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ABSTRACT: Four series of liquid-crystalline copolyesters were prepared by the trans-
esterification of poly(ethylene terephthalate) (PET) with 4-acetoxybenzoic acid (4-ABA)
or mixtures of 4-ABA and acetylsalicylic acid (ASA). Two series consisted of 30 mol %
PET, and the other two series consisted of 40 mol % PET. The molar ratio of 4-HBA and
ASA was varied in all four series from 0 to 25 mol %. One 30% PET series and one 40%
PET series were prepared with the addition of acetic acid, which caused a more perfect
randomization of the sequence but yielded slightly lower molecular weights. The
incorporation of ASA reduced the crystallinity, which vanished completely at a salicylic
acid (SA) content greater than 10 mol %. SA also reduced the stability of the nematic
phase, but all the copolyesters were thermotropic up to a 20 mol % SA content.
Furthermore, the molecular weights decreased with the increasing incorporation of
ASA. Despite this negative trend, the melt viscosity and the storage and loss moduli
passed a maximum between 5 and 10% SA. Obviously, the incorporation of SA favored
the formation of entanglements. © 2000 John Wiley & Sons, Inc. J Polym Sci A: Polym Chem
38: 2013–2022, 2000
Keywords: aspirin; poly(ethylene terephthalate); liquid-crystalline copolyesters; en-
tanglements; melt rheology

INTRODUCTION

For all liquid-crystalline (LC) phases, chain seg-
ments or mesogens adopt a more or less parallel
alignment. Therefore, LC main-chain polymers
mainly consist of para-substituted aromatic
building blocks that favor linear conformations in
combination with suitable links such as ester,
amide, azo, or ethylene groups.1–4 Monomers
with functional groups in ortho- or meta-positions
are considered to be interrupting units that se-
verely destabilize the LC phase.3,4 However, in a
previous article5 we demonstrated that poly(ester

imide)s (Structure 1) exclusively built up from
catechols and one dicarboxylic acid are thermo-
tropic. The molecular weights of these poly(ester
imide)s were low, presumably because of the for-
mation of macrocyclic oligomers. Furthermore, it
has recently been observed for another class of LC
poly(ester imide)s (Structure 2) that even a high
content of salicylic acid (SA) does not eliminate
the thermotropic properties.6 These findings
prompted us to study in this work the influence of
SA on the properties of LC polyesters derived
from poly(ethylene terephthalate) (PET) and
4-hydroxybenzoic acid (4-HBA). These so-called
Jackson–Kuhfuss polyesters7,8 are the oldest
class of commercial liquid crystalline polyester
(LCPs), and they are still produced under the
trade mark Rodrunt.9 The incorporation of SA (or
other orthomonomers) into LCPs may favor the
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formation of hairpin conformations and entangle-
ments that are typically absent in normal LCPs.
However, the presence of entanglements may im-
prove the melt strength, toughness, and film-
forming properties of LCPs. With the exception of
our parallel work on SA-containing poly(ester
imide)s,6 no studies in this direction have been
published so far.

EXPERIMENTAL

Materials

The PET was a gift of DSM (Geleen, The Nether-
lands). It had an inherent viscosity of 0.6 dL/g
measured in hexafluoroisopropanal (PET is insol-
uble in the CH2Cl2/trifluoroacetic mixture used
for the copolyesters). The 4-HBA was a gift of
Bayer AG (Leverkusen, Germany). It was acety-

lated with an excess of acetic anhydride and a
catalytic amount of pyridine in refluxing toluene.
The crystallized monomer had a melting point of
182–184 °C. Acetylsalicylic acid (ASA) was pur-
chased from Aldrich (Milwaukee, WI) and used as
received.

Polycondensations

In Bulk (Tables I and III)

PET (30 mmol), 4-acetoxybenzoic acid (45 mmol),
ASA (8.3 mmol), and dibutyltin oxide were
weighed into a cylindrical glass reactor equipped
with a mechanical stirrer, a gas-inlet, and a gas-
outlet tube. The reaction vessel was placed in a
metal bath preheated to 140 °C, and the temper-
ature was rapidly raised to 280 °C (20 min). Prior
to the heating, air was removed by nitrogen flush-
ing, and the acetic acid that evolved in the course
of 1 h (at 280 °C) was also removed with a slow
stream of nitrogen. After 1 h, a vacuum was ap-
plied, and the stirring was continued for 4 h more
at 280 °C. The cold reaction product was dissolved
in a mixture of CH2Cl2 and trifluoroacetic acid
(TFA; 4/1 volume ratio), precipitated into metha-
nol, and dried at 80 °C in vacuo. This procedure
corresponds to Experiment No. 3, Table I. All the
other experiments in this table were conducted
analogously.

Table I. Yields and Properties of the 40/60 Copolyesters Prepared in Bulk

Feed
of SA

(mol %)

Content
of SA

(mol %)a
Yield
(%)

hinh

(dL/g)b Tg1
c Tg2

c Tm
c Ti

d

Elemental
Formula

(Formula Weight)

Elemental Analyses

C H

0 0 88 0.60 65 169 217 385–435 C82H56O28 Calcd. 66.13 3.79
(weak) (1489.3) Found 66.61 4.05

5 4.5 93 0.57 88 175 216 350–400 C1628H1104O552 Calcd. 66.29 3.77
(weak) (29498.2) Found 65.75 3.70

10 8.5 95 0.43 82 179 193 330–380 C808H544O272 Calcd. 66.45 3.75
(weak) (14605.0) Found 66.91 4.10

15 11.0 88 0.32 75 170 — 335–375 C1604H1072O536 Calcd. 66.61 3.74
(28921.7) Found 66.63 3.74

20 15.0 82 0.33 84 173 — 280–360 C398H264O132 Calcd. 66.78 3.72
(7158.4) Found 67.08 3.75

25 19.0 76 0.28 65 180 — 320–340 C316H208O104 Calcd. 66.95 3.70
(5669.0) Found 67.40 3.89

a SA in the isolated polyesters as determined by 1H NMR spectroscopy.
b Measured at 20 °C with c 5 2 g/L in CH2Cl2/trifluoroacetic acid (4/1 volume ratio).
c Determined by DSC measurements (20 °C/min heating rate).
d Determined by polarizing microscopy (10 °C/min heating rate).
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The syntheses listed in Table III were per-
formed in an analogous manner, but 70 mmol of
4-acetoxybenzoic acid were reacted with 30 mmol
of PET, and the feed ratio of ASA was adjusted
accordingly.

With the Addition of Acetic Acid (Tables II and IV)

PET (30 mmol), 4-acetoxybenzoic acid (45 mmol),
ASA (8.3 mmol), acetic acid (35 mmol), and dibu-

tyltin oxide (35 mg) were weighed into a cylindri-
cal glass reactor and reacted as described previ-
ously. This procedure corresponds to Experiment
No. 3, Table II.

The experiments listed in Table IV were per-
formed analogously, but 30 mmol of PET were re-
acted with 70 mmol of 4-acetoxybenzoic acid, and
the feed ratios of ASA and acetic acid (the fourfold
molar amount of ASA) were adjusted accordingly.

Table II. Yields and Properties of the 40/60 Copolyesters Prepared with the Addition of Acetic Acid

Feed of
SA

(mol %)
Yield
(%)

hinh

(dL/g)a Tg1
b Tg2

b Tm
b Ti

c

Elemental
Formula

(Formula Weight)

Elemental Analyses

C H

0 92 0.76 74 183 252 400–425 C82H56O28 Calcd. 66.13 3.79
(weak) (1489.3) Found 65.68 3.77

5 95 0.63 74 179 240 360–400 C1628H1104O552 Calcd. 66.29 3.77
(weak) (29498.2) Found 65.73 3.90

10 99 0.39 81 179 254 335–370 C808H544O272 Calcd. 66.45 3.75
(weak) (14605.0) Found 66.79 3.82

15 93 0.29 88 159 — 330–365 C1604H1072O536 Calcd. 66.61 3.74
(28921.7) Found 66.38 3.74

20 95 0.32 85 160 229 290–360 C398H264O132 Calcd. 66.78 3.72
(weak) (7158.4) Found 67.15 3.93

25 76 0.24 83 148 — 260–335 C316H208O104 Calcd. 66.95 3.70
(5669.0) Found 67.02 3.74

a Measured at 20 °C with c 5 2 g/L in CH2Cl2/trifluoroacetic acid (4/1 volume ratio).
b Determined by DSC measurements (20 °C/min heating rate).
c Determined by polarizing microscopy (10 °C/min heating rate).

Table III. Yields and Properties of the 30/70 Copolyesters Prepared in Bulk

Feed of
SA

(mol %)

Content
of SA

(mol %)a
Yield
(%)

hinh

(dL/g)b Tg1
c Tg2

c Tm
c Ti

d
Elemental Formula
(Formula Weight)

Elemental Analyses

C H

0 0 94 0.77e 103 157 266 .450 C79H52O26 (1417.3) Calcd. 66.95 3.70
Found 66.38 3.68

5 5.0 95 0.63e 93 160 268 410–440 C1571H1028O514 Calcd. 67.08 3.68
(weak) (28129.0) Found 66.70 3.63

10 9.5 96 0.51e 99 150 257 400–430 C781H508O254 Calcd. 67.21 3.67
(weak) (13956.4) Found 67.07 3.66

15 13.0 91 0.54e 92 — — 400–425 C1553H1004O502 Calcd. 67.35 3.65
(27696.6) Found 67.13 3.62

20 17.0 92 0.53e 88 — — 380–400 C193H124O62 (3435.0) Calcd. 67.48 3.64
Found 67.39 3.70

25 20.0 94 0.44e 87 — — 330–360 C307H196O98 (5452.8) Calcd. 67.62 3.62
Found 67.68 3.60

a SA in the isolated polyesters as determined by 1H NMR spectroscopy.
b Measured at 20 °C with c 5 2 g/L in CH2Cl2/trifluoroacetic acid (4/1 volume ratio).
c Determined by DSC measurements (20 °C/min heating rate).
d Determined by polarizing microscopy (10 °C/min heating rate).
e Only partially soluble.
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Measurements

The inherent viscosities were measured with an
automated Ubbelohde viscometer thermostated
at 20 °C.

The differential scanning calorimetry (DSC)
measurements were conducted with a PerkinElmer
DSC-7 in aluminum pans under nitrogen at a heat-
ing (and cooling) rate of 20 °C/min.

The 100-MHz 1H NMR spectra were recorded
on a Bruker AC-100 FT NMR spectrometer in
5-mm o.d. sample tubes. CDCl3/TFA (4/1 volume
ratio) containing tetramethylsilane served as a
solvent.

The rheological measurements were performed
with a Bohlin Instruments CVO rheometer with a
parallel plate geometry (the plates were 25 mm in
diameter). The specimens used for these mea-
surements were melt-pressed from 0.7-g samples
at temperatures 40 °C above their glass-transi-
tion temperature (Tg) in a Schwabenthan Poly-
stat 100 hydraulic press. Prior to any frequency
sweeps, time and strain sweeps were measured to
find the regime of linear dependency. The fre-
quency sweeps were conducted isothermally be-
tween 170 and 250 °C in steps of 20 °C. The
frequency was varied from 0.001 to 20 Hz. The
isotherms were combined to master curves at a
reference temperature of 200 °C by the computer
program LS-SHIFT.

All experiments were conducted under nitro-
gen to prevent oxidative degradation of the spec-
imen.

RESULTS AND DISCUSSION

Syntheses

All the copolyesters of this work were prepared by
the transesterification of PET and acetylated
4-HBA. Two different compositions covering the
range of commercial products were selected: 40/60
(see Tables I and II) and 30/70 (see Tables III and
IV). SA was incorporated in such a way that the
feed of ASA was varied from 5, 10, 15, and 20 to 25
mol % relative to the sum of all repeating units
(SA 1 4-HBA 1 PET). Each series of polyester
syntheses (Tables I and III) was repeated with
the addition of acetic acid (used in a fourfold
molar amount relative to ASA; see Tables II and
IV). This measure was taken for the following
reason. It is well-known from numerous reports
on Jackson–Kuhfuss-type copolyesters7,8,10,11

that the homopolycondensation of acetylated
4-HBA competes with the transesterification in-
volving PET. Because even short blocks of 4-HBA
(more than four monomer units) crystallize rap-
idly, yielding high-melting particles, these copoly-
condensations may result in heterogeneous mate-

Table IV. Yields and Properties of the 30/70 Copolyester Prepared with the Addition of Acetic Acid

Feed of
SA

(mol %)

Content
of SA

(mol %)a
Yield
(%)

hinh

(dL/g)b Tg1
c Tg2

c Tm
c Ti

d
Elemental Formula
(Formula Weight)

Elemental
Analyses

C H

0 0 95 0.50 101 156 261 .450 C79H52O26 (1417.3) Calcd. 66.95 3.70
Found 66.56 3.68

5 4.5 94 0.58 100 157 268 415–440 C1571H1028O514 Calcd. 67.08 3.68
(weak) (weak) (28129.0) Found 66.91 3.67

10 9.0 92 0.43 94 — — 395–410 C781H508O254 Calcd. 67.21 3.67
(13956.4) Found 66.94 3.68

15 11.5 85 0.30 104 — — 370–385 C1553H1004O502 Calcd. 67.35 3.65
(27696.6) Found 67.79 3.69

20 13.0 85 0.23 109 — — 340–355 C193H124O62 Calcd. 67.48 3.64
(3435.0) Found 67.89 3.72

25 16.0 79 0.21 95 — — 320–340 C307H196O98 Calcd. 67.62 3.62
(5452.8) Found 68.30 3.69

a SA in the isolated polyesters as determined by 1H NMR spectroscopy.
b Measured at 20 °C with c 5 2 g/L in CH2Cl2/trifluoroacetic acid (4/1 volume ratio).
c Determined by DSC measurements (20 °C/min heating rate).
d Determined by polarizing microscopy (10 °C/min heating rate).
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rials. Acetic acid causes a rapid transesterifica-
tion and degradation of PET and acts as a solvent
for all degradation products and comonomers;
therefore, it facilitates the formation of homoge-
neous copolyesters containing random sequences.
The results obtained in this work confirm this
hypothesis. The copolycondensations performed
with a 30/70 feed ratio of PET and acetylated
4-HBA yielded materials that were partially in-
soluble in CDCl3/TFA mixtures, even when the
molar fraction of SA reached 25%. With the addi-
tion of acetic acid, all the polycondensations
yielded entirely soluble copolyesters. The compo-
sition of all the copolyesters was checked by 1H
NMR spectroscopy (Fig. 1), and the sequences of
selected samples were analyzed by 13C NMR spec-
troscopy.

To characterize the composition of the isolated
copolyesters with regard to the incorporation of
SA, the 1H NMR spectra recorded in the CDCl3/
TFA mixture or in neat TFA-d1 were evaluated
(see Fig. 1). The results listed in the second col-
umns of Tables I–IV demonstrate that the content
of SA was significantly lower than the feed ratio.
A small amount of ASA may have escaped from
the reaction mixture by distillation. However,
most (around 95%) of the SA units missing in the
isolated polyesters were found in the methanol
filtrate resulting from the precipitation. This ef-
fect is obviously due to the formation of SA-rich
cyclic oligoesters. The easy formation of cyclic
salicylides from ASA and other derivatives of SA
has been known for almost 100 years,11–14 and a
more detailed study including copolyesters will be
reported in the near future.15 Regardless of how
many macrocycles were present, it is clear that
the precipitation into methanol caused a fraction-

ation whereby SA-rich oligoesters remained in
solution.

When all four series of copolyesters were com-
pared, the following trends were found for their
properties. The inherent solution viscosities de-
creased steadily with the higher molar fraction of
SA. A continuous decrease was also evident for
the isotropization temperatures (Ti), but all the
copolyesters showed a nematic phase over a broad
temperature range. This result proved again that
the antimesogenic effect of SA is rather weak. A
decrease of the crystallinity was also detectable.
The crystallinity faded away above 10 mol % SA.
The influence of SA on Tg proved to be rather
complex. No clear trend was detectable across the
four series of copolyesters.

To elucidate if the different solubilities of the
70/30 copolyesters prepared with and without
acetic acid were indeed based on different se-
quences, the SA-free copolyesters of both series
(Tables III and IV) and the copolyesters contain-
ing 5 mol % SA units were subjected to 13C NMR
sequence analyses according to the procedure de-
scribed by Lenz et al.12 In this connection, the
following abbreviations were used (see also Figs.
2 and 3): O, 4-oxybenzoyl; T, terephthaloyl; and E,
ethylene dioxide. The molar fraction of the O
units (XO) was determined from the 1H NMR
spectra (Fig. 1). For a random sequence, the prob-
ability of OOO diads, ar(XO), was calculated ac-
cording to eq 1:

ar~XO!, 5 XO/~XO 1 2~1 2 XO!! (1)

Figure 1. 400-MHz 1H NMR spectrum of the 40/60
copolyester containing 19 mol % SA (Table I).

Figure 2. 90.4-MHz 13C NMR spectrum (CO signals
only) of the 30/70 copolyester free of SA units (Table
IV).
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From the (inverse-gated decoupled) 13C NMR CO
signals, the real experimental fractions of OOO
diads, ae(XO), were calculated according to eq 2:

ae~XO! 5 IOO/~ITO 1 IOO! (2)

where ITO is the signal intensity of a TO diad
(166.2 ppm) and IOO is the signal intensity of an
OO diad (165.7 ppm).

Finally, the so-called statistical parameters,
C(XO), were calculated according to eq 3 and
listed in Table V:

C~XO! 5 ~ae~XO! 2 ar~XO!!/~1 2 ar~XO!! (3)

C(XO) should be zero for a perfectly random se-
quence and unity for a two-block copolyester. The
experimental values indicate that perfectly ran-
dom sequences were never obtained, but the ad-
dition of acetic acid to the reaction mixture indeed
reduced the blockiness of the sequences and, thus,
improved the solubility.

Rheological Measurements

To evaluate the influence of SA on the rheological
and mechanical properties of the LC copolyesters,
two kinds of rheological measurements were con-
ducted. First, the shear stress was fixed at 200 Pa
and the shear frequency was fixed at 1 Hz,
whereas the temperature and composition of the
copolyesters were varied. From these series of
measurements, the storage modulus G9, the loss
modulus G0, and the dynamic viscosity h* 5 (h92

1 h02)1⁄2, with h9 5 G0/v and h0 5 G9/v, were
determined. Second, the dynamic moduli and dy-
namic viscosities were measured at a fixed tem-
perature with a variation of the frequency from
1023 to 20 Hz.

For the first series of copolyesters (Table I), the
following trends were observed. All the mechani-
cal properties of all the samples (G9, G0, and h*)
show a continuous exponential downward trend
with increasing temperature. No phase transition
is detectable, in agreement with the DSC mea-
surements. The storage modulus exhibits a max-
imum at 5 mol % SA at most temperatures (Fig.
4). The dynamic viscosities displayed exactly the
same trend, so no separate figure is presented.
The maximum value of h* reached 230 kPa with 5
mol % SA at 170 °C. The sample containing 15
mol % SA showed the absolute maximum of G0,
but at higher temperatures the highest values of
G0 were observed for the 5 mol % sample (Fig. 5).
Therefore, it may be said that G0 also follows the
general trend indicated by G9 and h*. This trend
is remarkable and informative because the solu-
tion viscosities decrease steadily with higher mo-
lar fractions of SA, so the maxima of G9, G0, and

Figure 3. 90.4-MHz 13C NMR spectra of (A) the 30/70
copolyester free of SA (Table IV) and (B) the 30/70
copolyester prepared with a feed of 10 mol % ASA.

Table V. Results of the 13C NMR Sequence Analyses of Four 30/70 Copolyesters

Polyester XO (theoretical) XO (experimental) ar(XO) ae(XO) C(XO)

30/70 Copolyester, 0% SA (Table III) 0.60 0.54 0.39 0.54 0.25
30/70 Copolyester, 5% SA (Table III) 0.62 0.54 0.37 0.55 0.29
30/70 Copolyester, 0% SA (Table IV) 0.60 0.56 0.39 0.52 0.21
30/70 Copolyester, 5% SA (Table IV) 0.62 0.54 0.37 0.54 0.27
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h* cannot be explained by a particularly high
molecular weight. This result suggests that the
incorporated SA indeed forms hairpin conforma-
tions favoring entanglements.

Although the first series of experiments al-
lowed a qualitative evaluation of the trends asso-
ciated with the incorporation of SA, the second
series probed the molecular dynamics of the sam-
ples and gave a more quantitative picture. The
measurements performed in the given frequency
range at 200 °C (see Fig. 6) underlined the afore-
mentioned trends and their interpretation. The
dynamic viscosity of the 5 feed % sample was
higher than that of the 0% sample over the entire
range of applied frequencies.

Another source of information is the master
curves in Figure 7. First, the time–temperature
superposition principle holds for our polyesters.
In the literature, it is found that the time–tem-
perature superposition principle holds for main-
chain LC polymers (semistiff due to the existence
of flexible ethylene units) with structures similar
to our polymers, even in the nematic phase.16–22

However, this behavior, which is rather typical
for conventional flexible polymers, was found ex-
perimentally only for a few LCPs. For LC poly-
ethers similar in structure to our polymers, the
superposition principle does not work23–25 in ei-

Figure 4. Storage modulus (G9) of the 40/60 copoly-
esters (Table I) measured with the variation of temper-
ature.

Figure 5. Loss modulus (G0) of the 40/60 copolyesters
(Table I) measured with the variation of temperature.

Figure 6. Frequency dependence of the dynamic vis-
cosity of the 40/60 copolyesters (Table I) measured at
200 °C.

Figure 7. Master curves of the 40/60 copolyesters of
Table I: (A) 5 mol % SA and (B) 10 mol % SA (in feed).
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ther the isotropic or nematic phases. At this mo-
ment, the question of which structural units in
main-chain LC polymers are responsible for the
applicability of the time–temperature superposi-
tion principle cannot be answered. The second
interesting aspect is the form itself of the master
curves. Although the master curves of the 10, 15,
20, and 25% (feed) copolyesters are quite similar
[Fig. 7(B)], the curve of the 5% copolyester is
different [Fig. 7(A)]. The steep slope at low fre-
quencies (1022 2 1023 log vaT), which is typical
for the higher contents of SA, is lacking in the
curve of the 5% copolyester because it occurred at
even lower frequencies outside the range mea-
sured in this work. This suggests longer relax-
ation times, which might be the result of entan-
glements.

Although the appearance of entanglements in
main-chain LC polymers and the existence of
time–temperature superposition are matters of
controversy, some authors interpret their results
under these assumptions.25,26 Furthermore, the
form itself of the moduli curves is reminiscent of
the form of the curves of flexible polymers. Al-
though it is obvious from Figures 6 and 7(A) that
polymers without SA and with 5 mol % SA behave
like highly elastic liquids, the higher SA contents
lead to more viscous liquids. Although these poly-
mers can be regarded as semiflexible, their entan-
glement molecular weights are presumably still
low. Blumstein at al.25 reported critical molecular
weights in the range of several thousand grams
per mole for their LC polyester. These results
suggest that the increasing amount of incorpo-
rated SA leads to a higher probability of hairpin
conformations per molecule, causing smaller en-
tanglement molecular weights and, therefore, a
higher probability of the occurrence of entangle-

ments. The physical structure of the contact
points might be different for main-chain LC poly-
mers and flexible polymers (details are not known
at the moment). Nevertheless, the rheological fea-
tures found for our polymers admit the possibility
that entanglements are relevant for semistiff
polymers, at least if they are modified by the
incorporation of SA groups.

The properties of the 40/60 copolyesters pre-
pared with the addition of acetic acid (Table II)
were similar to those discussed previously, so
only the differences are mentioned here. Again, a
maximum was observed, when G9, G0, or h* was
plotted against the molar fraction of SA. Nonethe-
less, these maxima were less pronounced, and
they covered the 5% and 10% copolyesters, as
illustrated in Figure 8. Furthermore, all the me-
chanical values were lower (roughly 20%) than
those of the first series (Table I). This difference
may be rationalized if a greater blockiness of the
sequences is assumed in the copolyesters of the
first series. The longer blocks of 4-HBA units will
have a reinforcing effect.

The 30/70 copolyesters prepared in bulk (with-
out acetic acid; Table III) showed properties that
were in a good qualitative agreement with those
of the 40/60 copolyesters. The values of G9, G0,
and h* again exhibited a maximum at a 5 mol %
content of SA (Fig. 9), and the maximum of the
dynamic viscosity was valid over the full range of
the measured frequencies (Fig. 10). However, in
contrast to the 40/60 copolyesters, the master
curves of the 30/70 copolyesters containing 0, 5,
and 10% SA showed few differences.

The properties of the 30/70 copolyesters pre-
pared with acetic acid (Table IV) resembled in
principle those of the 30/70 copolyester pre-
pared in bulk. Again, G9, G0, and h* had a

Figure 8. Dynamic viscosities (h*) of the 40/60 co-
polyesters prepared with the addition of acetic acid
(Table II).

Figure 9. Dynamic viscosities (h*) of the 30/70 co-
polyesters (prepared in bulk, Table III) with the varia-
tion of temperature.
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maximum at 5 mol % SA. A characteristic dif-
ference was the lower absolute values of the
fourth series compared to the third series of
copolyesters. Interestingly, the third series con-
tained an insoluble fraction rich in 4-HBA
units, as evidenced by 1H NMR spectroscopy
(after hydrolysis in D2O, NaOD). Therefore, it
may be concluded that the longer crystallizing
blocks of 4-HBA units in the third series were
responsible for a reinforcing effect not existing
in the fourth series. Therefore, these results
and their interpretation agree well with the
comparison of the first and second series.

CONCLUSION

From the data elaborated in this work, the follow-
ing conclusions may be drawn. The incorporation
of SA has a pronounced negative influence on the
crystallinity of the copolyesters under investiga-
tion. The negative influence on the stability of the
nematic phase is much weaker than expected.
Even with a 25 mol % feed of SA, the copolyesters
possess a broad LC phase. Because the nematic
order is based on a certain parallelism of the
chain segments, it must be assumed that the SA
units predominantly form hairpin conformations
that do not hinder the parallelism of the chain
segments. The existence of hairpin conformations
may favor the formation of large macrocycles, and
the increasing tendency of cyclization at higher
SA percentages may be responsible for the de-
creasing molecular weights. This hypothesis is
supported by previous reports13,14 showing that

homopolycondensations of SA derivatives mainly
yield cyclic oligoesters.

The existence of hairpin conformations favoring
the formation of entanglements is also supported by
rheological measurements. In all four series of the
LC copolyesters studied in this work, the storage
modulus, loss modulus, and dynamic viscosity show
a maximum around 5 mol % SA, despite decreasing
molecular weights. In a qualitative sense, these
maxima do not depend on the frequency of the mea-
surements. Furthermore, the same trends have re-
cently been observed6 for noncrystalline nematic
copoly(ester imide)s. Therefore, it may be concluded
that the positive influence of SA on the melt
strength of LC copolyesters has a broader validity.
The consequences of this SA effect for the process-
ing of LC polyesters are currently under investiga-
tion, and a patent claim has been submitted.
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