by water 
or diluted sulfuric acid on the outside of the sample cups. 

the isotropic solution into the crystal solvate. Some of 
the crystal solvate becomes nematic during this dissolving 
process. The isotropic black areas become anisotropic due 
to the decreasing acid concentration. The viscosity of the 
sample is very high, and differences between the textures 
of crystal solvate and nematic solution are hard to  detect. 
At  the upper end of the transition the whole sample was 
nematic and flowed under pressure. In plate 2 the areas 
of nematic textures are very small after 22 h of annealing, 
they are more pronounced in solutions with higher polymer 
concentration and after longer annealing times due to a 
lower viscosity of such  solution^.^^ 

The clearing temperatures were also measured by 
polarization microscopy. 

WAXS were carried out a t  room temperature on water- 
free solutions with polymer concentrations from 8% PPTA 
to 23% PPTA. The peaks of the 20% pattern in Figure 
2 have the same positions as those published for crystal 
solvate.10~20~21 There is no concentration dependence of 
the peak positions visible within the experimental limits. 
The height of the peaks lowers with decreasing polymer 
concentration. Simultaneously a halo becomes more 
pronounced due to the scattering of the isotropic phase. 
These observations correspond to a lower amount of crystal 
solvate in the solutions according to the lever rule. 

The eutectic point between sulfuric acid and crystal 
solvate was determined by DSC and polarization micros- 
copy. It lies at 4 "C and 6.5% polymer. 

3.2. The Ternary System PPTA-Sulfuric Acid- 
Water. The melting curves for a solution series containing 
11 % PPTA measured by DSC are plotted against the acid 
concentration in Figure 3.  The transition interval shifts 
towwd higher temperatures with decreasing acid con- 
centration. The single transition which was visible in the 
binary system divides into two transitions. 



4572 Rommel and Ftirster Macromolecules, Vol. 27, No. 16, 1994 

Chart 1. Plate 1 (top, 14% PPTA in 99.8% Sulfuric Acid, 24 "C) and Plate 2 (bottom, as Plate 1, after 22 h, 40 "C) 

The clearing surface of the ternary phase diagram was 
investigated by polarization microscopy in the concentra- 
tion range %16% polymer and 10042% sulfuric acid. I t  
is shown in Figure 4. With decreasing acid concentration 
the clearing temperature decreases, reaches a minimum, 
and increases again. The nematic phase is separated from 
the isotropic phase by a twc-phase region. I t  exists below 
the right part of the surface (i.e. a t  acid concentrations 
above 96% ). The minimum of the clearing temperatures 
is broader for lower polymer concentrations. 

After passing the minimum the clearing temperature 
risesagain withdecreasing acidconcentration. Below that 
part of the clearing surface a two-phase region exists 
containing isotropic solution and anisotropic areas which 
look like little spots between crossed polarizers. At lower 
temperatures another transition is visible under the 
microscope. An anisotropic solid phase appears which 

shows a transition in DSC, too. The texture of the phase 
is not very similar to that of the crystal solvate, i t  looka 
more disturbed and less homogenous. 

InFigure5diffractionpatternsofa20% PPTAsolution 
in dependence on the acid concentration are shown. The 
positions of the peaks are independent of the acid 
concentration, but their intensity decreases with decreas- 
ing acid concentration. This behavior is simii to that 
shown in Figure 2 with a fixed acid concentration and 
decreasing polymer concentration. 

The results of the degradation experiments are shown 
in Figure 7. The molecular weight of the coagulated 
polymer increases with increasing acid concentration of 
the solutions and has a maximum for 100% sulfuric acid. 
It depends also on the polymer concentration. Solutions 
with lower polymer content lead to lower molecular weights 
after degradation experiments. That means that lower 
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Figure 4. Clearing surface of the ternary system PPTA-sulfuric 
acid-water in the concentration range 9-20% PPTA and 100- 
92% sulfuric acid. The binary phase diagram is shown, too. The 
eutectic trough divides the surface into two parts. The nematic 
phase exists under the right part of the surface. 
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Figure 5. WAXS on 20% PPTA solutions with different acid 
concentrations. Crystal reflections get weaker for decreasing 
acid Concentration. See text for explanation. 
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Figure 6. Binary phase diagram PPTA-sulfuric acid. The points 
designated by boxes were measured with polarization microscopy, 
those designated by triangles with DSC. The following phase 
regions are indicated I, isotropic; N, nematic; CS, crystal solvate; 
P, polymer. 

polymer and acid concentration lead to higher degradation 
rates. 

All microscopic and calorimetric experiments were 
carried out at acid concentrations greater 90% in times 
short enought that the influence of degradation on the 
transition temperatures was not significant. 

4. Discussion 

4.1. The Binary System. The binary phase diagram 
is shown in Figure 6. Clearing curves were detected by 
polarization microscopy a t  low heating rates. The clearing 
point was defined as that temperature a t  which the last 
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Figure 7. Degradation of PPTA solutions. The molecular 
weights of polymer samples after degradation experiments in 
solutions with different acid concentrations are plotted against 
the acid concentration of the solutions. The molecular weights 
are lower (i.e. the degradation is higher) for solutions with lower 
acid concentration and lower polymer concentration. 
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nematic solution disappeared, i.e. the high-temperature 
end of the biphasic region between nematic and isotropic 
solution. The beginning of the transition was determined 
by observation of the first isotropic droplets in the nematic 
sample. This procedure allows it to determine the width 
of the biphasic region. Found clearing temperatures are 
slightly higher than those published by Picken, who took 
that temperature a t  which 50% of the sample became 
black under crossed p01arizers.l~ 

The onset temperature of the transitions measured by 
DSC are nearly constant for all investigated concentrations 
(see Figure 1) and are interpreted as the monotectic 
temperature. Below that monotectic temperature of 33 
"C two phases are stable (isotropic solution and crystal 
solvate). The nematic phase is formed by a three-phase 
reaction a t  this temperature. 

We assume that the crystal solvate is incongruently 
melting into a nematic phase and crystalline polymer, 
because the upper limit of the transitions measured by 
DSC is constant for solutions with polymer concentrations 
above 22 % and a homogenous nematic phase without any 
solid particles was not observed under the microscope in 
such solutions. From the calorimetric measurements it 
follows that the crystal solvate is composed of more than 
22 % polymer. From this value the molecular ratio between 

nacid Mw,monomer X acid concentration 
npolymer Mw,acid X polymer concentration 
-= 

monomer units and acid molecules was calculated using 
the molecular weights of 238 g mol-' for the PPTA and 98 
g mol-' for sulfuric acid. Using the equation leads to an 
acid molecules/monomer ratio of 8.6. The crystal solvate 
is a stoichiometric compound between acid and polymer, 
because it exhibits crystalline reflexionslOJ1 (see Figure 
2). Therefore the ratio between monomer units and acid 
molecules should be integer and the crystal solvate should 
a t  least be composed of 8 acid molecules per monomer 
unit. A model structure for the crystal solvate is proposed 
as follows: two of the eight acid molecules connect via 
hydrogen bonds neighboring polymer chains in the plane 
of the peptide bonds and produce polymer sheets. The 
other six acid molecules form a layer between them. The 
correctness of this model can be verified with the help of 
molecular modeling. This method has been applicated 
by Rutledge et  a1.22 to test simulated structures of PPTA 
fibers with respect to experimental data. The proposed 
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the clearing curve can be interpreted as a melting point 
depression of the solution caused by water. Below a certain 
acid concentration the first step of the coagulation process 
starts and the nematic phase precipitates. The clearing 
temperature rises. It was always possible to get the samples 
isotropic by heating them. This is evidence that the 
polymer was not coagulated into the pure PPTA because 
crystalline coagulated PPTA cannot be dissolved in 96 % 
sulfuric acid by increasing the temperature for short times. 

In a ternary systems three phases can be stable a t  the 
same temperature according to Gibbs' phase rule. This 
complicates the investigation of the phase diagram, because 
it is not easy to detect experimentally how many phases 
exist in a special temperature range and what they are 
composed of. 

From topological reasons there should exist a three- 
phase region above the two-phase region isotropic-crystal 
solvate. Inside this region isotropic solution, crystal 
solvate, and nematic solution coexist. At higher tem- 
peratures the monotectic reaction takes place: above the 
three-phase region there exist the two-phase region 
nematic-isotropic a t  lower and nematic-crystal solvate a t  
higher polymer concentration, between them the nematic 
phase lies. The dimension of the transition from the three- 
phase region to the two-phase region is two (surface); the 
dimension is one (line) for the transition from isotropic 
phase-nematic phasecrystal solvate into nematic phase.26 
The temperature vs concentration surface of the mono- 
tectic transitions above which the nematic phase exists 
either in a one- or in a two-phase region is shown in Figure 
11. The network in Figure 11 is formed by the melting 
curves detected by DSC, which run parallel to the axis of 
acid concentration and by conodes which connect the 
crystal solvate with the equilibrium point on the clearing 
surface at  a constant temperature. 

From the given data measured by calorimetry and 
microscopy a partial phase diagram for the system PPTA- 
sulfuric acid-water can be proposed. The homogenous 
nematic phase exists above a monotectic transition and is 
separated from the clearing surface by a two-phase region. 
The clearing surface shifts to higher temperatures with 
increasing polymer concentration and increasing acid 
concentration. The temperature a t  which the nematic 
phase appears in the binary system is 33 "C. The 
temperature a t  which the nematic phase is the only stable 
one rises with decreasing acid concentration. Below the 
monotectic surface which marks the lowest temperature 
at which a homogenous nematic phase may exist a t  a 
certain concentration three phases are stable: the nematic 
one, crystal solvate, and isotropic solution. 

It is not clear which phases exist inside the region which 
lie below the part of the clearing surface toward lower acid 
concentrations. There should be something other than 
the crystal solvate described in the binary system, because 
the crystal reflexions of the crystal solvate disappear with 
decreasing acid concentration (see Figure 5) .  On the other 
hand, no reflections from coagulated PPTA were detect- 
able by X-ray diffraction. If crystalline PPTA exists in 
this region, the ordered regions should be very small or 
distorted because crystal reflections were not found. In 
this case the PPTA should form the spots in polarisation 
microscopy and shows an enormous melting point depres- 
sion (from ca. 600 "C to below 100 "C). The other possible 
explanation of the experimental data is the assumption of 
another, ternary compound. This compound does not 
show crystalline reflections, either because the high content 
of sulphuric acid and water suppresses the existence of 
large ordered areas or because it exists in some kind of gel 
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Figure 8. Possible binary phase diagram PPTA-sulfuric acid: 
the pure polymer shows thermotropic liquid crystalline behavior. 

model should describe the real structure of crystal solvate 
satisfactorily if a calculated diffraction pattern of it is 
similar to that shown in Figure 2. The simulations 
necessary to verify the structure for the crystal solvate 
model have not yet been carried out. 

The eutectic point between polymer and sulfuric acid 
lies a t  4 " C; thus the melting point depression of the sulfuric 
acid by the polymer is very low. 

From a topological point of view and under consideration 
of Gibbs' phase rule there are two possibilities to ex- 
trapolate the binary phase diagram (Figure 6) above the 
limits which are set for the experiments by chemical 
reasons ( T =  180 "C, c = 25%). (1) With the assumption 
that the nematic phase exists over the whole concentration 
range above 9 q  PPTA the phase diagram has the form 
shown in Figure 8. In this case the pure PPTA polymer 
has a thermotropic liquid crystalline phase. Such ther- 
motropic behavior of PPTA was not described in literature 
until now, and is hard to detect it because the decomposi- 
tion temperature of the polymer is near to its melting 
point.4 (2) Otherwise the nematic phase can exist only as 
an intermediate phase. Those intermediate phases are 
well known from alloy phase diagrams23 and organic 
systems in which the molecules are able to form hydrogen 
b 0 n d s . ~ ~ , ~ 5  Possible localizations of intermediate phases 
between the isotropic phase and a compound were deduced 
from phase diagrams of real alloys (for instance A1-Ni, 
C-Cr, Ag-In, Cu-Sn. and Cu-Zn) and are shown sche- 
matically in Figure 9. In the case of PPTA-sulfuric acid, 
the nematic phase exists a t  concentrations lower than that 
of the crystal solvate and at  temperatures higher than its 
melting point. The crystal solvate is incongruent melting. 
That is why the intermediate phase can exist only outside 
of the compound. The phase diagram with an intermediate 
nematic phase which is in accordance to all observations 
is shown in Figure 10. It is not possible to prove which 
of the phase diagrams is the correct one, because the 
demixing experiments which would be necessary to do so 
take a rather long time. Fast polymer degradation prevents 
conclusions from such long-time experiments a t  the 
required temperatures. 

4.2. The Ternary System. All clearing curves of the 
PPTAsulfuric acid solutions with different acid concen- 
trations can be drawn into a three-dimensional clearing 
surface (Figure 4). The minimum of the clearing tem- 
perature belongs to an eutectic trough a t  96.5% sulfuric 
acid and 105 "C which opens into a surface at  lower polymer 
concentrations. The clearing temperature lowers and the 
surface transforms into the eutectic trough starting in the 
binary system sulfuric acid-PPTA at 4 "C. The drop of 
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Figure 9. Possible localizations of intermediate phases in a binary phase diagram with a compound. 
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Figure 10. Possible phase diagram PPTA-ulfuricacid nematic 
solution exists as an intermediate phase. 

Figure 11. Monotectic transition surface in the concentration 
range 1&20% PPTA and 95-100% sulfuric acid. See text for 
explanation. 

state. The experimental results cannot answer that 
question yet. From atopological point of view there should 
be a miscibility gap between the components of the ternary 
system in the solid state.12 

5. Conclusions 
The equilibrium structure of the ternary phase diagram 

PPTA-sulfuric acid-water is based on immiscibility of 
the components in the solid state. In the binary system 
an incongruent melting stoichiometric compound (crystal 
solvate) composed of 23% PPTA in 99.8% sulfuric acid 
exists. The nematic phase exists a t  polymer concentrations 
above 9 ’% and acid concentrations above 96 5%. No other 
liquid crystalline phases were found in the ternary system. 
The crystalline polymer is not formed directly from the 
nematic phase during the coagulation process. An aniso- 
tropic gel-like phase may exist inside of the ternary phase 
diagram. The ternary phase diagram PPTA-sulfuric acid- 
water in the given concentration range is described in this 
paper for the first time. 
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