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Polymorphism in a Liquid Crystalline Polyester Based on 
4,4'-Biphenol, Terephthalic Acid, and p-Hydroxybenzoic Acid 
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ABSTRACT The polyester from 1 mol of 4,4'-biphenol, 1 mol of terephthalic acid, and 2 mol of p -  
hydroxybenzoic acid, synthesized by the acidolysis condensation reaction of the acetylated mixture, was studied 
by using wide-angle X-ray diffraction and differential scanning calorimetry (DSC). X-ray diffraction dem- 
onstrated a reversible crystal-crystal transition at about 100 "C. The transition was also observed with DSC 
as a small endotherm. The most prominent calorimetric feature is an endotherm at about 427 "C corresponding 
to the crystal-nematic transition. There is also a small endotherm at about 472 "C which may correspond 
to the nematic-isotropic transition. On cooling from 450 "C at 10 deg/min, there is observed about 40 deg 
of supercooling before crystallization occurs. Further cooling proceeds through the crystal-crystal transition. 
Rapid cooling from the melt produces a quenched solid which does not demonstrate the crystal-crystal transition. 
Annealing at elevated temperatures converts this metastable form to one which does demonstrate the reversible 
crystal-crystal transition. 

Introduction 
Thermotropic liquid crystalline polymers are of con- 

siderable interest, not only from a theoretical but also from 
a commercial point of view. Of special interest are com- 
pletely aromatic polyesters wherein the connecting linkages 
are all para. These have high melting points, exhibit liquid 
crystalline properties in the melt, and demonstrate very 
high moduli in fabricated form. This paper will deal with 
the polymer from 4,4'-biphenol (BP), terephthalic acid 
(TA), and p-hydroxybenzoic acid (PHBA) in the molar 
ratio 1:1:2. 

Earlier papers described a 1:1:2 polymer made by 
heating the acetates of BP and PHBA with TA in an inert, 
high-boiling liquid.ld3 The molecular weight of the polymer 
was increased by further heating under vacuum at 320-340 
"C, accompanied by raising of the melting point. The 
polymer was reported as having a melting point of around 
430 "C, as measured by differential scanning calorimetry 
(DSC), with an endotherm of about 17 J/g. Low molecular 
weight polymer readily crystallized from the melt. High 
molecular weight polymer, on the other hand, did not show 
an exotherm on cooling from the melt at a rate of 10 
deg/min, i.e., no tendency to crystallize. Polymer, 
quenched from the melt after shearing, exhibited high 
birefringence. No evidence for any other transition was 
presented. Solution properties could not be measured for 
lack of a solvent. 

Wide-angle X-ray measurements disclosed reflections 
a t  4.5 (vs), at 3.9 (s), and at 4.2 A (w). The 4.5 spacing was 
attributed to the distance between chains. The super- 
cooled form also displayed a peak at 4.5 8, but of appre- 
ciably less intensity and subtantially broadened. Mea- 
surements, utilizing 13C NMR, located the PHBA-derived 
mers in two regions, one more ordered than the other. This 
was interpreted as demonstrating that the polymer se- 
quence distribution was of a blocky nature. 

Experimental Section 
The 1:1:2 polyester was prepared by methods reported in the 

literature.H To summarize, 1 mol of BP, 1 mol of TA, 2 mol of 
PHBA, and excess acetic anhydride were refluxed to assure 
acetylation, in situ, of the phenolic hydroxyl groups. The slurry 
temperature was gradually raised with simultaneous distillation 
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to remove the acetic acid formed in the acetylation reaction as 
well as that formed in the acidolysis polymerization reaction. 

Melt polymerization was continued until an oligomer of 
2000-3000 number-average molecular weight was formed. The 
melt was then cooled to a solid which was ground to a powder. 
Polymerization, in the solid state, was then continued under a 
nitrogen sweep until high molecular weight was attained as in- 
dicated by DSC. The number-average molecular weight of the 
polymer of this study is estimated from end group analysis to be 
about 25 OOO. 

Diffractometer data were recorded in the reflection mode by 
using a Philips PN 3550 diffractometer equipped with a Paar 
HKT high-temperature attachment and a Philips XRG-3000 
X-ray generator. A nitrogen atmosphere was used. A copper 
X-ray tube was used at 40 kV and 30 mA, and the Ka line was 
isolated by a curved graphite monochromator. Diffractometer 
angle, sample temperature, and data acquisition were programmed 
by means of an IBM PC-XT equipped with a Keithley System 
570 data acquisition workstation and a centroid motion controller. 
All software was written in-house for this application. Wide-angle 
X-ray diffraction photographs were obtained with a flat film 
camera using Kodak Direct Exposure Film on the Philips XRG- 
3000 X-ray generator. 

DSC determinations were made utilizing a Du Pont 1090 in- 
strument. 

Results 
DSC Determinations. In order to minimize the effect 

of the previous thermal history, as-synthesized polymer 
was heated in the DSC apparatus to 450 "C at 20 deg/min, 
under nitrogen, followed by cooling a t  10 deg/min. The 
specimen was then subjected to a second heating/cooling 
cycle and the data were plotted. Results are shown in 
Figure 1. The most prominent features of the heating scan 
are the small endotherm at around 100 "C with an en- 
thalpy change of around 2 J /g  and the appreciably larger 
one at 427 "C with an enthalpy change of about 10.5 J/g. 
Cooling from 450 "C, a t  10 deglminute, resulted in su- 
percooling of about 40 deg, the exotherm starting at about 
384 "C. Cooling a t  a controlled rate below the indicated 
temperature cutoff was difficult in our apparatus, but, 
nevertheless, i t  was apparent from other data that the 
lower temperature transition on cooling resulted in a small 
exotherm. Figure 2 shows the result of heating to 530 "C. 
A small endotherm, with an enthalpy change of about 1.5 
J/g, appears at about 472 "C, indicating a third transition. 
This is followed by extensive decomposition. 

Wide-Angle X-ray Diffraction. Flat plate powder 
diagrams (Figure 3), on the as-synthesized material, re- 

0 1988 American Chemical Society 



2156 Field et al. 

4.152 

4.61 - 
4.60 - 
4.59 - 
4.58 - 
4.57 - 
4.56 - 
4.55 - 
4.54 - 
4.53 - 
4.52 - 
4.51 

Macromolecules, Vol. 21, No. 7, 1988 

I I I 

/ t 

\ri +-l 
40 110 Im IM) 200 740 780 370 360 400 440 

Ieqmaturc  ('C 1 

Figure 1. DSC heating trace in a nitrogen atmosphere at 20 
deg/min (lower curve) and cooling trace in nitrogen at 10 deg/min 
(upper curve) for the BP/TPA/PHBA copolyester in the molar 
ratio 1:1:2 after preheating the as-synthesized polymer to 450 "C 
at 20 deg/min and then cooling at 10 deg/min in nitrogen. 
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Figure 2. DSC heating trace only to 530 "C at 20 deg/min in 
nitrogen. 

Figure 3. Flat plate powder X-ray diffraction diagram for the 
as-synthesized polymer. 

vealed an appreciably crystalline pattern with several sharp 
rings. The three most prominent rings were a t  approxi- 
mately 4.5, 3.9, and 3.1 A. When the X-ray picture was 
taken a t  150 "C, i t  appeared that the "3.9" ring had dis- 
appeared. The ring reappeared on cooling to room tem- 
perature. At higher temperatures than 150 "C, the "3.1" 
ring appeared to be gradually vanishing, especially a t  over 
250 "C. 

As long as the temperatures of the flat plate X-ray ex- 
periments were below that of the large endotherm, cooling 
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Figure 4. Diffractometer scan of intensity versus 28 for the 
as-synthesized polymer. 
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Figure 5. Change in the powder diffractometer d-spacing for 
the 4.5 A peak during two successive heating and cooling cycles 
between room temperature and 380 "C: (0) first heating cycle; 
(+) first cooling cycle; (0) second heating cycle; (A) second cooling 
cycle. 

back to room temperature resulted in X-ray diffraction 
patterns that appeared to be the same as the starting one. 
If, however, the sample temperature was raised to 450 "C 
and quenched abruptly to room temperature, the resulting 
picture revealed the absence of the "3.9" spacing and the 
prominence of a ring with a slightly smaller d-spacing than 
the original "4.5" one. When the sample was held a t  400 
"C, the original pattern was recovered on cooling to room 
temperature. 

More precise data were obtained by using goniometer 
plotting methods. Figure 4 is a plot of intensity versus 28 
for the starting as-synthesized polymer. Peaks are seen 
to be present at 4.61 (vs), 3.94 (m), 3.17 (w), 2.4 (ww), and 
2.1 A (vw). Data were also collected via X-ray scanning 
a t  10-deg temperature intervals during heating from room 
temperature to 380 "C and on cooling back to ambient. 
The time for each scan was approximately 21 min. Figure 
5 is a plot of the d-spacing of the "4.5" peak through two 
successive heating/cooling runs starting with as-synthes- 
ized polymer. Figure 6 is a plot of the "4.5" intensities for 
these runs. Figures 7 and 8 are the same plots for the "3.9" 
peak. Figure 9 is composed of plots of intensities a t  tem- 
peratures in the vicinity of the melting point versus 28. 
Figure 10 shows the comparable room temperature plots 
on quenching from each of the above temperatures. 

An isometric view of the topography of a three-dimen- 
sional plot of 20, intensity, and temperature was simulated 
by slightly displacing each incremental (10 deg) temper- 
ature scan. Figure 11 is such a plot for heating a previously 
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Figure 6. Change in powder X-ray diffraction intensity for the 
4.5 8, peak during two successive heating and cooling cycles be- 
tween room temperature and 380 "C: (0) first heating cycle; (+) 
first cooling cycle; (0) second heating cycle; (A) second cooling 
cycle. 
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Figure 7. Change in the d-spacing for the 3.9 8, peak during two 
successive heating and cooling cycles: (0) first heating cycle; (+) 
first cooling cycle; (0) second heating cycle; (A) second cooling 
cycle. 
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Figure 8. Change in intensity for the 3.9 8, peak during two 
successive heating and cooling cycles: (0) first heating cycle; (+) 
first cooling cycle; (0) second heating cycle; (A) second cooling 
cycle. 

heated sample from room temperature to 380 "C. The two 
peaks at  28 of about 39.4 and 46 deg are due to the plat- 
inum support. Another sample of polymer was heated 
above its melting point, to 450 "C, and quenched rapidly 
to room temperature. Figure 12 portrays the heating of 
this sample to 380 "C. This was followed by cooling to 
room temperature. Figure 13 portrays the cooling data. 
Figure 14 is a plot of the "4.5" d-spacing versus tempera- 
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Figure 9. X-ray diffractometer scans of intensity versus 28 in 
the vicinity of the melting point: upper curve run at 420 "C, 
middle curve run at 440 "C, and lower curve run at 460 "C. 
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Figure 10. X-ray diffractometer scans of intensity versus 28 run 
at room temperature after exposure to elevated temperature: 
uppermost curve with no heat history, upper middle curve after 
heating to 420 "C and quenching to room temperature, lower 
middle curve after heating to 440 "C and quenching to room 
temperature, and lowest curve after heating to 460 "C and 

nching to room temperature. 
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Figure 1 1. Three-dimensional, isometric view of diffractometer 
scans versus temperature for the heating of a sample previously 
heated to 380 "C. 

ture and Figure 15 is a plot of the intensity versus tem- 
perature corresponding to the heating/cooling regimen just 
described. 

Figure 16 is a portrayal of the fiber diagrams, a t  room 
temperature and a t  150 "C, of a highly oriented sample 
obtained by injection molding. 
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Figure 12. Three-dimensional, isometric view of diffractometer 
scans versus temperature for the heating of a sample previously 
heated to 450 "C and quenched rapidly to room temperature. 
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Figure 13. Three-dimensional, isometric view of diffractometer 
scans versus temperature for the cooling of the sample of Figure 
12. 
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Figure 14. Plot of the 4.5 8, peak d-spacing versus temperature 
for a sample previously heated from room temperature to 450 "C 
and quenched to room temperature: (a) heating to 380 "C; (+) 
cooling to room temperature. 

Discussion 
Transitions Observed with DSC. The polyester of 

this study appears to be different in a number of features 
from the one reported earlier.1-3 The latter showed little 
tendency to crystallize while the present polymer readily 
crystallizes albeit with supercooling of about 40 deg when 
cooled at a rate of 10 deg/min (Figure 1). In addition, the 
present polymer demonstrates a small endotherm at  
around 100 "C (Figure 1) and a small endotherm at  472 
"C (Figure 2), neither of which were reported earlier. 
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Figure 15. Plot of the 4.5 8, peak intensity versus temperature 
for the same sample as in Figure 14: (0) heating to 380 "C; (+) 
cooling to room temperature. 
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Figure 16. Schematic representation of the flat plate X-ray 
diffraction fiber diagrams at room temperature and at 150 "C for 
a highly oriented sample taken from the core of an injection- 
molded plaque. 

The earlier investigators reported an endotherm at 430 
"C with a value of about 17 J /g  while the present value 
is 10.5 J/g. It should be noted, however, that the 10.5 J/g 
value is determined on the second DSC pass. The first 
DSC pass does show an endotherm comparable to the 
earlier reported value which reflects the thermal history 
of the polymerization. Because of the relatively long period 
of time required at  elevated temperatures during polym- 
erization in the solid state, crystal perfection is enhanced. 
On the other hand, the opportunities for ester-ester in- 
terchange scrambling, which would decrease any tendency 
to crystallize, are enhanced in the melt. Hence, on melting, 
cooling, and recrystallization and then upon reheating, the 
endotherm would be expected to be smaller. 

The earlier polymer was reported as being liquid crys- 
talline in the melt on the basis of birefrigence observed 
in a sheared, quenched sample. In the present authors' 
hands, optical measurements in the melt proved difficult 
because of potential damage to the microscope optics a t  
the high temperatures required. However, when low 
melting point "prepolymer" (low molecular weight) was 
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melted between cover slips and allowed to polymerize to 
higher molecular weight in the melt on a hot bar, the 
quenched sample demonstrated a multiplicity of colors 
when observed by using a microscope equipped with cross 
polars. The above, together with the X-ray observations 
and a consideration of the very rigid linear structure ex- 
pected from an all-para aromatic polyester, plus the ob- 
servations on model  compound^,^ confirm the assignment 
of a crystal-nematic transition (C to N) to the endotherm 
observed a t  427 "C (Figure 1). The small peak observed 
a t  about 472 "C (Figure 2) is reproducible and probably 
corresponds to the nematic-isotropic transition (N to I). 
Other observers of liquid crystallinity in pertinent model 
compounds7 and in all-para aromatic backbone polyesters 
have reported comparable temperature differentials be- 
tween the crystal-nematic melting point and the nemat- 
ic-isotropic melting point.7*8 

Wide-Angle X-ray-Temperat ure Studies. Wide-an- 
gle X-ray at room temperature (Figures 3 and 4) generally 
confirms the earlier reported  observation^.'-^ To gain 
insight, however, into the observed DSC behavior, an 
X-ray-temperature study was conducted. 

Figures 5 and 6 portray the effect of temperature on the 
highest intensity ("4.5") 8, reflection for successive heat- 
ing/cooling cycles between room temperature and 380 "C, 
starting with as-synthesized polymer. The difference be- 
tween the first and the second heating behavior reflects 
the polymerization thermal history. The remaining curves 
are very reproducible. Some hysteresis is evident between 
heating and cooling a t  the low-temperature ends. 

It is clear that a crystal-crystal transition occurs at about 
100 "C, consistent with the DSC behavior. On heating 
through the transition, a decrease of about 0.1 8, occurs, 
followed a t  higher temperatures by a uniform expansion. 
The reverse occurs on cooling. At  the same time, the 
intensity of the reflection begins to increase rapidly, be- 
coming maximum at about 250 "C. The "3.9" 8, reflection 
parallels the "4.5" behavior except that the crystal-crystal 
transition is manifested in the disappearance of the former 
on heating above the transition temperature and its re- 
appearance on cooling (Figures 7 and 8). The crystal form 
below the transition temperature, with d-spacings of 4.61 
and 3.94 A, and the form above the transition temperature, 
with d-spacing of -4.5 8, (and larger) and no -3.9 A 
spacing, will be referred to, respectively, as the A and B 
forms. Figure 11 is a more dramatic portrayal of the 
transition. 

Quenching and Annealing. From Figures 9 and 10, 
it appears that the solid phase present before melting as 
well as during the melting process, on rapid quenching, is 
unchanged. I t  cools down in the B form until the crys- 
tal-crystal transition temperature is reached hereupon it 
transforms into A. On the other hand, the liquid portion 
of the melt, on quenching, becomes a metastable crystalline 
form, B,, which demonstrates a room temperature d- 
spacing of 4.47 A. Moreover, B, does not manifest a 
crystal-crystal transition on heating either by X-ray or 
DSC. Thus, polymer which is completely melted, on 
quenching, reflects only a t  4.47 A, while polymer which 
is a t  a temperature below the onset of melting, on 
quenching, reflects only a t  4.61 and 3.94 8, a t  room tem- 
perature. Polymer in the midst of melting, on quenching, 
demonstrates a combination of these reflections. 

When quenched melted polymer is heated, it is apparent 
from Figures 12-15 that the B form converts to the B form 
at  temperatures beginning at &out 260 "C with the process 
becoming rapid at above 350 "C. This is evidenced by the 
increase in the intensity of the "4.5" reflection on heating 
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above 260 "C, by the huge hysteresis effects on heating to 
380 "C and subsequent cooling, and by the dramatic B to 
A transition. These effects are not seen when the exper- 
iment is limited to heating and cooling from 260 "C. The 
intensity curves on heating and cooling are essentially the 
same, with no evidence of the B to A transition in the 
d-spacing versus temperature curve. Of considerable im- 
portance is the observation that above the crystal-crystal 
transition temperature, the "4.5" spacing and its coefficient 
of linear expansion (slope) are identical for the B and B, 
forms (Figure 14). This suggests that B, is a somewhat 
disordered B form (hence the symbol B, rather than Q). 

Interestingly, starting polymer demonstrates a shoulder 
a t  -4.5 A below the 100 "C transition and a displaced 
"ridge" above (Figure 11). When the polymer was melted, 
quenched, and annealed, the room temperature shoulder 
and the high-temperature "ridge" disappeared. Appar- 
ently, the as-synthesized polymer is largely in the A form 
with some "frozen-in" structure present, perhaps of the B, 
type. The B, may be related to quenching of the melt prior 
to the solid-state polymerization. The latter may also have 
introduced some blocky character which scrambles on 
melting. 

Oriented A and B Forms. It has been observed that 
injection molding can lead to sections of core demon- 
strating highly oriented "annealed" structures, as observed 
by wide-angle X-ray.g At  room temperature, the form 
present appears to be the highly oriented A. The skin, on 
the other hand, appears to be a very oriented "quenched" 
form. The core structure undergoes a reversible crystal- 
crystal transition at  about 100 "C to the highly oriented 
B form. Figure 16 diagramatically portrays the flat plate 
pictures taken at  room temperature and a t  150 "C. The 
X-ray pictures are clearly those of highly crystalline 
polymer. Multilayer lines are evident. Orthorhombic 
pseudo unit cells have been proposed for the A and B 
forms with the "c" axis consisting of an average dimer.1° 

A random mer sequence along the polymer backbone is 
concluded from an analysis of the aperiodic meridional 
reflections." In the light of this apparent random struc- 
ture, the highly three-dimensionally crystalline X-ray 
patterns pose an interesting theoretical problem. 

We have also been able to prepare fibers from the 
polymer. The "as-spun'' fiber appears to be "quenched" 
and, on annealing, appears to convert to the A form when 
cooled to room temperature.12 

Conclusions 

described by the following scheme: 
To summarize, the polymer sample of this study can be 

rapidly reversible a t  -100 "C 
a t  -427 "C (MW dependent) 
supercools -40 "C 

A + B 
B - N 
N - B 
N -, B, rapid quench 

B, - B 

N +  I at472 "C 

anneal a t  260+ "C, preferably 350+ "C 
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ABSTRACT Ultrafiltration and light-scattering evidence is presented pointing to the growth of large, stable 
associated complexes from smaller lignin moieties as the alkalinity of an aqueous kraft lignin (KL) solution 
is decreased. Ultrafiltrates showed a decrease in the number of small molecules available to permeate the 
membrane as the solution alkalinity was decreased from pH 13.8 to 8.5. Light-scattering measurements indicated 
a large increase in the weight-average molecular weight (i.e., from about 3500 to 200000) when the alkalinity 
was reduced. The association was found to  be reversible and rapid. A model of the association is proposed 
in which the controlling step is presumed to be the protonation of phenolic hydroxyl groups. Association 
seems to explain the difficulties experienced in fractionation of KL on a molecular weight basis by use of 
incremental precipitation by acidification of alkaline solutions. 

Introduction 
Lignins are phenylpropane type polymers that make up 

about one-fourth of the mass of all woody plant tissue. 
Structural features of native soft-wood lignins have been 
proposed by Ad1er.l Characteristics of lignins have been 
described by Sarkanen and Ludwig.2 

Several investigators have reported that kraft lignins 
(KL), which are extracted from wood by action of aqueous 
sodium hydroxide-sodium sulfide solutions a t  elevated 
temperatures and are schematically pictured in Figure 1 
according to M a r t ~ n , ~  may associate in aqueous solution 
to form complexes. Changes in diffusion coefficients with 
changes in concentration or alkalinity have been observed 
by B e n k ~ . ~  Increases in specific viscosity with decreases 
in alkalinity have been found by Yaropolov and Tish- 
chenko5 and also by Lindstrom,6 who proposed that as- 
sociation occurs as a result of hydrogen bonding between 
carboxylic acid and phenolic hydroxyl groups. Shifts in 
molecular weight distributions (MWD), as estimated by 
size exclusion chromatography (SEC), have been seen in 
this laboratory b y  Sarkanen et al.,’ who suggested that the 
complexes may arise as a result of HOMO-LUMO bonding 
of the 7r orbitals of benzene rings. 

With this background, the now-reported research was 
undertaken8 to assemble more information about the 
phenomenon of association of kraft lignins in aqueous 
solutions. 
Experimental Section 
Solutions. The KL studied was Indulin AT, a purified 

southern pine lignin solid obtained from the Westvaco Co. This 

Present address: Department of Chemical Engineering, Uni- 
versity of Maine, Orono, ME 04468. 

KL was dissolved in sufficient aqueous sodium hydroxide to yield 
a solution (160 g L-I, pH 9.2) which was then filtered through 
Whatman number 1 paper. The filtrate was divided into five 
aliquots, and each was adjusted to  a different alkalinity by the 
addition of carbonate-free, saturated sodium hydroxide solution 
or by the removal of sodium by ion exchange. Solutions at  pH 
8.5,9.2,11.0,12.0, and 13.6 were identified as KL85, KL92, KL11, 
KL12, and KL14. These were aged under nitrogen for about 1 
month at  room temperature and, before use, were passed through 
a fine-sintered glass filter. No precipitate was observed on the 
filter surface. The ionic strength of each solution was approxi- 
mately 0.2 M. 

Ultrafiltration Procedures. Experiments were conducted 
in a stirred ultrafiltration cell (Model 202, Amicon Co.) modified 
so that the stir bar was situated about 2.5 cm above the membrane 
surface. Polysulfone membranes from DDS, Ltd. (Denmark), and 
from the Amicon Co. were used. Three sets of experiments were 
performed to  determine the effects of alkalinity on the concen- 
tration of solutes in the permeates. A fourth experiment was 
conducted to explore the effects of association on the molecular 
weight distribution. 

For set UF-1, individual 160 g L-’ KL solutions were ultraf- 
iltered separately at  three different randomly chosen transmem- 
brane pressures (134, 268, and 536 kPa) through a DDS GR8P 
membrane with stirring at  145 rpm. The initial 10 mL of permeate 
was discarded, and a 2-mL permeate sample was then collected. 
Lignin concentration was determined in each permeate. Between 
runs at  different alkalinities, the membrane was washed by using 
an acid-base-detergent procedure described by Woerner.* 

In UF-2, the KL92 solution (160 g L-I, pH 9.2) was placed in 
an ultrafiltration cell and titrated with a saturated sodium hy- 
droxide solution to yield several alkalinity levels and finally pH 
13. Solutions were allowed to stand for 2 h between alkaline 
additions. Ultrafiltrations (GR8P membrane) were conducted 
at  each alkalinity level with the transmembrane pressure and the 
stirring rates held constant a t  134 kPa and 145 rpm, respectively. 
The initial ionic strength was approximately 0.2 M. 
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