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SYNOPSIS 

A new series of random thermotropic liquid crystalline polyesters ( LCPs) was synthesized 
from terephthaloyl chloride, hydroquinone, and 1,4-butane diol. The copolyester composition 
was varied by changing the relative mole ratio of hydroquinone and 1,4-butane diol in the 
feed. All the copolyesters displayed thermotropic liquid crystallinity a t  relatively low tem- 
peratures. Liquid crystalline behavior of the copolyesters has been characterized by polar- 
izing light microscopy and by differential scanning calorimetry (DSC) . The effect of co- 
polyester composition on the temperature and thermodynamic parameters related to liquid 
crystalline transition is discussed. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Thermotropic liquid crystalline or mesomorphic co- 
polyesters are now commercially established as high- 
performance engineering The driving 
force for the development of such thermotropic co- 
polyester systems68 was (i) the clean, safe, and easy 
processability via conventional molding techniques 
and (ii) the outstanding balance of mechanical and 
thermal properties of the finished products. 

A majority of the commercially important or ac- 
ademically interesting thermotropic copolyesters are 
random, wholly or partially aromatic polymers with 
p-oxybenzoate residues in the main chain. Xydar 
from Amoco and Vectra of Hoechst-Celanese are 
wholly aromatic, whereas X7G of Tennessee East- 
man is partially aromatic. In the former category, 
introduction of an unsymmetrical aromatic co- 
monomer brings down the mesomorphic transition 
temperature to within the normal operating range 
of a conventional molding equipment. Partially ar- 
omatic or semiflexible liquid crystalline polyesters 
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( LCPs) owe their origin to the patented research in 
laboratories of DuPont and Tennessee Eastman as 
early as 1972.’ The basis of this work was the rigid 
rod-flexible spacer concept. These systems have the 
virtue of lower transition temperatures that can be 
manipulated by the nature and mole fraction of 
flexible spacers. The particular choice of p-hy- 
droxybenzoic acid as one rigid monomer in com- 
mercial thermotropic polyesters has been due to its 
ready availability and relatively low cost. The use 
of this monomer in academic research has been due 
primarily to its ability to generate a given kind of 
mesogen in the repeat unit of main-chain thermo- 
tropic LCPs. 

Our aim here has been to develop a novel, new 
series of random, semiflexible thermotropic copoly- 
esters that are devoid of p -0xybenzoate sequences 
and to study their mesomorphic properties. 

This paper deals with the synthesis and thermal 
characterization of a copolyester system based on 
terephthaloyl chloride (TPC) , hydroquinone (HQ) , 
and 1,li-butane diol (BD ) . Five different mole ratios 
of HQ (the rigid diol) to BD (the flexible diol) were 
employed to generate five different copolyester 
structures. The mole ratios of HQ to BD in the feed 
of diols were 0.75 : 0.25, 0.67 : 0.33, 0.50 : 0.50, 0.33 
: 0.67, and 0.25 : 0.75. 

39 1 



392 RATH AND PONRATHNAM 

EXPERIMENTAL Table I Stoichiometric Details: Synthesis 
of HB Copolyesters 

Materials 

Pyridine (Py ) and 1,2-dichloroethane (DCE) (both 
from S. D. Fine-Chem., India) were distilled with 
the careful exclusion of moisture and stored over 
activated 4 h; moiecular sieves. Pyridine was used 
as the HCl acceptor, and DCE, as the solvent in the 
solution polycondensation. 

Terephthaloyl chloride (TPC ) was synthesized 
by appropriately modifying an established standard 
procedure." A 1 M  stock solution of pure TPC was 
prepared in DCE for use. 

Hydroquinone and 1,4-butane diol (both from 
Fluka AG, Switzerland) were used after extensive 
drying. A 1 M solution of each diol was prepared in 
a mixed solvent system containing 16 : 9 (v/v) pyr- 
idine and DCE just before synthesis for immedi- 
ate use. 

Copolymer Synthesis 

All glassware used in the synthesis work was flame- 
dried. Copolyesters were synthesized via a room 
temperature solution polycondensation route in 
which aliphatic and aromatic diols were added se- 
quentially. A typical polycondensation reaction is 
described below. 

TPC stock solution (60 mL; 0.06 mol) was taken 
in an Erlenmeyer flask. BD stock solution ( V  mL; 
Y mol) was added dropwise to it. The flask was 
stoppered airtight and left aside for 24 h at  room 
temperature (25OC). A prepolymer with acid chlo- 
ride end groups was thus prepared. It was reacted 
in situ in the next stage with HQ stock solution [ (60- 
V )  mL, (0.06- Y )  moll for another 24 h to form a 
random copolyester. 

The values of V and Yare shown in Table I. The 
value of Y was varied such that the BD/HQ mole 
ratios in the feed of diols were 0.25/0.75,0.33/0.67, 
0.50/0.50, 0.67/0.33, and 0.75/0.25. The corre- 
sponding copolyesters were designated as HB 11,111, 
IV, V, and VI. 

At the end of the second stage, the copolyesters 
were found to separate out partially from the reac- 
tion medium. The reaction products were poured 
into a fivefold excess of methanol to precipitate out 
the polymers completely. The copolyesters thus ob- 
tained were then freed from traces of pyridine and 
unreacted monomers, if any, by repeated washing 
with a 5 wt % aqueous solution of sodium bicarbon- 
ate followed by distilled water. The copolyesters were 
dried in a vacuum oven at  50°C for 2 days. The two- 

Weight in g of 

Copolyester HQ BD Y V 

HB I1 1.6512 4.0560 0.045 45.0 
HB ILL 2.2020 3.6048 0.040 40.0 
HB IV 3.3036 2.7036 0.030 30.0 
HB V 4.4040 1.8024 0.020 20.0 
HB VI 4.9548 1.3524 0.015 15.0 

Y = moles of 1,4-butane diol (BD). V = mL of 1M solution 
of BD. 60 V = mL of IM solution of hydroquinone (HQ) added. 

stage reaction scheme adopted here is outlined in 
Figure 1. 

Thermal Characterization 

The copolyesters were examined under a polarizing 
microscope equipped with a Koffler hot stage. A 
small amount of an HB copolyester was mounted 
between a glass slide and a cover slip and heated on 
the Koffler stage at  a constant rate. The meso- 
morphic transition temperature (T,) was noted. It 
is the temperature at which both the fluidity and 
birefringence (optical texture) began to manifest 
under a cross-polarized light. The disappearance of 
birefringence (termed isotropization ) was not ob- 
servable for any of the copolyesters within 325°C 
(upper working limit of the hot stage). 

DSC scans were obtained with a Mettler DSC- 
30 apparatus interfaced with a thermal analysis data 
station. A sample size of 5-10 mg was used. The 
samples were sealed hermetically in standard alu- 
minum pans of comparable mass to the pan used 
for the reference. All runs were performed at a heat- 
ing rate of 10 K/min in a dry nitrogen atmosphere. 
Pure indium was used to calibrate the enthalpy scale, 
and a standard alloy of In - Pb - Zn, the temper- 
ature scale of the DSC. Peak values of the endo- 
therms were determined. Heats and entropies of the 
melting transitions were estimated on the basis of 
molar mass of repeat unit ( mru) . The molar masses 
of the average repeat units of HB copolyesters 11, 
111, IV, V, and VI are calculated to be 235.2, 233.6, 
230.2, 226.8, and 225.2 g/mol, respectively. 

RESULTS AND DISCUSSION 
Synthesis of Copolyesters 
The room-temperature solution polycondensation 
between TPC and HQ produces a mesogenic inter- 
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Figure 1 Two-stage copolyester synthesis scheme. 

mediate with acid chloride end groups. This inter- 
mediate on subsequent in situ reaction with BD 
yielded copolyesters that decomposed at elevated 
temperatures without melting.'' Another solution 
polycondensation strategy of simultaneously adding 
the two diols to TPC resulted in similar nonmelting 
copolyesters. Larger blocks of TPC and HQ were 
formed owing to greater reactivity of HQ toward the 
acid chloride.'' The polycondensation between TPC 
and HQ generates a polyester with the liquid crys- 
talline transition temperature above the decompo- 
sition temperature. The polymer is insoluble and 
infusible and decomposes above 600°C.13 Copolyes- 
ters displaying thermotropicity a t  lower tempera- 
tures were obtained only when a reactive interme- 
diate (prepolymer) was generated from the acid 
chloride and the aliphatic diol prior to its reaction 
with HQ in situ. The globally averaged structures 
for the repeat units of these copolyesters are shown 
in Figure 2. The semiflexible liquid crystalline co- 
polyesters synthesized by us do not conform to the 
well-defined rigid rod-flexible spacer-type liquid 
crystalline polymers reported by other research 
 group^.'^-'^ The reasons are the following: ( i )  The 
directional order of -COO - group positioning is 
random along the chain of any copolyester. ( i i)  In 
a given copolyester composition, there is wide dis- 
tribution of rigid rod lengths, with a mean around 
the structure as shown in Figure 2. 

Going by the reaction scheme adopted by us, one 
would expect the synthesized copolyesters to possess 
predominantly a structure similar to the structures 

depicted in Figure 2. Below 50 mol % of the flexible 
diol in the feed, the prepolymer mix would tend to 
contain unreacted TPC in higher fractions. When 
HQ is added to this homogeneous prepolymer mix, 
one cannot rule out the growth of HQ-TPC-HQ 
coupled species into a rigid-rodlike polymer, apart 
from the designed semiflexible polymer species. It 
is difficult to estimate on a theoretical basis the 
probability of such growth in this complicated re- 
action system. Judging from the polarizing micro- 
scopic observations, we can say that the probability 
was extremely small. The presence of nonmelting 
species ( rigid-rodlike polymer from HQ-TPC-HQ ) 
would appear as crystalline specks floating in a bi- 
refringent fluid. Such specks were virtually absent 
for copolyesters I1 and 111, wherein the probability 
of formation of such rigid-rodlike polyesters does 
exist. There is, however, very little doubt that the 
mesogen and the flexible spacer are randomly ar- 
ranged along the chain. 

All the copolyesters were found insoluble in com- 
mon organic solvents, limiting the study of their so- 
lution properties and molecular weight estima- 
tions, etc. 

Polarizing Microscopy 

The transition temperatures, T,, of the copolyesters 
are presented in Table 11. There is an increase in 
T, with increasing HQ content. The isotropization 
temperature in each case was over 325°C (the upper 
working limit of the hot stage). The temperature 
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I AVERAGED STRUCTURE I "Q 

Figure 2 Statistically averaged structures of the HB copolyester. 

range, AT, over which the mesophases are stable, 
was then quite broad. Also, the liquid crystallinity 
was observed even at  a level of the flexible spacer 
as high as 37.5 mol % (corresponding to 75 mol % 
in the feed of diols) , which is usually not possible 
with a norma1 rigid rod-flexible spacer-type polymer. 
Regular textures due to a specific mesophase type 
are observable in a thermotropic liquid crystalline 
polymer upon cooling the isotropic melt in a con- 
trolled manner, holding the melt isothermally at 
specific temperatures in the liquid crystalline state 
for sufficiently long times and then observing it un- 
der cross-polarized light. In the present study, such 

Table I1 Transition Temperatures and 
Thermodynamic Data for HB Copolyesters' 

Copolyester T," T m c  Mmd A s ,  

HB I1 302.8 310.0 6.60 11.46 
HB I11 284.8 294.0 1.68 3.02 
HB IV 202.7 185.0 3.30 6.92 
HB V 208.6 179.0 10.52 21.80 
HB VI 208.6 174.0 12.46 25.80 

T values in "C. AHm and AS,,, values are in KJ/mru and J/ 

Peak value of crystal-to-mesophase transition. 
T values in "C as determined by polarizing microscope. 
Sum total of AH values in crystal-mesophase transition. 

(mru) X (K), respectively. 

observations could not be made owing to decom- 
position accompanying isotropization. However, the 
specimens were found to be extremely free flowing 
in the liquid crystalline state. This fluidity would 
normally arise from a nematic state. 

DSC Analysis 

Typical DSC traces for HB copolyesters 11,111, IV, 
V, and VI in the first heating cycle are shown in 
Figure 3. The DSC traces in the first heating cycle 
were taken for comparison here because the poly- 
mers, being the products of a low-temperature so- 
lution polycondensation, are expected to possess 
similar thermomechanical histories during the syn- 
thesis stage. Table 11 lists transition temperatures 
and thermodynamic data for these copolyesters, as 
determined from the DSC melt endotherms. We 
have assumed the transitions to be near equilibrium. 

In the DSC thermograms of HB copolyesters I1 
and 111, multiple endotherms are observed. This 
complex thermal behavior has been reported for 
other thermotropic LCPs with mesogenic units con- 
nected by flexible spacers in the main chain." The 
factors responsible are crystal-crystal transitions, 
succession of various polymorphic crystal meltings, 
or reorganizations of preformed imperfect crystals.'' 
The very first small endothermic peak (between 142 
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Figure 3 
for the first heating cycle. 

Typical DSC thermograms of HB copolyesters 

and 166°C) in the DSC heating curves of these co- 
polyesters is due to the formation of new crystal 
modifications. No mesomorphic textures were no- 
ticeable in this temperature range. Instead, the solid 
pa.rticles glowed. The multiplicity in the melting en- 
dotherm was not present in the other three copoly- 
esters where the greater amount of flexible spacers 
have simplified the crystallite structure. 

The peak temperature value of the liquid crys- 
talline endotherm is lowest for copolyester IV, where 
rigid and flexible diols are equimolar. The occurrence 
of such a melting-point minimum or an eutectic for 
the melting transition has earlier been observed in 
other liquid crystalline polymer  system^.'^^'^ The 

chains of a semiflexible LCP composition with an 
equimolar or near equimolar proportion of flexible 
and corresponding rigid monomers are structurally 
most random and disordered. Their packing in the 
solid state therefore becomes least efficient. The 
LCP system showing an eutectic for the melting 
transition does not favor cocrystallization of me- 
sogenic units and flexible spacers into a lattice owing 
to greater differences in their types.20 In the present 
system, these differences between mesogenic units 
and flexible spacers have arisen in respect of not 
only types but lengths also, by varying the compo- 
sition of the two diols in the feed (Fig. 2). The liquid 
crystalline endotherms for copolyesters V and VI 
have the same peak temperature value. This is be- 
cause the mean mesogenic length responsible for the 
transition is almost the same in the two cases. 

The isotropization in all the cases may have su- 
perimposed with the polymer degradation. In fact, 
the last large peak in all the DSC heating traces can 
arise out of such superimposition. 

The transition enthalpy and entropy of the co- 
polyesters were found to display eutectic behavior, 
however, with the minima at  HB copolyester 111. 
The energy of interaction between polymer chains 
in the crystalline phase is reflected in the transition 
enthalpy, AH,,, . With a higher amount of BD (> 50 
mol %) in the diol feed, the spacer segment com- 
prises more and more of butylene terephthalate 
moieties. This leads to higher chain extension and 
packing of the spacer part. The much higher AH,,, 
for copolyesters V and VI can be attributed to such 
spacer extension and packing. In the present CO- 

polyester system, not only did the relative length of 
rigid and flexible segments vary but also the type of 
flexible spacer, upon simply altering the relative 
mole ratio of the two diols. All these factors have 
given rise to an interesting set of thermal properties 
for these p -0xybenzoate-free copolyesters. 

It is therefore expected, from the thermal char- 
acteristics, that copolyester IV would be economical 
and easier to process from the liquid crystalline melt. 
This copolyester is endowed witk-the lowest T,,, 
(202.7"C), a lower AH,,, (3.30 KJ/mm) , and a wider 
mesophase stability (a t  least 100°C ) before isotrop- 
ization and decomposition. 

CONCLUSION 

A series of five random aliphatic-aromatic copoly- 
esters were synthesized by a sequential addition po- 
lycondensation methodology. The copolyesters dis- 
played thermotropic character over a wide temper- 
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ature range and decomposed prior to isotropization. 
The system differs from conventional rigid rod- 
flexible spacer-type copolyesters in that the flexible 
spacer component consisted of crystalline aliphatic- 
aromatic ester (butylene terephthalate ) moieties. 
The thermotropic character is retained even at  a 
very high dilution of the mesogen, which is not ob- 
servable in ordered copolyester systems. 
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