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1,3-Oxazoline intermediates in reactive

processing applications:

3. Bis(1,3-xazolin-2-yl)-terminated
oligotetrahydrofuran liquid rubbers and
preparation of the corresponding segmented

copolyetheresteramides
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Novel a,w-bis(1, 3 oxazolin-2-yl)-terminated oligotetrahydrofurans with number average molecular mass of 2000
and 3700 g mol ' were prepared via endcapping of bis(carboxypropyl)-terminated oligotetrahydrofuran with 1,4-
bis(1,3-oxazolin-2-yl)-benzene in bulk at 250°C. Such liquid rubbers were added as chain extenders during melt
processing of poly(butyleneterephthalate) to produce within a few minutes at 240°C copolyetheresteramides
containing oligotetrahydrofuran soft segments. Alternatively, bis(carboxypropyl)-terminated oligotetrahydro-
furan together with carboxy-terminated PBT were chain extended with bisoxazolines. Thermal, mechanical and
morphological properties of the resulting segmented copolyetheresteramides were investigated as a function of
reactive processing conditions and oxazoline-functional liquid rubber content and molecular mass. © 1997

Elsevier Science Ltd.
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INTRODUCTION

Reactive liquid rubbers, comprising oligomeric elastomers
with well-defined end groups, play an important role in
polymer processing. For example, in thermoset processing
liquid rubbers, which are miscible with uncured resins,
phase separate during cure to form dispersed rubber micro-
and nanophases which enhance toughness/stiffness balance
of brittle crosslinked polymers'. In polyurethane chemistry,
liquid rubber polyols together with short chain diols are
reacted with isocycanate resins to control material proper-
ties such as hardness and resilience®. End group and side
chain coupling reactions of polymer backbones with
functional groups of reactive oligomers are of particular
interest with respect to producmg novel block and graft
copolymers during melt processing®. Reactive extrusion
represents a solvent-free process which permits diversifica-
tion of commodity polymers during processing without
requiring development of new monomers or copolymerisa-
tion processes. In order to qualify for reactive extrusion
application, reactive intermediates must react quantitatively
in highly viscous reaction medium of polymer melts at
elevated processing temperatures, usually above 200°C,
within very short reaction times of a few minutes, typical for
extruder hold-up times. Moreover, the coupling reaction
should not yield byproducts which would remain as
impurities in the polymer. Yet another requirement is to
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enable efficient coupling reaction at very low total
concentration of functional groups and at sterically hindered
locations at polymer interfaces.

Reactive processing requirements are met by 2-substi-
tuted 1,3-oxazoline intermediates, which are readily pre-
pared from esters or nitriles, respectively, and 2-
aminoethanol. As reported previously, model reactions
clearly demonstrate that 1,3-oxazolines react with aromatic
carboxylic acids within 2 min at temperatures of 220°C to
give esteramides in yields of 99.5% via nucleophilic attack
of the carboxylate group at C-5 position of the oxazoline
ring, thus causing ring-opening of the oxazoline ring and
formation of an esteramide group®. Several researchers have
applied di- and polyfunctional 2-substituted 1,3-oxazolines
as chain extenders and coupling agents in reactive extrusion.
For example, oxazoline-functional styrene polymers, pre-
pared by copolymensmg styrene with vinyl- functlonal
oxazolines, were used in reactive blendmg applications®.
More recently, Birnbrich and Fischer® developed new
families of maleinate-, fumarate- and acrylate-functional
oxazolines, which are derived from fat and natural oils and
are readily grafted onto various thermoplastics to provide
the opportunity of interfacial coupling with carboxylate-
and anhydride-functional polymers. This technology was
applied by Seppald et al.” to produce oxazoline-grafted
polypropylene, useful as a compatibiliser in polypropylene
blends with poly(butyleneterephthalate) or po ‘yamxde 6.
Loontjens et al.®’ and Inata and Matsumura'®™'? have
investigated polyester chain extension with low molecular
weight bisoxazolines to build up polyester molecular weight
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and to convert carboxylate end groups which can catalyse
hydrolytic degradation. Combining polyester chain scission
with oxazoline-mediated chain extension represents a very
versatile route to producing novel copolyesteramides and to
recycling partially hydrolysed polyester wastes” !, Trifunc-
tional oxazoline chain extenders have been applied by
Boehme et al.'* to introduce long chain branches and to
improve processing and mechanical properties of liquid
crystalline polymers. Most oxazoline coupling agents
reported so far have rather low molecular weight. The
purpose of this research was to prepare oxazoline-
terminated telechelics, especially liquid rubbers, and to
examine them as new reactive intermediates for reactive
processing of polyesters. Chain extension of bisoxazoline-
functional telechelics with carboxylate-terminated oligo-
and polyethers produce segmented copolyesteramides
which should exhibit improved toughness.

EXPERIMENTAL

Materials

Polybutyleneterephthalate (PBT, Type RT-4) was pur-
chased from Hoechst, Frankfurt/Main, and dried in vacuo at
200°C prior to use. Concentration of carboxylic acid chain
end groups was 106 mmol kg ', determined by titration
analysis. «,w-Bis(3-carboxypropyl)-terminated oligotetra-
hydrofurans (PTHFCOOH1400 and PTHFCOOH3000)
were purchased from BASF, Ludwigshafen, and dried in
vacuo at 80°C prior to use. 1,4-Bis(1,3-oxazolin-2-yl)-
benzene (OxaPhOxa) was synthesised according to litera-
ture procedures'®. Antioxidant Irganox®1010 was pur-
chased from Ciba AG, Basel.

Preparation of o,w-bis[3-(N-(4-(1,3-oxazolin-2-yl)ben-
zamide)ethyl )propyl]-terminated oligotetrahydrofuran
(PTHFOxa2000) according to pathway HI. 108.1g
(500 mmol) OxaPhOxa were melted at 250°C in a 500 mL
flask. A mixture of 140 g (100 mmol) PTHFCOOH1400
(Table I) and 0,14 g Irganox® 1010 was dropped into
within 15 min. The homogeneous mixture was stirred for
further 15 min at 250°C, followed by suspending in
250 mL. THF. The product was isolated by centrifugation
at 23000 rev min~. Finally, excess OxaPhOxa was
removed completely by means of thin film evaporation at

180°C in vacuo. 175 g (96%) PTHFOxa2000 (Table 1) were
obtained as a slightly yellow coloured and viscous liquid.

FTi.r. (Film): # [cm '] = 2940-2797 (CH), 1739 (C-0),
1667 (NHC=0), 1650 (C=N), 1541 (NH), 1112 (C-0).

'"Hn.mr. (300 MHz, CDCl;): 6 = 7.89 (d, arom. H, 4H);
7.73 (d, arom. H, 4H); 7.03 (s, NH, 2H); 4.37 (t, CH,OC=N,
4H); 4.22 (t, COOCH,, 4H); 3.97 (m, CH,N=C, 4H,
COOCH,CH,CH,, 0.6H); 3.61 (m, OCH,CH,COO, 4H,
CH,NH, 4H); 3.30 (s, CH,OCH,, 77H); 2.51 (m,
OCH,CH,COO, 4H); 1.54 (s, OCH,CH,, 77TH).

BC nm.r. (75 MHz, CDCls): § = 172.0 (COO); 166.8
(CONH); 163.8 (C=N); 136.5; 130.4; 128.2; 127.0 (arom.
C); 70.0 (CH,OCH,); 67.7 (CH,O0C=N); 66.0 (OCH,CH,.
CO0); 63.1 (CH,CH,NH); 549 (CH,N=C); 394
(CH,NH); 35.1 (OCH,CH,COO); 26.4 (CH,CH,0).

Preparation  of  a,w-bis[3-(N-(4-(1,3-oxazolin-2-yl)-
benzamide)ethyl)propyl]-terminat ed oligotetrahydrofuran
(1b, PTHFOxa3700) according to pathway III. The pre-
paration of PTHFOxa3700 (Table 1) was performed accord-
ing to preparation of PTHFOxa2000 via addition reaction of
437 g (202 mmol) OxaPhOxa and 150 g (40.5 mmol)
PTHFCOOH3000 (Table 1). This yielded 158 g (94%) of
waxy and slightly yellow coloured product.

FTi.r. (Film): 7 [cm ™'} = 2941-2797 (CH), 1739 (C=0),
1669 (NHC=0), 1650 (C=N), 1540 (NH), 1113 (C-0).

'H n.m.r. (300 MHz, CDCl,): & = 7.87 (d, arom. H, 4H);
7.74 (d, arom. H, 4H); 7.08 (s, NH, 2H); 4.38 (t, CH,N=C,
4H); 4.20 (t, COOCH,, 4H); 3.95 (m, CH,OC=N, 4H,
COOCH,CH,CH,, 0.9H); 3.62 (m, OCH,CH,COO, 4H,
CH,NH, 4H); 3.31 (s, CH,OCH,, 172H); 2.53 (m,
OCH,CH,COO, 4H); 1.52 (s, OCH,CH,, 172H).

BC nm.r. (75 MHz, CDCl,): 6 = 172.2 (COO); 166.9
(CONH); 163.6 (C=N); 136.2; 130.2; 128.1; 127.0 (arom.
C); 70.2 (CH,OCH,); 67.8 (CH,O0C=N); 66.1 (OCH,CH,.
C00); 63.3 (CH,CH,NH); 54.8 (CH,N=C); 393
(CH,NH); 35.3 (OCH,CH,COO0); 26.2 (CH,CH,0).

Reactive processing

PBT chain extension (general procedures). PBT blends
with liquid PTHF rubbers (PTHFOxa, PTHFCOOH): reac-
tive blending was performed in a Haake Rheomix 90,
equipped with a 60 ml double-screw blender which was
preheated at 240°C and operated at 100 rev min~". Torque

Table 1 Characterisation of the carboxy- and oxazoline-terminated oligotetrahydrofuran liquid rubbers used in this study

PTHFCOOH 1400 PTHFOxa 2000 PTHFCOOH 3000 PTHFOxa 3700
M, (gmol™")° 1400 1970 3030 3780
M, (gmol™"? 1350 1940 2950 3600
M, (g mol ')* 1500 2000 3200 3790
M, (g mol )¢ 2540 3180 4650 5370

M M 0.91 1.02 122 1.30
Functionality (mol kg ™)

Calc.” 1.48 1.03 0.68 0.56
Found® 1.33 1.00 0.63 0.53
T, (C)* -70.7 - 69.6 — 802 —792
T, (°C)* 18.6 17.2 212 222
AH(J g™ 88.4 74.1 81.5 72.0

“Determined from 'H n.m.r. spectroscopy
Determined by means of vapour pressure osmometry
‘Determined from titration analysis

“Determined by means of SEC

‘Determined by means of d.s.c.
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and temperature were recorded on-line. From 55.0t046.0 g
PBT, stabilised with 0.1 wt% Irganox® 1010, were melted
in the blender at 240°C. After 150 s, the PTHF component
was injected via syringe within 1-2 min. After 2 min of
additional kneading, the obtained materials were removed
and compression moulded in vacuo at 240°C to produce
sheets of 2 mm thickness, using a Schwabenthan Polystat
100 press.

PBT blends with additional OxaPhOxa chain extension
reaction: if chain extending with OxaPhOxa is performed,
OxaPhOxa was added immediately to the melt when rubber
addition was completed, and kneaded for an additional 2 min.

Polymer characterisation

Vapour pressure osmometry experiments were carried
out with a Perkin—Elmer Molecular Weight Apparatus Type
115 with CHClj; as solvent at 30°C. The GPC apparatus was
equipped with refractive index and u.v. (254 nm) detections
using polystyrene calibration (column PL-Gel; 105, 10°,
104, 10% A; 7.5-300 mm; flow rate 1 ml min‘]). For tensile
testing, tensile bars (according to DIN 53455) were cut and
machined. Tensile tests to determine Young’s modulus and
tensile strength at break, were performed at 10 mm min ™’
crosshead speed on an Instron 4204 at 23°C. Scanning
electron micrographs of polymer blends were taken on a
Zeiss Model DSM 960 microscope. Samples were prepared
by fracturing the blend in liquid nitrogen and sputtering it
with gold to obtain a surface of 2-3 mm? Micrographs
were taken in the magnification range 1000-10000. Glass
transition temperatures were measured by dynamic mechan-
ical analysis on a Rheometrics solids analyser at 1 Hz and a
heating rate of 5K min_l, and differential scanning
calorimetry (d.s.c.) on a Perkin—Elmer DSC 7 with a
heating rate of 20K min~!. 'H (300 MHz) and Bc
(75 MHz) n.m.r. experiments were measured on a Bruker
ARX 300, in CDCl; with TMS as internal standard.

RESULTS AND DISCUSSION

Preparation of oxazoline-functional liquid rubbers

Novel bis(1,3-oxazolin-2-yl)-terminated oligotetrahydro-
furan liquid rubbers (PTHFOxa) were prepared by

converting nitrile, amine and carboxylate end groups of
oligotetrahydrofuran (PTHF) into 2-substituted 1,3-oxazo-
lines. Although such oxazoline-functional oligotetrahydro-
furan liquid rubbers are not reported in the literature, there
exist several reports on end group conversions yielding
oxazoline end groups. For example, Sillion and Daccord
obtained «,w-bis(1,3-oxazolin-2-yl)-di-, tetra- and hexaphe-
nylenesulfide by reacting nitrile-terminated oligophenyle-
nesulfides with 2-aminoethanol'®. Poor vyields of this
conversion below 80% with respect to the nitrile required
extensive purification by recrystallisation. Percec et al. 17.18
reported oxazoline-terminated polyethersulfones where
endcapping was performed by means of etherification with
2-(4-hydroxyphenyl)-1,3-oxazoline. Ester end groups of
oligotetrafluoroethylenes were converted into 1,3-oxazo-
lines in approximately 85% yield'?. All these synthetic
routes are not applicable to preparation of PTHFOxa
because of low yield and poor functionality. In step-
growth-type chain extension, only high purity difunctional
intermediates with two functional groups afford high
molecular weights.

According to Scheme 1, a,w-bis(3-cyanopropyl)-
terminated oligotetrahydrofuran, readily available by base-
catalysed cyanoethylation of dihydroxy-terminated oligote-
trahydrofuranzo, was reacted with stoichiometric amounts of
2-aminoethanol at 130°C in the presence of 2 mol%
cadmium diacetate dihydrate catalyst. Although ammonia
was split off, thus indicating oxazoline formation, oxazoline
yield was only 40% with respect to nitrile groups.
According to n.m.r. spectroscopic analysis, oxazoline
formation was accompanied by formation of hydroxy end
groups. Obviously, amine addition catalyses retro-Michael
reaction of acrylonitrile to hydroxy-terminated oligotetra-
hydrofuran. This is in accord with reversibility of
cyanoethylation reactions performed in solvents such as
water and alcohols where Lewis bases accelerate the retro-
Michael reaction®!. Therefore, pathway I fails to produce
PTHFOxa with adequate oxazoline functionality.

In pathway II, displayed in Scheme 2, o,w-bis(3-
aminopropyl)-terminated oligotetra-hydrofuran, correspond-
ing tohydrogenated «,w-bis(3-cyanopropyl)-oligotetrahydro-
furan, was endcapped with 4-(1,3-oxazolin-2-yl)-benzoic

H,NCH,CH,OH
——————————
Cd(OAc),;2H,0
130°C
- NH,

[:Mo/\/\}"\/\(:j

Scheme 1 Pathway I: Conversion of nitrile end groups

(o) N
[} NH, + 2
HzN/\/\EO/\/\} \/\/ 2 oG o
X

150°C, 1d

Scheme 2 Pathway II: Conversion of amine end groups

N (o) 0 N
- MeOH [o NHMEOWOWNH o
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Scheme 3 Pathway III: Conversion of carboxylate end groups (1a PTHFOxa2000 with M, = 2000 g mol~'; 1b PTHFOxa3700 with M, = 3700 g mol ™" (
Table 1))
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Figure 1 'H n.m.r. (300 MHz, CDCl;, above) and '>C n.m.r. (75 MHz, CDCl5, below) spectra of PTHFOxa2000 (1a)
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acid methyl ester which is obtained from monomethyl-
terephthalate® and aminoethanol. Stoichiometric reaction
of a,w-bis(3-aminopropyl)-terminated oligotetrahydrofuran
with 4-(1,3-oxazolin-2-yl)benzoic acid methyl ester (1 mol/
2 mol) required 150°C. According to 'H n.m.r. spectro-
scopy, the signal at 3.95 ppm (OCHj;) and 2.78 ppm (CH;N)
disappeared completely after 24 h reaction time. However,
the intensity of the signals at 4.42 and 4.07 ppm (CH,),
which are typical for methylene groups of the 1,3-oxazoline
ring, indicated a conversion of only 88%. Additional signals
appearing between 2.2 and 2.9 ppm are likely to correspond
to N-(2-alkylaminoethyl)carboxamides, formed via nucleo-
philic attack of the amine groups at the oxazoline ring and
subsequent ring opening®. At elevated temperatures this
side reaction consumes oxazoline end groups and accounts
for inadequate functionality of the resulting PTHFOxa.

In contrast to pathway I and pathway 11, side reactions are
circumvented when «,w-bis(3-carboxypropyl)-terminated
oligotetrahydrofuran, commercially available by hydrolysis
of a,w-bis(3-cyanopropyl)-terminated oligotetrahydrofuran,
is endcapped by reacting it with at least fivefold excess 1,4-
bis(1,3-oxazolin-2-yl)-benzene (OxaPhOxa), in bulk at
250°C (Scheme 3). Such high temperatures are required
because OxaPhOxa melts at 239°C. This reaction is
completed within 15 min. Large excess of OxaPhOxa
suppresses chain extension. Upon cooling residual Oxa-
PhOxa crystallises and can be removed either by filtration or
centrifugation. Preferably, quantitative removal is achieved
by means of thin film evaporation at 180°C in vacuo. Excess
OxaPhOxa, which is easy to sublime, is readily recovered
and recycled. According to size exclusion chromatography
as well as n.m.r. spectroscopy, no residual OxaPhOxa was
detected in o, w-bis[3-(N-(4-(1,3-oxazolin-2-yl)benzamide)-
ethyl)propyl]-terminated oligotetrahydrofuran
(PTHFOxa2000 and PTHFOxa3700 for M, = 2000 and
M, = 3700 g mol ™', respectively). Properties and function-
alities of PTHFCOOH and PTHFOxa are listed in Table 1.

With exception of SEC, probably because of its

calibration with polystyrene standards, functional group
content and molecular mass determined by means of 'H
n.M.r. spectroscopy, vapour pressure osmosis, and end
group titration were in excellent agreement with calculated
values. 'H and *C n.m.r. spectra of (1a) are displayed in
Figure 1. In the case of higher molecular weight
PTHFOxa3700, molecular mass distributions are slightly
broader because chain extension took place without
affecting the end group type. According to thermal analysis,
the oxazoline end groups lower crystallinity, reflected by
lower heat of fusion of PTHFOxa, whereas both melting
temperatures and glass transition temperatures are very
similar for liquid rubbers with carboxy and oxazoline end
groups (cf. Table I). The resulting viscous liquids meet the
above mentioned stringent requirements for telechelic chain
extenders and are also attractive toughening agents for
thermoset resins.

Oxazoline-mediated reactive blending of PBT

Segmented copolyetheresters containing both poly(buty-
leneterephthalate) (PBT) hard segments and oligotetrahy-
drofuran soft segments are commercially available
thermoplastic elastomers produced by traditional polycon-
densation of dimethyl terephthalate with butanediol and
oligotetrahydrofurandiol** =, When blended together with
PBT such copolymers enhance low temperature toughness
without sacrificing stiffness. In principle, coupling of
oxazolines with carboxylate end groups of PBT could
afford segmented copolyetheresteramides with property
profile similar to that of copolyetheresters. This reactive
processing technology could be an attractive solvent-free
route to recycling of PBT waste by converting it into high-
value-in-use thermoplastic elastomers based upon PBT and
oligotetrahydrofuran. Since earlier model studies revealed
that aromatic carboxylic acids react with 2-substituted 1,3-
oxazolines within a few minutes in > 99% yield to form
esteramides'”, reactive blending was performed in bulk at
240°C using a corotating twin-screw blender. Two chain

N O Q o
E \>_©_< M ° 2 o>_©—</Nj .2 >~—PBT
0 NH_ "0 0/\/\3: \/\<o/\/NH o} HO

240 °C

o 0 0 o
o 4 2 R O—PTHE—0
PBT—< y\/ PBT
o~ _Nh NH_ 0 g N 0

Scheme 4 Copolyesteramides via chain extension with PTHFOxa

HOQC (o] + 2
\/‘EOW ~"coon
x

N N o]
[\>_©>._</] e e Herer
0 [¢] HO

o] 0 [o] [o) o] 0 o} [¢)
O—=PTHF =0
PBT—< }_@..{ >/\/ \/\< >_©_.< >—pa‘r
0\ _NH NH_ 0 0N\ -NH NH 0

Scheme 5 Copolyesteramides via chain extension with PTHFCOOH/OxaPhOxa
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Figure 2 Torque as a function of the PTHF liquid rubber type (PBT containing 9 wt% PTHF liquid rubber) with PTHFCOOH 1400 (solid line); PTHFCOOH/
OxaPhOxa (dashed line); PTHFOxa3700 (dotted line) and PTHFOxa2000 (fine dotted line).
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Figure 3 'Homr spectrum (300 MHz, CF,COOD/CDCl; 1:1) of PBT containing 9 wt% PTHFOxa (blend sample PBT9PTox20, Table 2)

Table 2 Blend compositions and properties

Blend Liquid rubber OxaPhOxa Torque [n] Young’s Yield Elongation Charpy
system (Wt%) (Nm) (dL g™ modulus strength at break impact
(MPa) (MPa) (%) strength
Type wit% &Im™?
PBTKneter - 0 - 1.7 0.67 2230 - 29 6.1
PBT OxaPhOxa - 0 1.1 8.2 1.09 2040 17.9 372 9.7
PBT9PTs14 PTHFCOOH 1400 9.3 - 1.2 0.52 1600 29.7 14.6 36
PBT9PTs30 PTHFCOOH 3000 9.3 - 1.3 n.d. 1540 30.0 8.8 34
PBT9PTox20 PTHFOxa 2000 9.3 - 11.0 1.25 1470 40.7 52.8 14.2
PBT9PTox37 PTHFOxa 3700 9.3 - 31 0.70 1480 39.5 29.8 8.9
PBT16PTs14 PTHFCOOH 1400 15.8 - 08 nd. 1290 215 12.5 3.1
PBT16PTs30 PTHFCOOH 3000 15.8 - 0.9 nd. 1230 22.8 10.3 32
PBT16PTox20 PTHFOxa 2000 15.8 - 37 0.72 1120 31.6 14.3 10.5
PBT16PTox37 PTHFOxa 3700 15.8 - 32 0.67 1150 26.0 30.6 105
PBT9PTs14 OxaPhOxa PTHFCOOH 1400 9.3 24 24 0.68 1380 36.0 14.9 8.2
PBT9PTs30 OxaPhOxa PTHFCOOH 3000 93 1.1 2.6 0.76 1570 35.1 17.8 8.1
PBT16PTs30 OxaPhOxa PTHFCOOH 3000 15.8 2.1 1.8 0.59 1200 25.6 36.5 8.5
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extension processes were investigated: first, chain extension
of carboxylate-terminated PBT with novel PTHFOxa liquid
rubbers (Scheme 4), and second, simultaneous chain
extension of PTHFCQOH together with carboxy-terminated
PBT (Scheme 5).

When molecular mass build up is monitored by the
increase of torque in the kneader, both PTHFOxa and
PTHFCOOH injection accounted for decreased torque
which one minute after injection increased due to chain
extension. Molecular weight build-up of PTHFCOOH/
OxaPhOxa was much less effective with respect to
PTHFOxa, especially PTHFOxa2000 (Figure 2). At
9wt% PTHFOxa addition, the oxazoline/carboxylate
molar ratio was 0.54. When liquid rubber content was

increased to 16 wt%, the molecular weight increase was
much less pronounced. Obviously, the stoichiometry of
oxazoline/carboxylic acid groups plays an important role, as
expected for step growth polymerisation. Also at higher
liquid rubber content, the PTHFOxa liquid rubbers are much
more effective than PTHFCOOH/OxaPhOxa.

The conversion of oxazoline end groups can be monitored
by means of FTIR spectroscopy?’ and also by high
resolution 'H n.m.r. spectroscopy. The peak assignment is
displayed in Figure 3 for the system where PBT was chain
extended with PTHFOxa2000. Again oxazoline conversion
to esteramide is not accompanied by side reaction such as
cationic ring-opening polymerisation of oxazoline.

Various PBT blends have been prepared via reactive

70 . , - 20
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-— o @
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415 =
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Figure 4 Mechanical properties of blends containing 9 wt% PTHF component
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blending. Blend composition and properties are listed in
Table 2. The influence of OxaPhOxa chain extender
together with PBT and PTHFCOOH was compared with
blends based upon PBT and PTHFOxa. In blend sample
designation the first number represents the weight percen-
tage of added PTHF component and the second number
indicates the molecular mass of PTHF. For better compar-
ison, torque and the mechanical properties such as Young’s
modulus, tensile strength, yield stress, elongation at yield,
elongation at break and Charpy impact strength are
displayed in Figure 4 for blends containing 9 wt% of the
PTHF component, and in Figure 5 for blends containing
16 wt% of the PTHF component.

As expected for blends containing soft oligotetrahydro-
furan, Young’s modulus as a measure for stiffness and
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tensile strength decrease with increasing PTHF content,
regardless of the PTHF type. Improvement of impact
strength depends significantly on the PTHF type and also
on PTHF content or oxazoline/carboxylic acid molar ratio,
respectively. While PBT chain extension with OxaPhOxa
accounts for substantial improvement of impact strength as
a result of chain extension, the simultaneous addition of
PTHFCOOH together with PBT in the absence of
OxaPhOxa chain extender (blend series PBT—PTs) fails to
increase toughness. In fact, PTHFCOOH does not appear to
be a toughening agent at all. However, when OxaPhOxa
chain extender is added together with PBT and PTHFCOOH
the impact strength is increased but does not match the
performance of PBT chain extended with OxaPhOxa
without PTHFCOOH addition, which causes losses of
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Figure 5 Mechanical properties of blends containing 16 wt% PTHF component
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Table 3 Thermal and morphological properties of blends
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Blend system Liquid rubber OxaPhOxa Domain Th T T, T8 AH?
(Wt%) diameter’ PTHF-phase PBT-phase PTHF-phase PBT-phase PBT-Phase
Type wt% (pm) 0 O (4] o) dg™)
PBTKneter - 0 - - - 56.0 - 226.6 48.2
PBT OxaPhOxa - 0 1.1 ~ - 52.0 - 222.9 34.3
PBT9PTs14 PTHFCOOH 1400 93 - 1-12 - 705 50.8 18.2 223.4 41.0
PBT9PTs30 PTHFCOOH 3000 9.3 - 5-25 - 792 51.3 23.8 2253 425
PBT9PTox20 PTHFOxa 2000 93 - homogeneous - 45.0 - 219.3 34.8
PBT9PTox37 PTHFOxa 3700 93 - 0.6-1.6 — 748 50.3 239 223.4 40.1
PBT16PTs14 PTHFCOOH 1400 158 - 0.5-10 - 715 49.5 17.0 2235 40.1
PBT16PTs30 PTHFCOOH 3000 158 - 5-20 —76.7 50.0 213 2242 40.6
PBT16PTox20 PTHFOxa 2000 158 - 0.1-0.5 —69.5 445 16.5 219.2 349
PBT16PTox37 PTHFOxa 3700 15.8 - 1-5 - 73.1 49.0 240 222.7 40.0
PBT9PTs14 OxaPhOxa  PTHFCOOH 1400 93 24 0.2-1.0 —76.1 48.6 16.5 2211 40.1
PBT9PTs30 OxaPhOxa  PTHFCOOH 3000 9.3 1.1 3-10 —76.1 50.2 224 2249 41.2
PBT16PTs30 OxaPhOxa PTHFCOOH 3000 158 2.1 2-10 - 756 50.1 237 2232 38.0

“Determined by means of REM
*Determined by means of d.s.c.

Figure 6 SEM images of fracture surfaces of blends containing 9 wt% PTHF component: PTHFCOOH 1400 (above left), PTHFOxa2000 (above right),

PTHFOxa3700 (below left) and PTHFCOOH/OxaPhOxa (below right)

stiffness and strength. In comparison to PTHFCOOH and
PTHFCOOH/OxaPhOxa, the oxazoline-functional liquid
rubbers PTHFOxa appear to be much more effective as
toughening agents. Highest impact strength was found for
blends containing 9 wt% PTHFOxa2000. Higher PTHFOxa
content and higher molecular mass of PTHFOxa gave
inferior stiffness/toughness balance with respect to that of
PTHFOxa2000.

The thermal properties, determined by d.s.c. and DMA,

are listed in Table 3. According to DMA analysis of blends,
only the blend containing 9 wt% PTHFOxa2000 represents
a single phase system, whereas all the other blends based
upon higher molecular weight PTHFOxa3700 or all
PTHFCOOH as well as all blends containing larger amounts
of 16 wt% PTHF-based liquid rubbers represent two-phase
systems containing separate PTHF-phases. The glass
transition of the PTHF phase depends primarily on the
PTHF molecular mass with glass transition temperature of
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approximately — 70°C for PTHFCOOHI1400 and
PTHFOxa2000, and — 80°C for PTHFCOOH3000 and
PTHFOxa3700. The glass transition temperature of PBT
was slightly lowered in the order of magnitude of 5°C when
PTHF-based liquid rubbers were added. The melting
temperature of PBT is lowered from 226 to 220°C in the
case of blends containing 9 wt% PTHFOxa2000, whereas
blends containing 9 wt% PTHFCOOHI1400 melted at
223°C. Moreover, oxazoline-functional PTHF-based liquid
rubber, especially PTHFOxa2000, accounted for up to 28%
reduction of PBT melting enthalpy. The thermal analysis
clearly provides experimental evidence for incorporation of
PTHFOxa, resulting in reduced PBT melting temperature
and reduced PBT crystallinity. This is also reflected by the
blend morphology, imaged by means of scanning electron
microscopy (SEM) in Figure 6.

Blend samples were fractured in liquid nitrogen to image
topology of fracture surfaces and to examine the formation
of separate PTHF-based phases dispersed in the PBT
continuous matrix. As a rule, PBT/PTHFCOOH blends
without chain extenders gave two-phase blends with very
large PTHF  phases, typically 1-12pum  for
PTHFCOOH1400 and 5-25pum for PTHFCOOH3000.
Clearly, both components are highly incompatible and the
resulting blends exhibit poor mechanical properties (cf.
Table 2). When OxaPhOxa chain extender was added
together with PTHFCOOH1400 and PBT, however, the
interfacial coupling was much improved, as evidenced by
reduction of the average particie size of the PTHF phase of
0.2—-1 pm! With higher molecular mass PTHFCOOH?3000,
no such pronounced dispersion enhancement was found. In
the case of blends containing 9 wt% PTHFOxa2000, in
accord with results of the thermal analysis, no separate
PTHF phase was detected. When PTHFOxa2000 content
was raised to 16 wt%, a second phase consisted of spherical
PTHF-based microparticles of 0.1-0.5 um average dia-
meter. Even the higher molecular weight PTHFOxa3700
gave fine particle dispersions of 0.6—1.6 um at 9 wt%
content and 1-5pum at 16 wt% content. Oxazoline-
mediated interfacial coupling, either by addition of
OxaPhOxa chain extender or by introducing oxazoline end
groups, enhances dispersion and compatibility of PTHF
with PBT due to in situ formation of segmented copoly-
etheresteramides.

CONCLUSIONS

The toughness/stiffness balance of PBT is enhanced upon
chain extension with low molecular weight bisoxazoline
chain extenders such as 1,4-bis(1,3-oxazolin-2-yl)-benzene.
This chain extension principle can be applied to in situ
preparation of segmented copolyetheresteramides derived
from PBT. Using either carboxylate-terminated oligotetra-
hydrofuran PTHFCOOH in conjunction with low molecular
weight bisoxazoline chain extenders or using novel oxazo-
line-terminated PTHFOxa, respectively, dispersion and
interfacial coupling of PTHF-based rubber is achieved.
This is reflected by blend morphologies as well as improved
mechanical properties, especially toughness. Clearly, blend
performance depends upon polymer compatibility which is
influenced by molecular mass, content or carboxylate/
oxazoline molar ratio, respectively, and molecular archi-
tecture of the PTHF-based liquid rubber. In the case of
bisoxazoline-functional oligotetrahydrofuran with M, =
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2000 g mol™' (PTHFOxa2000) the end group coupling
reaction is very effective and affords high molecular
weight segmented copolyetheresteramides which do not
phase separate. In conclusion, oxazolines are very versatile
intermediates for reactive processing application to diver-
sify and upgrade polyesters such as PBT. Moreover,
oxazolines are excellent model systems to understand the
role of interfacial coupling reactions and to design reactive
blending technology with much improved control of blend
architectures and compatibilisation.

ACKNOWLEDGEMENTS

The authors would like to thank the Deutsche Forschungs-
gemeinschaft for supporting this research on reactive
processing of oxazoline-functional intermediates.

REFERENCES

1. Milhaupt, R., Chimia, 1990, 43, 44.
Oertel, G., Kunststoff Handbuch, Vol. 7. Hanser, Munich, 1993.

3, Brown, S. B., in Reactive Extrusion, ed. M. Xanthos. Hanser,
Munich, 1992, p. 75.

4. Miiller, P., Worner, C. and Miilhaupt, R., Macromolecular Chem-
istry and Physics, 1995, 196, 1917.

5. Baker, W. E. and Saleem, M., Polymer Engineering Science, 1987,
27, 1634.

6. Bimbrich, P., Fischer, H., Klamann, J. D. and Weegemund, B.,
Kunststoffe, 1993, 83, 885.

7.  Hietaoja, P., Heino, M., Vainio, T. and Seppala, J., Polymer
Bulletin, 1996, 37, 353.

8. Loontjens, T., Belt, W., Stanssens, D. and Weerts, P., Polymer
Bulletin, 1993, 30, 13.

9. Loontjens, T., Belt, W., Stanssens, D. and Weerts, P., Macromole-
cular Symposia, 1993, 75, 211.

10. Inata, H. and Matsumura, S., Journal of Applied Polymer Science,
1985, 30, 3325.

11. Inata, H. and Matsumura, S., Journal of Applied Polymer Science,
1986, 32, 5193.

12.  Inata, H. and Matsumura, S., Journal of Applied Polymer Science,
1987, 33, 3069.

13. Rosch, J., Warth, H., Miller, P., Schifer, R., Worner, C., Friedrich,
C., Kressler, J. and Miilhaupt, R., Macromolecular Symposia, 1996,
102, 241.

14. Bohme, F., Leistner, D. and Baier, A., Angewandte Makromoleku-
lare Chemie, 1995, 224, 167.

15. Wiley, R. H. and Bennett, L. L., Chemical Reviews, 1949, 44, 447.

16. Daccord, G. and Sillion, B., Polymer Bulletin, 1981, 4, 459.

17. Percec, V., Nava, H. and Rodriguez-Parada, J. M., Polymer Science
Technology, 1985, 31, 235.

18.  Percec, V., Nava, H. and Rodriguez-Parada, I. M., Journal of Poly-
mer Science, Polymer Letters Edition, 1984, 22, 523.

19. Steinhauser, N. and Miithaupt, R., Macromolecules, Rapid
Communication, 1994, 15, 365.

20. Bruson, H. A., Organic Reactions, 1949, §, 79.

21.  Taylor, K. M., Sescer, W. H., Montgomery, P. D. and Hughes, R.
A., Journal of the American Chemical Society, 1959, 81, 5333.

22. Firestone, R. A., Maciejewicz, N. S. and Christensen, B. G., Journal
of Organic Chemistry, 1974, 39, 3384.

23.  Seeliger, W., Aufderhaar, E., Diepers, W., Feinauer, R., Nehring,
R., Thier, W. and Hellmann, H., Angewandte Chemie, 1966, 78,
913.

24. Adams, R. K. and Hoeschele, G. K., in Thermoplastic Elastomers,
eds. N. R. Legge, G. Holden and H. E. Schroeder. Carl Hanser,
Munich, 1987, p. 163.

25. Van Berkel, R. W. M,, de Graaf, S. A. G., Huntjens, F. J. and
Vrouenraets, C. M. F., in Developments in Block Copolymers, ed.
1. Goodman. Applied Science Publishers, London, 1982, p. 261.

26.  Goodman, L., in Comprehensive Polymer Science, Vol. 6, eds. G.
Allen and J. C. Bevington. Pergamon Press, Oxford, 1989, p. 369.

27. Schifer, R., Kressler, J. and Miilhaupt, R., Acta Polym., 1996, 47,
170.



