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} Ahstract .

In this work, we present the 5}'1'Iﬂ'|t5i.'| and characterization of a new =eries of wholly-
aromatic copolyesters derived from the condensation of various weight fractions of 4.4 (o=
phenylenediony)dibenzoic acid (OFDB) and sabstituted terephthalic acid (BTA) with 2-
phenyihydroquinone (PHQ). The Higashi method, involving tosyl chloride and pyridine as
solvent, was employed © yield polymer with significant molecular weight. These polymers are
intendad to enshle accessible ‘:]""'i_'ﬁ transition and to control the balance of stiffness and
toughness in melt-spun fibers systematically, We report the synthetic details along with
characterization of quiescent phase behavior and morphology.

i Introduction

Aromatic copolyesters which are para-linked are known to fzature thermotropic behavior
in which beating the semicrystalline solid results in melting o & mesomorphic phase, often
nematic, giving rise to desirable molding characteristics, mechanical propertics, and solvent
resistance,  Often, their high modulus and strength come at the expense of low toughness,
marifested as failure strains less than 5%. In addition, such polymers feature nematic-isotropic
transition ternperatures in excess of thermal decomposition, eliminating the potential benefit of
traversing the isotropic-nematic phase transition during processing,

Since thermotropic liguid cryscallinity in polymers was first discovered in the 1970,
thermotropic LOPs have been predominantly aromatic polyesters, The two major commercial
meterials are Wh':J":l' arivmatic Fal}-‘r_'ﬁh'_'pli made frod diacids [AA) and dicls fBB,, as wel as from
Alf-type monomers, such as 2-hydroxy-6- na]‘}hﬂ'u"l\_ acid, These wholly-aromatic, para-linked,

polyssters have found primarily as melding resins with mechanical properties approaching those
l..1 polymer matrix compositzs. In arldition, fiker and film producis are beginning to emargs.

Diespite the success of thermorropic LOP technology, there are ssveral significant

] challenges to be addressed. The first of these is the large disparity in mechanical properties
between molding (30 ksi strength) and fiber spun (400 ksi strength) anicles. Second is the
extreme sensitivity of mechanical properties to the conditions of melt processing, such as
extrugion speeds, temperature profile, and die design. We hypothesize that both of thess
problems can be addressed by designing LCPs characterized by accessible nematic-isotropic ot

i transition etnperatures leading to two effects. Fiest, the nematic defect history can be “erased” to |
obtian a reproduc |h|:- starting mosphology for processing. Second, the flow-induced isotropic
nematic transition' can be exploifed to obilain cutstanding orentational order and mechanical
properties, |

Previous approaches  to lowerng the nematic-isotropic clearing temperature have f

| involved primarily the wse of fleaible spacers, es summarized in the review chapter by Sirign.” :
Altematively, the incorporation of pon-linear, aroimatic comonomers has enabled the reduction
of nematic-isotropic clearing transition temperamures below the decomposition Lemperatire.
Many exar rlp]w of the vse of such monomers are given in the comprehensive review of Han and
Bhowmik.® Ezamples include such common monomers as isophthatic acid and resorcinol, &s
well as diary] monomers, such as 3 4-dihydronybenzophenone. We have chosen an alternets
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gpproach incorporating a triaryl-diether diacid that can adopt a range of conformations ranging.
in principle, from a “straight” conformation to a bent conformation resembling a hairpin. Use of
cuch a comonomer should enable an accossible nematic-isotropic transition temperature whils
still providing the ability to produce fibees and films of significant modulus and strength.

Experimental

Materials |
The monomers, 4.4’ -(o-phenylenedicxy)dibenzoic acid (OFDE), Z-bromotercphthalic

acid and phenyl hydroguinone were recrystallized at least three times from ethanol, acetic acid

and chioroform, respectively, Anhydrous pyridine, dimethyiformamide (DMF) were ohtained

from Aldrich and used without further purification. Tosyl chloride was recrystallized from

hexane and dried in vacwnmm ovei prior 1o its use

Measurements

FTIR spectra were obtained using a Bruker IFS 26 FTIR speciromeler, The inirinsic
viscosities were measured im an Ubbelohde viscometer thermostated at 30°C using NN
dimethylacetamide {DMAc) ag 8 solvent Molecular weight data was determined using gel
permeation chromatography (OPC) with DMAz as solvent and teferencing polystyrens
ctandazds.  Thermal snalysiz was conducesd using & TA instruments differential scannimg
calorimeter with & heating rate of 30 “Cfmin to determine e glass transition temperitur: and the
melting transition(s). Thermal decomposition was characterized using a TA Ingtraments thermal
gravimetric analyzer with 2 heating rate of 10 "C/min. Polarizing optical microscopy Wis
! performed using 2 custom heating stape.” along with an aus Jema polarizing micioscops, &
I Panasonic ERI22 OCD camern, and 3 Data Translations frame prubber. Wide angle x-ray
scattering  measurcments weres performed using a Ripeku rotaling anods M-ray penerator
ooerated at 40KV and 250mA, using o Cu target and graphite monochromator, The specimens
were mounted on pinbole collimater, and the diffraction patierns wene recorded on & phosphoric
image plate using a Statton camera.

Copolvester Synthesis (90:10 example)

Az an example of the polymer synthesis, we describe the preparation of copolymer
contzining 90 mole percent of the 2-bromoterephthalic acid monomer ard 10 mols percent of the
flexibie OPDE monomer. The procedure iz showm schematically in Scheme 1 below. A
i eomplete description of the monomweT and polymer synthesss appears elsewher: F A solusion of
g tosy! ehloride {1.5011 g, 7.874 mmol}, in pyridine (4 mL) and DMF (23 drops) was maintained
at foom temperature for 30 min and added to a mixture of 2-bromoterephthalic asid {0.6678 g,
2725 mmel} containing OFDE {0.1061 g 0.3029 mmol) in pyridine (2 ml). OFDB was
prepared sccording Lo the literature. 5 The mixture was maintained at room temperaturs for 10
min and then af 120°C for 10 min. To this solution was added dropwise aver 15 min at 120°C
phenylhydroquinene (0.5639 £, 3,028 mmel) in pyridine (6.5 m1.). The reagtion was maprined
af 1H0°C for 3 h. The polymer, OPDBL0, was jsolated by precipitation with methanol, The
precipitate was filtered and washed with methanol and dried. Purification was carried out firs!
by dissolving the polymer in dimethylacetamide, filtering and precipitating into methanol.
Vacuum oven diving at 75°C for 15 h gave pure polym er {1.23 g), 100% yield. IR (KBr, cm™ ).
1742, 1477, 1275, 1229, 1162, 1080, 1026, 896, 760, 737 and 698. [N = 0.710 gL, Anal
oy B ez © 62,76, H 2,96, Br 17.72. Found C 62.53, H 2,74, Br 17.82.
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Results and Discussion

The synthesis of wholly aromatic thermotrapic polyesters (DPDBn; n=0, 10, 20, 50, [00)
were camricd out using a direct polycondensation method as reported by Higashi et al,™ Here, n

; |
refers to the mole percentage of the “B* repeat unit shown in Scheme 1. In this approach, the |
reaction takes place in pyridine and in the presence of tosyl chloride with DME {eatalytic :
arnount), which forms in site a Vilsmeier adduct and sctivazes the diacid to produce mixed !

anhydride. Polycondensation of the anhydride and the dial led to the formation of the desined I
polyester. Fibrous homopolymers (OPDBO and OPDB 100) &5 well as copolymers (OPDB 10, 20
and 50) were prepared in essentially quantitative yields as a result of this approach., The more 1
rigid komopolymer, OFDBO, exhibited solubility only in DMAc, whereps the more flexible |
hemopolymer OPDBE 10 was soluble in both DMAC and chloroform. Their intrinsic viscosity i
values range between 07 o 100 and 02 to 03 L, respectively, depending on the

polymerization eonditions. We note that homopolymer OPDRO was previously prepared from

the mell transesterification of 2 phenylhydroguinone discetare and 2-bromoterephthalic acid P
using 0:01% magnesium chloride a5 a catalyst, in which the resulting inherent viscosity was .85 :
dL/g (60/40 phenolitetrachlorpethans, 25°C, 0.5 gl *

The compositions of the copolymers were in excellent agreement with the theoreties] [
values with respect to the bromine contents. The fact that the feed rato and the repeat wnil ratio i|H
are prectically the same suggests that despite the WYMmelry in the molecular structore of 2- il
brometerephthalic acid, both the diacid monomers usad in the copolymerization are similar in
their reactivities under Hgashi reaction conditions. In our hands, reaction at 10% polymer

conceniration pave the highest weight average molecular weight and thecefore, all other 11
copolyesters wers synthesized sccordingly. The strectures of polyesters were verified by IR gl
spectroscopy, which showed chamcteristic absorption hands due 1o carbonyl and C-0-C stretch i
argund 1740 and 1100 em™, respectively. We summarize the solution characterizations of the ';’||
OPDYBr polymers in Table 1, 1l
Thermai characierization of the OPDER polymers, sommarized in Tahle 2, revealed that if j,

the polymers all had modest glass transition lemperatures, ranging from 108 °C w 138 ", and
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quite low meliing points. The homopolymer OFDEBG features two weak melting transitions at T
=190°C and T = 215 °C, while OFDEB 10 and OPDE20 feature melting poinis of 230 and 232 °C, P
respectively.  The rest of the OPDBEn polymers feature DSC traces free of any melting !
:nr_.',{_'l[fu:n::. Tl:]l_.sc d:&[i, ;i]|'§|'|g “'i':jl, ]1|'|_|3|1'i2i1|,g :”:l[:-lil::'l| rr'ui:.rf’:lsl.'tl:';-ls}' -:.Pf”v{lfl nhﬁl":"\'ﬁ.l.'il'lrl'&_ indicate
that the polymers OFDBS0 and OPDBIOR are purcly amorphous thermoplastics. Of the
polymers that were observed (o possess a nematic liguid crystalline phase, only one (OPDB20)
feated a nematic-isotropic clesring transition femperature below 400 “C. For this polymer,
POM observations reveeled & clear loss of optical birefringence at T = 375 °C, at which
temperatnre the sample ransforms from a wrbid pemane o a clear liguid appearing black
beiween crossed polarizers,

The polymers were found to feature pood thermal stability, as indicated in Table 2.
marked by decomposition onset temperatures in the range of 450 o 490 C. We pbserved &
| slight improvement in the thenmal decomposition temperatures with increasing OPDB

percentage. The char yicld (material remaiming at T = 900 "C}h was found to be independeat of
the polymer compesition and was relatively high at 40%.

[~ — SR = U =

Table 1: Solution characterization of the OPDEBn polymers. M, and My date wore measured
relative o polyvsiyrene standards using GPC. Solutions were prepared in DM Ac,

Composition i
Actual | Observed* _ ‘
AT B A T B | M | M, [ MM @yl
L | 0 | - 13793 | 36738 2.66 0.958
09 0.1 .51 009 | 12420 30Tl .56 0710 ' o
| 08 | 02 | 081 | 015 | 1079] 31237 285 | 0959 | n
0.5 0.5 | 0.5 049 | 5581 23958 4,29 00.489 o
| 00 1.0 11614 | 35342 3.04 0,330 4
T Composition was calonlated from elemental analysis of bromine content in the il
polvmer backbone, 0
€
Tahle 2. Thermal transitions for the copolyesters containing the specified mole percentages of b
the kinked repeat unit, B. Temperatures are in degrecs celsiug, Ty, is the temperature 1
fior 5% macs foss, and gk iz ]:un.'l:lﬂx._l.l;l: of initial mass :|:|:|:|.a.ir|:ij:|g at GO0 *C T
- R a
. [ .
B _ Tg_ T|1'1 Tl'.|2 . Tlli TdEll:: mch il E
| o 108 180 298 - 483 37.9 ¥
10 123 230 - 454 40 .
20 133 23p - — (375, POM) 459 41.8 ! d
0] 138 -- - - AGd d40.2
100 136 - - 453 9.8 (
Mematic textures of QFPDEO, OPDBELO, and OPDB20 were visible in the polarizing o
optical microscopes (POM) when samples were prepared by casting from 1 wit. % solulions in ' ¢
DidAc solveat followed by vacuum drying and theymal annealing at T = 250 °C. Representative il
Schlieren textures for these samples are shown in Figure 1. We note that while these three f

polymers all show classic nematic ordering and textures, OPDB10 showed reproducibly a
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aromatic copolyester sysism, we intend o explors the processing of fibers and films in the
vieniity of the mematic isHiopic phase transition.
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Figure 2. WAXS scattering patiems comparing the orientation of meli-drawn fibers of (a) Em
COPDEQ, (b) OPDE20, and {c¢) OPDE100 (right). The fiber drawing axis is along the vertical dei
direction. tn
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