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ABSTRACT Certain thermotropic liquid crystalline copolyestere containing ca. 10 mol % isophthaloyl- 
diphenyl unite provide high molecular weight fibers having the apparently contradictory characteristics of 
high macromolecular alignment in the axial direction and high initial modulus, coupled with stretchability 
far beyond levels usual for such materials (up to 40%, versus 2-5% 1. Thie phenomenon is defiied in terms 
of copolymer composition, types, and ranges and physical conditions of fiber formation. Experimental 
observations accord with a model for the nematic melt whereby a significant proportion of the isophtha- 
loyldiphenyl unite exist in a resonance-stabilized, t80°-folded conformation which allows the intervening 
extended, linear segments to adopt g d  parallel alignment. Under extensional forces such a structure can 
undergo unfolding if the intermolecular cohesion is not excessive, which serves aa the baais for high levels 
of elongation. The associated modest levels of fiber strength are the result of lowered effective length of the 
folded chains in comparison with the completely extended conformation. 

Introduction 
Aromatic polyesters, capable of adopting a miniium- 

energy, rodlike conformation in the fully extended state 
and with moderate rotational energy barriers opposing 
reversion to less extended conformations, are, in principle, 
capable of providing liquid crystalline, thermotropic 
melts.' As a practical measure, to ensure that melting 
OCCUIB below thermal decomposition temperatures (rough- 
ly 375 "C), modifications such as copolymerization or 
asymmetrical ring substitution, to introduce controlled, 
along-chain irregularities of structure, are usually neces- 
sary. Thermotropic melts consist of a microdomains or 
aggregates, within which the extended macromolecules 
are arranged in parallel. In the absence of any applied 
stress, the domains are mutually oriented at random to 
each other. 

Modest levels of stress such as shear flow relative to a 
solid surface or elongational flow when a melt extrudate 
is pulled away from a die, as in fiber spinning, cause the 
domains to become mutually oriented in the direction of 
strew. The individuality of d o h  disappears in favor 
of a macroaasembly of extended, well-oriented macro- 
molecules. Removal of applied stresees permits the melt 
to revert to its original structure of randomly oriented 
domains. However, the relaxation time for this to occur 
is relatively long so that rapid cooling can capture the 
highly oriented structure produced by applied stresses. 
This is the essence of melt-spinning of thermotropic melts 
to well-oriented fibers, wherein applied extensional loads 
can be shared more or less equally by most of the 
macromolecules to give the characteristic combination of 
high extensional modulus (i.e., resistance to elongation), 
low extensibility or elongation at break, and high tensile 
strength. High orientation may be measured by wide- 
angle X-ray analysis. 

Tensile strength also depends on degree of polymeri- 
zation, but asymptotically tends toward some limiting 
value in the region of ca. 100 repeat units for aramids and 
other aromatic condensation polymers. With compara- 
tively stiff copolymers (compared with aliphatics), such 
as thermotropic aromatic polyesters, melt viscosities are 
excessively high at molecular weight levels needed for high 
strength. Fibers are thus extruded at considerably lower 
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molecular weights and high molecular weight levels 
subsequently attained by post-heat treatment of the fibere 
at temperatures approaching the softening points? Ther- 
motropic polyesters are usually prepared by reaction of 
carboxylic acid with acetate groups, so that fiber heat 
strengthening is accompanied by expulsion of acetic acid 
as byproduct. The practicability of such solid-phase 
polymerization in thermotropic polyester fibers depends 
on the characteristic absence of length change during the 
process. 

A linear thermotropic polyester chain can accommodate 
a minor amount of nonlinear (or bent) comonomer 
components without significant diminution of mechanical 
properties. In fact, for a typical composition3, 1,4BE/2,- 
6NG/T (60/20/20) [consisting of 60 mol % 4-hydroxy- 
benzoic acid (1,4BE), 20 % 2,6-naphthalenediol(2,6NG), 
and 20% terephthalic acid (T)I, replacement of part of 
the 2,6NG by resorcinol initially results in higher tensile 
strength in the heat-treated fiber product1p4 as shown in 
Table I. Inevitably, however, progressive diminution of 
rodlike conformation, as illustrated by progressively 
increased amounts of copolymerized resorcinol in Table 
I, causes sequentially loss in modulus, increase in elon- 
gation at break, loss in tensile strength, and eventually 
disappearance of liquid crystallinity in the melt. 

Table I illustrates the contrast between well-aligned 
fiber assemblies of more or less rod-shaped macromole- 
cules, as characterized by anisotropy or liquid crystallinity 
in the melt precursor, and closely similar compositions 
with diminished capability for rodlike conformation or 
optimal chain alignment. The former show combinations 
of high modulus and low elongation, and the latter show 
low modulus and high elongation. The former may or 
may not show high tensile strength, depending on the 
molecular length. The transition from former to latter 
type with changing composition is quite abrupt. In 
thermotropic polyesters the combination of high modulus 
and high elongation has not been reported and is unlikely, 
based on a consideration of structure as described above. 

A much broader range of oriented, high molecular weight 
polymer assemblies, transcending polymer types, method 
of fiber formation, and orientation, liquid crystallinity or 
otherwise in precursor melt or solutions, is represented in 
the stressatrain curves in Figure 1. This shows a clear 
division of polymers into two classes depending on their 
ability or otherwise to provide oriented assemblies of 

Q 1993 American Chemical Society 



7126 Irwin Macromolecules, Vol. 26, No. 26, 1993 

Table I. Effect of Tensile Properties of l,4BE/2,6NG/T 
(60/20/20) Fibers When the 2,6NG IS Progressively 

Replaced by Resorcinol 
resorcinol, tenacity, elongation, modulus, melt 

% GPA % GPa anisotropy 
0 
5 

10 
20 

Stress 

1.8 3.5 53 + 
2.3 4.7 49 + 
2.3 6.3 36 + 
1.0 20.0 5 - 

Polybenzthiazole 

Gel-Spun Polyethylene 
Kevla@ Aramid 
Thermotropic L.C. Polyester 

Hypothetical High MUHigh E Fiber 

Strain (Elongation), % 

Figure 1. Stresa-strain curves of various fibers, showing two 
groups: (a) high modulus and low elongation; (b) low modulus 
and high elongation. 

extended, approximately rodlike macromolecules in par- 
allel: 

1. Stiff but not tough combinations of high modulus 
(above ca. 40 GPa) and low break elongation (below ca. 
10% ). 

2. Tough but not stiff: combinations of low modulus 
(below ca. 15 GPa) and high elongation (above ca. 15%). 
Very few, if any, polymers show intermediate behavior, 
i.e., high stiffness and hightoughness. (In this discussion, 
thetermtoughnese, intermsofabilitytowithatandflexural 
or extensional deformations, may be roughly assessed in 
terms of elongation at break as is customary for practically 
all high molecular weight fibers.) The polymeric fibers 
closest to the category include highly-drawn poly(l,3- 
phenyleneis~phthalamide)~ and polyamide hydrazides,6 
having modulus/elongation of 17.5 GPa/l4% and 50.6 
GP412 % , respectively. The hyperbolic relationship 
between elongation and modulus for poly(194-hydroxy- 
benzoate) fibers has been illustrated by Ciferri and Ward.' 

This paper discusses a novel category of thermotropic 
copolyesters compositions which provide fibers having a 
unique combination of high molecular alignment and high 
modulus, with unusually high elongation. 

Nomenclature 
The shorthand notations for monomers and polymers 

in this paper are based on a comprehensive, self-consistent 
system used in these laboratories for many years. This 
system allows codes to be easily created for new or 
unfamiliar materials and, with a little practice, chemical 
structures to be understood from the code without 
reference to a tabulation of codes and structures. 

Shorthand designations for the basic diols, diacids, or 
hydroxy acids underlying the aromatic polyesters dimmed 
here are created by combinations of the following elements. 

1. Cyclic in-chain components 

1,4EE 

PG, 1,3PG, ClPG 

PCO mPCOPG 

ECOmPCOB 

PCO mPCOEE 

POmPOPG 

MePCO mPCOMsPG 

PCOBICOPG 

2,4'PCOPG 

Hoooo"Q%.oH 

2. Ring substituents are written immediately in front 
of the ring code (e.g., ClP, MeP). 

3. Ring bridging groups, ethers or carbonyls, are written 
as 0 or CO. 

4. In the monomer code a terminal G indicates a diol 
(G = glycol, from aliphatic chemistry), B is a diacid, and 
E is a hydroxy acid (E = self-esterifier). 

Although we have endeavored to describe each code 
when f i i t  mentioned in the text, Chart I shows the 
application of the above principles to specific examplee. 
(A few very common monomers, viz., isophthalic acid and 
terephthalic acid, are simply referred to as I and T, 
according to common usage.) 

Polymer compositions are then written in terms of 
constituent diols, diacids, or hydroxy acids, separated by 
adhgonalslashtoindicaterandomcopolymemor ahyphen 
to indicate entirely AA-BB character. Molar proportions 
are in parentheses (e.g., 1,4BE/ClPG/PCOrnPCOPG/T 

Experimental Section 
Materials. 4,4'-1sophthaloyldiphenyl Diace~tote (PCOm- 

PCOPG Diacetate). A mixture of isophthalic acid (49.8 g, 0.3 
mol) and phenol (59.1 g, 0.63 mol) in HF (500 mL) was placed 
inanautoclaveatO°C,purgedwithnitrogenandthenpr~~ 
at 30 psi with BFs during 6 h. Water (ca 300 mL) was added 
carefully to decompose the red BFs complex, and the mixture 
was combined with excess water (ca 1 L). The dark brown crude 
diol (82 g, 86%) was isolated by fitration, dried, and acetylated 
without purircation by acetic anhydride (300 mL) with 6 drops 
of sulfuricacid at 100 OC for 3.5 h. Cooling grave crude diacetate, 
mp 181-187 O C ,  in 46% yield, subject to improvement by 
concentrating the acetic anhydride solution. Recrystallization 
from chloroform gave mp 191-192 O C .  

In an alternate synthesis anisole was condensed with ieoph- 
thaloyl chloride with AlCls/CH&12 and then demethylatad with 
HBr/AcOH to give free diol (PCOmPCOPG), mp 141-144 O C ,  in 

(60/10/10/2O) and PhPG/PCOmPCOPG(80/20)-T). 
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typical flexible, random coil polymer [poly (ethylene 
terephthalate)], respectively. 

The first example of such characteristics was for 1,4- 
hydroxybenzoic acid (1,4BE)/hydroquinone (PG)/PCOm- 
PCOPG/terephthalic acid (T) (60/10/10/20) as shown in 
Table 11. Heat-treatment reduced the orientation angle 
from 18 to 1 2 O ,  while improving the already-significant 
degree of crystallinity, and gave elbngation-to-break and 
initial modulus up to 20% and 35 GPa. The optimal 
combinations of elongation and modulus are highly 
sensitive to PCOmPCOPG content. In the copolymer 
system under discussion, an increase in PCOmPCOPG 
level from 10 to 12 mol % (with compensating decrease 
in PG level) produces an increase in elongation (from 20 
to 35 % ) and a reduction in modulus (from 28 to 18 GPa). 
With 17 '7% PCOmPCOPG, in 1,4BE/PCOrnPCOPG/T (66/ 
17/17), as shown in Table 11, elongation is as high as 60% 
with modulus 16 GPa but tensile strength is starting to 
drop. At high levels of PCOmPCOPG, the polymer melt 
temperature drops too low for effective heat strengthening. 
When PCOmPCOPG content is lowered from 10 to 8% 
as in 1,4BE/PG/PCOmPCOPG/T (60/12/8/20), there is a 
significant increase in polymer melting point which seems 
to arise from an incidence of blockiness in the copolymer 
and consequent nonoptimal melt flow/extrusion unifor- 
mity. 

Substitution of chlorohydroquinone (CPG) for PG as 
in 1,4BE/ClPG/PCOmPCOPG/T (60/10/10/20) signifi- 
cantly improved uniformity of melt flow and fibers 
therefrom. Presumably, ClPG is more miscible with the 
polymerisate than PG and thus copolymer randomization 
is improved. This composition has a significantly higher 
fiber elongation (40 % ) compared with the PG case (Table 
11). 

The extent of break elongation afforded by PCOmP- 
COPG copolymers may be quite variable, depending on 
the upper l i i i t  of fiber heat-treatment temperature, as 
illustrated by the variability in the stress-strain curves 
for 1,4BE/ClPG/PCOmPCOPG/T (60/ 10/ 10/20) shown in 
Figure 3. (Frequently, the tenacity of break is slightly 
lower than the tenacity maximum; i.e., the fiber can be 
stretched with negligible additional applied tension beyond 
some early maximum. In some such cases the extension 
beyond maximum tenacity was not recorded, e.g., in the 
cases of 292 and 275 OC heat treatmenta (Figure 3).) A 
detailed analysis of fiber-spinning conditions for the same 
copolymer showed that there is indeed an upper heat- 
treatment temperature where break elongation becomes 
maximal (Figure 4). This temperature is ca. 10 OC below 
the initial flow temperature, which may be determined by 
direct observation on a hot stage. The heat treatment 
limit varies according to polymer composition. Elongation 
is also sensitive to other changes in extrusion variables. 
Figure 4 shows that it is reduced by reduction in melt 
viscosity, as may be achieved by increasing the temperature 
of the melt. It is also lowered by increasing "spin- 
stretching", which is the elongational shear rate a t  which 
the extrudate is drawn away from the spinneret orifice. 
Certain combinations of conditions favoring low elongation 
and correlating with high stress applied to the polymer 
chains during extrusion can produce stress-strain curves 
for this same polymer tending away from the convex shapes 
of Figure 3 and toward the linearity associated with 
conventional thermotropic polyester fibers [characterized 
by very low elongation (2.0-3.5%) and higher levels of 
modulus (45 GPa)l; tenacity is still rather limited (8 GPa). 
In other words, the polymer acta like a conventional 
thermotropic polyester with rather poor long-range mo- 

I Typical Thennotropic 

I+ Example Copolymer 

Strain 

Figure 2. Streee-strain curve of 1,4BE/ClPG/PCOmPCOPG/T 
(60/10/10/20) fibers in comparison with poly(ethy1ene tereph- 
thalate) (PET) and a typical thermotropic liquid crystalline 
polyeeter. 

60% yield. Acetylation by acetic anhydride (threefold volume 
ratio) with sulfuric acid at reflux gave diacetate, mp 192-196 OC, 
in 92% yield. 

The HF/BFs was used for other carbonyl monomers in this 
study. In many cases the BFs may be omittad. 

4,4'-Ilophthaloyldi-3re~yl discetate (MePCOmPCOMe- 
PG diaae~tate), mp 208.5-211 OC, was obtained in 81 % overall 
yield. 
8,4'-Di.ae1to.y-S'-methylbenzophenone (3,4'-MePCOPG 

dkcetate), mp 120.5-122 OC, was obtained in 91% yield. 
2,4'-Diaceto.ybenzophenone was prepared by R. K. Sie- 

mionko, W o n t .  
Bir(4-hydrorybenzoyl)beneoturan (PCOBICOPG), mp 

302-304 O C ,  was converted to diacetate, mp 177-179 "C. 
Big[ 4-hydroxy-8- (met hylbenzoyl)-4-phenyl] et her (Me- 

PCOPOPCOMePG), mp 208-211 "C, gave diacetate, mp 147- 
160 OC, after recryetallization from CC4. 
[4-(3-Hydro.rbenzoyl)pbsno.y]-4-phenol (mPCOPOPG). 

bHydroxybenzoic acid 4-phenoxyphenol were condensed in HF/ 
BFa to form diol, mp 118-120 O C ,  which was converted to 
diacetate, mp 67-70 "C after crystallization from methanol. 
4-[3-(4-Hydroxybenzoyl)benzoyl]benzoic acid (PCOm- 

PCOBE) was synthesized by R. A. Clement, DuPont. 
l~Phenylenedioxydi-4-p~nol (POmPOPG). A mixture 

of dmethoxyphenol (558 g, 3.83 mol, 50% excess), 1,3-dibro- 
mobeneene (300 g, 1.28 mol), KOH (143 g, 2.55 mol), and copper 
powder (18 g) was heated with stirring for 5 h. Water distilled 
off via a V i x  column during the fmt hour. The cooled mixture 
was poured into a stirred solution of 215 g of KOH/3 L of water. 
The bottom layer was taken up in methylene chloride, the mixture 
WM washed with water, methylene chloride was distilled off, and 
the residue was fractionally distilled to provide the dimethoxy 
compound as a yellow oil, bp 204-206 OV0.4 mm, mp 74-82 "C. 
Demethylation with AQO/HBr gave diol, mp 131-134 O C .  The 
diacetate melted at 109-112 "C. 

Polymerization, spinning, and heat-strengthening methods for 
l,QBE/ClPG/PCOmPCOPG/T (60/10/10/20) and related high- 
elongation polymers are described in ref 8 and are applicable to 
thermotropic liquid crystalline polyesters in general. 

Liquid crystallinity (or anisotropy) was established by ob- 
servation of a bright field when a specimen of polymer solution 
between microscope slides and between cross polariiers, was 
viewed through a microscope. Isotropic solutions under these 
circumstances give a dark field. 

Results 
Certain aromatic polyesters containing close to 10 mol 

96 of ieophthaloyldiphenol (PCOrnPCOPG) may be ex- 
truded as anisotropic melts through a spinneret to form 
well-oriented ( ~ 2 0 ~  by wide-angle X-ray analysis), mod- 
erately crystalline, but weak and brittle fibers. Heating 
under zero tension at temperatures approaching the melt 
temperature increases the tensile strength to useful levels, 
together with an unprecedented combination of high 
elongation and high modulus. The stress-strain curve of 
such a material ie compared in Figure 2 with that of a 
typical high-strength liquid crystalline polyester and a 
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Table 11. Properties of Thermotropic Copolyester Fibers Baaed on 4-Hydroxybenzoic Acid (1,4BE), Terephthalic Acid (T), 
and PCOmPCOPG 

orientation angle 
composition tenacity, GPa E, % modulus, GPa (WAX), deg ?inh, 

1,4BE/ClPG/PCOmPCOPG/T 
(60/10/10/20) 

1,4BE/ PGIPCOmPC6PGIT 
(60/10/10/20) 

as extruded 0.03 0.5 
heat treated 0.63 40 

as extruded 0.15 0.8 
heat treated 0.58 20 

1,4BE/PCOmPCOPG/T 
(66/ 17/17) 

typical thermotropic, e.g., 
1,4BE/3,4TCOPG/T 
(60/20/20) 

heat treated 0.43 60 

heat treated 3.07 3.2 

Strain 

Figure 3. Effect of heat-strengthening temperature on stress- 
strain behavior of 1,4BE/ClF'G/PCOmPCOPG/T (60/10/10/20) 
fibers. 

30 

20 

Elongation 
(4,) 

10 

l d * x  Spin-Stretch 

0 4 4 1 
250 275 3 325'C 

Heat-Strengthening Temperature 

Figure 4. Effects of degree of spin stretching, melt viscosity, 
and heatstrengthening temperature on elongation at 21 "C for 
1,4BE/ClPG/PCOmPCOPG/T (60/10/10/20) fibers. 

lecular orientation but with fairly high short-range ori- 
entation. This suggests the polymer may be capable of 
two quite different types of basic fiber structure. 

Tensile properties of 1,4BE/ClPG/PCOmPCOPG/T 
(60/10/10/20) measured a t  elevated temperatures show a 
pronounced increase in elongation and drop in modulus 
at increasing temperatures (Figure 3 and Table 111). The 
maximum rate of change occurs approximately a t  the glass 
transition temperature (111 "C), although it is not known 
if there is significance in this correlation. Even in cases 
where elongation at 21 "C is quite low (cf. Figure 4) due 
to nonoptimal process conditions, the elongation a t  150 
OC can approach or exceed 100 5%. By contrast, elongation 
of conventional high-strength thermotropic polyester 
fibers, already low at 21 OC, drops even lower a t  higher 
temperatures (Figure 5). 

Fibers of 1,4BE/ClPG/PCOrnPCOPG/T (60/ 10/ 10/20) 
processed and heat-treated under optimum conditions for 

3.3 
35 

3.3 
28 

18 
12 

1.92 

1.43 

16 1.31 

43 

Table 111. Comparison of Stress-Strain Properties of 
1,4BE/ClPG/PCOmPCOPG/T (60/10/10/20) at Elevated 
Temperatures with Those of a Typical High-Strength 

Liquid Crystalline Copolyester, CIPG/MePCOPG(76/26)-T 
1,4BE/ClPG/PCOmPCOPG/T ClPG/MePCOPG-T 

temp,OC GPa E,% GPa GPa E,% GPa 
test tenacity, Mi, tenacity, Mi, 

21 0.5 10 26 2.2 
100 0.4 34 19 
150 0.2 66 2.2 1.1 
200 0.1 56 1.6 

1oC 

Elongation 
(4,) 

50 

High E 
It 21'C 

loo I 
Tg 

Temperature ('C) 

4.4 47 

2.8 35 

3.0 

Modulus 
2.0 (GPa) 

1.0 

Conventional 
Thermotropic 
L.C. Polyester 

Figure 5. Change in modulus and elongation of 1,4BE/ClPG/ 
PCOmPCOPGIT (60/10/10/20) fibers with increasing temper- 
ature. 

Table IV. Average Recovery Properties of 1,4BE/ClPG/ 
PCOmPCOPGD' (60/10/10/20) Fibers at 21 OC 

work tensile strew 
elongation, % recovery, % recovery, % decay, % 

1 59 78 14 
2 37 65 19 
3 23 47 21 
5 13 32 20 

10 8 20 16 

high elongation (Figure 4) could be stretched up to 10- 
15 5% through a tube containing hot nitrogen to provide a 
large drop in elongation (to ca. 2.5 % 1, a modest increase 
in modulus (by ca. 30 % 1, and a minor increase in tenacity. 
When the same fibers were deformed by elongating to a 
specific moderate level for a specific length of time, they 
did not recover their original dimensions when the stress 
was removed; i.e., they retained a percentage of the original 
deformation as measured in terme of deviation of "tensile 
recovery" and "work recovery" (Table IV) from 100 9%. The 
decay of originally applied stress is also shown in Table 
IV. The applied elongation in relation to the stress-strain 
curve is shown in Figure 6, which indicates yielding at 
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strain curves of conventional thermotropic polyesters. The 
lowered strength of the MePCOPCOMePG-containing 
copolymers compared with the 3,4'-MePCOPG-containing 
copolymers may be attributed to reduced long-range chain 
linearity as affected by the pronounced crank shape or 
lateral displacement of the diketone units. 

Diketone diols wherein the separation of the carbonyl 
groups is larger than a m-phenylene unit are not conducive 
to high elongatiodhigh modulus fiber properties. 

0 0 

1%2%3% 5% 10% 
I l l  I I 

I 
I 

0.5 1 I I 
I l l  I 

I 
0.44 1 6 1  I 

I I I I  I I I 
I I 

I 

0.2 I I 
I l l  I I 

031 y; I I  I I  ; I I I I I 

I l l  I I 
I l l  I I 

0 2 4 6 8 1 0 1 2 1 4  

Strain (%) 

Figure 6. Relationship of recovery measurements (Table IV) to 
streseatrain profile. 

2-3 % . Beyond ca. 5 % elongation, the material acts as 
though it were ductile, showing very little propensity to 
regain ita original dimensions. 

The high-elongation phenomenon appears to be unique 
to copolymers containing the PCOmPCOP unit: 

In 1,4BE/ClPG/T/PCOmPCOBE (60/12/14/14), where 
PCOmPCOBE is the hydroxy acid analog of PCOmP- 
COPG, and the composition conformationally closely 
analogous copolymers previously discussed, fiber tenacity/ 
elongation/modulus of 5.8 GPa/l8 % /34 GPa was obtained. 
As before, the stress-strain curve was extremely sensitive 
to extrusion conditions and changes in the diketone 
content. Similar copolymers containing the diacid analog 
(BCOmPCOB) of PCOmPCOPG such as 1,4BE/ClPG/ 
TIBCOmPCOB (60/20/10/10) had convex fiber stress- 
strain curves but not the pronounced bend therein 
associated with high-elongation fiber discussed previously. 
It is not clear why adiacid monomer, apparently affording 
the same conformational possibilities as the corresponding 
diol, as a copolymer constituent should, in fact, lead to 
appreciable differences in polymer properties. However, 
other instances of this have been noted in past work on 
thermotropic polyesters. For example, isophthaloyl units 
appear to confer significantly diminished chain flexibility 
compared with resorcinol residues. 

The uniqueness of the PCOmPCOP residue, as a 
diketone wherein the carbonyls are separated by a 
m-phenylene ring, for high elongatiodhigh modulus may 
be inferred from comparison with closely related copol- 
ymers based on (a) a monoketone, 3,4'-MePCOPG, and 
(b) a diketone, MePCOPCOMePG, wherein the carbonyls 
are separated by a p-phenylene ring. 

(3,4'MBPCOPG) (MePCOPCOMePG) 

(The methyl substituents were incorporated to ensure a 
homogeneous polymerisate and randomness in the co- 
polymer.) Table V shows these units lead t~ the usual low 
elongationhigh modulus and approximately linear stress- 

H HO 

0 0 

HO H 

(PC0BKX)PG) 

Thus, 1,4BE/PG/MePCOPOPCOMePG/T (60/10/10/20) 
exhibits a gently convex stress-strain curve with limited 
tenacity and rather low elongation and modulus typical 
of aliquid crystalline melt polymer wherein the perfection 
of chain extension is tempered by a low concentration of 
nonlinear flexible units (0.86 GPa/7.6%/18 GPa). PCOBf- 
COPG represents the MePCOPOPCOMePG structure 
(excluding the methyl substituents) stiffened as shown by 
formation of a central furan unit which formally resembles 
the m-phenylene unit in the disposition of the bonds to 
carbonyl groups. 1,4BE/PG/PCOBfCOPG/T (60/10/10/ 
20) did not provide homogeneous melts but good fibers 
were obtained by replacement of PG by resorcinol (1,- 
3PG). These again provided linear stress-strain curves, 
and increased stiffness was represented by a higher 
modulus (41 GPa) and lower elongation (2.1%). This is 
quite different from 1,4BE/1,3PG/PCOmCOPG/T (60/ 
10/10/20), which shows moderately good fiber chain 
alignment (29O), coupled with elongation of 26% and 
modulus of 14 GPa. The latter relatively low value reflects 
the nonlinearity in the polymer chain imposed by the 1,- 
3PG. 

The criticality of carbonyl as the flexible linkage in the 
present context is affirmed by the contrasting properties 
of analogous copolymers containing POmPOPG, the ether 
analog of PCOmPCOPG. Thus, 1,4BE/PG/POmPOPG/T 
(60/10/10/20) hadalinearstress-strain curvewithtenacity/ 
elongation/modulus of 1.0 GPa/7.6 %/37 GPa. The mixed 
ether ketone, mPCOPOPG, likewise had conventional 
properties. 

0 a (mPCOPOPG) 

OH 

AA-BB type copolyesters, as distinct from those based 
on 4-hydroxybenzoic acid (AI3 type), containing PCOm- 
PCOPG provided high-elongation fibers only in a few casea. 
Thus, PhPG/PCOmPCOPG(80/20)-T, from phenylhy- 
droquinone (PhPG) and containing 10 mol % PCOmP- 
COPG, formed weak fibers which nevertheless gave 19 7% 
elongation after heat treatment (Table VI). Again prop- 
erties were highly sensitive to heat-treatment conditions 
and to preparation of isophthaloyldiphenyl units. With 
CLPG or MePG (chloro- and methylhydroquinone, re- 
spectively) in place of PhPG the heat-treated fibers did 
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Table V. Heat-Strengthened Fiber Properties for 
Copolymers Containing Monoketone Units and/or Isomeric 

Diketone Units 
tenacity, elongation, modulus, 

GPa % GPa 
1,4BE/3,4’MePCOPG/T 2.6 3.1 84 

1,4BE/MePCOPCOMePG/T 1.4 4.6 33 
(60/20/20) 

(601 201 20) 
1,4BE/PG/MePCOPCOMePG/T 1.4 3.5 41 
(60/10/10/10) 

(60/10/ 10/20) 
(from Table 11) 

1,4BE/ClPG/PCOmPCOPG/T 0.6 40 35 

Table VI. Tensile Properties of Selected AA-BB Type 
Copolyesters Containing Isophthaloyldiphenyl Units 

tenacity, elongation, modulus, 
GPa % GPa 

PhPG/PCOmPCOPG(80/20)-T 
88 spun 0.4 3.3 22 
heat treated 0.6 19 22 

heat treated 0.7 8 29 

heat treated 0.6 I 20 

heat treated 0.5 19 21 

ClPG/PCOmPCOPG(80/20)-T 

MePG/PCOrnPCOPG(80/20)-T 

PCOmPCOBE/ClPG/T (43/43/ 
14) 

not provide high elongation, but from the convex shape 
of the stress-strain curves, it was concluded that there 
was an inherent tendency to provide high elongation, which 
could be realized at elevated temperatures. However, one 
ClPG-T copolymer with the hydroxy acid PCOmPCOBE 
had an elongation of 19%. 

Discussion 
The ability of certain thermotropic polyester fibers, as 

assemblies of axially aligned, parallel macromolecules, to 
undergo a high degree of elongation under applied 
extensional forces is discussed in terms of a hypothesis 
which invokes 180’ folding of chains in the longitudinal 
direction. This is consistent with experimental observa- 
tions and, in the absence of any alternative hypothesis, 
unique. It was beyond the scope of this project to seek 
experimental confirmation by direct structural investi- 
gations. 

The combination of high strength, low elongation, and 
high modulus associated with conventional thermotropic 
polyester fibers is a consequence of a high degree of axial 
alignment of fully extended, linear macromolecules. Ap- 
plied extensional forces therefore cause primarily bond 
stretching or widening of bond angles. A small amount 
of copolymerized nonlinear or flexible units in an otherwise 
rodlike composition such as 1,4BE/ClPG/T normally 
causes mild lowering of tenacity and modulus and increased 
elongation up to ca. 7 7%. Contrary to expectation, the 
incorporation of 10 mol 96 PCOmPCOP or PCOmPOBE 
can produce elongation as high as 40 ?6 at 21 ‘C and higher 
at elevated temperatures. This is associated with quite 
modest levels of tenacity (ca. 0.6 GPa) and fairly high 
moduli (ca. 24 GPa). Questions arise as to the mechanism 
whereby this occurs; the unique role of the isophthaloyl- 
diphenyl unit within a narrow concentration range; the 
extreme weakness of the as-spun fibers before heat- 
strengthening, even though inherent viscosity measure- 
ments indicate substantial levels of molecular weight; the 
high criticality of processing conditions, especially heat- 
strengthening temperatures; absence of shrinkage during 
heat-treatment of high-elongation fibers; high levels of 
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Figure 7. Computer-generated profile of energy level of suc- 
cessive conformations of isophthaloyldiphenyl-containing seg- 
ment as compression angle is varied (ca. 170° represents complete 
folding). 

chain orientation, especially after heat-strengthening, as 
measured by wide-angle X-ray. 

An initial consideration of alternative conformations of 
the isophthaloyldiphenyl unit in terms of resonance 
structures shows several, quite different, resonance- 
stabilized possibilities. Thus, PCOmPCOPG may be 
written 

OH OH OH 

A more precise determination of conformational possi- 
bilities of this unit as a component of polymer chains is 
derived from the application of the MM2 energy mini- 
mization molecular modeling program?JO In these it has 
been assumed that interactions between adjacent mac- 
romolecules are absent; Le., they are assumed to exist in 
a hypothetical gas phase. In a segment of macromolecule 
containing the isophthaloyldiphenyl unit, as shown below, 
the angle B is varied systematically between the most 
extended and most folded conformations. 

The computer-calculated minimum energy for interme- 
diate values of 0 is plotted against “compression angle”, 
defined as (180’ - 8)  in Figure 7. Examples of intermediate 
configurations are shown in Figure 8. The highest 
compression angle in Figure 7 (ca. 165’) corresponds to 
complete folding, i.e., total reversal of chain segment 
direction, as indicated in the structural formula. This 
conformation is stabilized relative to adjacent minimum 
energy conformations by a significant energy barrier of 
ca. 6 kcal/mol. Various additional energy minima at 
intermediate energy levels are separated by comparable 
energy barriers of 3-6 kcal/mol (Figure 7) which reflect 
the conjugative interaction of carbonyl groups with 
adjacent aromatic rings. In the most extended minimum 
energy conformation, 6 = 120’ and stabilization is little 
more than 1.5 kcal/mol; i.e, fully extended chains are far 
from rectilinear and would not be expected to pack well 
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Figure 8. Examples of computer-generated conformations for 
1,3-phenylenedioqxliphenyl segments. Conformations of isoph- 
thaloyldiphenyl segments, used for construction of Figure 7, are 
analogous. 

Figure 9. Representation of folded chain structure in nematic 
melt. 

as a thermotropic melt. The molecular segments under 
discussion, if the macromolecules were in isolation, would 
adapt a distribution throughout the available energy 
minima proportional to their relative energy levels; how- 
ever, as minor components of an otherwise highly ther- 
motropic system, their preferred conformation is dictated 
by thermodynamic equilibration toward parallel chain 
alignments as a nematic melt for greatest packing effi- 
ciency. The conformation which best conforms with such 
a preferred melt structure would appear to be the 180' 
folded state. All other stable conformational possibilities 
require deviations from linearity in the macromolecule. 
Figure 9 is a representation of the nematic melt state 
wherein macromolecular segments are maintained in 
excellent parallel array as a result of 180' folding of the 
otherwise nonlinear isophthaloyldiphenyl units. 

4- Effective Length - 
Figure 10. Effective length of folded macromolecule. 

I f -  

- 
Stress Stress 

Figure 11. Stress-strain curves of 1,4BE/ClPG/PCOmP- 
COPG/T (60/10/10/20): (a) as-spun; (b) heat-strengthened. The 
tenacity, elongation, modulus, and orientation angle are (a) 0.05 
GPa, 1.6%, 34 GPa, and 16' and (b) 0.6 GPa, 2 7 O ,  30 GPa, and 
1 2 O .  

When nematic domains as represented in Figure 9 are 
extruded througha spinneret under moderate shear forces, 
it is expected that 180' folds will be largely retained and 
high segmental orientation in the axial direction will occur. 
This structure is, of course, captured in the fiber when the 
melt solidifies. The inherent viscosity (1.0-2.0 dL/g) of 
the polymer, as extruded, is comparable with that of 
conventional thermotropic polyesters and represents M,, 
of roughly 1OOOO; this indicates a molecular length 
sufficient to sustain a tensile strength in the range 0.35- 
0.70 GPa. With folded chains, however, the effective 
molecular length (Figure lo), which is a major determinant 
of tensile strength, is considerably abbreviated, and tensile 
strengths usually lie in the low 0.3-1.2-GPa range. As- 
spun fibers are brittle because of the combination of low 
tenacity and low elongation to break as shown in Figure 
11. 

Heat treatment of as-spun fibers under conditions usual 
for thermotropic polyesters, Le., where the combination 
of elevated temperature and enhanced segmental mobility 
of polymer chain segments facilitated considerable mo- 
lecular weight growth, caused a preferred increase in fiber 
toughness, a combination of increased tenacity and, more 
particularly, elongation, with some improvement in ori- 
entation. The increase in effective length of the chains 
raises tenacity to or beyond the yield point (Figure 11); 
beyond this, practically no additional tension is needed 
for elongation, i.e., ductile behavior. The high sensitivity 
of capability to elongate with heat-treatment temperature 
indicates that the latter contributes also to some kind of 
reordering of the folded structure (Figure 9). Flory" has 
suggested that this could well be some degree of growth 
and redistribution of ordered regions containing aligned 
straight segments and enriched concentrations of folded 
segments. 

When tensional forces are applied to such an assembly 
of parallel, folded chain, the initial resistance to stretching 
is of similar order to that of fully extended parallel chains. 
Hence, a folded-chain structure possesses a relatively high 
initial modulus. When the yield point is exceeded, the 
only logical explanation for the high observed degree of 
elongation is unfolding of chains, presumably involving a 
peeling process. Aromatic polyesters are by no means stiff, 
rigid chains; the energy involved in altering conformation 
as shown below, which migh depict part of a peeling 
process, is only 11 kcal/mol. This is energy of rotation 
about a C(O)-O bond. 
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also failed to facilitate high elongation in various copoly- 
esters; however, here there is no special stabilizing influence 
for the 180' folded structure as shown. Attempts to assess 
compositions with a very small d spacing, as shown for 
2,4'-dihydroxybenzophenone, were thwarted by inade- 
quate melt homogeneity as needed for preparation of good 
fibers. 

The criticality of the ca. 10 mol % level of concentration 
of PCOmPCOPG or PCOmPCOBE units in providing the 
maximal combination of modulus and elongation may well 
relate to the average length of the intervening straight 
segment of 9 repeat units. Straight-segment length 
undoubtedly influences total cohesion between chains and 
the facility with which unfolding can occur. At lower levels 
of PCOnPCOPG, say 8 % , the somewhat longer straight 
segments ( N 11.5 repeat units) have higher overall cohesion 
such that unfolding cannot occur as readily and high 
elongation does not appear. At higher levels of PCOm- 
PCOPG, beyond 10 % , increased disorder lowers cohesion 
and modulus but gives higher elongation. For example, 
1,4BE/PCOnPCOPG/T (60/17/17) had tenacity/elonga- 
tion/modulus of 0.43 GPa/60%/16 GPa. Capability of 
unfolding is also influenced by the actual chemical nature 
of the straight segments, as it influences degree of cohesion. 
Thus, whereas PhPGIPCOmPCOPGIT (40/ 10/50) pro- 
vides elongation of 20% and a relatively low modulus of 
19 GPa, the analog wherein PhPG is replaced by CLPG or 
MePG shows low tendency or potential for high elongation 
in the stressatrain curve. The large increase in elongation 
when measured at elevated temperatures obviously is a 
result of reduced intermolecular cohesion. 

It is probably significant that, for the formation of 
relatively stable 180' folds which retain their conformation 
through extrusion, the spacing d between the phenoxy 
units in the 1 8 0 O  folded conformation is close to the 
interchain distance, as is obvious by inspection of the 
following structure and in Figure 9. 

The analog of PCOmPCOPG, dibenzofuranoyldiphenol 
(PCOBfCOPG), provides 180° folding but the d spacing 
is much greater than the interchain distance. Polyesters 
containing 10 mol % of this unit, typified by 1,4BE/1,- 
3PG/PCOBfCOPG/T (60/10/10/20) behaves like a con- 
ventional thermotropic polyester with a near-linear stress- 
strain curve and no evidence of high elongation. It is 
tempting to argue that the large d spacing prevents 
formation of stable folds to that the polymer exists in 
extended form in the melt, but there is an alternative 
possibility that the dibenzofuran unit is sufficiently large 
as to hinder ease of peeling. In this context it was noted 
that substitution of biphenylene units in otherwise high- 
elongation compositions seems to prevent high elongation. 
A close analog of PCOBfCOPG, oxydibenzoyldiphenol, 

0 0  
OH I b H  

The importance of some degree of resonance stabili- 
zation in the 180' folded conformation of the PCOmP- 
COPG unit, in relation to foldingin the thermotropic melt 
and high elongation, may be inferred by comparison with 
analogous polymers containing the ether analog of PCOm- 
PCOPG (POmPOPG), which is capable of adopting a 
geometrically very similar 180' folded conformation. 

0 /Q 0 

Thus, 1,4BE/CLPG/POmPOPG/T (60/10/10/20), in con- 
trast with the PCOmPCOPG analog, provides an as-spun 
fiber tenacity commensurate with that of conventional 
thermotropic polyesters (0.35 GPa), an essentially linear 
stressatrain curve with no evidence of high elongation (E 
= 4.6 % ) after heat treatment and a rather higher tenacity 
(0.90 GPa) and modulus (33 GPa). These properties are 
characteristic of fully extended polymer chains wherein 
tenacity and modulus are limited by the combination of 
a nonlinear unit flanked by rather flexible carbonyl groups. 

Process conditions which are not conducive to the 
formation of a highly extensible structure include high 
extensional shear (rate at which the still-molten, incipient 
fiber is stretched as it is pulled away from the spinneret), 
high functional shear (as provided by extrusion orifices of 
increased length), and high melt viecoeity (either the reault 
of higher molecular weight or of temperature lowering) as 
shown in Figure 4. These conditions all tend in the 
direction of higher extensional forces on individual mac- 
romolecules and it seems reasonable to conclude that 180' 
folding is thereby diminished. Under such conditions, 
1,4BE/PG/PCOmPCOPG/T (So/ 10/ 10/20), as an example, 
provides tensile properties typical of a conventional 
thermotropic polyester and indeed similar to those of the 
unfolded POmPOPG analog discussed above: 

tenacity, elongation, modulus, 
GPa % GPa 

1,4BE/PG/PCOmPCOPG/T (60/ 
10/10/20) 

folded 0.63 40 36 
nonfolded 1.00 2.6 68 

1,4BE/PG/POmPOPG/T (60/10/ 0.90 4.6 33 
10/20) 

The recovery properties, discussed earlier, indicate that 
high-elongation fibers are prediposed to acquire a per- 
manent deformation if stretched beyond the yield point. 
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The question arises as to what fiber tensile properties can 
be achieved by actually drawing these fibers at elevated 
temperatures. Contrary to expectations of high drawabil- 
ity suggested by Figure 5, heat-treated 1,4BE/PG/ 
PCOmPCOPGIT (60/10/10/20) could be drawn by a 
maximum of 50 % , at 300 "C, to provide a level of properties 
approaching those of the 'nonfolded" fiber in the above 
table. Very high temperatures of up to 300 "C apparently 
did not permit unfolding significantly beyond that achieved 
in the 21-100 "C region. If all isophthaloyldiphenyl units 
were folded at 180" and present at a 10 mol % level, and 
assuming a degree of polymerization of ca. 100, which is 
fairly common for aromatic condensation polymers, there 
would be 10 folds per chain, which might be construed as 
the basis for up to 10-fold elongation uder applied tension. 
The much smaller elongations observed, of ca. 50% under 
the most favorable conditions, suggest that a relatively 
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small fraction of the isophthaloyldiphenyl groups present 
are actually folded at 180". 
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