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SYNOPSIS 

Results are reported on the effect of lateral methyl groups on the thermal properties of a 
series of polyesters prepared from diethyl 4,4'-biphenyldicarboxylate and various methyl 
substituted 1,4-butanediols. The diols were 1,4-butanediol; 2-methyl-1,4-butanediok 2,2- 
dimethyl-1,4-butanediol; 2,3-dimethyl-1,4-butanediol; 2,2,3-trimethyl-1,4-butanediol; and 
2,2,3,3-tetramethyl- 1,4-butanediol. Apart from the tetramethyl derivative, the transition 
temperatures of the methyl substituted polyesters were lower with respect to the unsub- 
stituted polyester. On the basis of polarized photomicrographs, a smectic A mesophase was 
found for the unsubstituted polyester, whereas a nematic mesophase was observed for the 
2-methyl substituted polyester. The 2,2-dimethyl, 2,3-dimethyl, and the 2,2,3-trimethyl 
substituted polyesters showed no liquid crystalline behavior. The 2,2,3,3-tetramethyl de- 
rivative displayed a birefringent melt phase although the DSC measurements were not 
unambiguous. A copolyester based on diethyl 4,4'-biphenyldicarboxylate, 1,4-butanediol, 
and 2,2,3,3-tetramethyl-1,4-butanediol showed a broad nematic mesophase. Further evidence 
for the nematic mesophase of this copolyester and the 2-methyl substituted polyester was 
provided by dynamic rheological experiments. Based on thermogravimetric analysis, it was 
concluded that the thermal stability was affected only when four methyl side groups were 
present in the spacer. 0 1995 John Wiley & Sons, Inc. 
Keywords: butanediol 4,4'-biphenyldicarboxylic acid characterization liquid crystalline 
polymer methyl substitution nematic polyester smectic synthesis thermal properties 

X-ray analysis 

INTRODUCTION 

Although polyesters based on 4,4'-biphenyldicar- 
boxylic acid and aliphatic diols have been known 
for several decades, '9' their thermotropic liquid 
crystalline behavior has been reported only re- 
~ently.~-'' The studies of these polyesters, designated 
as BBn with n as the number of methylene groups 
in the diol, were mainly focused on the relationship 
between the smectic mesophase behavior and the 
number of methylene groups in the diol. 

Since polyesters based on the nonmesomorphic 
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diethyl 4,4'-biphenyldicarboxylate and various al- 
kanediols exhibit a smectic mesophase on melting, 
the structure of the alkanediol spacer apparently 
results in polymer chain conformations, which fit 
into the smectic mesophase type. The spacer's in- 
fluence is also illustrated by the odd/even oscillation 
of the transition temperatures and the isotropization 
entropy with the number of intervening methylene 
units, n6. The values of the transition temperatures 
and isotropization entropies are for polymers with 
an even number of methylene groups higher than 
for the neighboring polymers with odd numbered 
 spacer^.^.^ 

As the spacer length increases, the transition 
temperatures and the temperature regions of meso- 
phase existence decrease. The latter effect indicates 
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that the orientation of the 4,4'-biphenyldicarboxy- 
late segment in the polymer chain becomes more 
random as the spacer length increases. The decreas- 
ing tendency for mesophase formation with increas- 
ing spacer length is illustrated by the thermal be- 
havior of BB7, BB8, and BB9, which exhibit mon- 
otropic behavior, in which the mesophase is observed 
only upon c ~ o l i n g . ~  In addition to the length of the 
spacer, other authors have shown that the ther- 
motropic properties of polyesters based on 4,4'-bi- 
phenyldicarboxylic acid are also very sensitive 
to the chemical structure of the spacer such as 
the presence of oxygen atoms in the spacer back- 
bone. 799-13 

From data given in literature on other thermo- 
tropic flexible polyesters, it appears that the struc- 
ture of the spacer influences the type and/or the 
temperature range of stability of the mesophase ( s )  
f~rmed. '~ . '~  

It has been observed that the introduction of lat- 
eral methyl groups in (thermotropic) polyesters very 
effectively influences the thermal properties such as 
transition temperatures, mesophase texture, and 
crystallization beha~ior . '*~. '~~ '~ Ho wever, little is 
known about this effect with respect to liquid crys- 
talline polyesters based on 4,4 '-biphenyldicarboxylic 
acid. The only information on the effect of methyl 
side groups in the spacer on the mesophase behavior 
of poly ( 4,4'-biphenyldicarboxylates ) is given by 
Watanabe, '* who found that the polyester prepared 
from 4,4'-biphenyldicarboxylic acid and the chiral 
2-methyl-1,4-butanediol exhibits a chiral smectic C 
mesophase, whereas the unsubstituted 1,4-butane- 
diol polyester has a smectic A mesophase. 

The thermal properties of poly ( alkylene 4,4'-bi- 
phenyldicarboxylates ) have been reviewed by 
Goodman' and by Korshak and Vinogradova.2 The 
effect of one methyl side group in the spacer has 
been evaluated by using 1,2-propylene glycol, 1,2 1,3- 
butanediol, and 2,2-dimethyltrimethylene glycol 'p2 

as a spacer, and comparing the results with those 
from the unsubstituted diols. Each of the substituted 
polyesters had a lower melting point than the un- 
substituted one. 

In this article, we will discuss the effect of methyl 
substituents in 1,4-butanediol in polyesters with 4,4'- 
biphenyldicarboxylic acid on the liquid crystalline 
properties and the melting temperatures. Although 
methyl substitution will probably result in a decrease 
of the melting temperature, the formation of a ne- 
matic mesophase is of much more interest, because 
fibers with good mechanical properties are often ob- 
tained by melt processing in the nematic phase. 
Therefore, rheological properties of some of the 

polyesters have been studied that exhibit a nematic 
mesophase. The thermal stability of the polyesters 
was also investigated, in order to study to what ex- 
tent the thermal stability is affected by the degree 
of methyl substitution on the spacer. 

EXPERIMENTAL 

Materials 

4,4'-Biphenyldicarboxylic acid ( Aldrich, 97% ) ) di- 
methyl methylsuccinate ( Aldrich, 99% ) , 2,2-di- 
methylsuccinic acid ( Aldrich, 99% ) , 2,3-dimethyl- 
succinic acid (Aldrich, 99%) mixture of d,l, and 
meso), ethanol (Merck, p.a.) , lithium aluminum 
hydride ( LiA1H4, Merck, z.S.), phenol (Merck, z.S.), 
1,1,2,2-tetrachloroethane ( Aldrich, 99% ) , and ti- 
tanium( IV) isopropoxide (Merck, z.S.) were used 
without further purification. 

1,4-Butanediol (Merck, z.S) was distilled in the 
presence of Na2S04 under reduced pressure prior to 
use. Dichloromethane (CH2C12, Merck, z.S.) and 
pyridine (Merck, z.S.) were distilled over CaH2 and 
stored under nitrogen. Toluene (Merck, z.S.) was 
distilled from sodium/benzophenone prior to use. 
Thionylchloride ( Merck, z.S.) was distilled from 
triphenylphosphite ( 10 vol % ) prior to use. 

Monomer Synthesis 

4,4'-Biphenyldicarbonyl Dichloride ( l a )  

Monomer ( la) was prepared by a slightly modified 
procedure reported for the synthesis of azodibenzoyl 
chloride": A solution of 100.96 g (0.417 mol) of 4,4'- 
biphenyldicarboxylic acid in 774.7 g (6.51 mol) of 
thionylchloride and 5 mL DMF was refluxed for 24 
h. Excess thionylchloride was distilled off and the 
crude reaction product was recrystallized from 800 
mL dry toluene yielding 99.54 g (86% ) pure diacid 
chloride: mp 184.5-186°C. 

Diethyl4,4'-Biphenyldicarboxylate ( l b )  

Since no detailed synthesis was described in the lit- 
erature, the following procedure was applied 37.82 
g (0.136 mol) of la was added to an excess of ethanol 
( 1.03 mol) in 250 mL pyridine at  0°C. After stirring 
for 1 h at 60°C, the product crystallized from solu- 
tion upon cooling. Then, 500 mL CH2C12 was added 
to the solution and subsequently the organic layer 
was washed with aq Na2C03 and sat. aq NaCl and 
dried over MgS04. Evaporation of the CH2C12 gave 
the crude product, which was recrystallized twice 
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from 400 mL ethanol, yielding 34.24 g (85%) of lb;  
mp 113.5-114.5"C (lit.20 mp 111.5"C). 'H NMR 
(CDC13, TMS): 6 = 1.43 (t ,  3H, -CH&H3), 
4.42 (q, 2H, --CH&H,), 7.93-8.15 (AB, 8H, 
-C&4-). 

The methyl substituted 1,4-butanediols 3b-3f 
were prepared by reduction of the corresponding 
succinic esters with lithium aluminum hydride in 
diethylether21 (Fig. 1 ) . The diols 3b-3d were pu- 
rified by distillation, whereas 3f was recrystallized 
from petroleumether 40-60/diisopropylether ( 95/ 
5 v / v ) . ~ '  The succinic ester 2b was commercially 
available, 2c and 2d were synthesized from the cor- 
responding succinic acids by a procedure for the es- 
terification of dicarboxylic acids, 23 whereas 2e and 
2f were prepared according to a procedure of 
Petragnani et a1.24 

2,2,3-Trimethyl- l,l-butanediol(3e) 

The synthesis of 3e has not been reported previ- 
ously. The compound was prepared by reduction of 
dimethyl-2,2,3-trimethylsuccinate with lithium alu- 
minum hydride in diethylether according to the 
procedure described for the diols 3b-3f. The diol 
3e was isolated by distillation giving a colorless vis- 
cous liquid, which partially crystallized on standing: 
yield 57%, bp 87-90°C (0.03 mbar). According to 
GC, the diol was contaminated with other products, 
which remained present after several distillations 
(purity = 92.5%). 'H NMR (CDC13, TMS): 6 = 0.82 
( S ,  6H,-C (CH3)2-), 0.93 (d, 3H, -CH (CH,) -) , 

0 II R, I R3 I 0 II LMH, 7 1  7 3  
AlkytOC-C -C -COAlkyl 

I I  
- HOCH,-C - C  -CH,OH 

I I  
R, R4 

Etzo Rz R4 

2 3 

Figure 1. 
1,4-butanediols. 

Synthesis and structure of methyl substituted 

0.97 (s, ?), 1.41 (m, lH,  -CH(CH3)-), 3.21 
(d, ?), 3.33-3.66 (m, 4H, -CH2-), 3.97 [s (broad), 
2H, O H ] .  

Polymer Synthesis 

Polymers were synthesized by transesterification of 
the diethyl ester of 4,4'-biphenyldicarboxylic acid 
and the appropriate diol, using isopropyl titanate as 
catalyst according to a slightly modified procedure 
as described by Jackson et al.25 The polymerization 
reaction was performed in a reaction setup as de- 
scribed by Auman et a1.26 using a high torque me- 
chanical stirrer. To a thick walled test tube equipped 
with a 29/32 ground glass joint were added 0.02 mol 
diethyl 4,4'-biphenyldicarboxylate and 0.047 mol 
diol. The tube was then fitted to a 29/32 ground 
adapter equipped with a nitrogen inlet, a Liebig- 
condenser and a mechanical stirrer. A bent distilling 
adapter with a nitrogen/vacuum connection and a 
receiving flask was fitted to the condenser. The metal 
stir-rod was designed with a paddle blade so as to 
fit just inside the tube in order to provide good stir- 
ring throughout the melt. The polymerization setup 
was flushed with nitrogen after a vacuum was pulled 
on the system. This was done 3 times. The catalyst 
( 100 ppm titanium) was added as a 6 wt % solution 
in toluene by means of a syringe. The tube was in- 
serted in a Wood's metal bath at  100-120°C. After 
the content had melted, stirring was begun and the 
bath temperature was raised to 150"C, and finally 
to 220°C. While keeping the system under a slow 
nitrogen flow, heating and stirring were continued 
for 3-5 h until the ethanol flux had substantially 
subsided. The tube was next heated to 230-240°C 
for 30 min. A vacuum was slowly pulled on the sys- 
tem and the reduced pressure was held below 0.4 
mbar while heating and stirring continued for 3-5 
h. While distilling off the excess diol, the viscosity 
was increasing. After the polycondensation was 
completed, the system was cooled and the polymer 
was isolated by dissolving in 60/40 (w/w) phenol/ 
tetrachloroethane and precipitating in excess 
methanol. The polymer was collected by filtration, 
washed with methanol, and dried in uacw at 80°C 
for 24 h. 

Methods 

'H NMR spectra were recorded on a Bruker AC 250 
spectrophotometer by using CF3COOD or CDC13 as 
solvent. Inherent viscosities were determined at 
25°C in phenol/tetrachloroethane (60/40 w/w) 
using an Ubbelohde viscometer a t  a polymer con- 
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Figure 2. 
polyesters 4a- f .  

Chemical structure of the repeating unit of 

centration of 0.25 g/dL. The thermal transitions 
were measured with a Perkin-Elmer DSC-7 differ- 
ential scanning calorimeter equipped with a PE-7700 
computer using TAS-7 software. The temperatures 
corresponding with the maximum values of the 
peaks were taken as the phase transitions, which 
were measured at a heating/cooling rate of 10°C/ 
min. Optical polarization microscopy studies were 
carried out using a Leitz Ortholux I1 Pol BK micro- 
scope, equipped with a Mettler FP 82 hot stage and 
a Mettler FP 80 Control Processor. Photomicro- 
graphs were taken at  an original magnification of 
250x using a Leitz photo attachment. Melt viscos- 
ities were determined with a Rheometrics Mechan- 
ical Spectrometer Model RMS 800 using the parallel 
plate geometry. The measurements were made after 
8 min at the given temperature. Thermogravimetric 
analysis was performed on a Perkin-Elmer TGA 7 
Thermogravimetric Analyzer. The samples were run 
under a helium atmosphere with a flow rate of 2.0 
L/h. Heating rates were 20'C/min and 1.5-7.5 mg 
of samples were used. Wide-angle X-ray diffracto- 
grams in the 26 range from 13-33' were obtained 
using Ni-filtered CuK, radiation. Temperature-de- 
pendent diffractograms were taken from a circular 
film with a radius of 10 mm and a thickness of 0.5- 
1.0 mm, using a Guinier-Simon camera. Prior to the 
measurement, the sample was heated at a rate of 
5"C/min to the required temperature, followed by 
annealing for 30 min. The sample temperature could 
be maintained within 52OC and was controlled by 
means of a thermocouple introduced into the nozzle 
in the direct vicinity of the specimen. Exposure times 
were approximately 3 h. Optical density data were 
collected from the photographically obtained pat- 
terns using a linear microdensitometer LS20 (Delft 
Instruments) controlled by SCANPI software. 

RESULTS AND DISCUSSION 

Polymer Synthesis 

The general structure of the polyesters prepared by 
melt transesterification of diethyl 4,4'-biphenyldi- 

carboxylate and the appropriate diol is presented in 
Figure 2. Table I shows data about the synthesis 
and viscosity of the polyesters. Polyester 4a did not 
completely dissolve in the phenol /tetrachloroethane 
mixture. The polyesters 4b, 4c,  4d, and 5 precip- 
itated as fibrous materials, and the inherent viscosity 
of some of these suggest a high molecular weight. 
Despite the low purity of diol3e (92.5% ) , a viscous 
melt of polyester 4e was formed. As with polyester 
4 a ,  the viscosities of 4e and 4f could not be mea- 
sured because these polymers dissolved only par- 
tially in the phenol/tetrachloroethane mixture. 

Copolyester 5 was prepared using equimolar 
amounts of 3a and 3f .  The composition was deter- 
mined from its 'H NMR spectrum, and it was found 
that the copolymer was enriched with 3a relative to 
3f .  The molar ratio of 3a and 3f  in the copolyester 
was 72/28. This effect has also been reported for 
the synthesis of copolyterephthalates based on eth- 
ylene glycol and various 2,3-dialkyl-1,4-butane- 
di01s.~~ It was also found that, during the polymer- 
ization, dehydration and cyclization of the disub- 
stituted butanediols to 2,3-dialkyltetrahydrofurans 
had occurred. In our case, apart from a possible dif- 
ference in diol reactivity, this side reaction might 
explain the effect mentioned previously, because the 
presence of tetramethyltetrahydrofuran was indeed 
observed in the 'H NMR spectrum of the polymer- 
ization distillate. 

Thermal Analysis 

Table I1 shows the effect of the diol component on 
the thermal properties of polyesters 4a- f and co- 
polymer 5 .  The values of the transition tempera- 
tures, determined by DSC, refer to the temperatures 

Table I. Polyesters from Diethyl 
4,4'-Biphenyldicarboxylate and Methyl Substituted 
1,4-Butanediols 

Polymer 

4a 
4bb 
4c 
4d" 
4eb 
4f 
5 

RI R2 R3 

H H H  
CH3 H H 
CH3 CH3 H 
CH3 H CH3 
CH3 CH3 CHB 
CH3 CH3 CH3 
3a/3f copolymerd 

Yield 
(%) 

80 
91 
84 
80 
69 
80 
97 

a Insoluble. 
Racemic mixture of enantiomers. 
' Mixture of racemic diastereomers. 
* 3a/3f molar ratio = 72/28. 
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Table 11. Transition Temperatures and Thermodynamic Parameters of Polyesters 4a-f and Copolymer 5 

Tlc-i(i-Lc? AH," AS," AH: AS! 
Polymer T, ("C) ("C) (kcal/mol) (cal/K * mol) (kcal/mol) (cal/K. mol) 

4a 277 

4b 217 
(163) 

4c 174/183 
(137/145) 

4d 2041214 
(186) 

4e 209 
(168) 

4f 277 
(247) 

5 
(184) 

(240) 

e - 

0.99 
0.79" 
0.59 

1.79 

2.09 

2.40 

0.37 

0.29 

1.95 
1.62' 
1.36 

4.28 

4.55 

5.33 

0.72 

0.62 

0.97 
1.27" 
1.23 

- 

- 

- 

1.71 

1.65 

1.75 
2.49' 
2.46 

- 

- 

- 

3.20 

3.07 

a lc-i: liquid crystalline-isotropic transition. 
Crystallization enthalpy (AHH,), crystallization entropy (AS,), isotropization enthalpy (AH;), and isotropization entropy (AS;) are 

based on cooling data. 
' AHc, AS,, AHi, and ASi are based on heating data. 

An intermediate transition was observed at 190°C with AH = 0.21 kcal/mol and A S  = 0.45 cal/K * mol. 
Not detectable in the DSC heating curve. 

that correspond with the peak values of the succes- 
sive endotherms observed upon a second heating of 
the sample at  10°C/min, while values given in pa- 
rentheses refer to the corresponding exotherms 
when the sample was cooled a second time from the 
isotropic melt a t  10"C/min. The DSC curves for the 
polyesters are shown in Figure 3. The enthalpy and 
entropy values were calculated from the first exo- 
thermic transition on cooling from the isotropic 
melt. 

As was already shown by Meurisse et al.3 and 
Krigbaum et al.,4 polyester 4a exhibits a smectic A 
mesophase, which is characterized by the well-de- 
veloped focal-conic texture presented in Figures 
4 ( a )  and 4 (b) and supported by the DSC thermo- 
gram in Figure 3. The isotropization enthalpy ( M i  

= 0.97 kcal/mol) , determined from the cooling scan, 
is rather low for an isotropic-smectic transition.2s 
According to Krigbaum et al.,5 polyester 4a [ BB4, 
qinh = 0.28 dL/g ( c  = 0.5 g/dL, phenol/tetrachlo- 
roethane 60 /40) ] has melting and isotropization 
temperatures of 273°C and 296"C, respectively, with 
corresponding enthalpy values of 1.05 and 1.65 kcal/ 
mol repeating unit, respectively. From these data, 
the entropy of melting and isotropization were cal- 
culated as 1.92 cal/K - mol and 2.90 cal/K - mol re- 
peating unit, respectively. According to Watanabe 
et a1.,6 the isotropic-liquid crystal transition tem- 
perature of the BB4 polyester was 298"C, which in- 

dicates a higher molecular weight than the BB4 
polyester of Krigbaum et al.5 The corresponding en- 
thalpy and entropy values were 1.87 kcal/mol and 
3.30 cal/K * mol repeating unit, respectively.6 
Therefore, these values are taken as reference values 
in the discussion of the methyl side-group effect. 

The effect of substituting one methyl group in 
the 1,4-butanediol unit (3a) on the thermal behavior 
of the polyesters is evident, as can be seen by com- 
paring the properties of 4b with those of 4a. The 
same reduction in transition temperatures has also 
been observed for the liquid-crystalline polyester, 
based on the mesogenic trans-4,4'-stilbenedicarbox- 
ylic and the diols 3a and 3b and is possibly 
related to the random arrangement of the asym- 
metric diols along the polymer backbone (copolymer 
effect). The asymmetric structure of ( R ,  S)-2- 
methy1-1,4-butanediol (3b) can give rise to two 
randomization effects in a similar way as has been 
suggested by Doak et al.29 to explain the influence 
of methyl substituents on the melting points of lin- 
ear aliphatic polyesters. As we are dealing with a 
racemic mixture of diols, the two stereo-isomers can 
arrange randomly along the polymer backbone. Next 
to this, the stereo-isomers can adopt a head-to-head, 
a head-to-tail, or a tail-to-tail arrangement with re- 
spect to each other. 

In 4b, the smectic A mesophase texture of the 
unsubstituted polyester 4a has been replaced by a 
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0 100 m rn 
_3 T ("C) 

Figure 3. DSC thermograms of polyesters 4a-f and 
copolymer 5 from the second heating and second cooling 
scans. 

nematic type as shown in Figure 4 ( d )  . The for- 
mation of a nematic mesophase at  the expense of 
the higher ordered smectic mesophase has also been 
observed for thermotropic polyesters based on p - 
terphenyl-4,4"-dicarboxylic acid and ethanediol or 
1,5-pentanediol by substitution of methyl groups on 
C-1, C-1 and C-2 of ethanediol, and on C-3 of 1,5- 
pentanediol, re~pective1y.l~ On the other hand, 
methyl groups on C-1 of 1,3-propanediol or 1,4-bu- 

tanediol have been reported to favor the thermal 
stability of smectic mesophases of the corresponding 
liquid crystalline polyesters based on 4,4'- (tere- 
phthaloyldioxy ) dibenzoic acid.14 

It is interesting to note that poly (4,4'-biphenyld- 
icarboxylate) based on optically pure 2-methyl-1,4- 
butanediol has been reported to exhibit a chiral 
smectic C mesophase." However, no data on the 
transition temperatures were given. The DSC cool- 
ing curve of 4b shows an additional exotherm at 
199"C, suggesting the presence of a second meso- 
phase of higher symmetry below this temperature. 
However, this could not be confirmed by polariza- 
tion microscopy as can be seen from Figures 4 ( c )  
and 4(d) .  

From the heating curve of polyester 4b, the en- 
tropy of melting and isotropization have been cal- 
culated to be 1.62 cal/K * mol and 2.49 cal/K - mol, 
respectively. These values are consistent with the 
theory of a rodlike structure of the molecules in the 
nematic mesophase according to which the isotrop- 
ization entropy must be larger than the melting en- 
tropy. However, as the crystallinity is less than 100% 
(semi-crystalline material), the real value of the 
entropy of melting is probably much larger. 

From the heating curve of polyester 4b, the iso- 
tropization enthalpy appears to be 1.27 kcal/mol. 
This is a rather high value for a nematic-isotropic 
transition, normally AHi = 0.30-0.85 kcal/mol.2s 
However, the enthalpy change of the isotropic- 
mesophase transition ( M i  = 1.23 kcal/mol) is lower 
than the corresponding value for the unsubstituted 
polyester 4a ( AHi = 1.87 kcal/mo16), which has a 
smectic A mesophase. Therefore, the mesophase has 
a lower degree of organization and, thus, is probably 
of the nematic type. Additional evidence for the iso- 
tropic-nematic transition is given by the formation 
of nematic droplets, which could be observed on 
cooling from the isotropic phase. 

As was expected, because of the difference in de- 
gree of order between the smectic and nematic me- 
sophase, the isotropization entropy of 4b ( ASi 
= 2.46 cal/K * mol) is smaller than the value for the 
unsubstituted analogue as given by Watanabe et a1.6 
(AS, = 3.30 cal/K.mol) though the difference is 
not as large as one would expect considering both 
degrees of ordering. 

The melting behavior of polyester 4c is quite dif- 
ferent from that of 4b. Although no evidence could 
be obtained for mesophase textures by means of po- 
larization microscopy, the multiple endo-and exo- 
therms of the DSC thermogram in Figure 3 give rise 
to doubts concerning this point. In this thermogram, 
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( e )  ( f )  

Figure 4. Representative optical polarized micrographs of polyesters 4a, 4b, 4f, and 
copolymer 5 (magnification 250X ) . The photographs are reduced to 75% of the original 
size. ( a )  Formation of Batonnets upon coolong from isotropic melt of 4a at 284°C. (b) 
Focal-conic structure of the smetic A mesophase of 4a at 260°C upon cooling from isotropic 
melt. ( c )  Mesophase of 4b a t  190°C upon cooling from the isotropic melt. ( d )  Mesophase 
of 4b a t  210°C upon cooling from the isotropic melt. ( e )  Mesophase of 4 f at 275°C. ( f  ) 
Nematic texture of the mesophase of 5 a t  25OOC upon cooling from the isotropic melt. 
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Figure 5. DSC heating curves of polyester 4c after iso- 
thermal crystallization at 170"C, starting from the iso- 
tropic melt. The curves correspond to 0, 1, 2, 3, 5, and 20 
min of crystallization time, respectively, from bottom to 
top. Scanning rate was 10"C/min. 

it can be seen that the first exothermic transition 
upon cooling from the isotropic melt occurs with a 
large undercooling effect, so it is unlikely that this 
exotherm corresponds to an isotropic-mesophase 
transition. Further, the endotherms were studied in 
more detail by annealing, after first cooling from the 
isotropic melt, a t  170°C for certain periods of time 
and subsequently heating to above the melting point. 
Figure 5 shows that an endothermic transition at  
174°C is developing faster than the transition at  
183°C. This result does not agree with the assump- 
tion that the two transitions represent a crystalline- 
mesophase and a mesophase-isotropic transition, 
respectively. Hence, the endothermic transition of 
polyester 4c at  174°C probably should be assigned 
to a crystal-to-crystal transition in the solid state. 

The heating and cooling curves of polyesters 4d 
and 4e show single endotherms and exotherms. A 
large undercooling was observed for the exotherms, 
too large for an isotropic-mesophase transition. In 
addition, observations from polarization microscopy 
did not indicate mesophase properties. 

The heating and cooling curves of polyester 4f 
exhibit two overlapping endotherms and two sepa- 
rate exotherms, respectively. Although some bire- 
fringence was observed between the endotherms as 
shown by Figure 4(e) ,  no clear evidence was ob- 
tained by means of polarization microscopy. No ne- 
matic droplets could be observed on cooling from the 
isotropic phase. In addition, the undercooling of both 
transitions appears to be of the same order and too 
large for an isotropic-mesophase transition. 

Dependence of 7, on the Molecular Structure 

The melting temperature of a semi-crystalline poly- 
mer ( T,  = AH,/AS,) depends on intramolecular 
and intermolecular properties of the polymeric 
chains. The enthalpy of fusion (AH,,,) is determined 
by the attraction forces between the chains and is, 
therefore, strongly related to the chain-packing 
ability of the polymer. The entropy of fusion (AS,) 
is mainly determined by the symmetry and the spa- 
tial arrangement of the repeating units and by the 
polymer chain f l e ~ i b i l i t y . ' ~ ~ ~ ~ ~  

It is known that melting point and crystallinity 
of polyesters can be decreased by introducing lateral 
methyl groups on the chain, which results in an less 
regular polymer structure and will decrease the 
melting enthalpy and increase the entropy of fusion.' 
This effect can account for the lower melting point 
of polyester 4b compared to the higher melting un- 
substituted analogue 4a. As mentioned previously, 
the irregularity is caused by the different sequences 
of the asymmetric diols in the polyesters and by the 
racemic character of the diol used. 

The molecular structure of polyester 4c is less 
regular than that of 4a. Consequently, polyester 4c 
has a substantially lower melting point, which, apart 
from enthalpic differences, is probably due to a much 
higher entropy of fusion since the nonliquid crys- 
talline polyester 4c melts to an isotropic melt. 

The melting temperature of the nonliquid crys- 
talline polyester 4d lies between the values of 4b 
and 4c. Regarding the chirality of the diol used, 
there are three stereo-isomers (R, R ,  S, S , and meso) 
present, which means that the irregularity of the 
chains in polyester 4d has increased. On the other 
hand, there is no head-to-head or head-to-tail effect 
because the diol is symmetric. Furthermore, the ef- 
fect of an irregular structure on the entropy of fusion 
may be counteracted by a steric effect related to the 
presence of the two methyl groups on adjacent car- 
bon atoms causing an increase in steric hindrance 
for rotation and thereby lowering the polymer chain 
flexibility. These effects do have an opposite effect 
on the entropy of fusion, thus making a reliable es- 
timation of the effect of methyl side groups on the 
melting point very complicated. According to the 
literature, the effect of adjacent methyl groups in a 
diol spacer of a polyester can be either an increase l4 

or a d e ~ r e a s e ~ ~ , ' ~ , ~ ~  of the polymer melting point. 
Polyester 4e has three methyl side groups, which 

should give rise to an increase in steric hindrance 
for rotation, thereby lowering the configurational 
entropy of the polymer. The structural irregularity 
of this polyester is similar to that of polyester 4b. 
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The structural irregularity of polyester 4e is caused 
by the different sequences of the asymmetric diols 
along the polymer backbone and also by the racemic 
character of the diol used. The melting point is lower 
than that of 4b, whereas a higher value was expected 
considering the lower polymer chain flexibility. This 
may be explained by the melting entropy of polyester 
4e, which is much larger, since it melts to an iso- 
tropic phase. It is even larger than the total sum of 
entropy changes of polyester 4b (4.27 cal/K * mol) . 
However, the molecular weight of polyester 4e 
(considering that the purity of diol 3e was only 
92.5%) is probably too low for the properties to be 
molecular weight independent, so no significant 
conclusions can be drawn. 

Polyester 4f has a substantially higher melting 
point than the lower substituted analogues. This can 
be accounted for by the symmetric structure of the 
repeating unit and the low polymer chain flexibility, 
both giving rise to a decrease of the melting entropy. 
Actually, based on the lower chain flexibility, we 
expected the melting point of 4f to be much higher 
than the unsubstituted analogue. But polyesters 4a 
and 4f have the same melting point. Thus, there 
must be an effect compensating for the higher chain 
flexibility of polyester 4a. Possibly the packing 
ability of 4a chains is facilitated, when compared 
to the packing ability of 4f chains, causing a rise in 
the melting point. 

The transition temperatures of polyester 4f are 
relatively high, which means that decomposition 
may take place during melt processing. Therefore, 
copolyester 5 was prepared from 4,4'-biphenyldi- 
carboxylic acid and the diols 3a and 3f in order to 
obtain a lower melting polyester, which might also 
display mesomorphic properties. The DSC ther- 
mogram of copolyester 5 is shown in Figure 3 and 
seems to represent monotropic behavior a t  first 

sight. According to polarization microscopy, the CO- 

polyester starts melting between 230-240°C and ex- 
hibits a nematic mesophase as is shown in Figure 
4 ( f ) . Next to this, nematic droplets were clearly ob- 
served on cooling from the isotropic phase (at  
255°C). With respect to this observation, it is 
worthwhile to mention that Krigbaum et al.4 at- 
tempted to obtain nematogenic poly (4,4'-biphenyl- 
dicarboxylates ) , because polyesters that exhibit a 
nematic mesophase could be interesting materials 
because good mechanical properties are generally 
obtained when melt processing is performed in the 
nematic phase? They prepared copolyesters based 
on 4,4'-biphenyldicarboxylic acid, terephthalic acid, 
and ethylene glycol or hexanediol in order to disrupt 
the regular smectic phase of poly( alkylene 4,4'-bi- 
phenyldicarboxylates ) and, thus, to obtain a nematic 
mesophase. However, no evidence was found for a 
nematic mesophase in any of the copolymers and 
the mesophases that could be identified were smec- 
tic. Jackson et a1.8 prepared copolyesters based on 
4,4'-biphenyldicarboxylic acid and a mixture of ali- 
phatic diols, but they did not find evidence for ne- 
matic mesophases either. 

X-Ray Diffraction 

Polyester 4b was examined by means of wide-angle 
X-ray diffraction in order to elucidate the mesophase 
type and the nature of the intermediate transition 
in the cooling curve of the DSC thermogram in Fig- 
ure 3. For this purpose, polyester 4b was first heated 
to the isotropic phase and subsequently cooled to 
room temperature at a cooling rate of 5°C /min. The 
diffractograms recorded at  21OoC, 180"C, and room 
temperature are presented in Figure 6. 

The diffractogram recorded at 21OOC shows two 
small reflections at 26 = 27.6" and 26 = 29.2", and 
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Figure 6. Temperature-dependent WAXD diffractograms of polyester 4b. 
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a broad peak between 16-26", centered at 28 = 20". 
The latter value corresponds to a Bragg spacing of 
0.44 nm, which is attributed to the average inter- 
molecular distance. This value is in agreement 
with those reported in the literature for other 
poly ( alkylene 4,4'-biphenyldicarboxylate ) s."'','~ In 
the X-ray diffractogram recorded at 180"C, addi- 
tional reflections are present, superimposed onto the 
amorphous halo. A similar diffractogram was ob- 
tained at room temperature. 

From the results, we can conclude that the broad 
peak in the diffractogram recorded at  210°C is as- 
sociated with a nematic mesophase. This was already 
concluded from the polarization microscopy studies. 
Although the diffraction pattern recorded at  180°C 
exhibited additional reflections, which is indicative 
of a higher-ordered phase, no proper spacings could 
be calculated, because the peaks were rather small 
and broad. So, no conclusions could be drawn re- 
garding the type of mesophase between 190-166°C. 
From the diffractogram obtained at  room temper- 
ature, it can be seen that polyester 4b is a low-crys- 
talline material. 

Rheological Characterization 

Polyesters 4b and 5 were studied by rheometric 
measurements in order to find further evidence for 
a nematic mesophase. Therefore, the shear rate de- 
pendency of the complex viscosity of these polymers 
in the mesophase and the isotropic phase was com- 
pared. The results of the rheological properties of 
polyesters 4b and 5 are shown in Figure 7 and it 
can be seen that, for polyester 4b at 225"C, the 
complex viscosity, r]*, was lower than at  270°C in 
the region of high frequency, w, whereas at low fre- 
quencies the opposite was observed. At 270°C the 
polyester exhibits an isotropic melt, while at  225°C 
(on cooling from the isotropic melt) the polyester 
displays a nematic mesophase. The curve at  270°C 
consists of a Newtonian plateau followed by a shear 
thinning region at higher frequencies, which is typ- 
ical for isotropic melts of random-coil polymers. At 
225"C, a shear rate dependence of the complex vis- 
cosity is present in the whole frequency spectrum 
applied, increasing with the frequency. A similar be- 
havior as observed for polyester 4b has been found 
with other thermotropic liquid-crystalline polyesters 
that exhibit both a nematic and an isotropic phase.32 

As can be seen from Figure 7, copolyester 5 dis- 
plays a rheological behavior similar to polyester 4b. 
The complex viscosity of copolyester 5 at 305°C de- 
creased significantly as the result of thermal deg- 
radation, so measurements were made after a shorter 
time ( 1 min instead of 8 min) . Thermal degradation 
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Figure 7. Complex viscosity as a function of frequency 
for polyester 4b: (- 0 -) 225°C and (- -) 27OOC; 
and copolymer 5 (- -) 260°C and (- 0 -) 305°C. 

was also occurring with polyester 4b at 270"C, 
though to a minor extent. Copolyester 5 exhibits a 
nearly constant shear-rate dependence of the com- 
plex viscosity in the mesophase with the values co- 
inciding with those of polyester 4b at high frequen- 
cies. The complex viscosity of copolyester 5 at 
low frequencies is much higher than that of poly- 
ester 4b. 

Apart from a possible molecular weight effect, it 
is suggested that the difference in low shear behavior 
exhibited by polyesters 4b and 5 may be due to dif- 
ferent polydomain structures, each with a different 
yield stress value.33 Also, the different mesophase 
textures, which were observed by means of polar- 
ization microscopy, may support this suggestion. 

Thermal Stability 

The thermal stability of polyesters 4a- f was eval- 
uated by means of TGA measurements carried out 
under helium. The results are shown in Figures 8 ( a )  
and 8 ( b )  and it can be seen that for polyesters 
4a-d thermal degradation is occurring at  300°C. 
The degradation curves are of the same form, al- 
though for 4a the first derivative of the TGA curve 
shows a less continuous path. Obviously, the thermal 
stability is not significantly affected up to two methyl 
side groups on the spacer. The onset of thermal deg- 
radation of the higher substituted analogues 4e and 
4f appeared to be at lower temperatures. However, 
in case of 4f, the temperature of maximum degra- 
dation rate is higher (449°C) than for all the other 
corresponding values. 

The higher thermal stability of 4f may be due to 
the absence of /3 hydrogen atoms in the polyester 
backbone, which are essential for the degradation 
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Figure 8. TGA of polyesters 4a- f .  
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mechanism occurring through concerted reactions 
involving a 6-membered transition state. This 
mechanism is responsible for thermal degradation 
of poly (ethylene terephthalate) and poly (butylene 
terephthalate ) .34 Thermal degradation of 4f may 
occur through another mechanism in which (Y hy- 
drogen transfer takes place and is known to occur 
a t  higher  temperature^.^^ 

CONCLUSIONS 

Upon substituting methyl groups on the C-2 and/ 
or C-3 position of the 1,4-butanediol spacer of the 

liquid crystalline poly (butylene 4,4’-biphenyldicar- 
boxylate ) , the melting points were decreased, except 
for the tetramethyl derivative, which had almost the 
same melting point as the unsubstituted polyester. 
Second, the smectic mesophase of poly (butylene 
4,4'-biphenyldicarboxylate ) had changed into a ne- 
matic one ( 2-methylbutanediol ) or completely dis- 
appeared ( 2,2-dimethyl, 2,3-dimethyl- and 2,2,3- 
trimethylbutanediol ) . The tetramethyl derivative 
exhibited a birefringent melt, which could not be 
identified as a typical mesophase texture. 

A poly (4,4’-biphenyldicarboxylate) with a ne- 
matic mesophase could also be obtained by copoly- 
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merization using 1,4-butanediol and 2,2,3,3-tetra- 
methylbutanediol as spacers. 

The thermal stability of the poly (butylene 4,4'- 
biphenyldicarboxylates ) was not much affected by 
the presence of 1-2 methyl side groups on the C-2 
or C-3 atom of the diol spacer. When 4 methyl groups 
were present, the onset of thermal degradation was 
lowered although the temperature of maximum deg- 
radation rate had increased. 
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