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Polyester by Reactive Processing and in a Solution
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ABSTRACT: End capping of liquid crystalline poly(ethylene terephthalate-co-oxybenzo-
ate) with a bifunctional 2-oxazoline derivative, 2-(4-allyloxyphenyl)-2-oxazoline, has
been performed in melt under the condition of reactive processing and in a solution. The
reaction in melt is very fast and, despite some modifier evaporation, it is completed in
2 min at 230°C. The product is a polyester containing unsaturated end groups bonded
via esteramide linkage. The presence of unsaturation was proved by *C-NMR spec-
troscopy. An increase in temperature and prolongation of the processing time gives
raise to thermal-induced reactions on the unsaturated end groups, resulting in an
increase of the glass transition temperature. Depending on the processing temperature
decomposition, propagation and crosslinking occur in different extent and influence
polymer properties. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72: 1047-1053, 1999
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INTRODUCTION

The reactive modification of commodity polymers
represents a usual way for the preparation of
functionalized polymers suitable for compatibili-
zation, crosslinking, etc.!? In case of polyesters
modification, two approaches are of interest. The
first of them is the coupling of polyester chains
resulting in increased molecular weights, and the
second one is the endcapping reaction with a
proper modifier for introducing different end
groups.
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Diisocyanates®® were used for coupling or
chain extension of polyesters, but even better re-
sults were achieved with cyclic iminoethers, bis(2-
oxazolines), under the conditions of reactive pro-
cessing.’ 13 Bifunctional chain extenders have
two advantages. On one hand, the molecular
weight is increased by coupling of two chains, and
on the other hand, the content of carboxylic end
groups decreases, resulting in improved thermal
stability.

Another interesting application of coupling
agents is their use in compatibilization of polymer
blends. "' Coupling of different thermoplastics
results in phase stabilization and, subsequently,
in improved mechanical properties. Reactive
blending of liquid crystalline polyesters with PET
has been claimed.'® Baker et al.’®~'° used poly-
styrene containing 2-oxazoline groups for reactive
processing with carboxylic acid containing poly-
mers to improve interfacial adhesion and enhance
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phase dispersion in multiphase polymer blends.
The modification of polypropylene containing car-
boxylic end groups under the formation of a reac-
tive 2-oxazoline structure is also interesting.?® In
such a way prepared 2-oxazoline-terminated oli-
gopropene was used for further modification of
poly(ethylene-co-acrylic acid). In another article,
Miilhaupt et al.?! referred to reactive processing
of the same copolymer with aryl- and alkyl-sub-
stituted 2-oxazolines. These modified polymers
contained amidoester linkages between the main
chain and the substituent. The reactions were
very fast, as required for reactive processing. Af-
ter 10 min at 220°C, no free modifier could be
found in the reaction mixture. In a model reaction
of 2-phenyl-2-oxazoline with benzoic acid, the re-
action components were consumed even in 2 min.

End-capping reaction was widely used to en-
hance thermal stability of polyesters. Capping
agents are usually monofunctional, but polyfunc-
tional end cappers have also been known. The
examples of end capping include the use of epox-
ides,?227 isocyanates,?® and 2-oxazolines.?? Reac-
tions are usually performed under the conditions
of reactive processing, for example, in processing
machines at elevated temperature, during short
processing time, usually only a few minutes.

Recently, we performed the modification of
poly(ethylene-co-butyl acrylate-co-acrylic acid)
with 2-(4-allyloxyphenyl)-2-oxazoline under the
conditions of reactive processing as well as in
solution.® The goal of this article is the end cap-
ping of a liquid crystalline poly(ethylene tereph-
thalate-co-oxybenzoate) with the same modifier,
and the aim to obtain a polyester containing ther-
mally stable unsaturated end groups using the
well-known nucleophilic reaction between carbox-
ylic end groups and the 2-oxazoline ring.?* The
allyl group is suitable for these purposes because
it meets demands for temperature stability at
high processing temperatures.

EXPERIMENTAL

Materials

2-(4-Allyloxyphenyl)-2-oxazoline was prepared from
2-(4-hydroxyphenyl)-2-oxazoline and allyl bromide
under the conditions of phase transfer catalysis as
previously described.>°

'H-NMR (DMSO-dg): 6 7.79 (d, J = 8.8 Hz, 2 H,
ring), 7.01 (d,J = 8.8 Hz, 2 H, ring), 6.03 (m, 1 H,
—CH=), 5.40 (dq,J = 17.4 Hz,J = 1.6 Hz, 1 H,

CH,=), 5.27 (dq, J = 10.5 Hz,J = 1.6 Hz, 1 H,
CH,=), 4.60 (dt, J = 5.2 Hz, J = 1.6 Hz, 2 H,
CH,0), 4.36 (t,J = 9.5 Hz, 2 H, CH,0) 3.91 (t, J
= 9.5 Hz, 2 H, CH,N).

13C-NMR (HFIP/CDCl,): 8 51.55 (NCH,), 68.71
(OCH,), 69.51 (Ar—OCH,), 115.21 (Ar), 117.68
(Ar), 118.84 (CH,=), 130.68 (Ar), 132.09 (CH=),
162.49 (Ar), 168.34 (N=—=CR—O).

Liquid crystalline poly(ethylene terephthalate-
co-oxybenzoate)s with 60 mol % oxybenzoic units
(PET/HBA = 40/60) were prepared in a 2-L and a
10-L stainless vessel by transesterification reac-
tion of PET with p-hydroxybenzoic acid (HBA)
according to Jackson and Kuhfuss.?2 The molec-
ular weight was controlled by terephthalic acid
added to the reaction mixture. Independent of the
reaction volume, two samples (LCP 1 and LCP 2)
with almost equal properties were obtained. The
13C-NMR spectra correspond with spectra of ear-
lier investigated samples.?® Sample characteris-
tics are summarized in Table 1.

Procedures

Inherent viscosities were measured in a mixture
of phenol/tetrachloroethane = 1 : 1 at 20°C, and
number-average molecular weights were deter-
mined by titration with butanolic solution of KOH
in a mixture o-cresol/CHCl; = 1 : 1, as described
previously.®

'H- and '*C-NMR were measured on a DRX-
500 spectrometer (Bruker) operating at 500.13
MHz for 'H and 125.75 MHz for 3C. The 'H-NMR
spectrum of the modifier was measured in
DMSO-dg at room temperature, and *C-NMR
spectra of the modifier and of the polymers were
measured in hexafluoroisopropyl alcohol/CDCl; (1
:1v/v). The deuterated solvents were used as lock
and internal standards.

Thermal analysis measurements were done
with a Perkin-Elmer DSC 7 at a scan rate of 10
K/min in the temperature range of —10 up to
235°C in a cycle 1. heat—cool-2. heat.

Processing

Mixing procedure was done in the chamber of a
Miniature Mixing Reactor (Musashino Kikai Co.,
Japan) or in Brabender Plasticorder (Germany).
For the modification in the Minimixing Reactor,
3 g of the polymer and the respective amount of
the modifier were introduced into the preheated
mixing chamber. After heating to the processing
temperature 260°C, the sample was mixed (30



END CAPPING OF LIQUID CRYSTALLINE POLYESTER

Table I Modification of Liquid Crystalline Polyester with 2-(4-Allyloxyphenyl)-2-oxazoline
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Acid Reaction
Weight Modifier Temperature Time Ninh Number Degree
Polymer (g) (g) Mode? (°C) (min) dL/g (mmol/g) (%)
1 — — — — — 0.295 0.431 —
la 3 0.263 A 260 5 n.d. 0.332 23
1b 3 0.263 B 200 360 n.d. 0.069 84.0
2 — — — — — 0.296 0.486 —
2a 38 3.80 C 230 2 0.285 0.121 75.1
2b 38 3.80 C 230 5 0.286 0.139 714
2¢c 38 3.80 C 230 10 0.278 0.136 72.0
2d 38 3.80 C 230 15 0.259 0.146 70.0
2e 38 3.80 C 230 30 0.305 0.205 57.8
2f 35 3.50 C 250 6 n.d. 0.135 72.2
2g 35 3.50 C 250 8 0.313 0.178 63.4
2h 35 3.50 C 250 12 0.294 0.212 56.4
2i 35 3.50 C 250 15 0.322 0.223 54.1

2 A, minimixer; B, solution in 1-chloronaphthalene; C, Brabender Plasticorder.

rpm) for the desired time and than withdrawn
from the chamber. During processing, strong
evaporation of the modifier was observed.

The modification in the Brabender Plasticorder
was performed at 80 rpm and 230 or 250°C for the
desired time. The amount of modifier added cor-
responded to the concentration of carboxylic
groups as determined by titration. The content of
remaining carboxylic groups was determined by
titration.

Modification experiments were also carried out
in a solution. In this experiment, the polymer (3 g)
was dissolved under a slow stream of nitrogen
and stirred at 200°C in 1-chloronaphthalene (10
mL). The modifier (0.263 g, 1.293 mmol, molar
ratio 1 : 1) was added to the solution in one por-
tion. The reaction mixture was stirred for 6 h and
then precipitated into ethanol (50 mL). The mod-
ified LCP was extracted with ethanol (50 mL, 3X)
and dried in a vacuum oven at 90°C for 8 h.

RESULTS AND DISCUSSION

Two poly(ethylene terephthalate-co-oxybenzo-
ate)s, LCP 1 and LCP 2, were used for modifica-
tion. Their inherent viscosities shown in Table 1
are nearly equal, and correspond to number-aver-

N NaOH N
[ >—©>—OH + Br-H,C—CH=CH, ———— [ ?—@—O—CHz—CH=CHz
(o] R4N'Br Q

Scheme 1

age molecular weights of M, = 4060 and 4000
Dalton, respectively.?* From the content of car-
boxylic end groups and the assumption that the
polyesters are carboxy terminated on both sides,
M, of 4110 and 4650 Dalton were calculated for
LCP 1 and 2, respectively, which are in a good
agreement with the M, determined by viscome-
try.

The bifunctional modifier 2-(4-allyloxyphenyl)-
2-oxazoline was synthesized according to Scheme
1. The procedure was described in a previous ar-
ticle.3° The desired product was obtained in ex-
cellent yield (95%) and sufficient purity and, after
recrystallization, was used for modification exper-
iments.

The reaction between carboxylic acid groups
and the 2-oxazoline ring proceeds by the attack of
the carboxylic oxygen to the carbon atom in the
5-position of the oxazoline ring. The product of
this attack is the esteramide structure. A general
scheme of this reaction applied to our system is
shown in Scheme 2.

The modification of the LCP 1 was performed
in a minimixer at 260°C and in solution at 200°C.
LCP 2 was converted in a Brabender Plasticorder
at 230 and 250°C. The extent of reaction was

N
HOOC-LCP-COOH  + [OHI :>—o—CHZ—CH=CH2 -

CH2=CHCH20—©>—CONHCHZCHZOOC—LCP—COOCHZCHZNHOC—@—OCHZCH=CH2
Scheme 2
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Figure 1l Dependence of the degree of reaction on the
processing time for modification of liquid crystalline
polyester with 2-(4-allyloxyphenyl)-2-oxazoline in a
Brabender Plasticorder at 230°C.

estimated by means of acid numbers. From the
ratio of acid numbers of the modified and unmod-
ified sample the reaction degree was calculated.
The results are shown in the Table I.

The modification in the minimixer at 260°C
provided only a low degree of reaction (23% 1a),
which was obviously caused by strong volatiliza-
tion of the modifier from the system. Much better
results were obtained during the modification in
the Brabender Plasticorder at 230°C (2a-e) and
250°C (2f-i). Despite some volatilization of the
modifier, the closer chamber of the Brabender
Plasticorder resulted in a higher reaction degree
under comparable conditions. Surprisingly, the
highest conversions were achieved at the shortest
reaction times (75.1% for 2a within 2-min pro-
cessing at 230°C, and 72.2% for 2f within 6-min
processing at 250°C). This means that the end-
capping reaction of the 2-(4-allyloxyphenyl)-2-ox-
azoline with carboxylic end groups of the LCP is
extremely fast.

With the extension of processing time the re-
action degree steadily decreased (Fig. 1). This is

in strong contradiction with the previous results
from the modification of a carboxy groups contain-
ing polyolefine,?® where increase of conversion
with reaction time was observed. Probably, the
higher reaction temperature applied for modifica-
tion of the polyesters caused side reactions, re-
sulting in increase of carboxylic groups content.
Beside thermal decomposition of the polymer the
reversibility of the oxazoline reaction has to be
regarded. Recently, Loontjens et al.?® pointed out
that at temperatures above 250°C the reaction of
oxazolines with carboxylic acid groups is revers-
ible. That means if volatile oxazolines are used for
modification, evaporation at elevated tempera-
ture becomes more and more likely.

This assumption is supported by thermogravi-
metric investigations. The modified samples 2a
and 2f showed a more pronounced mass loss (ML)
at temperatures around 250°C. ML (1%) was
found at 315°C for sample 2, at 257°C for samples
2a, and at 281°C for sample 2f. The determined
temperatures for 10% ML of 2, 2a, and 2f were
410, 390, and 383°C, respectively.

However, it is reasonable to assume that non-
volatile additives or reactions in well-sealed sys-
tems (for instance, in the extruder) can provide
higher conversions, as previously reported by
Miilhaupt.?! Also, modification in a relatively
highly diluted solution of 1-chloronaphthalene at
200°C resulted in high yields (1b). The obtained
conversion after 6 h was 84% (Table I).

The structure of the modified polymers was
investigated by *C-NMR spectroscopy. An inter-
pretation of spectra of unmodified poly(ethylene
terephthalate-co-oxybenzoate)s was given in a
previous publication.?3 Additional signals appear-
ing in the spectrum of the sample 2a modified in
the Brabender Plasticorder at 230°C for 2 min
could be assigned to the resulting end-group
structure shown in Table II. The absence of char-
acteristic oxazoline group signals at 51.55 ppm

Table II Assignment of '>C-NMR End Group Signals of Modified Polyesters

o) H O
1
el — 0= CH,—CH,—N—

a b

Signal a b ¢ d

—@—O—CHZ—CH=CH2
g h i k

e f

£ g h i k

8 in ppm 64.30 39.65 170.38 125.22

128.84

115.25 162.13 69.39 132.14 118.67
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Figure 2 DSC curves (second heating) of the virgin
and the modified liquid crystalline polyesters.

(NCH,) and 68.71 ppm (OCH,) showed that the
reaction proceeded completely. From the spec-
trum, especially from the signals of the olefinic
CH,= carbon at 118.67 ppm (k) and of the CH=
carbon at 132.14 ppm (i), it was concluded that
the double bond is preserved during modification.
Increase in temperature and prolongation of re-
action time, however, resulted in a destruction of
the end groups. The spectrum of sample 2i mod-
ified at 250°C for 15 min did not contain any of the
signals mentioned in Table II. Instead, several
other signals appeared whose assignation has not
yet been possible. It is assumed that rearrange-
ments such as transesterification and transamidi-
fication reactions and progressive crosslinking of
the allyl groups are responsible for the new sig-
nals. It has to be mentioned that signals for un-
saturated groups are still in the spectra, however,
to a lesser extent.
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Cleavage of the terminal groups as mentioned
above cannot be excluded, but, from the low acid
numbers of all modified samples one can conclude
that this process is less significant. The course of
inherent viscosities (Table I) rather point to the
fact that degradation and propagation or
crosslinking occurred simultaneously. A steady
decrease of inherent viscosities (2a-2d) could be
observed at 230°C within the first 15 min, fol-
lowed by a significant increase (2e) after prolon-
gation to 30 min. At higher temperatures (250°C)
a drop of m,,;, could not be observed. Apparently,
the propagation reactions compensate degrada-
tion.

Figure 2 shows the DSC curves (second heat-
ing), and Table III an overall view of the thermal
data of the virgin sample 2 and the modified sam-
ples 2a and 2i. In each curve there appears two
glass transitions between 60 and 80°C. The two
glass transitions are caused by the multiphase
structure of poly(ethylene terephthalate-co-oxy-
benzoate)s. It is known that in this copolymer two
phases that differ in oxybenzoate content ex-
ist.3673% According to Chen and Zachmann,*® the
low-temperature transition belongs to a frozen
liquid crystalline phase that is rich in oxybenzo-
ate, and the higher glass transition to an amor-
phous-phase rich in PET. Comparing the glass
transition temperatures of the virgin sample 2
and the sample 2a modified at 230°C for 2 min,
one can conclude that the modification resulted in
softening. Especially, the T, at higher tempera-
tures decreased significantly. Longer reaction
time and higher modification temperature cause
an increase in both T, as shown for the sample 2i
modified at 250°C for 15 min. This is in accor-
dance with the above assumption that propaga-

Table III Thermal Characteristics of the Virgin and the Modified Liquid Crystalline Polyesters

Determined by DSC (Second Heating)

T, (°C) (Ac, in J/gK)

Sample First Step Second Step SAH,; (J/g) AH_? (J/g) AH (J/g)
2 59 78 4.56 -0.44 5.0
(0, 106) (0, 05) (110-220°C) (110-145°C) (145-220°C)
2a 57 69 2.6 -1.5 4.1
(0, 122) (0, 07) (95-210°C) (95-220°C) (140-210°C)
2i 65 83 0.1 -0.7 0.8
(0, 12) 0, 14) (110-180°C) (110-145°C) (145-180°C)

* The heat of exothermic cold crystallization AH, and the heat of endothermic melting AH, were determined by partial

integration within the given temperature range.
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Figure 3 Correlation between step heights of the
glass transitions Acp and the enthalpy balance SAH,
used as a measure of crystallinity at room temperature.

tion and crosslinking occurs at higher tempera-
tures. The fact that the higher T, is affected more
strongly than the lower one leads to the assump-
tion that end capping takes place preferably in
the PET-rich phase.

Above the glass transition range an exothermic
cold crystallization can be observed followed by
an endothermic melting at about 140°C. The bal-
ance (XAH;) of the heat of exothermic cold crys-
tallization AH, and the heat of endothermic melt-
ing AH, (Table III) is a measure of the crystallin-
ity formed during the cooling scan after the first
heating. This value decreases with modification.
This means that modification reduces the ability
of the polymer to crystallize, and consequently,
the amorphous part is increased.

In Figure 3 the correlation between the step
heights of the glass transition Acp and the bal-
ance of the transition heats 2 AH, is plotted. Ac,,
and Ac,,, correspond to the glass transitions of the
oxybenzoate-rich phase at lower temperatures,
and the PET-rich phase at higher temperatures,
respectively, and XAc,; is the sum of Ac,, and
Ac,y. Ac,; is almost independent from XAH,,
whereas Ac,, strongly correlates. This confirms
that both the glass transition at higher tempera-
tures and the crystallizable phase can be assigned
to the PET-rich phase in the polymer. The de-
crease of XAH,; and the decrease of the melting
heat after modification shows that the occurring
reactions restrict more and more crystallization
and reduce the crystallizable part of the PET-rich
phase.

Although phase behavior and crystallinity is
significantly influenced by modification, no dis-

turbance in liquid crystalline properties could be
observed. Above 200°C a nematic phase was ob-
served as for the unmodified samples.

CONCLUSIONS

We can conclude that the reaction of unsaturated
2-oxazoline derivative with polymer carboxylic
groups provides a versatile method for introduc-
tion of different functional groups into polyester
chains. In the present case, an end-capped liquid
crystalline polyesters having unsaturation in end
groups was obtained. Due to the high rate of
reaction, this modification is suitable to be carried
out on an extruder. The unsaturated groups re-
acted after prolongation of reaction time resulting
in an increase of glass transition temperature and
decrease of crystallinity. It could be shown by
DSC measurements that the modification reac-
tions mainly effect the properties of the PET-rich
phase of the liquid crystalline polyester. From
this it was concluded that the modification reac-
tion proceeds preferably in the PET-rich phase.
Different carboxylic group concentrations or dif-
ferences in solubility of the modifier in the two
phases of the polymer may be responsible for this
behavior.
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