
POLYESTERAMIDES BASED ON PET

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Twente,

op gezag van de rector magnificus,
prof. dr. F.A. van Vught,

volgens besluit van het College voor Promoties
in het openbaar te verdedigen

op vrijdag 11 juni 1999 om 13.15 uur

door

Krista Bouma

geboren op 13 september 1971
te Heerenveen



Dit proefschrift is goedgekeurd door:

Promotor: prof. dr J. Feijen
Assistent promotor: dr R.J. Gaymans





Polyesteramides based on PET /
K. Bouma
Thesis Univerisity of Twente, Enschede
With references - With summary in Dutch
ISBN 90-36512859

ACKNOWLEDGMENT

The research described in this thesis was financially supported by GE Plastics, Bergen op
Zoom, the Netherlands.
We thank Uniqema (Gouda, the Netherlands), Arena Recycling VOF, (Beek, the Netherlands)
and Eastman (Rotterdam, The Netherlands) for supplying of materials.

© K. Bouma, 1999
Cover design: Steven Emmelkamp
Photo: injection molded wedge specimens of RECO PET
Druk: Print Partners Ipskamp, Enschede



Voorwoord

Na 4 jaar is het dan zover: mijn proefschrift is klaar! In mijn eentje had ik dat allemaal niet zo
snel gered en was het zeker niet zo leuk geweest. Daarom wil hiervoor een aantal mensen
bedanken.
In eerste instantie Reinoud Gaymans, voor de goede en enthousiaste begeleiding van het
projekt en ook voor de vele leuke uitstapjes, excursies, barbecues, fietstochten en het jaarlijkse
etentje. Verder heb ik tot nu toe 2 keer de mogelijkheid gehad om een congres in Verenigde
Staten te bezoeken, met in augustus nog een congres in New Orleans in het vooruitzicht. Wat
een luxe!
Mijn promotor, Jan Feijen wil ik bedanken voor zijn bijdrage aan de totstandkoming van dit
proefschrift, zoals het zitting nemen in D-commissies, discussies tijdens vergaderingen en het
kritisch doornemen van mijn concept proefschrift.
Ik wil GE Plastics bedanken voor het financieren van het onderzoek dat staat beschreven in dit
proefschrift. In het bijzonder wil ik Jan Lohmeijer, Gert de Wit en Gabrie Hoogland bedanken
voor de goede samenwerking en de vele nuttige discussies in Bergen op Zoom. Yan Gao en
Kapil Sheth wil ik bedanken voor het uitvoeren van de tijd-opgeloste WAXD metingen in
Brookhaven.
Niet al het werk dat in dit proefschrift staat beschreven is door mij zelf uitgevoerd. Ik heb het
geluk gehad veel afstudeerders te hebben mogen begeleiden. In volgorde van komen zijn dit
geweest: Marc Regelink, Wendy Groot, Henkjan Bos, Gea Wester en Fons Danvers. Allemaal
hartelijk bedankt voor jullie inzet en ook voor jullie gezelligheid op het lab! Verder hebben een
aantal studenten tijdens hun tweede- of vierdejaars practicum een klein onderzoek uitgevoerd
in het kader van mijn project. Er staat weinig van vermeld in dit proefschrift, maar veel van het
werk is een aanzet geweest tot vervolgonderzoek, dat hier wel in beschreven staat. Het was
leuk om met jullie samen te werken.
De sfeer binnen de STEP groep is altijd goed geweest, mede dankzij alle STEPpers en de
uitstapjes en borrels, daarvoor wil ik alle (oud) collega’s en afstudeerders bedanken. Met name
Meike, die 3 jaar mijn collega op het synthese lab is geweest en met wie ik twee Amerika
vakanties heb beleefd. Na zoveel tijd samen zijn we voor sommige mensen moeilijk te
onderscheiden (Krista en Kloon) op het lab en ook op sportief gebied: een superduo bij de
triathlon, samen schaatsen, hardlopen en soms softballen. Ik wil je bedanken voor alle
gesprekken, gezelligheid (geintjes die we hebben uitgehaald) het doorspitten van mijn concept
en al vast voor het paranimf zijn op 11 juni. Mijn kamergenoten Meike en Josien wil ik verder
nog bedanken voor het dulden van mij (en mijn bezetting van de computer) gedurende de
afgelopen maanden! Verder wil ik ook de collega’s van de verwerkingsafdeling bedanken:
Maarten, Pieter, Peter, Judith en Wilco. Ook op jullie zaal heb ik het één en ander aan
experimenten gedaan, bedankt voor alle hulp en uitleg. Maarten en Wilco wil ik bedanken voor
hun hulp bij het spuitgieten van PET.
Ook de mensen van de PBM groep wil ik bedanken voor alles: het gezellige koffiedrinken,
triathlons, voetbal- en tourpools, met in het bijzonder Gert, voor het kletsen (roddelen),
borrelen en de vele meels, en Margie, als mede mah jong-queen, voor het halen van vele (niet te
overtreffen) high-scores!



Franca, ik heb heel lang geleden (>4 jaar) gevraagd of je mijn paranimf wilt zijn, en nu is het
dan zover! Bedankt voor het geduldig aanhoren van alle verhalen, het corrigeren van het
concept, dat je mijn vriendin bent en mijn paranimf op 11 juni.
Uiteraard mag ik John, Karin en Gerda niet vergeten te bedanken voor al hun hulp. John, we
hebben wel eens wat geintjes met jou uitgehaald, maar gelukkig kan je er goed tegen. Veel
gesprekken hebben we gevoerd over van alles en nog wat.
Dan wil ik nog een aantal mensen bedanken die niets met CT te maken hebben: mijn
hartsvriendin Tamara, geweldig dat ik straks weer dichterbij kom wonen! Mark, met wie ik
ook altijd minstens een half uur aan de telefoon schijn te hangen. Jurjen, het broertje van
Tamara. Steven (het broertje van Jurjen) voor het maken van de mooiste voorkant! En Alex,
voor alle meeltjes vol verhalen en wiekentfurslagen. De honk- en softbalclub de High-Tech-
Hitters voor alle leuke softbal seizoenen, evenementen en toernooien. Ik heb het er jarenlang
erg goed naar mijn zin gehad. Na 5 seizoenen heb ik de positie van team-oma verworven, en als
zodanig neem ik met pijn in mijn hart afscheid!
Dan wil ik mijn ouders, Huub en Ympkje, Arjan en Pauline bedanken voor het vormen van een
goed thuisfront. Het is altijd leuk om naar huis te gaan. Binnenkort is dat ook niet zo ver meer!
Mijn twee lieve vogeltjes, Jordi en Rikkie, wil ik bedanken voor hun stralende ochtendhumeur.
En dan Maarten, die de laatste tijd meer dan een (oud) collega is geworden, dank je wel voor
alle gezeligheid en afleiding tot nu toe.
Met dit proefschrift is er een einde gekomen aan een bijna 9 jarig verblijf in Twente, het is een
mooie tijd geweest. Hier heb ik leren schaatsen (als Friezin) en gitaarspelen. Dan wil ik me nog
indekken, door iedereen die ik ben vergeten, bij deze alsnog te bedanken!

Krista



Contents

Chapter 1: General Introduction page 1

Chapter 2: Synthesis of bisesterdiamides based on terephthalic acid page 5
and 1,2-diaminoethane

Chapter 3: Synthesis and thermal stability of polyesteramides page 23
based on PET and nylon 2,T

Chapter 4: Properties of polyesteramides based on PET page 43

Chapter 5: Crystallization of PET with short and long codiols page 61

Chapter 6: Nucleation of PET by reactive extrusion page 73

Chapter 7: Crystallization of T2T in amorphous polymers page 91

Summary page 107

Samenvatting page 111

Levensloop page 115





1

Chapter 1

General Introduction

Poly(ethylene terephthalate)

Poly(ethylene terephthalate) (PET) is one of the most important polyesters known, the annual
world wide production being 6.7 million tons1. With this level of production and its low price,
PET can be positioned between the technical polymers and commodities. The most important
applications of PET are its use in textile filaments, packaging materials, and bottle production.
PET can be processed by melt spinning, injection molding, blow molding or film extrusion. Its
application as an engineering plastic accounts for only 7% of the total use. Table 1.1 shows
some of the main producers of PET.

Table 1.1: Overview of some of the main producers of PET
Manufacturer Trade name PET
Eastman Eastapak
ICI Melinar
Hoechst Impet*
DuPont Dacron, Rynite*
Shell Caripak
Bayer Makroblend#

DSM Arnite
* glass fiber reinforced
# polycarbonate/PET blend

In comparison with poly(butylene terephthalate) (PBT), PET generally has better properties,
in that it has a higher dimensional stability, modulus and yield stress, but a lower impact
strength. The major drawback is its slow rate of crystallization. For its application as an
engineering plastic, PET is processed by injection molding. In this process, it is important that
PET crystallizes rapidly and that the crystallization is complete. Nucleating agents such as talc
are commonly added, but the disadvantage of using these nucleators, is that they are
heterogeneous particles and as such may act as stress concentrators, thereby decreasing the
impact strength2. Thus nucleated PET is usually reinforced with glass fibers.

Polyesteramides

In general, polyamides crystallize rapidly and have a high tensile strength and a high glass
transition (Tg) and melting (Tm) temperature compared to polyesters with a similar structure.
A disadvantage of polyamides is their high water absorption. Both polyamides and polyesters
are good melt processable and have a good solvent resistance. In principle, the good properties
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of polyamides and polyesters may be combined in (co)polyesteramides. Polyesteramides may
have several possible distributions of the amide segments (see figure 1.1). A high degree of
structural regularity is required for a rapid rate of crystallization. However, when all the
monomers are reacted simultaneously, this will result in a random copolyesteramide, with a
low chain order. Usually these polymers have inferior properties as compared to the
homopolymers3, even if the ester and amide segments appear to be isomorphous. When the
amide segments have a uniform length, polyesteramides crystallize rapidly and have a high
degree of crystallinity4,5,6. A special case of polyesteramides with amide segments of uniform
length are the alternating polyesteramides.

!AA!!!A!A!!AAA!A!A!!AA!!!!!AAA! Random

!A!A!!!A!A!A!!A!A!!A!A!A!!!A!A! Uniform

!A!A!A!A!A!A!A!A!A!A!A!A!A!A!A! Alternating

Figure 1.1: Polyesteramides with a random, uniform and alternating distribution of the amide 
segments (A amide segment;! ester segment)

Williams and Laakso4 synthesized polyesteramides based on poly(hexamethylene
terephthalate) (PHT) and 1,6-diaminohexane, the pre-formed bisesterdiamides being prepared
separately in order to obtain a uniform distribution of the amide segments in the
polyesteramide. It was found that the Tm increased from 152 to 260ºC, in going from the
polyester to the alternating polyesteramide.
Van Bennekom and Gaymans5 reported on a series of polyesteramides based on PBT and 1,4-
diaminobutane using pre-formed bisesterdiamide segments. By increasing the diamide
concentration, the Tg and Tm of the resulting polymer increase and the crystallization rate
improves. The following model has been proposed for the crystallization process from the
melt; the diamide segments self-assemble in the melt by the formation of hydrogen bonds and
the ester segments follow by adjacent ordering. Upon further cooling, the diamide segments
crystallize more rapidly than the ester segments and form the nuclei for the crystallization of
the ester segments. When the uniformity of the amide segment length was decreased, it was
found that the melting temperature decreased7.
Bussink et al.6 prepared polyesteramides based on PET and 1,2-diaminoethane, within a
concentration range of up to 15 mol% of amide segments, using pre-formed bisesterdiamides
for the polymerization. The bisesterdiamide T2T-dimethyl (see figure 1.2) was copolymerized
with dimethyl terephthalate (DMT) and 1,2-ethanediol to obtain a series of polyesteramides.
The Tm was found to increase by nearly 10ºC in going from the polyester to a copolymer with
15 mol% diamide segments.
The bisesterdiamide segment used in this thesis, named T2T-dimethyl, is an one-and-a-half
repeating unit of nylon 2,T (see figure 1.2). The structure of the diamide segment in the
polymer is approximately the same as that of the repeating unit of PET, the ester bond being
replaced by an amide bond.



General Introduction

3

CC
O O

OH3 C N
H

CH2 CH2 N
H

C
O

C
O

O CH3

Figure 1.2: Structure of the bisesterdiamide T2T-dimethyl

Another possible way to introduce diamide segments into the PET chain is by the reactive
extrusion of PET and the bisesterdiamide. By interchange reactions, the diamide segments can
be incorporated into the polyester chain. This is a potential route for the upgrading of recycle
PET, a large amount of which is available because of the soft drink bottle market.
The diamide segments are part of the polymer chain and can therefore be regarded as
homogeneous nucleators that are not expected to act as stress concentrators and to decrease the
impact strength. Bier et al.8 have used codiols (diols other than 1,2-ethanediol) as homogeneous
nucleators. At low concentrations, short codiols enhance the nucleation process, as the codiols
are able to lower the surface free energy of the lamellar fold. It was found that the impact
strength of PET was not affected by incorporation of codiols.

Research aims

The work described in this thesis is directed to the modification of PET using bisesterdiamides
and has two main research aims. The first is to improve the crystallization rate of PET, this
being accomplished by the incorporation of diamide segments or codiols. If there is any
synergy between the effects of incorporating diamide segments and codiols, the crystallization
rate may be improved further still. By copolymerization with long codiols (molecular weight
over 500 g/mol), the chain flexibility of the amorphous phase can be increased. The enhanced
chain mobility at the crystallization temperature may also result in an increased crystallization
rate. The diamide segments are considered to be homogeneous nucleators and will be compared
with a standard heterogeneous nucleator (talc). Commercial PETs are nucleated with both T2T
and talc, and the effect of these nucleators on the crystallization rate and the mechanical
properties will be studied.
The second aim of this research is to synthesize and study polyesteramides with a high
diamide content, this is because increasing the diamide concentration increases the melting- and
glass transition temperature of the polymer. The synthesis, thermal stability, properties and
crystallization from the melt of these polyesteramides will be studied.

Structure of this thesis

Synthesis of the bisesterdiamide T2T-dimethyl is described in chapter 2, where three different
synthesis routes are investigated to obtain a product with a high purity and yield. The reaction
mechanism for formation of T2T-dimethyl is also studied.
Chapter 3 covers the synthesis of the copolyesteramides based on PET and nylon 2,T, in
which several catalyst systems are used for the transesterification and polycondensation steps.
The melt degradation of these polymers at 320ºC is studied in a nitrogen atmosphere. In
addition, the influence of the diamide concentration in the polyesteramide on its thermal
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stability is investigated. The solid state postcondensation process is optimized by varying the
temperature and the pressure.
In chapter 4 the properties of polyesteramides with diamide segments are described. The
nucleating ability of different diamide segments (T2T, T4T, TφT) incorporated in PET by
copolymerization is compared. To study the influence of the diamide content, PET containing
0.1 up to 30 mol% of T2T has been prepared. The diamide concentration of the
polyesteramides has an influence on the thermal and dynamic mechanical properties and
crystallization behavior. The crystallization process from the melt has been studied by time-
resolved WAXD measurements.
PET has also been modified using short and long codiols and the results are presented in
chapter 5. Linear, branched and aromatic short codiols are incorporated in PET, in order to
lower the surface free energy of the lamellar fold. The influence of the codiols on the
crystallization process and thermal properties of the resulting polymers is studied, in addition
to a possible synergy between the diamide segment T2T and codiols. Long codiols (such as
C36-dimerized fatty diol) have a substantial influence on the chain mobility of the amorphous
phase. This segment is copolymerized with PET over a broad concentration range and the
influence on the crystallization process and other properties is investigated.
Chapter 6 deals with the reactive extrusion of commercial PET and the bisesterdiamide T2T-
dimethyl. The influence of extrusion temperature, residence time, addition of 1,2-ethanediol
and of extra catalyst and the amount of T2T-dimethyl on the properties of the resulting
polymers is investigated. T2T and talc are also evaluated as nucleators for commercial PET.
Their influence on the crystallization rate and mechanical properties of PET are investigated in
addition to the crystallization process under injection molding conditions.
In the final chapter, chapter 7, the mechanism of polyesteramide crystallization is studied.
Segmented copolymers are synthesized with T2T as a crystallizable unit and with amorphous
ether or ester segments. As ether segments, polytetramethyleneoxides (PTMOs) with a
varying length are used. In the T2T-PTMO system, 1,2-ethanediol is added as an extender of
the T2T segments, to study the influence of so called amide-ester-amide segments (two T2T
segments connected with ethanediol) on the crystallization behavior. The amorphous ester
segments used are based on a random copolymer of poly(ethylene terephthalate) and
poly(ethylene isophthalate).
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Chapter 2

Synthesis of bisesterdiamides
based on terephthalic acid and 1,2-diaminoethane

Introduction

Copolyesteramides have been studied extensively. If the amide segments in the copolymer are
distributed randomly, the copolyesteramide is usually slow in crystallizing, as well as having a
low crystallinity1,2. If the amide segments are more ordered and in particular if they have a
constant length, the copolyesteramides crystallize rapidly and have a high crystallinity3.
Amide segments of uniform length are present in alternating polyesteramides and in polyesters
modified with diamide segments. Copolyesteramides with uniform diamide segments can be
prepared using bisesterdiamides. The purity of these bisesterdiamides is very important, as it
affects the uniformity of the amide segment length in the polyesteramide, and thereby the
crystallization rate and the crystallinity. We have studied copolyesteramides that have been
made using bisesterdiamides based on terephthalic acid and 1,2-diaminoethane (T2T-
dimethyl). In this bisesterdiamide, the T stands for terephthalic acid, and 2 for the number of
methylene groups present between the amide groups (see figure 2.1). The CA index name of
T2T-dimethyl is benzoic acid, 4,4’-[1,2-ethanediylbis(iminocarbonyl)]bis-,dimethyl ester.

C C
O O

O N
H

H3 C CH2 CH2 N
H

C
O

C
O

O CH3

T 2 T

Figure 2.1: Structure of the bisesterdiamide T2T-dimethyl

A number of different starting materials can be used for the synthesis of bisesterdiamides;
these include mono-esters, bisesters, mono-acid chlorides and di-acid chlorides. Di-acid
chlorides such as terephthaloyl-chloride are highly reactive, the reaction taking place at room
temperature in the absence of a catalyst. To prevent the formation of oligomers, mono-acid
chlorides, such as methyl(4-chlorocarbonyl)benzoate, can be used, as only the acid chloride is
reactive. A disadvantage in the use of acid chlorides is the formation of HCl, which can form a
salt with an amino-group, and thereby hinder the reaction progress. When bisesters (dimethyl
terephthalate) and mono-esters (monomethyl terephthalate) are used, a catalyst is often
required, and the reaction has to be carried out at an elevated temperature.
A number of different investigators have reported on the synthesis of bisesterdiamides.
Williams and Laakso3 prepared T2T-diethyl from the mono-acid chloride p-
carbethoxybenzoylchloride and 1,2-diaminoethane. After recrystallization from ethanol, pure
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T2T-diethyl was obtained as determined by elemental analysis, with a melting temperature of
246ºC. The yield of this reaction was 90%.
Ciceri et al.4 have reported on the synthesis of T2T-dibutyl from n-butyl terephthalate and
1,2-diaminoethane. 1,2-Diaminoethane and an 10 fold excess of n-butyl terephthalate were
reacted at 200ºC for 2 hours. After extraction, T2T-dibutyl was obtained at a yield of 47%,
and with a melting temperature of 210-212ºC. A side reaction at these high temperatures is
the alkylation of the amines5.
Ciceri et al.4 have also synthesized T2T-dimethyl from dimethyl terephthalate (DMT) and
1,2-diaminoethane using lithium methanolate as a catalyst (0.14 mol lithium/mol diamine). The
reaction was carried out in a solvent mixture of toluene and methanol (65-70ºC) over a period
of 5 hours. The yield after recrystallization from dimethyl formamide was 32% and the T2T-
dimethyl obtained was found to have a melting temperature of 315ºC. In another example
T12T-dibutyl was synthesized using a xylene/butylalcohol mixture and sodium methanolate
(0.10 mol sodium/mol diamine) as a catalyst. Cognigni et al.6 have also reported on the
synthesis of bisesterdiamides, using lithium- and sodium methanolate as catalysts.
T2T-dimethyl has also been prepared by Mangnus7 from DMT and 1,2-diaminoethane, using
lithium methanolate (0.065 mol lithium/mol diamine) as a catalyst. The reaction was carried
out in a solvent mixture of toluene and methanol at 65ºC over a period of 40 hours. The
product obtained contained some impurities such as DMT and side products (2T2, T2T2 and
T2T2T), and had a melting temperature of 295ºC. The yield after extraction was found to be
70%.
Bussink et al.8 also synthesized T2T-dimethyl from DMT and 1,2-diaminoethane, but in a
solvent mixture of toluene and dimethyl formamide (50/50 volume fraction), using lithium
methanolate as a catalyst (0.19 mol lithium/mol diamine). The reaction was carried out over 4
hours at 140ºC, the product had a melting temperature of 295ºC and the yield obtained after
washing was 82%.
Gaymans et al.9 synthesized T4T-dimethyl from DMT and 1,4-diaminobutane, using a
toluene/methanol mixture as solvent. Lithium methanolate was used as a catalyst (0.065 mol
lithium/mol diamine). These conditions were shown to be as effective as the higher catalyst
concentration used by Ciceri et al.4. Serrano et al.10 showed that by lowering the methanol
concentration, the purity of T4T-dimethyl after synthesis could be increased. Pure T4T-
dimethyl was obtained by recrystallization from N-methyl-2-pyrrolidone.
Matthijsen11 prepared T4T-diphenyl by first transesterifying DMT with phenyl acetate to
produce diphenyl terephthalate (DPT), using a tetraisopropyl orthotitanate catalyst. An
excess of DPT was then reacted with 1,4-diaminobutane (4.8 mol DPT/mol diamine), the yield
of this reaction being 70%. The T4T-diphenyl obtained was pure according to NMR.
Niesten et al.12 synthesized a bisesterdiamide based on isophthalic acid and 1,4-
diaminobutane, called I4I-dimethyl. The reaction was carried out in toluene at 50ºC over a
period of 5-8 hours, using lithium methanolate as a catalyst (0.065 mol lithium/mol diamine).
As dimethyl isophthalate dissolves better in toluene than DMT, a higher concentration could
be used (60 wt% DMI instead of 20 wt% DMT for T4T-dimethyl synthesis) and therefore
the reaction time and temperature could be lowered as compared to the T4T-dimethyl
synthesis.
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The mechanism of the lithium methanolate catalyzed aminolysis of DMT is shown in figure
2.2. Nucleophilic attack of the diamine on the carbonyl carbon is followed by the formation
and decomposition of a tetrahedral intermediate. The slow, rate limiting step seems to be the
loss of the leaving group13, this normally requiring the assistance of a proton donor. For esters
containing a good leaving group (such as PhO-), the decomposition of the tetrahedral
intermediate becomes the rate determining step. Lithium compounds are known to have a
catalytic effect on the amidation reaction4, the mechanism (see figure 2.2) is assumed to be a
base-catalyzed ester aminolysis14. In the presence of water the catalyst can form lithium
hydroxide, which can react further with DMT to produce lithium terephthalate6, these
compounds are not catalytically active.

C
O

O C*H3 + RNH2 C O
NH2

O
C*H3

R
+

-

Li +-

R
C O
O

C*H3
NH

+ CH3OH
LiOCH3

C
O

N
H

R + LiOC*H3

Figure 2.2: Catalysis of amidation by lithium methanolate14

Jouffret and Madec15 synthesized an α-amino-ω-ester monoamide precursor, for the self-
polyamidation of nylon-6,6. Dimethyl adipate and 1,6-diaminohexane were reacted in the melt
at 50ºC, using phenol as a catalyst (5 wt%). A catalyst was necessary due to the low reaction
temperature, at 50ºC the reaction proceeds very slowly. Strong bases such as sodium
methanolate can also be used as a catalyst in this reaction. At a reaction time of 5 hours the
yield was found to be 90-95%.
Gaymans et al.16 have reported on the synthesis of 4T4 (di(4-aminobutyl)terephthalamide),
for the preparation of nylon 4,T. 4T4 was synthesized by the heating of DMT and 1,4-
diaminobutane to 115ºC for 2 hours. The reaction between DMT and the diamine was carried
out in the absence of catalyst and solvent. The differences between the synthesis of 4T4 and
that of T4T are:
- concentration of the diamine (57 wt% for 4T4 versus 2 wt% for T4T-dimethyl)
- solubility of the reactants
- absence of a lithium- or sodium methanolate catalyst
- the excess diamine may act as a base catalyst

In summary, the easiest route for the preparation of the bisesterdiamide T2T-dimethyl is by
the reaction of 1,2-diaminoethane with methyl(4-chlorocarbonyl)benzoate, the reaction taking
place at room temperature in absence of a catalyst. No higher oligomers can be formed, so no
recrystallization step is necessary. The only disadvantage in this method is the formation of
HCl, which may form a salt with an amino-group, and thereby disturb the reaction. Williams
and Laakso3 were able to prepare T2T-diethyl from the acid chloride-ester, this being pure
after recrystallization.
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When a bisester is used as a starting material, several ester endgroups are possible. The loss of
the leaving group of the ester is believed to be the rate determining step and when a bisester
such as diphenyl terephthalate11 is used, which contains a better leaving groups than DMT, no
catalyst is necessary. However, this bisester is not commercially available and must be
prepared in a separate step.
Aromatic hydrocarbons are often used as a solvent system, the reactants must be soluble in
the reaction mixture. However the solubility of the bisesterdiamide should be low, such that it
precipitates from the reaction mixture and therefore further reaction is limited. Both lithium
and sodium methanolate are often noted as base-catalysts for this reaction4,6,7,8,15,9,10,12. By
increasing the initial concentration of the reactants and the solubility of the intermediates, the
reaction rate can be increased. A recrystallization step is necessary to purify the product.
Jouffret et al.15 and Gaymans et al.16 have reported on the reaction between a methyl ester and
a diamine without the use of a catalyst or solvent. According to Gaymans, the uncatalyzed
reaction proceeded very fast (at 115ºC). However, according to Jouffret, without phenol,
which acts as an acid-catalyst, the reaction proceeds very slowly in that case (at 50ºC).

Research aim

As the purity of the bisesterdiamides is very important for the properties of the resulting
polyesteramides, the aim is to find a suitable synthesis route in order to obtain pure T2T-
dimethyl. As starting materials dimethyl terephthalate, methyl(4-chlorocarbonyl)benzoate and
1,2-diaminoethane are being used. Different solvent systems and catalysts are also studied.

Experimental

Materials. Dimethyl terephthalate (DMT), 1,2-diaminoethane (DAE), anhydrous toluene,
anhydrous methanol, N-methyl-2-pyrrolidone (NMP) and phenol were obtained from Merck.
m-Xylene was purchased form Fluka, methyl(4-chlorocarbonyl)benzoate (MCCB) was
obtained from Dalian (No.2 Organic Chemical Works, P.R.O.C.) and lithium and sodium were
obtained from Aldrich. All chemicals were used as received. LiOCH3 and NaOCH3 were
prepared by adding lithium or sodium to anhydrous methanol (1.25 M).

Synthesis of T2T-dimethyl. The CA index name for T2T-dimethyl is benzoic acid, 4,4’-
[1,2-ethanediylbis(iminocarbonyl)]bis-,dimethyl ester, no 7060-10-8.
Three different synthesis routes were studied:
Route I. MCCB (68 g, 0.35 mol) was dissolved in 450 ml NMP at room temperature in a 2
liter flask, equipped with mechanical stirrer, nitrogen inlet, condenser and calcium chloride
tube. DAE (10 ml, 0.15 mol), previously dissolved in 125 ml NMP, was added dropwise over
a period of 5 minutes, and methanol (50 ml) was added after a 2 hour reaction time. Two hours
later the reaction mixture was filtered off in a soxhlet extraction thimble and washed twice with
hot m-xylene. The product was subsequently dried in a vacuum oven at 70ºC.
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Route II. DMT (225 g, 1.16 mol) was dissolved in 200 ml m-xylene and a variable amount of
phenol at 100ºC in a 2 liter flask, equipped with mechanical stirrer, condenser, nitrogen inlet
and calcium chloride tube. DAE (20 ml, 0.3 mol) was then added to the reaction mixture and
the nitrogen flow stopped to prevent the evaporation of DAE. During the reaction, m-xylene
was added to keep the mixture stirrable. After 24 hours the reaction was stopped and the
white precipitate filtered off through a soxhlet extraction thimble. The obtained product was
washed twice with hot water to remove any phenol, and then twice with hot m-xylene to
remove DMT. The product was then dried in a vacuum oven at 70ºC overnight.
Route III. DMT (225 g, 1.16 mol) was dissolved in 900 ml toluene and 50 ml methanol at
65ºC, in a 2 liter flask, equipped with a mechanical stirrer, nitrogen inlet, condenser, and
calcium chloride tube. When the DMT was dissolved, 20 ml of catalyst solution (1.25 M
LiOCH3 in methanol) was added and DAE (20 ml, 0.3 mol), previously dissolved in 100 ml
toluene, was also added dropwise to the reaction mixture. The nitrogen flow was stopped to
prevent the evaporation of DAE. Three hours after the start of the reaction, the temperature
was gradually raised to 90ºC and the methanol distilled off. After a total reaction time of 24
hours, the reaction was stopped and the white precipitate filtered off through a soxhlet
extraction thimble. The obtained product was washed twice with hot m-xylene and then dried
in a vacuum oven at 70ºC overnight.

Recrystallization. To further purify the product, T2T-dimethyl (from routes I, II, and III)
was recrystallized from NMP (50 g/l, 160ºC) and washed twice with hot acetone. The
purified product was then dried in a vacuum oven at 70ºC overnight.

NMR. Proton NMR and proton decoupled 13C-NMR spectra were recorded on a Bruker AC
250 spectrometer at 250.1 and 62.9 MHz, respectively. Deuterated trifluoroacetic acid (TFA-
d) was used as solvent without an internal standard. 13C-NMR scans (3200) were recorded
with an acquisition time of 2.097 seconds and a 45º pulse.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. Dried samples of 2-5 mg were measured at a heating
rate of 20ºC/min up to a temperature of 330ºC. The onset of the melting peak was taken as
the melting temperature. The peak area was used to calculate the melt enthalpy.

HPLC. A Varian 2500 apparatus, Varian pump 2510, variable detector 2550, Valco injector of
10 µl loop and an integrator of the Merck Hitachi D2500 type were used for HPLC analysis
which was performed using a lichrospher 100 RP-8 1255*4mm column. The samples were
dried in a vacuum oven at 70ºC overnight and dissolved in NMP (3-7 mg/ml). In another
experiment, the wet samples were directly dissolved in NMP. The eluent was a mixture of
acetonitrile/water (35/65 volume fraction) and the eluent flow rate was 1 ml/min. After 3
minutes the eluent was changed so that a mixture of 60% acetonitrile and 40% water would be
reached in 55 minutes. Detection was performed with UV at 288 nm.
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NH2-endgroup concentration. The concentration of NH2-endgroups was determined using a
Metrohm titroprocessor type 636 with Ross glass electrodes. T2T-dimethyl was dissolved in
water/phenol (85/15 volume fraction) and tetrabutyl ammonium hydroxide in
isopropanol/methanol (0.1 M) was used as a titrant.

Results and discussion

T2T-dimethyl was synthesized via three synthesis routes. In synthesis route I, T2T-dimethyl
is synthesized from the mono-acid chloride methyl(4-chlorocarbonyl)benzoate and 1,2-
diaminoethane. In routes II and III, T2T-dimethyl is synthesized from DMT and 1,2-
diaminoethane. In synthesis route II, a high monomer concentration is used and phenol is
added as a catalyst. Synthesis route III is performed using a solvent mixture of toluene and
methanol, and employing lithium or sodium methanolate as a catalyst.
Firstly, the methods for determining the compound purity are described, the purity of T2T-
dimethyl being very important as it affects the uniformity of the amide segment length in the
polyesteramide. Following this, the results from the different synthesis routes are presented
and the reaction mechanism is also discussed.

Methods of studying the purity of T2T-dimethyl

The methods employed in studying the purity of T2T-dimethyl are 1H-NMR, 13C-NMR and
DSC. The influence of the recrystallization step on the final purity is shown. T2T-dimethyl
as synthesized from DMT and DAE (synthesis route III) is used as an example, as a high
purity can be obtained via this route.

NMR
In determining the purity of T2T-dimethyl using 1H- and 13C-NMR, the chemical shifts of the
aromatic atoms are used. The chemical shift of the proton and carbon atoms of the phenyl ring
depends upon substitution by amide and ester groups. In table 2.1 the chemical shifts of the
different protons in T2T-dimethyl are given. Figure 2.3 shows the peak assignment of the
different protons of T2T-dimethyl. An enlargement of the aromatic region of a 1H-NMR scan
of T2T-dimethyl is shown in figure 2.4. The effect of recrystallization from NMP is visible in
the 1H-NMR spectrum.
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Figure 2.3: Peak assignment of protons of T2T-dimethyl

Table 2.1: Chemical shift δ of protons of T2T-dimethyl in TFA-d

Peak chemical shift δ [ppm] type description integral

a 4.2 singlet CH2 next to -NH- 4
b 4.3 singlet CH3 peak 6
c 8.0-8.1 doublet aromatic H, amide side 4
d 8.3-8.4 doublet aromatic H, ester side 4
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Figure 2.4: 1H-NMR scan of aromatic peaks of T2T-dimethyl after synthesis and after 
recrystallization from NMP (T2T-dimethyl synthesized according to route III)

In the pure material the ratio between the protons of the aromatic amide (peak c) and the
protons of the aromatic ester (peak d) is 1, therefore this ratio is a measure of the purity. The
terephthalic ester-amide content can be calculated according to equation 2.1, using the integrals
of peaks c and d. If DMT remnants are present, the aromatic peak overlaps with peak d of
T2T-dimethyl. If the product has been well washed, this DMT-peak should be absent. Side
products of the T2T-dimethyl synthesis, such as 2T2, T2T2 and T2T2T, increase the integral
of peak c. Impurities such as DMT and side products have an opposite effect on XEA.

  
X

c

d
molEA = −









2 100% [ %] eq. 2.1

In 13C-NMR, rare 13C isotopes are detected. 13C-NMR is, in principle, less sensitive than 1H-
NMR, but larger chemical shifts and single peaks are observed. The chemical shifts of the
carbon atoms in the phenyl ring are very sensitive to the substituents on this ring. For
quantitative analysis with 13C-NMR only the integral of structurally similar carbon atoms
may be compared, as the time between two pulses is not long enough for a complete relaxation
of all carbon atoms. Table 2.2 shows the peak assignment and chemical shifts of some of the
aromatic carbon atoms, and figure 2.5 gives the codes for the important aromatic carbon atoms.
In figure 2.6, part of a 13C-NMR scan of the aromatic carbon atoms of T2T-dimethyl is shown
along with the effect of the recrystallization step.
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Figure 2.5: Codes of aromatic carbon atoms of T2T-dimethyl
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Table 2.2: Chemical shifts δ (13C-NMR) of important aromatic carbon atoms of T2T-dimethyl

Code Chemical shift δ [ppm]

3EAE 132.8
3EAA 129.8
3EE 132.2
3AA 130.4

Figure 2.6: Expanded part of 13C-NMR spectrum of T2T-dimethyl after synthesis and after 
recrystallization from NMP (T2T-dimethyl synthesized according to route III)

In using 13C-NMR, a better separation of the peaks is obtained, giving extra information on the
type of side products present in T2T-dimethyl, for example the 3EE peak indicates the
presence of DMT. If side products such as 2T2, T2T2 and T2T2T are present, 3AA peaks
are also visible. The impurity content, such as the amide block fraction (XAA/XA) and the
DMT content (XE), can be determined by 13C-NMR analysis, using the following equations:

  

X

X

AA

EAE AA
molAA

A
=

+

3

3 3
100% [ %] eq. 2.2

  
X

EE

EAE EAA AA EE
molE =

+ + +

3

3 3 3 3
100% [ %] eq. 2.3

Typical examples of the values of XEA, XE and XAA/XA for T2T-dimethyl after synthesis and
recrystallization from NMP are given in table 2.3.

Table 2.3  NMR-results of T2T-dimethyl after synthesis and after recrystallization from NMP
(T2T-dimethyl synthesized according to route III)

T2T-dimethyl XEA [mol%] XE [mol%] XAA/XA [mol%]

After synthesis 95 3 8
After recrystallization 99 - -
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This T2T-dimethyl after synthesis (from DMT and DAE) contains some DMT (3EE peaks)
and side products (3AA peaks). After recrystallization, the 3AA and 3EE peaks both
disappear. The terephthalic ester-amide content XEA gives an indication of the purity of the
T2T-dimethyl. The XEA value after synthesis is lower than 100%, indicating that after
washing side products (T2T2, T2T2T) are still present, but that these are partly removed by
recrystallization from NMP.

DSC
The melting endotherm of the T2T-dimethyl gives an indication of its purity. A pure product
has a high melting temperature, a high heat of fusion (∆Hm) and a sharp melting peak. Figure
2.7 shows the melting endotherms of T2T-dimethyl before and after recrystallization.

Figure 2.7: First heating scans of T2T-dimethyl, after synthesis and after recrystallization from 
NMP (T2T-dimethyl synthesized according to route III)

After recrystallization, the melting temperature of T2T-dimethyl has increased and the melting
peak sharpened. The onset of the melting temperature being at 312ºC, the melt enthalpy is
165 J/g and the maximum of the peak is at 317ºC.
Mangnus7 obtained a melting temperature of 295ºC for T2T-dimethyl and a melt enthalpy of
112 J/g. From 13C-NMR spectra, he concluded that the T2T-dimethyl contained 10 mol%
pentamer (T2T2T) and 10% DMT. Bussink et al.8 also found a melting temperature of 295ºC
for T2T-dimethyl, however neither Mangnus nor Bussink recrystallized their product. The
T2T-dimethyl obtained by Ciceri et al.4 after recrystallization from dimethyl formamide, was
pure according to elemental analysis and had a melting temperature of 315ºC.
The Tm has an accuracy of about 2ºC and thus is a good method for determining the purity of
T2T-dimethyl. Pure T2T-dimethyl has a melting onset of 312ºC and a melting enthalpy of
165 J/g.
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T2T-dimethyl as synthesized from methyl(4-chlorocarbonyl)benzoate (route I)

An elegant way of making T2T-dimethyl is from the mono-acid chloride of terephthalic acid,
methyl(4-chlorocarbonyl)benzoate (MCCB). Acid chlorides react very rapidly with primary
amines, the reaction taking place at room temperature with no catalyst being needed. In
addition, as only the acid chloride is reactive, no higher oligomers are formed. Williams and
Laakso3 were able to synthesize T2T-diethyl from p-carbethoxybenzoylchloride and 1,2-
diaminoethane, obtaining pure T2T-diethyl after recrystallization, with a yield of 90%.
T2T-dimethyl has been synthesized from methyl(4-chlorocarbonyl)benzoate and 1,2-
diaminoethane in NMP, with NMP being used as an acid scavenger. The results from different
batches are presented in table 2.4.

Table 2.4: Results from different batch syntheses T2T-dimethyl, as synthesized from MCCB and 
DAE (route I)

Batch no yield [%] XEA[mol%] Tm [ºC] ∆Hm [J/g]

1 63 99 305 100
2* 35 100 310 158
3* 62 104 313 152
* recrystallized from NMP

The yield of this reaction is low, and should be allowed to go to completion. In the 1H-NMR
spectrum, an extra peak was observed at 4.05 ppm (R-CO-NH2-CH2-CH2-NH2), probably
indicating the presence of 40 mol% of T2, which does not influence XEA. During the reaction
HCl is formed, this is able to form a salt with an amine group (see figure 2.8) thereby limiting
any further reaction. The acid scavenger effect of NMP with aliphatic amines is not being very
effective. This synthesis route is not as effective as the method used by Williams and Laakso3.

Cl -C C
O

O
O

H3 C N
H

CH2 CH2 NH3
+

Figure 2.8: HCl salt of T2

Batches 2 and 3 were recrystallized from NMP. After recrystallization the peak at 4.05 ppm
in the 1H-NMR spectrum disappeared. The melting temperature (310-313ºC) and heat of
fusion (152-158 J/g) of these products indicates that these batches are quite pure. Polymers,
synthesized with T2T-dimethyl prepared from MCCB (batches 2 and 3), have a lower
molecular weight (ηinh= 0.4-0.5 g/dl) than similar polymers synthesized with T2T-dimethyl,
synthesized according to route III (ηinh= 0.7 g/dl). It is expected that remnants of T2 are still
present, introducing a small number of free amine groups and therefore disturbing the
polycondensation reaction.

Reaction scheme of T2T-dimethyl formation from DMT and DAE (routes II and III)

In route II and III, T2T-dimethyl is synthesized from DMT and 1,2-diaminoethane (DAE),
the synthesis pathway being shown in figure 2.9.
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Figure 2.9: Synthesis of T2T-dimethyl from DMT and DAE

A reaction scheme proposed by Serrano10 for the synthesis of T4T-dimethyl has been adapted
for T2T-dimethyl. The reaction scheme and possible side reactions are given in figure 2.10. It
is assumed that the reaction starts with the fast formation of T2 (1), this monoamide then
reacts with DMT to form T2T (2), finally T2T-dimethyl precipitates from the reaction
mixture, thereby limiting any further reaction .

DMT + DAE → T2 (1)
T2 + DMT → T2T (2)

T2 + DAE → 2T2 (3)
T2 + T2 → T2T2 (4)
2T2 + DMT → T2T2 (5)
T2T + DAE → T2T2 (6)
T2T + T2 → T2T2T (7)
T2T2 + DMT → T2T2T (8)

Figure 2.10: Reaction scheme of the T2T-dimethyl synthesis

Different side reactions can occur during T2T-dimethyl synthesis. The monoamide T2 may
also react with DAE (3), itself (T2) (4) or T2T (7). To limit these side reactions, the
concentration of DMT should be much greater than the concentration of DAE, T2 and T2T-
dimethyl. Therefore DAE is added dropwise in the presence of a large excess of DMT.
Reactions 5 and 8 depend on the concentration of other side products, such as 2T2 (formed in
reaction 3) and T2T2 (product of reaction 5 and 6).

Results of T2T-dimethyl synthesis, using phenol (route II)

According to Jouffret and Madec15, phenol is a good catalyst for the acid-catalyzed amidation
of esters. In their experiments the reactions were performed in the melt. The T2T-dimethyl
synthesis was not carried out in the melt, as DAE is very volatile at the temperature required
(melting temperature of DMT is 141ºC). In addition at higher temperatures, alkylation of the
diamine can occur5. Therefore a small amount of m-xylene was added to dissolve DMT at
100ºC. It is not possible to dissolve DMT in the m-xylene/phenol solvent system at lower
temperatures, without using higher amounts of m-xylene, and thus lowering the DMT
concentration. Table 2.5 presents the results of T2T-dimethyl synthesis according to route II,
using varying amounts of phenol.
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Table 2.5: Results of T2T-dimethyl synthesis, according to synthesis route II at 100ºC
batch
no

phen.
[ml]

DAE
[ml]

m-xyl.
[ml]

m-xyl.#
[ml]

treact.

[hr]
yield
[%]

XEA

[mol%]
yield*
[%]

XEA*
[mol%]

Tm*
[ºC]

∆Hm*
[J/g]

1 0 25 200 600 24 34 85 9 81 306 96
2 1 25 200 400 24 26 86 7 83 300 94
3 5 25 200 200 24 24 75 11 85 308 108
4 10 25 200 400 24 26 84 10 86 306 101
5 25 25 200 500 24 16 85 6 87 310 116
6 50 25 200 400 24 21 94 12 84 308 107
7 100 20 150 - 24 17 88 7 99 311 160
# Added during reaction to keep the mixture stirrable
* After recrystallization from NMP

T2T-dimethyl can be synthesized from DMT and DAE in the absence of a catalyst (batch 1).
Increasing the amount of phenol, increased the purity to a degree, but the yield after
recrystallization remained low. As adding phenol does not increase the yield, one may assume
that the role phenol plays in this reaction is not catalytic. The overall yield of synthesis route
II is low (maximum 34%), this may in part be due to the evaporation of DAE at 100ºC.

Results of T2T-dimethyl synthesis, using metal alcoholates (route III)

T2T-dimethyl, in common with other bisesterdiamides, can also be synthesized from DMT
and DAE by using lithium methanolate as catalyst4,7,8,9,10,12. In addition, sodium methanolate
has previously been used as catalyst for the amidation of esters6,15. The synthesis was carried
out using toluene and methanol as a solvent mixture. The progress of reaction was studied by
taking samples from the reaction mixture at different reaction times. The samples were dried
and analyzed by HPLC and the amino-endgroup concentration determined (table 2.6). In the
HPLC-spectrum the T2T-dimethyl and DMT peak appear at 5.4 and 9.7 min, respectively.

Table 2.6: Peak areas at different eluent times determined with HPLC and amino-endgroup 
concentration of the T2T reaction products at different reaction times (route III)

reaction time Peaks at different elution times [min]. Peak areas in [%]. NH2

[hr] 2.8 3.2 3.5 4.2 5.4 9.7 [mmol/g]

0.25 0.02 0.14   6 94 0.77
0.50 0.01 0.01 0.05 0.29 14 86 0.64
0.75 0.01 0.02 0.07 0.45 20 79 0.50
1.0 0.02 0.02 0.08 0.54 26 74 0.48
1.5 0.01 0.09 0.66 34 66 0.37
2.0 0.01 0.09 0.66 38 62 0.34
3.3 0.01 0.08 0.82 45 55 0.21
5.1 0.01 0.08 0.89 47 47 0.23
7.4 0.01 0.09 0.95 59 40 0.24
24 0.01 0.13 0.96 56 43 0.23

Initially, after the addition of DAE, the reaction mixture remained clear with the first
precipitate forming after 10-15 minutes. Figure 2.11a shows the peak area of T2T-dimethyl
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versus the logarithm of the reaction time and 2.11b shows the peak area of the side products
of the T2T-dimethyl synthesis and the amino-endgroup concentration plotted against the
logarithm of the reaction time.

0

20

40

60

80

100

0.1 1 10 100

pe
ak

 a
re

a 
of

 T
2T

-d
im

et
hy

l [
%

]

reaction time [hr]

(a)

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

0.1 1 10 100

pe
ak

 a
re

a 
[%

]

am
ino-endgroup [m

m
ol/g]

reaction time [hr]

(b)

Figure 2.11: HPLC peak area of T2T-dimethyl (5.4 min) (a) and of the side products of the T2T-
dimethyl synthesis and amino-endgroup concentration (b) versus the reaction time
(route III)  --■-- 2.8 min  --∇--3.2 min  --!-- 3.5 min  --+--  4.2 min
!■! amino endgroup concentration

The T2T-dimethyl concentration (5.4 min) increases with the logarithm of the reaction time, at
the same time, a decrease of the DMT concentration (9.7 min) is observed. The amount of side
products slightly increases with the logarithm of reaction time and this is particularly true for
the 4.2 peak. After 7 hours reaction time, the concentrations plateau and remain stable. A
reaction time of 7 hours is therefore sufficient. The suggested peak assignments are:

2T2 3.2 min (constant in time)
T2T2 3.5 min (slightly increasing in time)
T2T2T 4.2 min (increasing in time)
T2T 5.4 min
DMT 9.7 min
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According to the reaction scheme presented in figure 2.10, a T2 peak should increase rapidly
at the beginning of the reaction, and decrease upon further reaction. This peak is expected to
appear earlier than those for T2T, 2T2, T2T2 and T2T2T in the HPLC-spectrum. However,
no such peak is visible. One reason is perhaps that any T2 present has evaporated during the
drying of the sample in the vacuum oven. Another reason could be that the peak appears in
the noise signal at the beginning of the spectrum, and is therefore not visible. The sample,
drawn after 15 minutes reaction time was analyzed with 1H-NMR and a peak that is assumed
to be of T2 was observed at 4.05 ppm (R-CO-NH2-CH2-CH2-NH2), as during such a short
reaction time hardly any side products such as 2T2 or T2T2 are formed.
In the following experiment, the reaction mixtures samples were not dried, but dissolved
directly in NMP and then kept in the refrigerator overnight for analysis the next day to limit
any further reaction. The composition of the eluent fluid was then changed to 75% water and
25% acetonitrile, to delay the elution of products. However no T2 peak was detectable and we
therefore conclude that the used HPLC-method is not suitable for the detection of T2.
The amino endgroup concentration decreases with increasing reaction time (see figure 2.11b).
However, the side products peaks increase with time. This decrease of the amino endgroup
concentration could well be caused by the diminishing amount of T2. The amino-endgroup
concentration after 15 minutes is 0.77 mmol/g. DAE is not expected to be present in the
samples, as this is removed during the drying of the sample. The theoretical maximum amino
endgroup concentration in the samples (when all the DAE has reacted to form T2) is 1.29
mmol/g and therefore the value of 0.77 mmol/g after 15 minutes reaction time suggests that at
that moment, already 60% of the theoretical total amount of T2 has been formed. After a
reaction time of 15 minutes, some DAE may not have yet reacted to form T2, and a small
amount of T2 may also have reacted to form T2T.
It appears that the reaction starts by the fast formation of the monoamide T2, a catalyst being
necessary for this step. This T2 partly precipitates and dissolves again to further react,
forming T2T. The rate limiting step is the reaction of T2 with DMT in the formation of T2T.
At the end of the reaction, the amino-endgroup concentration levels are 0.23 mmol/g, this being
18% of the theoretical amount of T2 that could be produced. Why this reaction has not
proceeded to completion is not clear. It is possible is that T2 partly precipitates when being
formed at the beginning of the reaction. The T2T-dimethyl then deposits at these T2 particles,
encapsulating the T2 and thereby limiting any further reaction. It is necessary to remove T2
by recrystallization, as it contains a free amino endgroup that will disturb subsequent
polymerization reactions. The increase in formation of T2T is logarithmic with time (see figure
2.11a). The availability of T2 (by diffusion out of encapsulated particles and solving in the
reaction mixture) is most likely the rate limiting step. To increase the yield of the T2T-
dimethyl synthesis, the T2 should be prevented from precipitating such that it no longer
remains inactive. One way to achieve this is to select a solvent system in which T2 is better
soluble.

The products, after synthesis (P) and after recrystallization (PH) were also analyzed by
HPLC (see table 2.7). The T2T-dimethyl was washed twice with m-xylene following
synthesis, therefore all DMT should have been removed. After synthesis, the product was
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found to have a high amino endgroup content of 0.36 mmol/g, meaning that 13% of the DAE
was in the T2 form (T2 having no influence on XEA). T2 is the main impurity after synthesis.
On recrystallization, the peaks of the side products and the amino-endgroup concentration are
found to decrease, such that almost all of the T2 is removed. However, some impurities still
remain, showing that the T2T-dimethyl obtained after recrystallization is not 100% pure. The
most important impurity after recrystallization is the pentamer T2T2T.

Table 2.7: Peak area of the different peaks (HPLC-analysis) and amino-endgroup content of
T2T-dimethyl after synthesis and after recrystallization from NMP (synthesis route III)

Product 2.8
[%]

3.5
[%]

4.2
[%]

T2T-dimethyl
[%]

DMT
[%]

NH2

[mmol/g]
XEA

[mol%]

After synthesis 0.01 0.07 1.30 98 0.41 0.36 95
After recrystallization - 0.02 0.66 99 0.07 0.01 99

The T2T-dimethyl synthesis (route III) has been further optimized. The reaction time was
shortened to 7 hours, as HPLC measurements indicated that this was sufficient. The influence
of varying the reaction conditions such as the methanol content in the toluene/methanol
mixture and the reaction temperature are shown in table 2.8. The LiOCH3 solution is included
in the amount of methanol and Tmax is the maximum temperature during the reaction.

Table 2.8 Results of different batches of T2T-dimethyl (route III). LiOCH3 is used as catalyst,
the total reaction time being 7 hours.

Batch
no

methanol
[ml]

Tmax

[ºC]
yield
[%]

yield*
[%]

XEA*
[mol%]

Tm*
[ºC]

∆Hm*
[J/g]

1 45 90 73 36 96 312 162
2 70 90 80 43 99 311 175
3 95 90 85 50 95 303 171
4 120 90 70 37 97 306 165
5 145 90 86 38 97 304 168
6 70 65 81 46 99 312 165
7 70 65 88 46 99 313 166
* after recrystallization

XEA gives an indication of the purity of the T2T-dimethyl, however XEA is not completely
accurate as impurities such as DMT and side products (2T2, T2T2 and T2T2T) have an
opposite effect on XEA. Therefore it is more reliable to use the DSC measurements as an
accurate measure of purity. A sharp peak with an onset of 312ºC and an enthalpy of 165 J/g
indicates a pure batch of T2T-dimethyl.
The yield before and after recrystallization does not change with the methanol content. The
Tm decreases with an increasing amount of methanol, particularly when this exceeds 70 ml.
The ∆Hm values obtained are constant for this series. Serrano et al.10 also found that by
increasing the amount of methanol, the purity decreased and they have suggested that the
solubility of the monoamide is increased by methanol, increasing the amount of side products
formed. According to the reaction scheme presented in figure 2.10, increasing the T2
concentration increases the rate of reaction 2, 3, 4 and 7. Especially the rate of reaction 7 is
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increased, the product of this self-reaction, T2T2, then being able to further react to form
T2T2T. At methanol amounts lower than 50 ml, it becomes difficult to solve DMT at this
temperature (65ºC), as an increase of the methanol concentration also increases the solubility
of DMT.
The reaction temperature was kept at 65ºC for batches 6 and 7, this having no negative
influence on the yield and purity of the resultant product. For batch 7, DAE was added all at
once instead of dropwise. It was found that increasing the DAE concentration from effectively
0 (by adding dropwise) to 1.6 wt% did not adversely influence the formation of side products,
probably due to the rapid reaction in the formation of T2.

The earth metals are effective promoters of the esters aminolysis, in that metals such as
lithium and sodium may have catalytic effects by acting as base catalysts14. They may also
influence the solubility of the reaction products. Lithium- and sodium methanolate are used at
relatively high concentrations for catalysts, 0.08 mol catalyst/mol amine (see table 2.9). A
higher amount (0.14 mol lithium/mol amine) has been used by Ciceri et al.4. The T2T-dimethyl
batch, in which sodium methanolate was used as a catalyst, was recrystallized at a higher
concentration (100 g/l) than the batch T2T-dimethyl synthesized with lithium methanolate as
a catalyst (50 g/l), resulting in a higher yield after recrystallization. The yield and purity of the
batches using either lithium or sodium methanolate were comparable, indicating that sodium
methanolate is also a suitable catalyst.

Table 2.9 Results of T2T-dimethyl synthesis (route III), using lithium- or sodium methanolate 
as catalysts (0.08 mol catalyst /mol amine). Reaction time is 7 hours, reaction 
temperature 65ºC, total amount of methanol 70 ml.

Catalyst yield
[%]

yield*

[%]
XEA*
[mol%]

Tm*
[ºC]

∆Hm*
[J/g]

Na OCH3 89 55 97 311 171
Li OCH3 88 47 99 313 166
* After recrystallization from NMP

Conclusions

The synthesis of T2T-dimethyl from methyl(4-chlorocarbonyl)benzoate (MCCB) and 1,2-
diaminoethane (DAE) is relatively easy, the reaction taking place in NMP at room
temperature in the absence of a catalyst. One disadvantage is that HCl is formed during the
reaction, this forms a salt with the amine and thereby decreases its reactivity. This then results
in a low reaction yield (60%) and the formation of large quantities of T2 (40 mol%).
Therefore, a stronger acid scavenger than NMP is required. Polymers synthesized using T2T-
dimethyl, prepared from MCCB, have a lower molecular weight, than those polymers
synthesized using T2T-dimethyl prepared according to route III. It is believed that T2
remnants may introduce a small number of free amine groups and thereby disturb the
polycondensation reaction.
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T2T-dimethyl can also be synthesized from DMT and DAE, again in the absence of a catalyst
(at 100ºC in m-xylene, 40-50 wt% DMT, 5.3 wt% DAE). The addition of phenol in this
system has little effect on yield and purity. The maximum yield of this reaction being a
relatively low 34%.
By using a solvent system of toluene and methanol and employing sodium or lithium
methanolate as a catalyst, a high yield of T2T-dimethyl is obtained (90%). Further
purification by recrystallization from NMP is necessary. The amount of methanol used in this
system was found to enhance the solubility of the monoamide T2, resulting in a decrease in
the purity of T2T-dimethyl. The reaction at 65ºC and at a DAE concentration of 1.6 wt%
cannot occur in the absence of either a lithium or sodium methanolate catalyst. The reaction
begins by the fast formation of T2, which partially precipitates, the rate limiting step
probably being the re-dissolving of the T2, and its subsequent reaction with DMT to form
T2T. After synthesis and washing, the main impurity in the obtained T2T-dimethyl is T2
(13%). One reason for this could be that T2T precipitates on T2 particles thus encapsulating
the T2 and limiting any further reaction. After recrystallization, most of the T2 has been
removed, T2T2T is then the main impurity.
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Chapter 3

Synthesis and thermal stability
of polyesteramides based on PET and nylon 2,T

Introduction

Polyesteramides have been studied extensively1,2,3,4,5,6. Random copolyesteramides usually
have a low order, even if the repeating units of the ester and amide segments appear to be
isomorphous1,2. Polyesteramides can crystallize rapidly if the amide segments have an ordered
structure as in alternating polyesteramides5,6 and polyesteramides with uniform diamide
segments3,4. Polyesteramides with uniform diamides can be prepared from bisesterdiamides
and it is advantageous to use a bisesterdiamide with a structure similar to that of the polyester
in which it is copolymerized.
Poly(ethylene terephthalate) (PET) is a semi-crystalline polymer with a high glass transition
temperature (Tg) of 85ºC and melting temperature (Tm) of 255ºC. Compared to polyesters
with a similar structure, polyamides have a higher Tg and Tm and crystallize more rapidly. For
example, nylon 2,T has a Tg of about 200ºC and a Tm of 455ºC7. It would be interesting to
modify PET with T2T (one-and-a-half repeating unit of nylon 2,T) to produce a rapidly
crystallizing polyesteramide with a higher Tg and Tm than PET. The polyesteramide based on
PET and T2T is called PETA (see figure 3.1).
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Figure 3.1: Structure of PETA

Polymerization of PETA

Firstly polyesteramides with uniform diamide segments were prepared by synthesizing the
bisesterdiamide T2T-dimethyl (see chapter 2) followed by a polyester type melt
polymerization using this bisesterdiamide. The polyester synthesis (see figure 3.2) starting
from dimethyl terephthalate (DMT), T2T-dimethyl and 1,2-ethanediol, is a two step
synthesis8; firstly there is a transesterification at 150-220ºC and at atmospheric pressure,
followed by a polycondensation at 260-290ºC under a high vacuum. In the transesterification
step, methanol is formed and distilled off, in the polycondensation step, ethanediol is
stripped. The rate of transesterification and polycondensation can be considerably enhanced
by the use of a catalyst and research has shown that acids and several organo-metallic
compounds are able to catalyze these reactions very well. In addition titanium compounds are
often mentioned as catalysts for the polyester synthesis8. Bussink et al.3 have used a
zinc/antimony catalyst combination for the synthesis of PETA, and inactivated the zinc
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catalyst after the transesterification step. They have synthesized PETA up to an amide
content of 15 mol%.

1. Transesterification, 180 o C, N2 atmosphere  (-CH 3OH)
2. Polycondensation, 270-290 oC, P< 1 mbar (-HO(CH 2)2OH)
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Figure 3.2  Polymerization of PETA

As the polyesteramides are materials with a high melting temperature, it is difficult to prevent
thermal degradation reactions at these high melt polymerization temperatures. One way to
avoid long polymerization times in the melt and still obtain a polyester with a high molecular
weight is by the use of solid state postcondensation. For polyesteramides, a very short melt
polymerization time in combination with solid state postcondensation was found to be
favorable in obtaining a polymer of high molecular weight, with limited degradation5,9.
After polymerization most of the endgroups within PET are hydroxyl groups, although some
carboxylic acid endgroups are also present. By employing exchange reactions, the molecular
weight can be increased with the formation of ethanediol or water; by applying a vacuum or a
purge gas flow, the condensation products can be removed. The use of different purge gases,
such as nitrogen, carbon dioxide and helium have been studied by Mallon et al.10, with no
significant difference found in effect in the type of purge gas used. The overall reaction rate of
the formation of PET is controlled by the diffusion of both endgroups and ethanediol in the
polymer particles11. The postcondensation temperature should be maintained close to the
melting temperature, in order to favor the diffusion of the reactive endgroups and of the
condensation products. However, particle sticking and thus surface reduction will occur if the
postcondensation temperature is too close to the melting temperature. During
postcondensation, the size and structure of the crystallites changes due to an annealing
process, with an increase of crystallinity reducing the mobility of the endgroups.
The molecular weight of the polymer during solid state postcondensation is logarithmically
related to the postcondensation time, the largest increase in molecular weight being achieved
within the first few hours of reaction time. According to Serrano6, the inherent viscosity of
alternating polyesteramides at 230ºC increases up to about 24 hours of reaction time. The
solid state postcondensation of the prepolymer is usually carried out at about 20-30ºC below
the melting temperature8. At temperatures higher than 250ºC it is noticeable that ester-amide
interchange is taking place5. These interchange reactions should be avoided as they effect the
uniformity of the diamide segments. Temperatures of 200-240ºC are usually used for the
solid state postcondensation of PET12.
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Catalysis of polymerization

Titanium compounds are often used for the catalysis of polyester synthesis. However, in the
synthesis of PET, a combination of catalysts is normally used; these being a transesterification
and a polycondensation catalyst. For transesterification, calcium, manganese, cobalt, cadmium,
lead and zinc acetates, as well as lithium glycolate are usually used. Polycondensation
catalysts are often based on antimony, germanium, titanium and lead. In figure 3.3, the metal-
ion catalyzed mechanism of the alcoholysis reaction according to Otton et al.13 is shown.
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Figure 3.3: Mechanism of metal-ion catalyzed alcoholysis reaction13

In the case of alkali metal derivatives (Na+, Li+), the salts of strong acids seem to be very poor
catalysts, whilst metal carboxylates and alcoholates are efficient catalysts in the alcoholysis
reaction13. These observations can be explained if one supposes that in NaX, X- acts as a
nucleophile (see figure 3.4).
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Figure 3.4: Mechanism of metal carboxylate catalyzed alcoholysis reaction13

Kinetic studies have shown that alkali carboxylates employ the mechanism outlined in figure
3.4, whilst zinc, manganese and cobalt compounds use that shown in figure 3.3. For titanium
compounds, a concerted mechanism is assumed13 (shown in figure 3.5).



Chapter 3

26

3.

#

Ti(OR')4

+

C
O

OR2.

+

+

-

C OR
O-

Ti(OR')3R'OTi(OR') 3R'O

C
O

OR

C
O

OR' + Ti(OR') 3OR

Ti(OR')3 OR + R'OH Ti(OR')4 + ROH

1. Ti(OR")4 + 4 R'OH Ti(OR') 4 + R"OH

Figure 3.5: Mechanism of the alcoholysis reaction catalyzed by titanium compounds13

For the synthesis of PET, different catalysts can be used for the transesterification and
polycondensation steps. These catalysts also influence the thermal degradation of PET (see
section on β-elimination) and their activity depends on pH of the reaction medium and the
temperature. The activity of different catalysts during transesterification, polycondensation
and degradation have been studied by Tomita et al.14,15 and the rate constants of the metal
acetates versus the stability of the corresponding metal-ion/dibenzoyl-methane (DBM)
complexes plotted on a double logarithmic scale (see figure 3.6). β1 was defined as the relative
infrared frequency shift of the carbonyl group caused by its coordination to the metal species,
the most active catalyst possessing an optimal degree of bonding of the metal cation (M) with
the ester carbonyl of DBM.
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Figure 3.6: Bonding of a metal-ion to DBM

In figures 3.7a and 3.7b, the transesterification and polycondensation rate constants of the
catalyzed PET reaction versus the stability parameter β1 of the metal acetates are shown. In
these figures, transesterification was at 200ºC and at 1 atm, polycondensation was at 283ºC
under reduced pressure. Figure 3.8 shows the degradation rate constant at 283ºC and reduced
pressure plotted against the stability parameter β1.
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Figure 3.7 Rate constants of transesterification (k) of DMT and 1,2-ethanediol at 200ºC and 1 
atm14 (a) and rate constants of polycondensation (p) of bishydroxyethyl terephthalate
(BHET) at 283ºC, P=0.002-0.005 mmHg15 (b) versus the stability constants β1 of 
the corresponding metal-ion DBM complexes

Figure 3.8: Rate constants of degradation reactions (d) during the polymerization of BHET
at 283ºC, P=0.002-0.005 mmHg15 versus the stability constants β1 of the 
corresponding metal-ion DBM complexes

Titanium compounds are often used for the synthesis of polyesters in both the
transesterification and the polycondensation steps, however, titanium compounds also have a
high rate constant for degradation reactions. It is possible to inactivate titanium compounds
after polymerization, before processing. Deveaux16 observed that phosphites, such as
diphenyl and triphenyl phosphite (TPPi), are very effective at inactivating Ti(OR)4

compounds. Diphenyl phosphite is formed by the reaction of TPPi with 2 chain ends of PET,
a process during which a phenol ligand is exchanged by hydrolysis17, this diphenyl phosphite
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tautomerizes into a diphenyl phosphonate. The inhibition of the titanium catalyst by
diphenyl phosphate is postulated to be due to the formation of a stable octahedral coordinated
complex with the titanium residue (see figure 3.9). Delimoy18 has ascribed the stability, and
thus the inactivation of the titanium catalyst, to be due to the interaction of the hydrogen atom
of the phosphonate with the ligands of titanium. A 16 fold molar excess of TPPi with respect
to titanium has been found to be successful in inactivating the titanium catalyst by van
Bennekom19.
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Figure 3.9: Coordination of Ti(OR)4 by diphenyl phosphonates18

According to Ludewig20, antimony trioxide and antimony acetate are often quoted in the
literature as polycondensation catalysts for PET, antimony having a reasonable
polycondensation rate constant accompanied by a low degradation rate constant. Antimony is
usually used in the form of antimony trioxide and reacts with ethanediol to form antimony
(III) glycolate. This being considered to be the active catalytic species in the polyester
polymerization21 that is believed to operate via the same concerted mechanism as titanium
compounds (see figure 3.5). The use of this catalyst in transesterification is very limited, as it
becomes active at higher temperatures, therefore antimony compounds are usually used in
combination with a transesterification catalyst. For the PET synthesis, manganese and zinc
acetate are often used in combination with antimony derivates, as both manganese and zinc
catalysts have high transesterification rate constants.
Transesterification catalysts such as zinc compounds, are in general good catalysts for β-
elimination and therefore are often inactivated before the polycondensation step8.
Karayannidis et al.22 have tested several phosphorous compounds for their ability to
inactivate zinc. It was found that the addition of a phosphorous compound such as triphenyl
phosphate improved the color of PET, with the number of carboxyl acid end groups being
lowered22,23.
Cesium carbonate is used as a catalyst in alkylation24 although little is known about its
operating mechanism. It is predicted that cesium complexes with ethanediol instead of with
the ester carbonyl group, by folding around the cesium atom, and thus facilitating nucleophilic
attack. By activating the nucleophile instead of the receptor, it is probable that degradation by
β-elimination is reduced as the cesium atom is quite large and only slightly polarizes the
carbonyl ester group.
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Degradation

During polymerization, solid state postcondensation, melt processing and applications at high
temperatures, PET and polyesteramides can be thermally degraded. Because of these
degradation reactions, it can be difficult to obtain a polymer of high molecular weight or to
maintain the structural order. The color of PET changes during the degradation process from
white to yellow, and finally to brown and black. According to Edge et al. 25 the colored species
in melt degraded PET arise from the hydroxylation of the terephthalate ring and the formation
of unsaturated-ester and quinoid species.
Degradation may also occur by hydrolysis, the ester groups being more susceptible to
hydrolysis than amide groups. In this process, chain cleavage occurs and the molecular weight
is therefore lowered. Consequently, the polyesters and polyesteramides should be thoroughly
dried before processing. There are other important types of degradation reactions, these are β-
elimination and ester-amide interchange.

β-elimination
One of the important degradation reactions of PET is β-elimination of the ester bond, this
results in the molecular weight being reduced by a process of chain scission. β-elimination
takes place via a cyclic intermediate, a β-hydrogen atom is abstracted from a glycol unit,
resulting in the formation of vinyl and carboxylic acid endgroups (see figure 3.10).
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Figure 3.10: β-elimination reaction of PET

According to Zimmerman26, catalysts, particularly the transesterification catalysts, enhance β-
elimination of PET (see figure 3.11). It is assumed that the metal ion polarizes the ester
carbonyl group and induces the formation of the cyclic transition state of the adjacent
carbonyl group.
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Figure 3.11: Mechanism of metal-ion catalyzed ester scission26
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Longer diols, such as butanediol and diethylene glycol, are less thermally stable than
ethanediol, however, they are far less sensitive to metal catalyzed β-elimination. With longer
distances between the activated carbonyl group and the ester bond to be broken, the
interaction of the metal ion with the carbonyl group does not accelerate the reaction in the
cyclic intermediate state (b). Titanium compounds are good catalysts for transesterification
and polycondensation, but are also effective at catalyzing β-elimination (see figures 3.7 and
3.8). Antimony derivates on the other hand, have a low transesterification rate constant, a
reasonably high polycondensation rate constant, but the thermal degradation of PET is only
slightly accelerated by antimony derivates26. For example, in the synthesis of poly(butylene
terephthalate) (PBT), titanium compounds are the most commonly used catalysts, as PBT is
not very sensitive to metal-ion catalyzed β-elimination. In contrast, PET is very sensitive to
metal-ion catalyzed β-elimination, and often antimony is used as a catalyst for the PET
synthesis, combined with a transesterification catalyst. Lum27 and Reimschußel28 observed
that carboxylic acid endgroups accelerated the cyclization and β-elimination reactions in PET.
A second elimination step is not possible for PET, as the ester group consists of only 2
carbon atoms.
β-elimination of the polyamides results in the formation of vinyl and weak basic primary
amino endgroups29 (see figure 3.12). These amino endgroups are then able to further react to
form colored degradation products. Water is formed during these secondary degradation
reactions and the discoloration can be prevented by the addition of water to the
polymerization mixture. The amide bond is more thermally stable than the ester bond,
therefore the rate of β-elimination is very low in polyamides compared to polyesters.
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Figure 3.12: β-elimination of polyamides29

Pilati et al.30 have studied the thermal stability of 6NT6 (an alternating polyesteramide based
on poly(hexamethylene terephthalate) (PHT) and 1,6-diaminohexane) and PHT itself. It was
found that 6NT6 degraded more rapidly than PHT, this being attributed to a destabilizing
effect of the amide linkage in the terephthalic para position of the ester bond. However, van
Bennekom31 found no significant difference in the thermal stability of PBT and PBT modified
with 20 mol% of diamide segments. Niesten32 studied the melt stability of PET and 4NT2, an
alternating polyesteramide based on PET and 1,4-diaminobutane, at 320ºC under a nitrogen
atmosphere, the polymers being synthesized using a titanium catalyst. For 4NT2, the
degradation rate was 5 times higher than that of PET, with very few amino endgroups being
formed, showing that the chain scission is mainly being caused by the β-elimination of the
ester segments.

Ester-amide interchange

Another type of degradation reactions are interchange reactions, these do not affect the
molecular weight, but do disturb the structural order, resulting in a slower crystallization rate
and a lower crystallinity. Kotliar33 has investigated several interchange reactions occurring in
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polyesters and polyamides. The most important interchange reaction for PETA is that of an
ester-amide, during which an ester and an amide bond from different chains are interchanged
(see figure 3.13). This results in the presence of longer amide and ester blocks, thus lowering
the melting temperature and decreasing the crystallization rate.
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Figure 3.13: Ester-amide interchange33, as applied to PETA

Research aim

The aim of the work described in this chapter is to synthesize PETA with a high amide
content, and to obtain a high molecular weight polymer with a high melt stability. Several
catalyst systems will be evaluated for their effect on the synthesis and degradation of PETA.

Experimental

Materials. Dimethyl terephthalate (DMT), 1,2-ethanediol, all catalysts, triphenyl phosphite
(TPPi) and triphenyl phosphate (TPP) were purchased from Merck and all chemicals were
used as received. T2T-dimethyl was synthesized and purified as previously described in
chapter 2.

Melt polymerization of PETA. As an example, the preparation of PETA25 (PET with 25
mol% T2T) is given. The reaction was carried out in a 250 ml stainless steel vessel with
nitrogen inlet and mechanical stirrer. The vessel containing DMT (19.42 g, 0.10 mol), T2T-
dimethyl (19.22 g, 0.05 mol), 1,2-ethanediol (37-40 g, 0.60-0.65 mol) and a transesterification
catalyst were heated in an oil bath to a temperature of 180ºC. After 40 minutes at 180ºC, the
temperature was raised to 290ºC (15ºC/10 min) over a period of 70 minutes. The
polycondensation catalyst was then added, and after 10 minutes at 290ºC the pressure was
reduced within 5 minutes to 20 mbar. The pressure was then further reduced within 10
minutes to less than 1 mbar, and the vessel was then slowly cooled to room temperature,
whilst maintaining the low pressure. In some cases the transesterification catalyst was
inactivated with TPP before polycondensation and TPP was added at 270ºC.
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The amounts of the different catalysts used are as follows:

Ti(i-OC3H7)4 (in 2 ml m-xylene) 0.043 g (0.15 mmol)
Mn(CH3CO2)2.H2O (in 3 ml 1,2-ethanediol) 0.019 g (0.076 mmol)
Sb2O3 (in 3 ml 1,2-ethanediol) 0.022 g (0.076 mmol)
Zn(CH3CO2)2.2H2O (in 3 ml 1,2-ethanediol) 0.017 g (0.076 mmol)
Cs2CO3 (in 4 ml 1,2-ethanediol) 0.025 g (0.076 mmol)

Solid state postcondensation. The polymer was ground in a Fritsch pulverisette (particle
size < 1 mm) and subsequently dried in a vacuum oven at 70ºC overnight. Over a period of 24
hours, the polymer was postcondensed in the solid state at a reduced pressure (0.1 mbar) in a
glass tube which was placed in an oven at 220-250ºC.

Viscometry. The inherent viscosity of the polymers was determined at a concentration of 0.1
g/dl in para-chlorophenol at 45ºC, using a capillary Ubbelohde 1B.

NMR. Proton NMR and proton decoupled 13C-NMR spectra were recorded on a Bruker AC
250 spectrometer at 250.1 and 62.9 MHz, respectively, using deuterated trifluoroacetic acid
(TFA-d) as a solvent without an internal standard. 13C-NMR scans were recorded with an
acquisition time of 2.097 sec and a 45º pulse. The amide concentration of the polymers was
determined by 1H-NMR. With 13C-NMR, the uniformity of the amide segment length was
measured.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. 2-5 mg of dried polymer sample was measured at a
cooling and heating rate of 20ºC/min. Firstly, the samples were heated to 320ºC, and cooled
after 2 minutes to 20ºC. The maximum of the cooling scan was taken as the crystallization
temperature. After a further 2 minutes, the sample was heated for a second time up to 290ºC,
the maximum of the second heating scan being taken as the melting temperature, the peak area
was used to calculate the enthalpy. For high melting polymers (> 10 mol% T2T) the sample
was rapidly heated to 340ºC (80ºC/min) and after 1 minute, cooled down to 20ºC
(20ºC/min) and subsequent procedures were as described above.

DMA. Samples for the DMA test (70x9x2 mm) were prepared on an Arburg H manual
injection molding machine. The polymers were premelted in a mini-extruder and quenched in a
water bath and dried prior to injection molding. The barrel temperature of the injection
molding machine was set at 50ºC above the melting temperature of the polymer and the mold
temperature was 150ºC. The mold was opened after 2 minutes.
A Myrenne ATM3 torsion pendulum was used at a frequency of approximately 1 Hz and the
storage modulus G’ and the loss modulus G’’ were measured versus the temperature. The
dried samples were first cooled to -100ºC and subsequently heated at a rate of 1 ºC/min. The
maximum of the loss modulus was taken as the glass transition temperature and the flow
temperature (Tfl) defined as the temperature where the storage modulus reaches 15 MPa.
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Melt degradation. Melt degradation was carried out in a 4cc DSM res RD11H-1009-025-4
corotating twin screw mini-extruder. The polymer (5 g) was dried in a vacuum oven at 70ºC
overnight prior. Extrusion experiments were carried out at 320ºC with a constant screw speed
of 50 rpm. The residence times varied from 5 to 60 minutes. During extrusion, the polymer
was maintained under a nitrogen flow. The extrudate was cooled in water.

COOH-endgroup analysis. The concentration of COOH endgroups was determined using a
Metrohm titroprocessor type 636 with Ross glass electrodes. The polymers were dissolved in
benzylalocohol and titrated with tetrabutyl ammonium hydroxide (0.1 M).

UV absorbance. The UV absorbance was measured with a UVIKON 930 spectrophotometer
(Kontron Instruments) from 300 to 400 nm, polymer solutions were prepared in para-
chlorophenol at a concentration of 0.1 g/dl. The maximum of the absorption curve was at 315-
320 nm.

Results and discussion

Introduction

This chapter is concerned with the synthesis and degradation of PETA. Several catalyst
systems were evaluated for their effect on the synthesis and thermal degradation of PETA25

(PET modified with 25 mol% T2T). In addition, the influence of the amide concentration on
the degradation of PETA was studied. Finally the influence of the solid state
postcondensation temperature and pressure on the molecular weight, melting temperature and
color of PETA was investigated.

Synthesis and degradation of PETA25 using different catalyst systems

Several different catalysts and catalyst systems have been used for the synthesis of PETA25

and were evaluated for their effect on the inherent viscosity and thermal properties of the
resulting polymers. The melt stability was studied at 320ºC under a nitrogen atmosphere. By
viscometry the decrease in inherent viscosity is measured, and the degradation rate constant k0

calculated (see eq. 3.1). The results of the synthesis and degradation experiments are presented
in table 3.1. The amount of catalyst used is given in mmol per gram of polymer. Firstly, the
synthesis results are discussed, followed by the results of the degradation experiments.
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Table 3.1: Results of synthesis and degradation studies of PETA25, synthesized with different 
catalyst systems

batch
nr.

catalyst
[mmol/g]

η inh
bp

[dl/g]
Tm

bp

[ºC]
η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
T g

[ºC]
Tfl

[ºC]
G’ (150ºC)
[MPa]

k0

[g/dl.min]

1. Ti 0.0048 0.11 269 0.55 269 234 102 274 174
2. Ti 0.0057 0.18 268 0.65 268 228 1.14
3. Ti 0.0047 0.12 257 0.67 276 242 0.37#
4. Cs 0.018 0.12 266 0.38 279 241 0.29
5. Cs 0.018 0.35 273 241 110 283 225
6. Cs 0.035 0.13 273 0.36 269 235 0.27
7. Mn 0.0020 0.19 0.44 271 239 112 279 181
8. Mn 0.0021 0.14 255 0.43 274 240 0.29
9. Mn/Sb* 0.28 265 0.64 278 0.29
10. Mn/Sb* 0.26 264 0.83 274 243 110 278 185
11. Zn/Sb* 0.16 268 0.57 280 244 0.24
12. Zn/Sb* 0.15 268 0.64 282 247 109 280 182
13. Zn/Sb** 0.18 287 1.12 287 247 108 279 172
14. Zn/Sb** 0.40 268 0.86 274 244 0.80
bp before solid state postcondensation
# inactivated with 16 fold excess of TPPi
* approximately 0.0023 mmol/g for both catalysts
** 0.020 mmol/g Zn, 1.8 fold excess TPP, 0.0053 mmol/g Sb2O3

3

When tetraisopropyl othotitanate (Ti(i-OC3H7)4) is used as a catalyst, it is possible to obtain
a reasonable molecular weight of PETA25, however the melting temperature (Tm), glass
transition (Tg) and flow temperature (Tfl) are rather low in comparison with the other batches.
The amount of cesium carbonate was increased in going from batch 4 to 6 and the thermal
properties of these polymers were found to be good. However, no high molecular weight
polymer was obtained using cesium carbonate as a catalyst. Comparing the batches
synthesized using manganese (batches 7 and 8) and manganese/antimony (batches 9 and 10) as
catalysts, it can be seen that adding antimony increases the molecular weight of the polymer
obtained, showing that manganese is not an efficient catalyst for polycondensation. When zinc
acetate (batches 11 and 12) is used as a transesterification catalyst instead of manganese
acetate (batches 9 and 10), a higher melting temperature is obtained but the inherent viscosity
is slightly lower. Higher inherent viscosities can be obtained using the zinc/antimony system,
by applying higher catalyst concentrations (batches 13 and 14).
When using manganese acetate and cesium carbonate as catalysts, it is not possible to obtain a
high molecular weight polymer but in using titanium, zinc/antimony and manganese/antimony
catalysts a reasonable inherent viscosity is obtained (0.7-0.8 g/dl).
PETA25 has a Tm between 275-280ºC, and a Tc of 240ºC. Using titanium as a catalyst, lower
values for Tm and Tc are obtained. With cesium carbonate and manganese acetate as catalysts,
the values of the resulting polymers for Tm are also low. This is probably caused by the lower
molecular weight. The undercooling (∆T=Tm-Tc) is in the range of 35-40ºC for all the batches
of PETA25, however, the peaks in the DSC-spectrum of PETA25 are low and broad, this
means that the Tm, Tc, and therefore ∆T are not very accurately measured.
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PETA25 has a Tg of approximately 110ºC for all batches, with the exception of the batch
synthesized using Ti(i-OC3H7)4 as a catalyst (Tg = 102ºC). The Tfl indicates the onset of Tm.
At the Tfl of PETA25, approximately at 280ºC, a sharp decrease in G’ is observed (see
chapter 4), therefore Tfl can be more accurately measured than Tm. G’(150ºC) is a measure for
the modulus of the rubbery plateau, for PETA25, G’(150ºC) having a value of approximately
180 MPa, excepting the polymers synthesized with cesium carbonate as a catalyst. This may
be caused by a higher crystallinity as a result of the lower molecular weight of these polymers.

The catalysts used also influence the degradation rate of PETA25. The amount of ester-amide
interchange was determined with 13C-NMR, but there were no detectable large amide segments
present in any of the polymers. Given that an ester-amide interchange reaction in PETA25

does not necessarily lead to the formation of a larger amide segment, PETA25 is actually less
susceptible to ester-amide interchange than for example alternating polyesteramides5,6.
Melt degradation of PETA25, performed under a nitrogen atmosphere in a corotating twin
screw extruder in the presence of different catalyst systems, was studied. The polymers were
extruded at 320ºC for different residence times (5, 15, 30, and 60 minutes) and it was found
that the molecular weight, and thus the inherent viscosity were lowered by β-elimination. The
effect of extrusion time on the molecular weight is therefore measured by viscometry, the
normalized inherent viscosity being calculated according to equation 3.1.

  
normalized inherent vis ity k t

t
cos = − =

1 1

0
0η η eq. 3.1

In which η0 is the inherent viscosity before extrusion, ηt is the inherent viscosity after
extrusion time t, k0 is the degradation rate constant and t is the extrusion time. For PBT, there
is a linear increase of the normalized inherent viscosity at 260ºC34. The same increase in the
normalized inherent viscosity of different polymers does not necessarily mean the same
decrease in molecular weight. Therefore this method is not adequate enough to compare the
degradation rate of different polymers. However, it is useful for studying the effect of
different catalyst systems on degradation rate of the same polymer.
Figure 3.14 is an example where the normalized inherent viscosity is plotted versus the
degradation time of PET (Zn/Sb), PETA25 (Ti) and PETA25 (Zn/Sb), the first two measured
points being the most reliable. At longer extrusion times, the extrudate is not completely
soluble in the para-chlorophenol and also crosslinking via the vinyl groups may occur, thereby
causing an increase in the inherent viscosity. To determine the k0 value, a line was drawn
through t=0 and the first two measured points and this value was calculated according to eq.
3.1.
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Figure 3.14: Normalized inherent viscosity versus the extrusion time at 320ºC under a nitrogen 
atmosphere of PET and PETA25

Table 3.1 gives the k0 values of the degradation rate at 320ºC in nitrogen for PETA25,
synthesized using different catalyst systems. For PETA25, synthesized with a titanium
catalyst, the highest degradation rate constant (k0) was found and adding the inactivator TPPi
greatly influenced the degradation. However, it still maintains a higher degradation rate
constant than in the other polymer batches using different catalysts. Comparison of the
polymer batches synthesized using manganese and manganese/antimony as catalysts, shows
that the antimony catalyst does not negatively influence the degradation rate, the degradation
rate being mostly caused by the transesterification catalyst. PETA25, synthesized with cesium
carbonate was found to have a low k0-value, the amount of cesium having no influence on the
degradation rate. The lowest degradation rate constant was obtained using the zinc/antimony
catalyst system, in addition the highest Tm and Tfl values were obtained with this system.
Therefore the zinc/antimony combination was chosen to be the most suitable catalyst system
for PETA synthesis.
The last two batches (13 and 14) were synthesized as described by Bussink et al.3 i.e.
compared to the catalyst amounts used for batches 11 and 12, a 10 fold higher amount of zinc
acetate was used, which was then inactivated with an excess of triphenyl phosphate (1.8 fold),
and a 2.5 fold higher amount of antimony trioxide was applied. In using this system, a high
inherent viscosity was obtained (> 1 dl/g) in addition to high Tm and Tc values. Although the
zinc catalyst was inactivated following transesterification, the degradation rate of the resulting
polymer was still much higher compared to batch 11, this being synthesized using a lower
amount of the zinc and antimony catalysts. Thus it appears that with a higher catalyst
concentration, the degradation rate is also higher. This suggests that the inactivation effect is
suboptimal.

Influence of amide concentration on the degradation of PETA

To study the influence of the amide concentration of PETA on the degradation rate, PET and
PETA10 were also melt degraded at 320ºC under a nitrogen atmosphere. PET and PETA10
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were synthesized using the same amounts of zinc acetate and antimony trioxide as previously
used for PETA25 (batches 11 and 12) and the degradation rate constant k0 determined from
viscometry results of the degraded polymers (see table 3.2). It was found that the introduction
of amide bonds into PET leads to a higher degradation rate. To study this effect more closely,
the COOH endgroup concentration of the degradation products of PET, PETA10 and PETA25

was determined. Figure 3.15 plots the COOH-endgroup concentration versus the degradation
time.
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Figure 3.15: COOH-endgroup concentration versus the extrusion time at 320ºC under a 
nitrogen atmosphere of PET, PETA10 and PETA25, synthesized with Zn/Sb

The increase in COOH-endgroups for PET, PETA10 and PETA25 is approximately linear with
time, as the formation of COOH endgroups via β-elimination is a first order reaction34.
Straight lines have been fitted through these data points, with a value of the correlation
coefficient r of 0.95, 0.98 and 0.99 for PET, PETA10 and PETA25, respectively. Pilati35

supposed that the linear relation of COOH-formation with time excluded a possible (auto)
catalytic effect of the carboxylic acid groups. The degradation constant was calculated by
taking the slope of the lines in figure 3.15 (see table 3.2), the slope of the PETA25 line being
twice as high as of PETA10 and almost 18 times higher than that of PET. With longer
degradation times, the secondary degradation reactions become more important. For example,
crosslinking through the formed vinyl groups may occur, causing an increase in inherent
viscosity, therefore the kCOOH value is probably more meaningful than the k0 value.

Table 3.2: Degradation rate constants of PET, PETA10, PETA25 and 4NT2 at 320ºC under a 
nitrogen atmosphere, determined with COOH-endgroup analysis (kCOOH) and 
viscometry (k0)

Polymer amount of catalyst
[mmol/g]

kCOOH

[mmol/g.min]
k0

[g/dl.min]

PET Zn 0.0020 / Sb 0.0019 0.0023 0.05
PETA10 Zn 0.0023 / Sb 0.0025 0.0207 0.24
PETA25 Zn 0.0023 / Sb 0.0022 0.0404 0.24
PET3 2 Ti 0.010 0.0027 0.05
4NT232 Ti 0.0050 0.0345 0.25
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The degradation rate of PET is increased by the incorporation of amide segments, as both the
k0 and kCOOH values found for PETA10 and PETA25 are higher as compared to PET. Niesten32

found the values of the degradation rate constants for 4NT2 and PET synthesized using a
titanium catalyst that were within the same order. The expected higher degradation rate for
PET synthesized with a titanium catalyst, compared to PET synthesized with a
zinc/antimony catalyst combination, was not observed. For kNH2 a value of 0.0004 mmol/g.min
was found, illustrating that very little β-elimination of the amide segments had occurred. It
appears that the incorporation of amide segments has a stronger influence on the rate of
degradation than the catalyst system used.
According to Pilati30, the presence of the amide bond in the terephthalic para position
destabilizes the ester bond, as the amide bond is less electron withdrawing than the ester bond.
This could explain why the degradation is increased by the incorporation of diamide segments,
and why it depends on the concentration of diamide segments.
By the incorporation of amide bonds, the water absorption of the polymer is increased (see
chapter 6). Due to the presence of amide bonds, it may be harder to remove all the water by
vacuum drying. In principle the increased degradation may be a result of the presence of water.
Batch 14 of PETA25 was thoroughly dried (48 hours, 110ºC) and then melt degraded at
320ºC for 5 minutes. The k0 value was still very high, indicating that unthoroughly drying is
not the reason for the increased degradation of PETA compared to PET.

Solid state postcondensation

Following melt polymerization, the molecular weight of the prepolymer is increased by solid
state postcondensation, this usually takes place at 20-30ºC below the melting temperature8. It
should also not be carried out at temperatures higher than 250ºC, at this temperature, ester-
amide interchange becomes important5. So far the solid state postcondensation of PETA25 was
performed at 230ºC. For PET, PETA10 and PETA25 the postcondensation temperature was
optimized, at a standardized postcondensation time of 24 hours and pressure of 0.1 mbar.
Polymer samples of 5 g were postcondensed at a number of different temperatures (Tpc) (see
table 3.3). The amide content was determined by 1H-NMR, using the aromatic ester and amide
peaks.
For PET, a Tpc of 230ºC results in a higher molecular weight than at 220ºC, the differences in
Tm and Tc were negligible. For PETA10, the highest molecular weight was obtained at 240ºC,
however the Tm and Tc were slightly lower compared to PETA10 postcondensed at 230ºC.
The combination of 4 h at 240ºC and 20 h at 250ºC appeared to be the best for PETA25,
resulting in the highest Tm and Tc as well as inherent viscosity. All of the polymers became
more colored when going to higher postcondensation temperatures.
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Table 3.3: Influence of solid state postcondensation temperature on the properties of PET, 
PETA10 and PETA25. Postcondensation time is 24 h, pressure is 0.1 mbar.

Polymer Zn/Sb
[mmol/g polymer]

Tpc

[ºC]
Amide
[mol%]

Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

η inh

[dl/g]

PET 0.0023 / 0.0026 - - 235 182 53 0.11
220 - 258 200 58 0.52
230 - 256 200 56 0.76

PETA10 0.0023 / 0.0025 - 9 232 184 48 0.06
230 9 260 205 55 0.69
240 9 259 201 58 0.93

PETA25 0.0023 / 0.0025 - 22 246 226 23 0.22
230 23 265 229 36 0.69
240 22 263 229 34 0.73
240/250* 23 272 234 38 0.92

* 4 h at 240ºC, 20 h at 250ºC

Most of the increase in molecular weight occurs during solid state postcondensation.
Following polymerization, PETA25 already has a yellow coloration, during solid state
postcondensation, the polymer darkens further. In addition, when going to higher
postcondensation temperatures, the product becomes darker still. To achieve a less colored
product, a postcondensation temperature of 230ºC should be used. Two polymer batches of
PETA25, synthesized as described by Bussink et al.3, were postcondensed under different
pressures at a temperature of 230ºC. Normally, a vacuum of 0.1 mbar is applied, this being
the highest obtainable vacuum with the equipment used. The postcondensation pressure was
increased by two different strategies. In the first method, a nitrogen flow was passed over the
polymer particles under a low vacuum, the pressure being varied by the increasing the nitrogen
flow. In the second method, the nitrogen flow was led directly into the vacuum pump. The
postcondensation tube was flushed with nitrogen before starting the solid state
postcondensation. The color was measured by UV absorbance. Table 3.4 shows the effect of
postcondensation pressure on the color, inherent viscosity, Tm and Tc for the polymers.

Table 3.4: Effect of pressure during solid state postcondensation of PETA25 at 230ºC, 24 hours
pressure
[mbar]

method η inh

[dl/g]
absorbance
[-]

Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

bp 0.40 0.177 268 240 28
0.1 I 0.86 0.176 274 244 30
5 I 0.81 0.189 278 244 34
10 I 0.86 0.192 274 240 34
100 I 0.56 0.182 266 240 26
bp 0.17 0.179 273 240 33
0.1 II 0.64 0.189 272 236 36
5 II 0.71 0.192 274 238 36
100 II 0.55 0.193 269 237 32
1000 II 0.49 0.211 266 229 37
bp before solid state postcondensation
I nitrogen flow led over the polymer particles
II nitrogen flow led into the vacuum pump
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The polymers in series I, exhibit approximately the same inherent viscosity and color,
independent of the nitrogen flow, excepting the measurement at a pressure of 100 mbar, the
polymer obtained at this point having a lower molecular weight. Ethanediol is best removed by
applying a high vacuum, possibly by using a low nitrogen flow.
The inherent viscosity of the polymers of series II seems to fall at a lower vacuum. As the
condensation products such as ethanediol or water are not removed as rapidly, the build up in
molecular weight will be controlled by the diffusion of ethanediol. Up to a pressure of 100
mbar there is hardly any color change, a significant effect on the color develops when the
degradation and condensation products are not removed (at 1000 mbar).
Comparing both polymer series, it appears that a higher molecular weight and a less colored
PETA25 can be obtained by leading a nitrogen flow over the polymer particles instead of
directly into the vacuum pump. However, the best way is to apply a vacuum of 0.1 mbar (or
lower), possibly using a low nitrogen flow.

Conclusions

Different catalyst systems have been tested in the PETA synthesis. In using titanium
compounds as a catalyst, polymers with a reasonable molecular weight were obtained but with
a low melting temperature as compared to other batches. PETA25 synthesized with a titanium
catalyst also yielded the highest degradation rate. However, by inactivating the titanium
catalyst before processing with triphenyl phosphite the degradation rate of the polymer was
significantly lowered. Using cesium carbonate as a catalyst, results in a low molecular weight
polymer, although the amount of cesium carbonate did not influence the obtained properties or
the melt stability.
A combination of a transesterification catalyst such as manganese or zinc acetate, and a
polycondensation catalyst such as antimony trioxide, results in a low degradation rate of the
obtained polymers, the degradation mainly being caused by the transesterification catalyst. As
degradation also occurs during polymerization and solid state postcondensation, a higher
molecular weight polymer could be obtained than with the other catalysts. The highest melting
and flow temperatures were obtained using the zinc/antimony catalyst system.
When increasing the amounts of zinc acetate and antimony trioxide, a high molecular weight
and a high melting PETA25 could be synthesized. However the melt degradation rate of the
polymer was increased due to the presence of a higher amount of catalysts. Inactivation of the
zinc catalyst after the transesterification was not sufficient to suppress the higher rate of
degradation. The degradation of PET is enhanced by the incorporation of amide segments, i.e.
with increasing amide content, the degradation rate constant is also increased.
For PET, PETA10, and PETA25 the highest molecular weights were obtained at a
postcondensation temperature of 230ºC, 240ºC, and 240ºC (4 h)/250ºC (20 h) respectively.
Using these solid state temperatures, led to not only a higher molecular weight polymer, but
also a darker coloration. Reducing the solid state postcondensation pressure, caused a decrease
of molecular weight of PETA25 when the pressure was over 100 mbar, at this point the
diffusion of ethanediol then becomes the limiting step. When the condensation and degradation
products were not removed during solid state postcondensation (1000 mbar), PETA25 became
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quite dark. Applying a nitrogen flow to remove the condensation products, caused a lowering
of the molecular weight at pressures over 100 mbar. The best overall results were obtained
using a high vacuum (0.1 mbar) and possibly a low purge gas (nitrogen) flow.
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Chapter 4

Properties of polyesteramides based on PET

Introduction

Poly(ethylene terephthalate) (PET) is one of the most important polyesters. It has a high glass
transition temperature (Tg) of 85ºC and a high melting temperature (Tm) of 255ºC. The major
drawback in its application as an engineering plastic is its slow crystallization rate, however,
this can be improved by the addition of nucleators such as talc. An alternative way to improve
the crystallization rate is by the incorporation of diamide segments into the polyester chain1,2.
For some applications a high heat resistance is required and the polymer should have a melting
temperature in the region of 280ºC. In comparison to polyesters with a similar structure,
polyamides have higher Tg and Tm values and crystallize rapidly, this being mainly the result
of intermolecular hydrogen bonding of the amide groups. The disadvantage of polyamides is
their high water absorption, in contrast, polyesters have a much lower water absorption. The
favorable properties of polyesters and polyamides can, to a certain extent, be combined in
polyesteramides, when the amide segments in the polyester are of a uniform length1,2,3. Amide
segments of uniform length are present in alternating polyesteramides and in polyesters
modified with diamide segments. If the amide segments in the copolymer are randomly
distributed, the copolymer is usually slow in crystallizing and has a lower crystallinity4,5.

Polyesteramides with diamide segments of uniform length

Williams et al.3 have reported on the synthesis of polyesteramides based on
poly(hexamethylene terephthalate) (PHT) modified with 1,6-diaminohexane, using pre-formed
bisesterdiamides (T6T-dimethyl, see figure 4.1), in order to obtain a uniform length of the
amide segment in the polyesteramide. In going from the polyester to the alternating
polyesteramide they were able to increase the melting temperature from 152 to 260ºC.
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Figure 4.1: Structure of the diamide segments
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Van Bennekom et al.1 have studied the properties of polyesteramides based on poly(butylene
terephthalate) (PBT) and 1,4-diaminobutane (PBTA). By using the bisesterdiamide T4T-
dimethyl as a monomer (see figure 4.1), it was possible to obtain a uniform amide segment
length in the polyesteramide. Only one Tg was found by dynamic mechanical analysis,
suggesting the presence of a homogeneous amorphous phase, the dependence of the Tg on the
amide content being almost linear. In varying the diamide content from 0 to 50 mol%, this led
to an increase in the Tm from 225 to 320ºC. The Tm was found to gradually increase with
increasing diamide content, although the crystalline structures of PBT and nylon 4,T are non-
isomorphous. A broadening of the melting peaks with increasing diamide content was observed
in the DSC scans of the polyesteramides, thus suggesting a variation in lamellar sizes and
composition.
The ester and amide segments of PBTA are non-isomorphous and cannot co-crystallize from
the melt, therefore, van Bennekom has proposed the following model for PBT modified with
20 mol% of diamide segments. In the PBTA melt, the amide segments are able to self-assemble
by the formation of hydrogen bonds, the ester segments follow by adjacent ordering. In this
model the more rapidly crystallizing amide segments form the nuclei for the crystallization of
the ester segments, this proposal is schematically represented in figure 4.2.
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Figure 4.2: Proposed scheme for an amide-adjacent crystallization of PBTA20, showing the 
ordering of (uniform) diamide segments and the disturbing effect of non-uniform 
amide segments1

In the presence of a non-uniform length of an amide segment, the plane of hydrogen bonding in
a lamella will be disturbed (figure 4.2) and within that region, some dislocation of the hydrogen
bonded network can expected. With a decreasing uniformity of the amide segments, the melting
temperature of PBTA20 is decreased6.
Van Bennekom has shown that the crystallization rate of both PET and PBT can be increased
by the incorporation of T4T segments. The incorporation of 2 mol% of T4T was found to be
sufficient to decrease the undercooling (Tm-Tc) of PET from 77 to 63ºC, whilst the
crystallization temperature (Tc) was increased from 180 to 193ºC.
Yamada et al. 7 have modified PET with the bisesterdiamide TφT (see figure 4.1). It was found
that above a concentration of 6 wt%, the rigid segments of p-phenylene terephthalamide were
aggregated as crystalline domains and that phase separation in the melt occurred. However, a
fast nucleation without phase separation in the melt may be achieved by using a lower



Properties of polyesteramides based on PET

45

concentration of TφT. Sakaguchi8,9 has modified PET with arylate units and studied the effect
on the crystallization rate. Using random copolymers with rigid arylate units such as 4,4-
biphenylene terephthalate or p-phenylene terephthalate at a concentration of 10 mol%,
resulted in a crystallization rate 2-3 times faster than that of PET.
The incorporation of T4T into PBT, or T6T into PHT, effectively replaces some of the ester
bonds by amide bonds. The T2T segment (see figure 4.1) resembles the repeating unit of PET,
in that it is of approximately the same length. Bussink et al.2 have incorporated T2T into PET
over a concentration range of 1.5 to 15 mol%. Incorporation of 1.5 mol% T2T into PET leads
to a decrease in the undercooling from 69 to 53ºC as compared to pure PET. The
copolyesteramides based on PET and nylon 2,T are termed PETA (see figure 4.3). The
synthesis and the thermal stability of PETA is described in chapter 3, in this chapter the
results of a study on the properties of PETA are described.
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Figure 4.3: Structure of PETA

Research aim

In this chapter the nucleating potential of several diamide segments (T4T, T2T and TφT) in
PET is studied, in addition, the properties of PETA with an increasing T2T content are also
evaluated with the thermal and dynamic mechanical properties, the water absorption and the
crystallization rate of PETA from the melt being studied as a function of the diamide content.

Experimental

Materials. 1,4-Diaminobutane, p-phenylenediamine, dimethyl terephthalate (DMT),
terephthaloylchloride, decanol, N-methyl-2-pyrrolidone (NMP), 1,2-ethanediol, Ti(i-OC3H7)4

(Ti), Zn(CH3CO2)2.2H2O (Zn) and Sb2O3 (Sb) were purchased from Merck, and used as
received. Ti(i-OC3H7)4 was diluted in m-xylene (0.1 M), T2T-dimethyl was synthesized and
purified as described in chapter 2.

T4T-dimethyl. T4T-dimethyl was synthesized and purified according to route III for T2T-
dimethyl, as previously described in chapter 2, except that 1,2-diaminoethane was replaced by
1,4-diaminobutane. Following synthesis and washing, the product was recrystallized from
NMP (50 g/l, 160ºC).

TφT-didecanyl. Terephthaloylchloride (100 g, 0.5 mol) was dissolved at room temperature in
400 ml NMP in a two liter flask equipped with mechanical stirrer, condenser, calcium chloride
tube and nitrogen inlet. p-Phenylenediamine (16 g, 0.2 mol), previously dissolved in 400 ml
NMP, was added slowly dropwise to the reaction mixture over a period of 3 hours, following
this, decanol (250 ml) was added dropwise and the temperature raised to 75ºC. After 4 hours,
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the reaction mixture was stopped and poured into a soxhlet extraction thimble, the product
was washed twice with hot toluene and dried in a vacuum oven at 70ºC overnight. The TφT-
didecanyl obtained was further purified by recrystallization from NMP (125ºC, 30 g/l) and
washed twice with hot acetone and again dried in a vacuum oven at 70ºC overnight.

Melt polymerization of PET with low diamide content (<10 mol%). The preparation of
PET with 2 mol% T2T-dimethyl is shown as an example, the reaction being carried out in a
250 ml stainless steel vessel with nitrogen inlet and mechanical stirrer. The vessel containing
DMT (27.96 g, 0.144 mol), T2T-dimethyl (1.15 g, 0.003 mol) and 1,2-ethanediol (20.05 g,
0.323 mol) was heated in an oil-bath to 180ºC and the catalyst solution added (3 ml of 0.1 M
Ti(i-OC3H7)4 in m-xylene). After 40 minutes at 180ºC the temperature was raised to 280ºC
(15ºC/10 min) over a period of 60 minutes and after 10 minutes at 280ºC the pressure was
reduced (P<20 mbar) for 5 minutes and then further (P<1 mbar) for 15 minutes. The vessel
was then cooled slowly to room temperature, whilst maintaining the low pressure.

Melt polymerization of PETA (≥10 mol%). The preparation of PETA25 using a Zn/Sb
catalyst system is shown as an example. Polymerization using Ti(i-OC3H7)4 as catalyst has
previously been described in chapter 3. The reaction was carried out in a 250 ml stainless steel
vessel with nitrogen inlet and mechanical stirrer. The vessel containing DMT (19.42 g, 0.1
mol), T2T-dimethyl (19.22 g, 0.05 mol), 1,2-ethanediol (37-40 g, 0.6-0.65 mol) and zinc
acetate (0.017 g, 0.076 mmol) was heated in an oil bath to 180ºC. After 40 minutes at 180ºC
the temperature was raised to 290ºC (15ºC/10 min) over a period of 70 minutes. Antimony
trioxide (0.022 g, 0.076 mmol) was then added and after 10 minutes the pressure was reduced
(P<20 mbar) for 5 minutes and then further (P<1 mbar) for 10 minutes. The vessel was then
cooled slowly to room temperature, whilst maintaining the low pressure.

Solid state postcondensation. The polymer was ground in a Fritsch pulverisette (particle
size < 1 mm) and subsequently dried in a vacuum oven at 70ºC overnight. Over a period of 24
hours, the polymer was postcondensed in the solid state at a reduced pressure (0.1 mbar) in a
glass tube which was placed in an oven at 220-230ºC.

Viscometry. The inherent viscosity of the polymers at a concentration of 0.1 g/dl in para-
chlorophenol at 45ºC, was determined using a capillary Ubbelohde 1B.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. 2-5 mg of dried polymer sample was measured at a
cooling and heating rate of 20ºC/min. Firstly, the samples were heated to 320ºC and after 2
minutes cooled to 20ºC, the maximum in the cooling scan being taken as the crystallization
temperature. After a further 2 minutes, the sample was heated for the second time to 290ºC.
The maximum of the second heating scan being taken as the melting temperature, the peak area
was used to calculate the enthalpy. For high melting polymers (>10 mol% T2T), the sample
was rapidly heated to 340ºC (80ºC/min), and subsequent procedures were as described above.
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DMA. Samples for the DMA test (70x9x2 mm) were prepared on an Arburg H manual
injection molding machine. The polymers were premelted in a mini-extruder and quenched in a
water bath and dried prior to injection molding. The barrel temperature of the injection molding
machine was set at about 50ºC above the melting temperature of the polymer and the mold
temperature was maintained at 150ºC. The mold was opened after 2 minutes.
Using a Myrenne ATM3 torsion pendulum at a frequency of approximately 1 Hz, the storage
modulus G’ and the loss modulus G’’ were measured as a function of the temperature. Dried
samples were first cooled to -100ºC and subsequently heated at a rate of 1 ºC/min, the
maximum of the loss modulus being taken as the glass transition temperature. The flow
temperature was (Tfl) defined as the temperature where the storage modulus reached 15 MPa.

Water absorption. The absorption of water was measured as the weight gain after
conditioning (see eq. 4.1). DMA test bars were dried at 100ºC in a vacuum oven overnight and
weighed (wo), the samples were then conditioned in a dessicator over water at room
temperature for 30 days and then reweighed (w).

  
absorption of water

w w

w
wt=

−( )
% [ .%]0

0
100 eq. 4.1

NMR. Proton NMR spectra were recorded on a Bruker AC 250 spectrometer at 250.1 MHz.
Deuterated trifluoroacetic acid (TFA-d) was used as a solvent without an internal standard.

Results and discussion

Introduction

Diamide segments (T4T, T2T and TφT) were incorporated into the polyester chain at a low
concentration to increase the crystallization rate of PET and the effect on the thermal
properties and the crystallization behavior was studied. The diamide segment T2T was
incorporated into PET over a concentration range of 0.1 to 30 mol%. The thermal and dynamic
mechanical properties and the water absorption of the polyesteramides (PETA) as a function
of the amide content were studied, in addition to the crystallization of PETA from the melt. A
mechanism of crystallization is also proposed.

Crystallization of PET with different diamide segments

The nucleation of PET can be improved by the incorporation of diamide segments and a
number of different diamide segments (T2T, T4T and TφT, see figure 4.1) have been studied
for their ability to nucleate PET. These diamide segments were incorporated into PET by
copolymerization at a concentration of 2 mol%, using Ti(i-OC3H7)4 as a catalyst. Table 4.1
shows the DSC-results for the postcondensed copolymers. The amide content in the polymer
was determined by 1H-NMR.
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Table 4.1: DSC results of PET with different diamide segments prepared by copolymerization, 
using Ti(i-OC3H7)4 as a catalyst. Results of postcondensed polymers (at 225ºC).

Diamide
segment

Amide
[mol%]

η inh

[dl/g]
Tm

[ºC]
∆Hm

[J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

none 0 0.99 254 53 180 -38 74
T 4 T 2 0.32bp 259 44 189 -43 70
TφT 2 0.99 263 46 199 -49 64
T 2 T 2 0.94 264 51 206 -52 58
bp before solid state postcondensation

The inherent viscosities of all the polymers were in the range of 1 dl/g and thus the molecular
weights were high and comparable. It was found that the melting (Tm) and crystallization
temperature (Tc) of PET were both increased by the incorporation of diamide segments. As
the crystallization peak is sharper than that of the melting peak in the DSC spectrum, the ∆Hc

value is taken as being more accurate than the ∆Hm value. These data show that the
incorporation of diamide segments leads to an increase in ∆Hc from approximately 40 to 50
J/g, and therefore an increase in crystallinity.
All of the diamide segments were able to nucleate PET, as the undercooling was decreased.
T2T was found to be the most effective nucleator, the undercooling being decreased from 74 to
58ºC, a decrease of 16ºC, indicating a considerable improvement in the crystallization rate.
This T2T segment is of approximately the same length as the repeating unit of PET, whereas
the diamide segments T4T and TφT are of a similar size but are both somewhat longer than the
repeating unit of PET. Although the T2T and ester segments of PET are non-isomorphous,
T2T probably has a good fit in the crystalline lattice of PET.

Properties of PETA

A series of polyesteramides based on PET and nylon 2,T (PETA) were synthesized with an
increasing T2T content, the pre-formed bisesterdiamide T2T-dimethyl being used in order to
obtain a uniform diamide segment length in the polymer. A series of PETA polymers with an
increasing diamide content were synthesized using a titanium catalyst and DSC and DMA
measurements were performed to study the thermal and the dynamic mechanical properties.
The results are presented in table 4.2.
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Table 4.2: DSC- and DMA results of PETA, using Ti(i-OC3H7)4 as catalyst
T 2 T
[mol%]

η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
η inh*
[dl/g]

Tm*
[ºC]

∆Hm*
[J/g]

Tc*
[ºC]

∆Hc*
[J/g]

T g

[ºC]
Tfl

[ºC]
G’ (150ºC)
[MPa]

0 256 206 0.99 254 53 180 -38 88 244 72
0.1 0.38 260 212 1.03 264 45 210 -51
0.25 0.69 260 212 n.s. 261 47 206 -54
0.5 0.60 260 208 n.s. 260 51 205 -54
1 0.35 261 208 1.08 262 44 206 -49
2 0.77 261 210 0.94 264 51 206 -52
4 0.49 264 217 0.94 264 39 212 -44
10 0.43 258 214 0.50 265 47 216 -48 99 251 130
20 269 225 0.50 276 32 226 -28 106 259 140
25 0.11 269 226 0.55 269 8 234 -28 102 274 174
30 0.21 271 0.59 275 12 233 -6 112 287 188
* after solid state postcondensation
n.s. not soluble in para-chlorophenol

The incorporation of a small amount of T2T (0.1 mol%) into PET results in a very large
increase in the Tc (from 180 to 210ºC) and also a small increase in the Tm. In using higher
concentrations (≥10 mol%) , the Tm and Tc can be further increased and the undercooling (Tm-
Tc) further decreased. The enthalpies of melting (∆Hm) and crystallization (∆Hc) both decrease
with increasing T2T content. However, the melt and crystallization peaks become broader and
lower and therefore the Tm, Tc, ∆Hm and ∆Hc values obtained are less accurate. The dynamic
mechanical properties were studied by DMA. It was found that the glass transition
temperature (Tg), flow temperature (Tfl) and modulus of the rubbery plateau all increase with
increasing T2T content, therefore it can be concluded that the thermal properties of PET are
profoundly improved by increasing the diamide concentration.
In contrast, the inherent viscosity is decreased at a T2T concentration greater than 10 mol%,
the diamide concentration itself does not appear to have an influence. The presence of a small
amount of amino endgroups in the bisesterdiamide already results in a lowering of the
molecular weight (see chapter 2). During polymerization and solid state postcondensation
degradation occurs, however the degradation rate of PETA using a zinc acetate/antimony
trioxide (Zn/Sb) catalyst system was lower than when using titanium as a catalyst (see chapter
3). Consequently, a series of PETA polymers was also synthesized using a Zn/Sb catalyst
system. Table 4.3 shows the DSC and DMA results from this PETA series.

Table 4.3: DSC- and DMA results of PETA, using Zn/Sb as catalyst
T 2 T
[mol%]

η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
η inh*
[dl/g]

Tm*
[ºC]

∆Hm*
[J/g]

Tc*
[ºC]

∆Hc*
[J/g]

T g

[ºC]
Tfl

[ºC]
G’ (150ºC)
[MPa]

0 0.10 263 204 1.84 264 46 207 -48 88 247 67
10 0.14 252 208 0.67 268 47 219 -47 98 258 107
20 0.27 273 222 0.60 275 41 239 -36 108 273 136
25 0.15 268 220 0.64 282 37 247 -31 109 280 195
30 0.17 279 0.71 285 24 244 -17 118 >300 224
* after solid state postcondensation
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The inherent viscosities of PETA using the Zn/Sb catalyst system were found to be higher,
with the properties of PETA such as Tm, Tg and Tfl being somewhat better than when using a
titanium catalyst, probably as a result of the higher molecular weight obtained.
The influence of the diamide content in PETA on the glass transition, melting and flow
temperatures, as well as water absorption and crystallization from the melt are presented and
discussed in a separate section. The polymers synthesized using the Zn/Sb system are being
used in this evaluation.

Dynamic mechanical analysis (DMA)

DMA tests were performed using a torsion pendulum apparatus, the storage modulus
(resistance against the applied torque) and the loss modulus (dissipated energy) being
determined with increasing temperature. The flow temperature (Tfl) is defined as the
temperature where the storage modulus (G’) reaches 15 MPa, the maximum of the loss
modulus (G’’) is defined as the glass transition temperature (Tg). Figure 4.4 shows the storage
modulus of PETA plotted against the temperature.
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Figure 4.4: Storage modulus (G’) of PETA versus the temperature (T2T content in mol%)

Both of the values for Tg and Tfl increase with increasing T2T content. The storage modulus at
150ºC, i.e. G’(150ºC) (table 4.3), is a measure of the modulus of the rubbery plateau. The
height of the rubbery plateau increases with increasing diamide concentration, resulting in a
considerable improvement in the dimensional stability of the PETAs. Figure 4.5 plots the loss
modulus of PETA versus the temperature.
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Figure 4.5: Loss modulus (G”) of PETA versus the temperature (diamide content in mol%)

In this figure it can be seen that there is a sharp peak at the glass transition temperature, with
this peak shifting towards the higher temperatures with an increasing amide content. Only one
Tg is observed for PETA, indicating that there is one amorphous phase. At the flow
temperature, the values for both the storage (G’) and the loss modulus (G’’) fall.
Figure 4.6 shows the storage modulus of PET, PETA25, poly(butylene naphthalate) (PBN)
and polyamide 6,6 (PA66) plotted against the temperature. PETA25 is a rapidly crystallizing
polymer, with an undercooling (∆T=Tm-Tc) of 35ºC, this being comparable to poly(butylene
terephthalate). In comparison with other engineering plastics, PETA25 has a high Tg (109ºC),
Tfl (280ºC) and a high modulus in the rubbery plateau, and therefore a high dimensional
stability.
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Figure 4.6: Storage modulus of PET, PETA25, PA66 and PBN versus the temperature
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Glass transition temperature

The glass transition temperature (Tg) indicates the temperature at which the chain segments
undergo coordinated molecular motions10, it is determined from DMA measurements and is
defined as the maximum of the loss modulus (G’’). Figure 4.7 shows the Tg of PETA plotted
against the diamide content. PETA contains two types of monomers, these being esters and
amides, but appears to only have a single glass transition temperature, suggesting a
homogenous amorphous phase.
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Figure 4.7: Tg versus the diamide content of PETA

The glass transition temperature (Tg) was found to increase with increasing diamide content.
This is because the amide groups are able to form hydrogen bonds, resulting in increased
intermolecular interactions and a decreased mobility of the polymer chain. The incorporation
of diamide segments also leads to a more rapid rate of crystallization and a higher crystallinity.
The Tg of PET is sensitive to the crystallinity of the polymer11. As the PET crystallites are
small, an increase in crystallinity affects the number of physical crosslinks and therefore the
mobility of the polymer chains. In changing from PET to PETA30, the Tg increases in a linear
fashion from 88 to 118ºC, a similar effect being found in the PBTA system1 (PBT modified
with the diamide segments T4T).

Melting temperature

The melting temperature (Tm) is defined as the ratio between the heat of melting (∆Hm) and the
entropy of melting (∆Sm). ∆Hm is dependent on cohesion and intermolecular forces whereas
∆Sm depends on parameters such as the regularity of arrangements and the flexibility of the
polymer chains. In general, the high melting temperature of polyesteramides is due to a low
∆Sm value because of the associations still existing in the melt. Both the Tm and ∆Hm are
measured by DSC.
Figure 4.8 shows the DSC melting peaks of PETA as a function of increasing amide content. It
can be seen that there is a shoulder in the melting peak of PETA, this feature is not unusual for
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polyesters and polyamides and can be attributed to a crystal rearrangement to a more stable,
lamellar organization. The DSC peaks become broader and lower with an increasing amide
content and are therefore less accurate. This broadness suggests the presence of a wide variety
of lamellar sizes and compositions, some lamellar sections having a higher amide content than
others.

Figure 4.8: Broadening of the melting peak of PETA with increasing amide content

The flow temperature (Tfl) was determined by dynamic mechanical analysis (DMA), this
indicates the onset of the melting temperature. Figure 4.9 plots both the Tm (DSC) and Tfl

(DMA) versus the diamide content of PETA.
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Figure 4.9: Tm and Tfl versus the diamide content of PETA

The melt temperature (Tm) of a copolymer is usually depressed on lowering the chain order.
However, by using amide segments of uniform length, both the Tm and Tfl of PETA are shown
to increase with increasing diamide content. The increase of Tfl is steeper than that of Tm and
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even intersects the Tm line. At higher amide concentrations (≥ 20 mol%), Tfl can be measured
more accurately than Tm, due to a broadening in the melting peaks in the DSC spectrum.
The increase in Tfl is non-linear, indicating that random co-crystallization of the ester and
amide segments did not occur. According to the model proposed by van Bennekom (see figure
4.2), a nano-ordering of the amide segments in the melt would be expected to take place, with
the amide segments preferentially ordering with other amide segments.

Water absorption

Polyamides are known to have a high degree of water absorption (up to 15 wt%) which causes
a decrease in the Tg on wetting, in contrast, polyesters have a much lower water uptake. For
example, PBT has a water absorption of 0.5 wt%. Van Bennekom12 has measured the water
absorption of PBTA, PBT modified with the diamide segment T4T at 25ºC at 100% RH over
a period of 30 days. At a low amide content there is an almost linear increase in the water
absorption. PBTA15 has a water absorption of 0.7 wt%, the amide groups being the main sites
for hydrogen bonding of the water molecules. The water absorption of PET and PETA25 was
measured over a period of 30 days at room temperature and at 100 % RH, the results being
presented in table 4.4.

Table 4.4: Results of water absorption of PET and PETA25 during 30 days at RT, 100% RH
Polymer water absorption [wt%]

PET 0.61
PETA25 0.64

The water absorption of PETA25 is slightly higher than that of PET. The crystalline phase is
not very accessible to water molecules and the water absorption predominantly takes place in
the amorphous phase. This suggests that the diamide segments are present mainly in the
crystalline phase, however, the observed increase in the Tg with increasing diamide content
indicated that the diamide segments are also present in the amorphous phase. The amide
segments may not be able to provide a site for water absorption because the polyester matrix
prevents swelling of the polymer chains.

Crystallization from the melt

The undercooling (Tm-Tc) is a measure of the crystallization rate of polymers, with a small
undercooling indicating a fast crystallization. It has been shown that the undercooling of PET
is decreased by the incorporation of small amounts (0.1 mol%) of T2T (see table 4.2),
incorporation of higher percentages (≥10 mol%) results in an additional decrease in the
undercooling. A series of PETA polymers was synthesized with increasing amounts of T2T
using the Zn/Sb catalyst system, the results being shown in table 4.5. The crystallization from
the melt was studied using time-resolved, wide angle X-ray diffraction (WAXD). To be able to
compare the crystallization behaviors, the molecular weights of the polymers should be
approximately the same. The polymers with a low amide content (up to 1 mol%) were
polycondensed in the melt for half an hour, those containing 10 and 25 mol% T2T were
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polycondensed in the melt for 10 minutes and subsequently postcondensed in the solid state at
230ºC. The inherent viscosity of the polymers was in the range 0.8 g/dl, this being the norm
for commercial PET. The same trends were observed for this series of polymers, as in the
PETA series presented in table 4.3. Figure 4.10 shows the Tm and Tc versus the diamide
content.

Table 4.5: DSC results of PETA with increasing T2T content, used for time-resolved WAXD
measurements (synthesized with a Zn/Sb catalyst system)

T2T-content
[mol%]

η inh

[dl/g]
Tm

[ºC]
∆Hm

[J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

0 0.80 264 51 207 -52 56
0.1 0.76 264 51 209 -54 55
1 0.64 268 45 217 -46 51
10* 0.89 266 53 217 -46 49
25* 0.73 277 45 243 -22 34
* postcondensed in the solid state at 230ºC

200

220

240

260

280

300

0.01 0.1 1 10 100

Te
m

pe
ra

tu
re

 [

T2T-content [mol%]

Tm

Tc

0

Figure 4.10: Tm and Tc of PETA versus the diamide content (using Zn/Sb as catalyst system)

The undercooling was improved by the incorporation of a small amount of T2T, however the
effect was less strong than in the titanium catalyzed series (see table 4.2), as the catalytic
remnants (Zn/Sb) also nucleate PET(A). Titanium catalysts are known to be poor nucleators
of PET, whereas antimony based catalysts are known to increase the rate of nucleation13. The
crystallization rate is further increased by using higher concentrations of T2T(> 10 mol%).
It has been suggested that on cooling, the diamide segments in PETA pre-order in the melt1.
Diamide segments in an amorphous polyester phase are only able to form thin lamella, having a
low melting temperature (see chapter 7). However, it is expected that an ester segment
containing a diamide segment orders more easily than one containing just ester groups. This
improved ordering results in a more rapid crystallization. An additional possibility is that by
having the diamide segments randomly distributed in the polyester chain, there will be a certain
number of diamide segments that are present with just one diol between them, thus forming
alternating amide-ester-amide segments (AAEEAA). Assuming that the diamide segments are
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randomly distributed in the polymer chain, for PETA10 it is expected that there is 1 mol% of
amide-ester-amide segments present. PETA25 is expected to contain 6 mol% of amide-ester-
amide segments. Alternating amide-ester-amide segments in an amorphous matrix (see chapter
7) have a high melting temperature, this being even higher than the melting temperature of PET,
and are therefore expected to crystallize before the PETA. The crystallized amide-ester-amide
segments may then act as nucleation sites for PETA.
To study the effect of the diamide concentration on the crystallization rate of PET, time-
resolved WAXD measurements were performed on polymers cooling from the melt at a rate of
10ºC/min, starting at 300ºC (PETA25 from 315ºC). Figure 4.11 shows the WAXD patterns
of the crystallized PETAs after cooling to 150ºC. Three major peaks were indexed using the
cell parameters for PET described according to Hall14, the cell parameters being a=4.48Å,
b=5.89Å, c=10.71Å, α=99.8º, β=117.6ºand γ=111.5º. PETA0.1 and PETA1 exhibit the same
WAXD pattern as PET whereas PETA25 has a completely different pattern, PETA10 lies in-
between PET and PETA25. It is clear that the diamide units have a different cell structure as
compared to PET and that PET and nylon 2,T are not isomorphous.

Figure 4.11: WAXD pattern of PET, PETA10 and PETA25 at 150ºC, after crystallization

The diffraction patterns of the melts were also recorded (see figure 4.12), the melts of PET,
PETA1 and PETA10 being amorphous. However, the WAXD pattern of the melt of PETA25 at
a temperature of 310ºC exhibited sharp reflections (crystalline phase) at the top of a broad
peak (amorphous phase). At 310ºC, (which is well above the peak maximum of the melting
temperature according to DSC) PETA25 clearly has some crystalline material remaining. In the
diffraction pattern of PETA25 at 310ºC the crystalline ester peaks are absent.
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Figure 4.12: WAXD pattern of PET, PETA1, PETA10 and PETA25 in the melt

Figure 4.13 shows the development of the WAXD patterns of PETA25 during cooling from the
melt (310ºC), at this temperature, two peaks and a shoulder are clearly visible, on decreasing
the temperature, two strong outer peaks appear. The two central peaks are clearly derived
from the diamide, the crystalline form being present at 310ºC. The ester segments crystallize
later than the amide segments, and therefore the ester peaks develop later in the crystallization
process of PETA25.

Figure 4.13: Time-resolved WAXD pattern of PETA25, cooled down from 310ºC at 10ºC/min to 
150ºC. Upper curve of PETA25 when crystallization is complete, after annealing at 
150ºC for 15 min. Temperatures in ºC

In the nucleation of PET by diamide segments, there seem to be two regions, depending on the
diamide concentration. At low diamide concentrations, the presence of diamide segments in a
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polyester chain increase the interactions between those chains and reduce the entropy effect
during crystallization. It is expected that the diamide segments are already assembled in the
melt and it is unlikely that the diamide segments crystallize before the ester segments as their
crystallization temperature is too low (see chapter 7). At a high diamide concentration in PET,
the diamides are able to form a small amount of alternating amide-ester-amide segments, these
have a high melting temperature. In PETA25, these crystalline segments were still present at
310ºC and result in an increase in the crystallization rate of PET. These amide-ester-amide
segments are probably forming the nucleation sites.

Conclusions

The crystallization rate of PET can be increased by incorporation of a low amount (2 mol%) of
diamide segments, such as T2T, T4T and TφT. Of these segments T2T is the most effective in
nucleating PET, probably as it has approximately the same length and structure as the
repeating unit of PET, and thus has a better fit in the PET crystalline lattice.
By using a zinc/antimony catalyst system instead of a titanium catalyst, a higher molecular
weight of PETA can be obtained, resulting in the polymer having better properties. By
incorporating diamide segments of a uniform length based on nylon 2,T (T2T) into PET, the
glass transition (Tg), crystallization (Tc) and melting temperatures (Tm) were all increased.
Only one Tg of PETA was observed, thus indicating the presence of a homogeneous
amorphous phase, the Tg was found to increase linearly with an increasing amide content. The
flow temperature (Tfl) was also increased with incorporation of diamide segments. PETA has a
considerably higher dimensional stability then PET, with the water absorption being only
slightly increased by the incorporation of amide segments. This suggests that both the
crystalline and the amorphous phases are fairly inaccessible to water molecules under these
conditions (20ºC, 100% RH).
The crystallization rate of PET is improved by incorporation of T2T segments. Small amounts
(0.1 mol%) already enhance the rate of crystallization. At higher amide concentrations, the
crystallization rate is further increased. Using time-resolved WAXD measurements of PETA25

at 310ºC, this being well above the melting temperature according to DSC, some sharp peaks
were visible at the top of a broad peak, these sharp peaks corresponding to the crystalline
amide segments. The sharp peaks that correspond to crystalline ester segments started to
develop at lower temperatures. The hypothesis is that at higher amide concentrations, small
alternating segments are present in the polymer chain (amide-ester-amide segments), which are
expected to have a much higher melting temperature. Therefore, these may be present in the
crystalline form at temperatures above the melting temperature of the polymer, and thus are
able to act as crystallization nuclei for PETA.
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Chapter 5

Crystallization of PET with short and long codiols

Introduction

As shown in the previous chapter, the crystallization rate of poly(ethylene terephthalate)
(PET) may be increased by the incorporation of diamide segments. It is also known that the
nucleation rate can be increased by the incorporation of short1 and long codiols2,3, codiols
(other diols than ethanediol) having a lower surface free energy, and therefore being able to
enhance the nucleation rate of PET. If any synergy occurs between the introduction of diamide
segments and codiols, the crystallization rate may be further increased.
The PET chain is not very flexible, however, by the incorporation of long, flexible segments,
the chain mobility of the amorphous phase can be increased. The presence of long diols in the
PET chain will influence the crystallization, as well as the thermal and dynamic mechanical
properties.

PET with short codiols

Short codiols usually disturb the order of PET, but surprisingly, when present in small
quantities they act as effective nucleators. Short codiols can fold easily and have a lower
surface tension than ethanediol. From computer simulations, it has been concluded that the
linear diol with 5 methylene groups (1,5-pentanediol) introduces the lowest strain in a chain
folded crystal4, however, this diol is thermally less stable than 1,2-ethanediol. In contrast, 1,3-
dihydroxymethyl benzene has approximately the same length as 1,5-pentanediol (with 5
methylene groups), but it is more thermally stable and already has a fold.
A series of molecularly uniform poly (N-alkylurethanes) with a systematically varied and
tailored chain architecture have been studied by Eisenbach et al.5. They have shown that the
packing order, i.e. the adjacent reentry chain folding or chain extended crystallization, is related
to the chemical structure of the central unit. Using an octamethylene central unit, only chain-
folded packing occurred when cooling from the melt and therefore 1,8-octanediol is expected to
form a reentry unit when incorporated into PET. Aliphatic codiols at a concentration of 5
mol% have been incorporated into PET by Bier1 and the influence on crystallization has been
investigated. The crystallization temperature (Tc) and the undercooling (∆T = Tm-Tc) were
determined with DSC at a cooling and heating rate of 20ºC/min. The inherent viscosity (ηinh)
was measured using a mixture of phenol/tetrachloroethane (50/50 wt fraction) at 25ºC. As the
crystallization rate and the temperature depend on the molecular weight, the values of Tc and
∆T have been reduced to those of polymers with an inherent viscosity of 0.55 dl/g. The
influence of the different codiols on Tc and ∆T is shown in table 5.1.
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Table 5.1:  Tc and ∆T of PET with 5 mol% of different codiols (DSC at 20ºC/min)1

Codiol Tc*
[ºC]

∆T*
[ºC]

1,8 octanediol 159 91
1,6-hexanediol 177 73
1,5-pentanediol 180 70
PET (no codiol) 193 64
1,10-decanediol 186 59
1,3-propanediol 193 59
1,4-butanediol 199 53
2,5-hexanediol 202 50
2-methyl-2,4-pentanediol 211 47
3-methyl-2,4-pentanediol 209 46
* corrected to ηinh = 0.55 g/dl

The incorporation of linear codiols, such as 1,5-pentanediol and 1,8-octanediol, decreases the
crystallization temperature of PET, however, incorporation of branched codiols such as 2,5-
hexanediol increases the crystallization temperature. In this study the branched diol, 3-methyl-
2,4-pentanediol was incorporated into PET at a number of different concentrations (1, 5, 7, 10
and 20 mol%), the optimum was found to be in the range of 5 mol%. Above this
concentration, the disturbance of the chain order dominates the nucleating effect. PET
containing 5 mol% 3-methyl-2,4-pentanediol can be injection molded in one half of the cycle
time that is usually required for PET. Given that this branched codiol does not fit into the
crystalline lattice of PET, one must assume that it is probably present in the chain fold.
Bier’s1 hypothesis is that the nucleation rate is increased by the lowering of the free energy of
the fold surface. According to Hofman et al.6, the free energy of the fold surface is given by the
following equation:

  
σ

ϕ
E A

=
2 0 eq. 5.1

In which ϕ is the energy required for the polymer chain to fold and A0 is the effective chain
cross section in the crystal. Purposely incorporated flexible diols, require less energy to fold
(ϕ) and therefore have a lower σE. By decreasing the surface free energy of the fold, the critical
size of a nucleus is decreased such that nucleation takes place more rapidly. The isothermal
nucleation rate (N) is expressed by the following equation7:
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In which N0, C1, C2, k and R are constants, ∆Hf is the heat of fusion, σ is the surface free
energy in the radial direction and σE is the surface free energy in the growth direction.
Branched diols have methyl side groups, which probably decrease the surface free energy to a
greater extent than linear diols.
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Figure 5.1 shows a schematic representation of a part of a spherulite, in this the crystalline
regions are highly ordered, with parallel molecular chains that are mostly folded forwards and
backwards.

Figure 5.1:  Model part of a spherulite. A: amorphous region; C: Crystalline lamellae comprised
of crystallites7

PET usually contains 2 to 4 mol% of diethylene glycol (DEG). The effect of DEG
incorporation on PET crystallization and its thermal properties (1.8 to 14.9 mol%) have been
studied by Frank and Zachmann8. The glass transition temperature (Tg) as well as the melting
temperature (Tm) of PET were found to decrease with increasing DEG content. The amount of
DEG also influences the rate of crystallization, in that increasing DEG content, reduces the
order in PET therefore causing an increase in the crystallization half-time.
Tongyin et al.9 have incorporated DEG into PET at various different concentrations, using a
solid state condensation process. The polymers were subsequently extracted with 1,4-dioxane
and chloroform for 48 hours to remove linear and cyclic oligomers and catalyst remnants and
then dried. Table 5.2 shows the influence of the DEG-content on the Tg, Tc, Tm and ∆T. The
transition temperatures shown in this table were measured with DSC, for Tg and Tm at a
heating rate of 20ºC/min and for Tc at a cooling rate of 10ºC/min. The PET (no DEG) has a
very high Tc and according to the preparation method, it should be very pure in that there are
no catalyst remnants and that it is oligomer free. DEG decreases the Tg, Tm and Tc of PET,
but the undercooling does not greatly change at low DEG concentrations (up to 7 mol%). At
higher DEG-concentrations, undercooling is also found to increase.

Table 5.2: Influence of DEG-content in PET on the thermal properties9

(DSC: Tm, Tg at 20ºC/min; Tc at 10ºC/min)
DEG-content
[mol%]

η inh

[dl/g]
T g

[ºC]
Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

0 0.65 83 261 210 51
2.6 0.57 78 258 211 47
3.8 0.63 77 256 207 49
6.9 0.57 75 254 206 48
9.1 0.91 75 248 191 57
11.4 0.57 74 247 194 53
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PET with long codiols (segmented block copolymers)

The chain mobility of PET can be increased by the incorporation of long and flexible segments.
Kiyotsukuri et al.10 have studied PET copolymers containing small amounts of polyethylene
glycol (PEG) and polytetramethyleneoxide (PTMO). The glass transition (Tg), cold
crystallization and melting (Tm) temperature were found to decrease with increasing molecular
weight of polyol and comonomer content. This decrease is greater in PEG type copolymers
than in PTMO type copolymers.
A patent by Nield2 describes a rapidly crystallizing copolymer of PET and PEG (Mw of 4000,
10 wt%), which was blended with a nucleating agent such as an alkali metal salt. The
disadvantage of using these internal plasticizers is that they lower the Tg of the copolymer (to
40-50ºC) and the melt stability.
Jackson and Longman3 have studied the crystallization behavior of PET modified by 2 mol%
PEG (Mw of 1540). This copolymer had a Tm of 250ºC, somewhat lower than unmodified
PET, more significantly, the Tg was lowered to 40ºC. According to Jackson and Longman,
this shift in Tg, results in the copolymer crystallizing more rapidly than the PET
homopolymer.
Dimerized fatty acids are more thermally stable than PEG and PTMO segments, but the
chemical structures are not fully known. Dimerized fatty acids, such as C36-dimerized diol
have been incorporated into PBT (Manuel and Gaymans11) (figure 5.2). The polymers were
found to have only one glass transition temperature, showing that no phase separation
occurred and the amorphous phases were fully miscible.

C36

OH

OH

Figure 5.2: Schematic representation of C36-dimerized fatty diol

In these segmented copolymers the chemical composition of the amorphous phase is different
from the composition of the crystalline phase and the Tg is more strongly reduced than the Tm,

therefore the Tg/Tm ratio is decreased. Van Krevelen12 showed that the Tc,max/Tm ratio
increases almost linearly with the Tg/Tm ratio. Tc,max is the temperature at which the maximum
crystal growth rate occurs, for PET the Tc,max value being 175ºC7. With a lower Tg/Tm ratio, a
lower value for the Tc,max/Tm ratio is obtained, the crystallization window is therefore widened
and a faster crystallizing material is expected.

Research aim

The aim of the work described in this chapter is to investigate the effect of codiol
incorporation on the crystallization and thermal properties of PET. Both linear, branched and
aromatic codiols are compared, these being 1,5-pentanediol, 1,8-octanediol, 2,5-hexanediol and
1,3-dihydroxymethyl benzene. The possible synergy between codiols and the diamide
segment T2T is also studied, with a view to further increase the rate of crystallization. In
addition, the effect of C36-dimerized fatty diol on the thermal properties and crystallization
behavior of PET is examined.



Crystallization of PET with short and long codiols

65

Experimental

Materials. Dimethyl terephthalate (DMT), 1,2-ethanediol, 2,5-hexanediol, 1,5-pentanediol,
1,8-octanediol, 1,3-dihydroxymethyl benzene and Ti(i-OC3H7)4 were purchased from Merck
and used as received. Ti(i-OC3H7)4 was diluted in anhydrous m-xylene (0.1 M). C36-
dimerized fatty diol was obtained from Unichema, Gouda (The Netherlands). T2T-dimethyl
was synthesized and purified as previously described in chapter 2.

Melt polymerization. The preparation of PET with 0.1 mol% T2T-dimethyl and 5 mol%
1,5-pentanediol is shown as an example. The reaction being carried out in a 250 ml stainless
steel vessel with a nitrogen inlet and mechanical stirrer. The vessel, containing DMT (29.07 g,
150 mmol), T2T-dimethyl (0.058 g, 0.15 mmol), 1,2-ethanediol (20.00 g, 323 mmol) and 1,5-
pentanediol (0.78 g, 7.5 mmol) was heated in an oil-bath to 180ºC, the catalyst solution then
being added (3 ml of 0.1 M Ti(i-OC3H7)4 in m-xylene). After 50 minutes reaction time, the
temperature was raised to 280ºC (15ºC/10 min), after a further 10 minutes at 280ºC the
pressure was reduced (P<20 mbar) for 5 minutes and then reduced further (P<1 mbar) for 15
minutes. Finally, the vessel was cooled to room temperature, whilst maintaining the low
pressure.

Solid state postcondensation. The polymer was ground in a Fritsch pulverisette (particle
size < 1 mm) and subsequently dried in a vacuum oven at 70ºC overnight. Over a period of 24
hours, the polymer was postcondensed in the solid state at reduced pressure (< 0.1 mbar) in a
glass tube which was placed in an oven at 225ºC.

Viscometry. The inherent viscosity of the polymers at a concentration of 0.1 g/dl in para-
chlorophenol at 45ºC, was determined using a capillary Ubbelohde 1B.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. Dried samples of 2-5 mg were measured at a cooling
and heating rate of 20ºC/min. Firstly, the samples were heated to 320ºC and this temperature
maintained for 2 minutes followed by cooling to 20ºC. The maximum of the cooling scan being
taken as the crystallization temperature. After 2 minutes at 20ºC, the sample was heated for
the second time to 290ºC, the maximum of the second heating scan being taken as the melting
temperature. The peak area was used to calculate the enthalpy.

DMA. Samples for the DMA test (70x9x2 mm) were prepared on an Arburg H manual
injection molding machine. Prior to injection molding, postcondensed polymers were
premelted in a mini-extruder and then quenched in a water bath and dried. The barrel
temperature of the injection molding machine was set at 50ºC above the melting temperature
of the polymer with the mold temperature being 150ºC. The mold was opened after 2
minutes. Using a Myrenne ATM3 torsion pendulum at a frequency of approximately 1 Hz
the values for the storage modulus G’ and the loss modulus G’’ as a function of the
temperature were measured. Dried samples were first cooled to -100ºC and then subsequently
heated at a rate of 1 ºC/min. The maximum of the loss modulus being taken as the glass
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transition temperature (Tg). The flow temperature (Tfl) is defined as the temperature where
the storage modulus reaches 15 MPa.

NMR. Proton NMR spectra were recorded on a Bruker AC 250 spectrometer at 250.1 MHz.
Deuterated trifluoroacetic acid (TFA-d) was used as a solvent without an internal standard.

Results and discussion

Introduction

Copolymers of PET or PETA0.1 (PET with 0.1 mol% T2T) and short diols and long fatty
diols have been synthesized. In chapter 4 it was shown that PETA0.1 crystallizes faster than
PET. The effects of the type of diol and its concentration in PET or PETA0.1 on the thermal
properties of PET are studied.

Incorporation of short codiols

Different codiols were incorporated into PET and PETA0.1, in a concentration range of 0 - 10
mol% and the effects on the crystallization and melting temperature studied by DSC. The
codiol and the diethylene glycol (DEG) content were determined by 1H-NMR, the results of
the postcondensed polymers being presented in table 5.3.

Table 5.3: Thermal properties of PET and PETA0.1, and copolymers with different codiols 
(DSC at 20ºC/min)

Codiol Polymer conc.
[mol%]

DEG
[mol%]

η inh

[dl/g]
Tm

[ºC]
∆Hm

[J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

none PET - 3.0 0.99 254 52 180 -38 74
none PETA0.1 - 1.0 1.03 264 45 210 -51 54
1,5-pentanediol PET 0.6 0.71 260 42 201 -47 59
1,5-pentanediol PETA0.1 1.1 1.8 0.67 260 49 204 -51 56
1,5-pentanediol PET 6.0 1.07 248 43 186 -44 62
1,5-pentanediol PETA0.1 6.0 1.7 1.06 253 44 194 -47 59
1,5-pentanediol PETA0.1 8.5 0.6 0.71 245 40 184 -45 61
1,3-DHMB PET 0.5 1.6 1.09 260 48 194 -50 66
1,3-DHMB PETA0.1 0.5 0.33bp 262 52 204 -50 58
1,3-DHMB PETA0.1 2.3 1.6 0.80 259 50 200 -48 59
1,3-DHMB PETA0.1 5.0 2.8 0.64 250 43 192 -44 58
1,3-DHMB PET 5.6 0.9 0.85 252 39 185 -45 67
1,3-DHMB PETA0.1 8.4 1.4 0.61 243 21 184 -22 59
2,5-hexanediol PET 0.6 1.0 0.73 262 51 205 -65 57
2,5-hexanediol PETA0.1 0.8 1.2 0.62 263 60 209 -53 54
2,5-hexanediol PET 1.0 0.65 262 51 206 -52 56
2,5-hexanediol PETA0.1 1.7 0.9 0.53 261 51 207 -52 54
2,5-hexanediol PET 1.8 1.2 0.56 261 47 199 -50 62
1,8-octanediol PETA0.1 5.0 1.6 1.79 250 55 194 -51 56
bp before solid state postcondensation
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All polymers presented in table 5.3 were synthesized using a titanium catalyst. When other
catalyst systems such as a zinc/antimony combination were used, higher values of Tc are
obtained for pure PET, due to the nucleating effect of these catalysts (chapter 4).
The inherent viscosities of the polymers incorporating 1,5-pentanediol are reasonably high and
comparable. In figure 5.3a, the melting and crystallization temperatures of PET are plotted
versus the 1,5-pentanediol content, the effect of 1,5-pentanediol on the undercooling of the
polymers is shown in figure 5.3b.
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Figure 5.3: Tm and Tc (a) and the undercooling (Tm-Tc) (b) versus the 1,5-pentanediol content
--"-- PET  —■— PETA0.1

At low concentrations (<1 mol%), the incorporation of 1,5-pentanediol in PET leads to an
increase in the Tm and Tc, with Tm and Tc decreasing again at higher concentrations. The
undercooling, Tm-Tc, decreases on the incorporation of a small amount of 1,5-pentanediol, but
on increasing the concentration, the undercooling increases again. Incorporation of 1,5-
pentanediol increases the nucleation rate of PET, but as it also disturbs the chain order. There
is an optimum codiol concentration at around 1 mol%. PETA0.1 crystallizes more rapidly than
PET and the incorporation of 1,5-pentanediol has no additional positive effect on the
crystallization of PETA0.1, showing that no synergy occurs between the effect of T2T and the
codiol. The melt and crystallization enthalpies of PET and PETA0.1 decrease with increasing



Chapter 5

68

the 1,5-pentanediol content (>5 mol%), the crystallinity being lowered by the disturbance of
the chain order.
For the other codiols (table 5.3) a similar trend is observed. 2,5-Hexanediol, a branched diol, is
slightly better than the linear 1,5-pentanediol at improving the crystallization of PET.
Incorporation of 1,3-dihydroxymethyl benzene into PET decreases the Tm to the same extent
as observed with the other codiols, in contrast, the Tc is lowered to a greater extent. It was
also found that copolymers of PET containing 1,8-octanediol have a lower melting
temperature than copolymers with 1,5-pentanediol, but that both of these copolymers have
similar Tc values.
Bier1 observed this nucleating effect in PET only for the branched codiols, of which the
homopolymer has a Tg below 0ºC. This is probably due to the fact that only copolymers
with a concentration of 5 mol% codiol were studied. However, all of the codiols tested, linear,
branched, and aromatic, have, at low concentrations, a positive effect on the crystallization
rate of PET.
The DEG content of the copolymers used is approximately 2 mol%. Tongyin et al.9 have
shown that the Tm, Tc and Tg all decrease with an increasing amount of DEG (see table 5.2). In
their studies, the PET crystallized well, DEG lowering the ∆T to some degree, the same trend
as being observed with the other codiols. The variation of the DEG content in the PET and
PETA0.1 copolymers was found to be quite small (1 - 2 mol%).
2,5-Hexanediol seems to be the most effective codiol for the nucleation of PET. This codiol
has also been tested in PBT (see table 5.4) but only has a very small effect on the Tm, Tc and
Tg. As PBT is itself a rapidly crystallizing polymer, the effect of a nucleating codiol is not
noticeable.
There does not appear to be any synergy between T2T and the codiols. Perhaps the
crystallization of PET may be further enhanced by combining the effects of nucleation by
diamide segments, by pre-ordering in the melt, and of nucleation by codiols, by lowering the
surface free energy, in one diamide segment. Therefore a diamide segment was synthesized
from 1,5-diamino-2-methyl-pentane and DMT (according to route III, chapter 2) and
incorporated into PET at a concentration of 1 mol%. The idea being that the diamide segment
would form a fold, that would crystallize rapidly and act as nucleus. The results of this
polymer are presented in table 5.4. Incorporation of the branched diamide segment into PET,
slightly increases both the Tm and Tc. However, the undercooling is not affected and therefore
the crystallization rate is not improved. The formation of hydrogen bonds in the melt is
probably disturbed by the non-linearity of the diamide.

Table 5.4: Thermal properties of polyesters with branched diamides and diols (DSC: 20ºC/min)
Polyester η inh

[dl/g]
Tm

[ºC]
∆Hm

 [J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]

PBT 1.99 226 41 185 -48 41 48 212
PBT* 1.67 227 43 187 -49 40 47 213
PET 0.99 254 52 180 -38 74
PET# n.s. 260 47 186 -49 74
* with 1.5 mol% 2,5-hexanediol
# with 1 mol% 1,5-diamino-2-methyl-pentane
n.s. not soluble in para-chlorophenol
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Incorporation of long codiols (segmented block copolymers)

By incorporating long segments into PET, the chain flexibility of the amorphous phase can be
increased. The effect of incorporating the C36-dimerized diol on the crystallization and
thermal properties of the PET copolymers was studied. Copolymers of PET or PETA0.1 were
synthesized with increasing amounts of C36-dimerized diol, the results being presented in
table 5.5.

Table 5.5: DSC- and DMA-results of PET and PETA0.1 with C36-dimerized diol
(DSC at 20ºC/min)

C36-diol
[mol%]

C36-diol
[wt%]

Polymer η inh

[dl/g]
Tm

[ºC]
∆Hm

 [J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]

0 0 PET 0.99 254 52 180 -38 74 88 244
0 0 PETA0.1 0.30bp 263 50 208 -51 55 90 247
5 31 PET 0.74 252 54 197 -51 55 56 238
5 31 PETA0.1 0.78 253 46 195 -46 58 60 239
10 49 PET 0.99 249 38 171 -47 79 43 236
10 49 PETA0.1 1.32 243 38 182 -35 61 34 232
20 68 PET 0.58 222 22 162 -20 60 9 202
20 68 PETA0.1 0.52 217 30 157 -27 60 4 201
40 85 PET 0.57 158 7 94 -8 76 -12 139
40 85 PETA0.1 0.50 154 9 74 -4 90 -12 130
bp before solid state postcondensation

At up to 10 mol% of the C36 dimerized diol, the copolymers were postcondensed in the solid
state, i.e. approximately 40ºC below Tm. At high amounts of C36 dimerized diol (≥ 20
mol%), the ∆Hm and ∆Hc values were found to decrease with increasing C36-dimerized diol
content, therefore showing that the crystallinity was decreased. The peaks in the DSC
spectrum were low and broad and therefore these DSC results (≥ 20 mol% C36 dimerized
diol) are not very accurate. In figure 5.4, the storage modulus of the copolymers of PETA0.1 is
plotted against the temperature for various C36-dimerized diol content.
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Figure 5.4: Storage modulus (G’) versus temperature of PETA0.1 with increasing amounts of
C36-dimerized diol in mol%
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There is one Tg, thus indicating that the amorphous phase of PET and of the C36-dimerized
diol are miscible. Incorporation of C36-dimerized diol into PET has a great effect on the Tg

value and the modulus level of the rubbery plateau, whilst the flow temperature (Tfl) and the
properties of these polymers at room temperature are hardly affected. In figure 5.5 the Tm, Tc

and Tg values of the PET copolymers are plotted versus the C36-dimerized diol content.
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Figure 5.5: Tm, Tc and Tg of PET and PETA0.1 copolymers versus the C36-dimerized diol content
--"-- PET  —■— PETA0.1

No significant difference between the PET and PETA0.1 copolymers was found, the effect of
T2T being overshadowed by the presence of the dimerized diol. As the C36-dimerized diol is
in the amorphous phase, it mainly affects Tg, as up to 60 wt%, Tm and Tc are only slightly
lowered.
The undercooling (Tm-Tc) increases slightly with increasing C36-dimerized diol content, in
addition the difference between Tc and Tg (see eq. 5.2) is also important for the crystallization
rate. Van Krevelen12 showed that the Tc,max/Tm ratio increases with increasing Tg/Tm ratio,
Tc,max being the temperature at which the maximum crystal growth occurs. Therefore by
lowering the Tg/Tm ratio, the window of crystallization is widened, thus a more rapidly
crystallizing polymer is expected. In figure 5.6 the Tg/Tm ratio versus the amount of C36-
dimerized diol is plotted.
The Tg/Tm ratio decreases with an increasing C36-dimerized diol content, up to 70 wt%. At
higher values of C36-dimerized diol, the polymer is very difficult to crystallize. There is a
minimum length required for a crystallizable hard segment of PET, which is less likely to be
present in a copolymer with a low PET concentration.
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Figure 5.6: Tg/Tm ratio of PET and PETA0.1 copolymers versus the C36-dimerized diol content
--"-- PET  —■— PETA0.1

PET is usually injection molded at mold temperatures of around 120-140ºC13, this requiring
oil-heated molds. By incorporating C36-dimerized diol, Tc,max is lowered and the polymer
crystallizes more rapidly. When the mold temperature is lower than 110ºC, water-heated
molds can be used, these being more commonly used than oil-heated molds.
The incorporation of small amounts of long diols is useful in PET, as the Tm and Tc values as
well as the properties at room temperature, are hardly affected. In contrast the Tg value is
significantly decreased. The chain mobility of the amorphous phase above Tg is higher, this
enhances the crystallization rate and Tc,max is lowered, thereby allowing the use of a lower
mold temperature. The Tg value should be kept above 50ºC, therefore the interesting range for
the incorporation of long diols is up to 5 mol%.

Conclusions

Codiols are able to improve the nucleation of PET, by lowering the interfacial free energy,
crystallization nuclei are formed more rapidly. However, the presence of codiols also disturbs
the chain order, and thus affects the crystallization rate. Therefore, there is an optimum codiol
concentration, which is around 1 mol%. The incorporation of codiols into PETA0.1 has no
positive effect, there is no synergy between the diamide effect and the codiol effect. T2T is a
more efficient nucleator for PET than codiols.
Incorporation of long diol segments (C36-dimerized diol) into PET mainly influences the Tg

value, the melting and crystallization temperatures are only slightly lowered and the
properties at room temperature are minimally affected. By lowering the Tg, the window
between Tg and Tc is widened, thereby increasing the rate of crystallization and allowing the
use of lower mold temperatures. The range being up to 5 mol%, as the Tg should remain above
50ºC.
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Chapter 6

Nucleation of PET by reactive extrusion

Introduction

Poly(ethylene terephthalate) (PET) is one of the most important polyesters. As the
crystallization rate of PET is too low to allow reasonable cycle times for injection molding,
nucleators are often added, however, these heterogeneities decrease the impact strength by
acting as stress concentrators1. Therefore, nucleated PET is often reinforced with glass fibers.
Previous research2,3 has shown that the crystallization rate of PET can also be enhanced by
the incorporation of low concentrations of diamide segments. These diamide segments are
considered to be homogeneous nucleators as they form part of the polymer chain, and may be
incorporated by copolymerization or reactive extrusion.

Crystallization of PET

The crystallization rate of PET is very important as it influences the cycle time during melt
processing. When a polymer is insufficiently crystallized, it can continue to crystallize when
applied at higher temperatures with the corresponding changes in volume. The level of
crystallinity influences the glass transition (Tg) and the melting temperature (Tm) as well as
the dimensional stability. An increase in crystallinity has a great effect on the number of
physical crosslinks and consequently on Tg. For example, in going from a crystalline fraction
of 0 to one of 0.3, the Tg of PET is increased by 10ºC4. The molecular weight also has an
influence on the thermal properties of PET. When the molecular weight (Mn) of the polymer
is greater than 5000 g/mol, it has a negligible influence on Tg

5; however, the molecular weight
does influence the crystallization rate6,7 and Tm

8 of PET. The crystallization rate of PET
decreases somewhat with increasing molecular weight6,7. Rao et al.8 have studied the influence
of the molecular weight on the Tm of PET. An increasing molecular weight was found to
decrease the melting temperature and enthalpy (∆Hm) to a degree. However, if the molecular
weight was over 40,000 g/mol, this effect was minimal.
The crystallization process takes place in two stages, these being nucleation and growth.
Nucleation is the formation of a new phase and in homogeneous nucleation, the nuclei are
created by the random statistical thermodynamic fluctuations of the local structure of the
polymer. In heterogeneous nucleation, the nuclei are created on the surfaces of randomly
distributed microscopic insoluble particles that are present in the melt. As thermodynamic
fluctuations are very small in magnitude, and whilst impurities are almost always present in
significant amounts in a polymer, heterogeneous nucleation normally dominates. The growth
step is often regarded as secondary nucleation, i.e. the nucleation on an previously crystallized
polymer.
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Heterogeneities (nucleators) are often purposely added to PET to increase the nucleation rate,
however, another way to nucleate PET is by the incorporation of diamide segments. Diamide
segments are able to form hydrogen bonds and therefore are expected to self-assemble in the
melt, thus inducing the adjacent ordering of the ester segments and thereby increasing the
crystallization rate of PET. The nucleating ability of several diamide segments was tested in
chapter 4. It was found that the diamide segment T2T (see figure 6.1) was the most efficient
nucleator of PET, with the undercooling (Tm-Tc) being decreased from 74 to 54ºC. The
diamide segment T2T has approximately the same length as the repeating unit of PET, the
ester bond being replaced by an amide bond.
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Figure 6.1: Structure of the diamide segment T2T

Reactive extrusion of PET and bisesterdiamides

In chapters 3 and 4, the synthesis, degradation and properties of the polyesteramides based on
PET and nylon 2,T (PETA) were studied. It was found that the Tg and Tm increased with
increasing diamide content. The preparation of these polymers took place in 3 stages. Firstly,
the bisesterdiamide T2T-dimethyl was prepared, following this, T2T-dimethyl, DMT and
1,2-ethanediol were copolymerized in the melt. After a short melt polymerization, the pre-
polymer was postcondensed in the solid state in order to obtain a high molecular weight
polymer.
A considerable amount of PET is available as the waste product of soft drink bottles. One
easy way to upgrade and recycle PET would be by its modification to a more rapidly
crystallizing material by using reactive extrusion with bisesterdiamides. These
bisesterdiamides can be incorporated into the PET chain either by ester-ester (see figure 6.2)
or ester-amide interchange (see figure 6.3).
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Figure 6.2: Ester-ester interchange reaction between T2T-dimethyl and PET
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Figure 6.3: Ester-amide interchange reaction between T2T-dimethyl and PET

In both of these examples the same products are formed. In the reaction between PET and
T2T-dimethyl, chain scission occurs forming two shortened polymer chains with methyl
endgroups. The lowering of the molecular weight of PET is expected to be small for small
quantities of bisesterdiamides (less than 1 mol%), but at higher concentrations quite
appreciable. It is possible to increase the molecular weight again by solid state
postcondensation. By exchange reactions of polymer endgroups, the molecular weight is
increased, and ethanediol is formed and stripped off. However these exchange reactions require
at least one hydroxyl endgroup, reaction will not occur if both polymer endgroups are methyl
groups. The modification of PET with bisesterdiamides, not only increases the number of
endgroups, but also increases the ratio between methyl and hydroxyl endgroups. The presence
of a large excess of methyl endgroups limits the maximum attainable molecular weight
following solid state postcondensation. 1,2-Ethanediol can be added to the extrusion mixture
of T2T-dimethyl and PET to transesterify the methyl endgroups, thereby increasing the
hydroxyl content of the polymer endgroups.

Impact strength of nucleated PET

As PET is a slowly crystallizing material, nucleating agents are added to injection molding
resins of PET. Chen et al.1 have studied the toughness of unnucleated (annealed) and nucleated
PET. The nucleated PET (Mw of 33,000) was modified by 4 wt% low molecular weight
sodium neutralized ethylene acrylic acid copolymer. Unnucleated PET (Mw of 50,000) was
annealed at 120ºC. During the annealing process, the crystal structure becomes more perfect,
therefore lowering the impact strength. Nucleated PET had a lower molecular weight compared
to the unnucleated PET, this also lowers the toughness of the polymer. Nucleated PET failed
by brittle fracture forming a high density of very thin crazes due to debonding of the
nucleating particles upon loading and therefore acting as stress concentrators. The unnucleated,
annealed PET proved to be tougher than nucleated PET.
Diamide segments and codiols (see chapter 5) form part of the polymer chain and are thus
regarded as homogeneous nucleators. Therefore, it is expected that these polymers have a
higher impact strength than PET nucleated with heterogeneous nucleators6.
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Research aim

The aim of the work described in this chapter is to study the nucleation of PET by diamide
segments incorporated by reactive extrusion. The first part of the chapter is concerned with
the optimization of the reactive extrusion process of PET with the bisesterdiamide T2T-
dimethyl. In the second part, T2T-dimethyl and a standard heterogeneous nucleator (talc) are
added to commercial PETs by extrusion and the effects of both nucleators on the
crystallization rate and the mechanical properties evaluated.

Experimental

Materials. 1,2-Ethanediol, 1,4-diaminobutane and antimony trioxide (Sb2O3) were purchased
from Merck and used as received. Talc (Finn talc M15) was used as a standard nucleator,
having an average particle size of 4.8 µm. T2T-dimethyl was synthesized and purified as
previously described in chapter 2. Commercial PETs were provided by Eastman Chemicals
and RECO B.V., the Netherlands, Eastman PET being a rapidly crystallizing injection molding
grade PET whilst RECO PET is a slowly crystallizing PET recycled from soft drink bottles.
Eastman and RECO PET both contain approximately 4 mol% of diethylene glycol, RECO
PET also contains 3 mol% of isophthalic acid. PBT and PBTA01 (PBT modified with 1 mol%
T4T by copolymerization) were obtained from GE-Plastics, Bergen op Zoom.

T4T-dimethyl. T4T-dimethyl was synthesized and purified according to route III for T2T-
dimethyl as previously described in chapter 2, except that 1,2-diaminoethane was replaced by
1,4-diaminobutane. Following synthesis and washing, the product was recrystallized from
NMP (50 g/l, 160ºC).

Small scale extrusion (5 g). Firstly, PET was ground in a Fritsch pulverisette, then PET,
T2T-dimethyl and the other additives were dry blended and dried in a vacuum oven at 70ºC
overnight. This dry blend (approximately 5 g) was fed to a corotating twin screw mini extruder
(a 4 cc DSM res RD11H-1009-025-4) at various extrusion temperatures and for various
residence times. During the extrusion, the polymer was maintained under a nitrogen flow. The
extrudate was cooled in a water bath.

Large scale extrusion. Large amounts of PET and nucleators were blended in a corotating
twin screw Berstorff ZE 25 extruder (D=25 mm, L/D=33) in two steps. The barrel
temperature was set at 270ºC for PET and at 240ºC for PBT. The polymers were dried
before extrusion at 70ºC in a vacuum oven overnight.

Solid state postcondensation. The polymer was ground in a Fritsch pulverisette (particle
size < 1 mm) and subsequently dried in a vacuum oven at 70ºC overnight. Over a period of 24
hours, the polymer was postcondensed in the solid state at a reduced pressure (0.1 mbar) in a
glass tube which was placed in an oven at 220-240ºC.
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Viscometry. The inherent viscosity of the polymers at a concentration of 0.1 g/dl in para-
chlorophenol at 45ºC, was determined using a capillary Ubbelohde 1B.

NMR. Proton NMR spectra were recorded on a Bruker AC 250 spectrometer at 250.1 MHz.
Deuterated trifluoroacetic acid (TFA-d) was used as a solvent without an internal standard.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. The polymers were dried in a vacuum oven at 70ºC
overnight. 2-5 mg of polymer sample was measured at a cooling and heating rate of 20ºC/min.
Firstly, the samples were heated to 320ºC and after 2 minutes, cooled to 20ºC with the
maximum of the cooling scan being taken as the crystallization temperature. The sample was
then heated for a second time to 290ºC, with the maximum of the second heating scan being
taken as the melting temperature. The peak area was used to calculate the enthalpy. DSC
measurements have also been performed at different cooling rates. The sample was then heated
to 320ºC and after 2 minutes cooled to 100ºC at different cooling rates. For PBT the
maximum temperature used in DSC was 280ºC.

DMA. Samples for the DMA test (70x9x2 mm) were prepared on an Arburg H manual
injection molding machine. Prior to injection molding, the polymers were pre-melted in a mini-
extruder and then quenched in a water bath and dried. The barrel temperature of the injection
molding machine was set at approximately 50ºC above the melting temperature of the
polymer, the mold temperature was set at 150ºC, and the mold opened after 2 minutes. Using
a Myrenne ATM3 torsion pendulum at a frequency of approximately 1 Hz, the storage
modulus G’ and the loss modulus G’’ were measured as a function of the temperature. Dried
samples were first cooled to -100ºC and subsequently heated at a rate of 1 ºC/min, the
maximum of the loss modulus being taken as the glass transition temperature. The flow
temperature (Tfl) was defined as the temperature where the storage modulus reaches 15 MPa.

Injection molding. Specimens were injection molded on an Arburg Allrounder 221-55-250 at
a barrel temperature of 270ºC and a screw speed of 200 rpm, with the mold temperature
varying between 25 and 100ºC, and a cycle time of 1 minute. For tensile testing, the polymers
were injection molded to dumbbell shaped specimens (ISO R527-1), whereas for impact
testing, rectangular bars (ISO R180/1A) were prepared. A wedge mold was used to study the
crystallization behavior (see figure 6.4).

100 mm

6 mm 20 mm

Figure 6.4: Schematic representation of the injection molded wedge specimen

Transparency. The transparency of the samples (see figure 6.4) was detected using a Melles
Griot laser beam, with a Hameg oscilloscope being used to display the transparency.
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Notching. A single-edge 45º V-shaped notch with a tip radius of 0.25 mm and a depth of 2.0
mm was milled into the bars.

Izod impact test. Notched and unnotched Izod impact tests were carried out at room
temperature using a Zwick pendulum equipped with a 4J hammer. Rectangular bars (ISO
R180/1A) were used.

Tensile testing. Tensile tests were carried out on a Zwick Z020 universal tensile machine
according to DIN 53455 and DIN 53457 at a test speed of 5 mm/min, the strain being recorded
by Multisense strain recorders. The tensile tests were performed on dumbbell shaped
specimens in sevenfold.

Results and discussion

Introduction

The crystallization of PET is enhanced by the incorporation of diamide segments and as
shown in chapter 4, the diamide segments can be incorporated in PET by copolymerization
using the bisesterdiamide. An alternative route is by the reactive extrusion of PET with the
bisesterdiamide and this process was first optimized. The bisesterdiamide T2T-dimethyl and a
heterogeneous standard nucleator (talc) were evaluated as nucleators for two different
commercial PETs, one rapidly crystallizing PET (Eastman PET, injection molding grade) and
one slowly crystallizing PET (RECO PET, recycled PET from soft drink bottles). RECO PET
contains 3 mol% of isophthalic acid, which disturbs the chain order and thereby decreases the
crystallization rate. Furthermore in chapter 4 it was observed that the catalyst systems also
influence the crystallization rate. It is not known which catalysts were used. The effect of
both nucleators on the crystallization was studied by DSC (low cooling rates) and under
injection molding conditions; in addition, the effect of both nucleators on the impact strength
was also investigated.

Reactive extrusion conditions
The reactive extrusion experiments were carried out at a concentration of 10 mol% T2T-
dimethyl using a rapidly crystallizing PET (Eastman PET). Incorporation of diamide segments
at this concentration, should have a noticeable effect on the rate of crystallization, and the
glass transition and melting temperatures.
The reactive extrusion process was studied by varying parameters such as extrusion
temperature, extrusion time, addition of 1,2-ethanediol and extra catalyst. In order to obtain a
high molecular weight compound, the solid state postcondensation temperature was
optimized. In addition, the influence of the amount of T2T-dimethyl added to PET on the
molecular weight and thermal and dynamic mechanical properties was studied.
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Extrusion temperature
Reactive extrusion was performed using a dry blend of PET, 10 mol% of T2T-dimethyl (based
on number of repeating units in PET) and 1,2-ethanediol (ED) at a molar ratio of 2 with
respect to T2T-dimethyl. The extrusion experiments were carried out for 5 minutes at
different temperatures, this extrusion time being representative of the residence time in an
extruder. Subsequently the polymers were postcondensed in the solid state at 230ºC. T2T-
dimethyl melts at 312ºC but may dissolve in the polymer melt at lower extrusion
temperatures, therefore the extrusion temperature was varied between 280 and 320ºC. The
inherent viscosities of the postcondensed polymers, extruded at different extrusion
temperatures, are shown in table 6.1.

Table 6.1: Influence of extrusion temperature on inherent viscosity of rapidly crystallizing PET 
extruded with 10 mol% T2T-dimethyl and ED (molar ratio of 2 with respect to T2T-
dimethyl). Extrusion time is 5 minutes. Results of postcondensed polymers (230ºC).

Extrusion temperature 280ºC 300ºC 320ºC

ηinh [dl/g] 0.35 0.34 0.26

The PET itself has an inherent viscosity of 0.8 g/dl and the obtained inherent viscosities
following extrusion and solid state postcondensation are very low. During reactive extrusion,
T2T is incorporated into the PET chain by interchange reactions resulting in two shortened
polymer chains with methyl endgroups. Therefore 1,2-ethanediol was added to transesterify
the methyl endgroups into reactive hydroxyl endgroups. The methyl endgroups present in the
extrudate may be of unreacted T2T-dimethyl, or of polymer endgroups created by interchange
reactions. The number of methyl endgroups was determined by 1H-NMR, this showed that
the decrease in methyl endgroups was 15-20% in all cases, thus the methyl ester endgroups
could only have been partially transesterified.
In going to higher extrusion temperatures, more interchange reactions take place and more
polymer chains with methyl endgroups are formed, thus lowering the hydroxyl/methyl ratio of
polymer endgroups and thereby limiting the rebuilding to a higher molecular weight.

Addition of 1,2-ethanediol and antimony trioxide
In the reactive extrusion experiments using 10 mol% T2T-dimethyl, 1,2-ethanediol (ED) is
also added in an attempt to transesterify the methyl endgroups into reactive hydroxyl
endgroups. This is necessary to attain a high molecular weight on subsequent solid state
postcondensation. As a percentage of the ED (Tb = 198ºC) evaporates during extrusion, it is
therefore uncertain how much ED is effectively present during the reactive extrusion process,
this being carried out with a residence time of 5 minutes at 280ºC and followed by solid state
postcondensation at 230ºC.
Table 6.2 shows the inherent viscosity versus the amount of ED added (molar ratio ED/T2T-
dimethyl). When PET and T2T-dimethyl are extruded in the absence of ED, a reasonably high
inherent viscosity is obtained after extrusion. Subsequent solid state postcondensation has
only a marginal effect, this is probably due to the low hydroxyl/methyl ratio. A lower inherent
viscosity is obtained by adding ED to the extrusion mixture of PET and T2T-dimethyl,
however subsequent solid state postcondensation has a more substantial effect on the
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molecular weight, the amount of ED does not seem to have a large influence. In the second to
last batch, PET is extruded using only ED (no T2T-dimethyl), this shows that adding ED to
PET lowers the molecular weight of the resultant polymer, probably by interchange reactions,
but that this molecular weight is rebuilt during the subsequent solid state postcondensation. It
appeared from the 1H-NMR spectra of the polymers that only 15-20% of the methyl groups
were transesterified, independent of the amount of 1,2-ethanediol added, therefore ED both
transesterifies some of the methyl endgroups, as well as reacts with PET (chain scission). In
the latter case, the molecular weight can be rebuilt by solid state postcondensation. Therefore,
the use of ED in a molar ratio of 2 with respect to T2T-dimethyl seems to be a reasonable
choice.
Catalysts are normally present in commercially available PET, but may be (partially)
inactivated. Therefore, the effect of adding extra catalyst on the acceleration of interchange
reactions was studied (see table 6.2). Antimony trioxide was chosen as a catalyst, as antimony
derivatives do not accelerate the thermal degradation of PET as much as titanium or zinc
catalysts for example (see chapter 3). Addition of antimony trioxide resulted in a lower
inherent viscosity of the polymer after extrusion compared to the other polymers. Following
solid state postcondensation, the inherent viscosity was still found to be low. Therefore, the
interchange reactions are accelerated by additional catalyst and more shortened polymer chains
are formed with methyl endgroups. This, however, limits the rebuilding to a higher molecular
weight.

Table 6.2: Inherent viscosity of rapidly crystallizing PET extruded with 10 mol% T2T-dimethyl 
with varying amounts of ED and Sb2O3 at 280ºC and a residence time of 5 minutes,
before and after solid state postcondensation at 230ºC over a period of 24 hours.

ED/T2T-dimethyl
[mol/mol]

η inh

[dl/g]
ηinh

pc

[dl/g]

Pure PET 0.79
0 0.42 0.48
1.0 0.23 0.28
1.25 0.22 0.32
1.50 0.22 0.32
1.75 0.22 0.29
2.0 0.16 0.35
2.0* 0.11 0.63
2.0# 0.07 0.26
pc postcondensed in the solid state at 230ºC
* no T2T-dimethyl added
# 0.0079 g Sb2O3 was added

Extrusion time
To investigate the influence of the extrusion time, PET was extruded with T2T-dimethyl and
1,2-ethanediol (molar ratio of 2 with respect to T2T-dimethyl) at 280ºC for various different
residence times. The polymers were subsequently postcondensed in the solid state at 230ºC.
Table 6.3 shows the inherent viscosities of the postcondensed polyesteramides versus the
extrusion time.
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Table 6.3: Inherent viscosities of rapidly crystallizing PET, extruded with 10 mol% T2T-dimethyl
and ED (molar ratio of 2 with respect to T2T-dimethyl), extruded at 280ºC for 
different extrusion times. Results of postcondensed polymers (230ºC, 24 hours).

Extrusion time 0.5 [min] 3 [min] 5 [min] 7 [min] 9 [min]

ηinh [dl/g] 0.51 0.35 0.35 0.34 0.23

It was found that the inherent viscosity decreased with increasing extrusion time. A longer
extrusion time resulted in more interchange reactions, but consequently also in more unreactive
methyl endgroups of the polymer. It was observed by 1H-NMR, that the methyl groups were
only partially transesterified (15-20%) into hydroxyl groups. Therefore, for PET containing
10 mol% T2T-dimethyl, the extrusion time should be kept to a minimum as the molecular
weight becomes too low.

Solid state postcondensation temperature
For polyesteramides prepared by copolymerization, it is known that the optimum
temperature for maintaining a high molecular weight is 230ºC for PET and 240ºC for PET
with 10 mol% T2T (see chapter 3). So far, the solid state postcondensation has been carried
out at 230ºC. To optimize this process, the influence of the temperature was studied (see
table 6.4). Increasing the postcondensation temperature from 230 to 240ºC results in a lower
molecular weight. Postcondensation at 220ºC, results in a polymer with the highest inherent
viscosity, however, the desired value of 0.8 g/dl was not attained.

Table 6.4: Influence of solid state postcondensation temperature on inherent viscosity of rapidly 
crystallizing PET extruded with 10 mol% T2T-dimethyl and ED (molar ratio of 2 with
respect to T2T-dimethyl). Extrusion temperature of 280ºC, extrusion time 0.5 min.

ηinh [dl/g]

Polymer I 0.21
24 h at 230ºC 0.55
4 h at 230ºC, 20 h at 240ºC 0.46
Polymer II 0.25
24 h at 220ºC 0.60

T2T-dimethyl concentration
The influence of diamide concentration on the development of molecular weight before and
after solid state postcondensation was studied (see table 6.5). A 2 fold molar amount of ED
with respect to T2T-dimethyl was added to the polymers extruded with 2 and 10 mol% T2T-
dimethyl, respectively. Using low amounts of T2T-dimethyl (< 1 mol%) the decrease in
molecular weight is minimal, however at higher diamide concentrations, the decrease in
molecular weight is more marked. On subsequent solid state postcondensation at 220ºC, the
molecular weights are again increased. After solid state postcondensation, the polymers
extruded with 2 and 10 mol% T2T-dimethyl had a molecular weight comparable to that of the
other polymers before solid state postcondensation. The decrease of molecular weight after
solid state postcondensation with increasing diamide content is most likely caused by an
imbalance in reactive endgroups of the polymers, despite the addition of 1,2-ethanediol.



Chapter 6

82

Table 6.5: Influence of amount of T2T-dimethyl extruded with rapidly crystallizing PET on the 
obtained inherent viscosity (extrusion temperature 280ºC, extrusion time 0.5 min.).

T2T-dimethyl [mol%] ηinh [dl/g] ηinh
pc [dl/g]

0 0.74 2.02
0.01 0.73 2.53
0.08 0.71 2.09
0.4 0.70 1.91
2* 0.47 0.95
10* 0.32 0.56
* ED added at a molar ratio of 2 with respect to T2T-dimethyl

In order to evaluate the properties of the polymer as a function of the diamide content, the
resultant polymers should have comparable molecular weights. The polymers were used as
obtained following extrusion up to a diamide concentration of 1 mol%. The polymers extruded
with 2 and 10 mol% T2T-dimethyl were postcondensed in the solid state at 220ºC. Table 6.6
shows the effect of the amount of T2T-dimethyl added on the thermal properties as studied
by DSC and DMA.

Table 6.6:  DSC and DMA results of rapidly crystallizing PET extruded with varying amounts of 
T2T-dimethyl at 280ºC and a residence time of 0.5 min

T2T-dimethyl
[mol%]

η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]
G’ (150ºC)
[MPa]

0 0.74 260 206 54 80 241 68
0.01 0.73 259 209 50
0.08 0.71 260 208 52 85 239 72
0.4 0.70 260 211 49
2* 0.95 260 211 49 85 235 73
10* 0.56 255 206 49 84 249 193
* ED added at a molar ratio of 2 with respect to T2T-dimethyl, and postcondensed in the solid 

state at 220ºC over a period of 24 hours

The addition of T2T-dimethyl hardly affected the polymer melting temperatures up to 2
mol% whilst the addition of 10 mol% compound, resulted in a slight decrease. Compared to
copolymers prepared by copolymerization (see chapter 4), the melting temperatures are
somewhat lower over the whole concentration range. The crystallization temperature increases
with increasing diamide concentration, up to a concentration of 2 mol%. The undercooling
(Tm-Tc) for the rapidly crystallizing PET is already quite low and is only slightly lowered by
modification with T2T-dimethyl. The same trend was observed by polyesteramides prepared
by copolymerization. Incorporation of T2T in a fast crystallizing PET (synthesized with a
zinc/antimony catalyst system) had a smaller effect then when incorporated into a slow
crystallizing PET (synthesized with a titanium catalyst). The thermal properties such as Tg

and Tm are only slightly increased with increasing T2T content, indicating that at higher
concentrations the added T2T-dimethyl is not used effectively. Figure 6.5 shows the DMA
spectrum for pure, fast crystallizing PET and for PET extruded with 2 and 10 mol% T2T-
dimethyl respectively.
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Figure 6.5: Storage modulus (G’) versus the temperature of pure fast crystallizing PET, and PET
extruded with 2 and 10 mol% T2T-dimethyl respectively

From the results obtained by copolymerization (chapter 4), it is known, that both the glass
transition temperature (Tg), flow temperature (Tfl) and the modulus of the rubbery plateau of
PET increase with an increasing T2T content. The polymer containing 2 mol% T2T-dimethyl
has a slightly lower Tfl than PET, whereas rapidly crystallizing PET containing 10 mol%
T2T-dimethyl, has a significantly higher rubber plateau and Tfl. The Tg value does not increase
with increasing amount of T2T-dimethyl, indicating that T2T is not present in the amorphous
phase. As T2T-dimethyl has only partly reacted, the other part must be present as filler. The
increase in the modulus in the rubbery region may be due to this filler effect.

Rapidly crystallizing PET with different nucleators

By adding a small amount of T2T-dimethyl to a rapidly crystallizing PET (Eastman PET), it
is possible to slightly increase the rate of crystallization for this polymer. At low
concentrations of T2T-dimethyl (0.1 mol%), the compound is expected to be incorporated
into the polymer by interchange reactions, it is therefore regarded as a homogeneous nucleator.
A standard heterogeneous nucleator for PET such as talc, is already known to lower the
impact strength of the resulting polymer1. Upon loading, the heterogeneous talc particles act
as stress concentrators and thus decrease the impact strength. Both nucleators are compared
on their nucleating ability of PET and the effect on the impact strength.
T2T segments may be added in two different forms: by adding of the bisesterdiamide T2T-
dimethyl and by adding PETA10 (PET with 10 mol% T2T). Talc is added at a concentration of
0.5 wt%. These blends of rapidly crystallizing PET containing the nucleators were injection
molded to produce specimens for mechanical testing and DMA. The DSC and viscosity
measurements were performed on material from injection molded specimens. Table 6.7 shows
the results from the DSC and DMA measurements.
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Table 6.7: DSC and DMA results of rapidly crystallizing PET with different nucleators
nucleator η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]
G’(150ºC)
[MPa]

pure PET 0.65 257 207 51 85 238 73
1 mol% PETA10 0.53 260 207 53 85 241 83
0.1 mol% T2T 0.56 260 212 48 84 242 87
0.5 wt% talc 0.48 253 215 38 88 241 73

Incorporation of T2T segments via T2T-dimethyl leads to a higher Tc of the resulting polymer
and to a lower undercooling (Tm-Tc) than compared to incorporation via PETA10. However
using talc as nucleator gives the highest crystallization temperature (215ºC) and the lowest
undercooling (38ºC). It is rather peculiar that talc decreases the melting temperature, whilst
the homogeneous nucleators increase the melting temperature. However the flow temperature
is approximately the same for all the nucleated PETs.
The crystallization process depends on the Tc as a function of the cooling rate. The
temperature at which the maximum crystal growth rate occurs, Tc,max, is 175ºC for PET7. If
the Tc drops below Tc,max, then it can be expected that little crystallization will occur. The
used cooling rate in the DSC-analysis is 20ºC/min, but the cooling rates in injection molding
processes are far higher, in the order of 500ºC/min. Therefore the crystallization temperature
is measured at different cooling rates for rapidly crystallizing PET nucleated with talc and
with T2T (see figure 6.6). The area marked in the graph is the area of interest, this being the
region where the Tc remains above the Tc,max at cooling rates higher than 500ºC/min.

140

160

180

200

220

240

1 10 100 1000
Cooling rate [

o
C/min]

Tc, max

pure PET

0.1 mol% T2T

0.5 wt% talc

Figure 6.6: Tc of rapidly crystallizing PET with various nucleators versus the cooling rate

The slopes of the lines from rapidly crystallizing PET containing either 0.1 mol% T2T-
dimethyl or 0.5 wt% talc appear to be equal. Talc appears to nucleate PET more effectively
than T2T. Extrapolation of the lines to a cooling rate of 500ºC (injection molding conditions)
suggests that the Tc will drop below Tc,max, indicating that the crystallization rate under
injection molding conditions will be too low. The DSC data give however only a rough
estimation on the crystallization under injection molding conditions. The materials were
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injection molded at two different mold temperatures (50 and 100ºC) and the properties of
these materials studied (see table 6.8).

Table 6.8:  Mechanical properties of rapidly crystallizing PET with nucleators, injection molded 
at different mold temperatures. Tests were performed at room temperature.

nucleator Tmold

[ºC]
E-Modulus
[GPa]

Max. stress
[MPa]

Strain at
max. stress
[%]

Unnotched
Izod
[kJ/m2]

Notched
Izod
[kJ/m2]

Pure PET 50 2.4 59 3.6 118 2.4
1 mol% PETA10 50 2.5 62 3.7 93 2.3
0.1 mol% T2T 50 2.4 62 3.6 83 2.7
0.5 wt% talc 50 2.6 62 3.5 53 2.3
1 mol% PETA10 100 2.5 61 3.5 77 2.7
0.1 mol% T2T 100 2.6 64 3.6 80 2.4
0.5 wt% talc 100 2.9 53 2.2 45 1.9

The specimens of pure PET that were injection molded at 50ºC were transparent, suggesting
that they were amorphous. The specimens of PET containing either 0.1 mol% T2T-dimethyl,
1 mol% PETA10 or 0.5 wt% talc were translucent and appeared to have crystallized.
Tensile tests were performed at room temperature at a strain rate of 8x10-4 s-1. Incorporation
of nucleators was found to slightly increase the E-modulus, the highest E-moduli being
obtained for specimens of talc nucleated PET. The maximum stress of PET with nucleators,
that was injection molded at a mold temperature of 50ºC, is somewhat higher than that of
pure PET. The maximum stress of PET nucleated with T2T compounds is not influenced by
increasing the mold temperature to 100ºC. For PET nucleated with talc and injection molded
at 100ºC, the maximum stress is lowered. The strain at maximum stress is not influenced by
the use of T2T compounds, but is lowered by the addition of talc as a nucleator.
The unnotched Izod impact fracture energy of PET decreases by the addition of nucleators
and this decrease was stronger in the samples that were injection molded at 100ºC. PET
nucleated with talc, was found to have a lower impact strength than PET nucleated with T2T
compounds. All of the notched Izod specimens were found to fail brittle. PET nucleated with
T2T compounds had a similar or a slightly higher fracture energy than PET that was nucleated
with talc, in particular for the samples injection molded at 100ºC.
Adding nucleators to rapidly crystallizing PET, slightly improved the E-modulus, but also
decreased the Izod fracture energy, this being particularly true for talc. There was little
difference between the mechanical properties of PET nucleated by T2T, whether this was
added in the form of T2T-dimethyl or PETA10.

Slowly crystallizing PET with nucleators

A considerable amount of the PET on the market is of the slow crystallizing type, in
particular PET used for the soft drink bottle industry. A large amount is available as recycled
material and the addition of nucleators to recycle PET may be a way to upgrade this waste
material for commercial use. Slowly crystallizing PET was blended with either 0.1 mol% T2T-



Chapter 6

86

dimethyl, 0.5 wt% talc or both 0.5 wt% talc and 0.1 mol% T2T-dimethyl. The crystallization
rate was studied at low cooling rates (DSC) as well as under injection molding conditions using
a wedge mold (see figure 6.4). Table 6.9 shows the DSC and DMA results for slowly
crystallizing PET nucleated with T2T and talc.

Table 6.9: DSC and DMA results of slowly crystallizing PET with various different nucleators
nucleator η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
T g

[ºC]
Tfl

[ºC]

pure PET 0.82 262 194 84 241
0.1 mol% T2T 0.51 257 206 85 243
0.5 wt% talc 0.56 252 213 85 245
0.1 mol% T2T +
0.5 wt% talc

0.52 251 213 82 245

The crystallization temperature (Tc) was found to increase considerably by the addition of
nucleators. The Tc of PET nucleated with talc compounds was higher than that of PET
nucleated with T2T-dimethyl, thus indicating that talc is more effective as nucleator for PET.
By using a combination of talc and T2T-dimethyl, the Tc was not further increased. The Tg of
PET hardly altered by the addition of nucleators. The Tfl however was slightly increased by
compounding with nucleators. These DSC and DMA data of a nucleated, slowly crystallizing
PET are as good as the data of the nucleated, rapidly crystallizing PET (see table 6.7)
suggesting that slowly crystallizing PET can indeed be upgraded with nucleators to a rapidly
crystallizing PET. The influence of the cooling rate on the Tc was also studied for this slowly
crystallizing PET (figure 6.7). Extrapolation of the lines to a cooling rate of 500ºC (injection
molding conditions) suggests that although these nucleators considerably improve the
crystallization rate, the Tc will drop below Tc,max, indicating that the crystallization rate under
injection molding conditions remains too low. The lines of the nucleated, slowly crystallizing
PET, overlap with the lines of the nucleated, rapidly crystallizing PET (see figure 6.6).
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Figure 6.7: Tc versus the cooling rate of slowly crystallizing PET with different nucleators
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The maximum cooling rate of the DSC apparatus used is 80ºC/min. To study the nucleating
ability of talc and T2T under injection molding conditions, a wedge mold was used (see figure
6.4) and specimens were injection molded at different mold temperatures. The transparency of
these samples was determined with a laser beam versus the sample thickness. The cooling
rates in the core of the wedge, decreases with increasing sample thickness. At a certain
thickness, the cooling rate is low enough to allow the polymer to crystallize, reducing the
transparency. Figure 6.8 shows the transparency of slowly crystallizing PET versus the
sample thickness.
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Figure 6.8: Transparency of slowly crystallizing PET versus the sample thickness, injection 
molded at different mold temperatures, using a wedge mold

The mold temperature has a large influence on the transparency of the samples. When the
mold temperature approaches the Tc,max (175ºC), the crystallinity increases and the S-shaped
curves are shifted towards a lower thickness. There is a sharp transition from being
transparent to non-transparent. The thickness at which there is 50% transparency is taken as
a measure of the transition point. In figure 6.9, the transition point (crystallization point) of
slowly crystallizing PET with different nucleators is given as function of the mold
temperature.
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The influence of the mold temperature on the transition point (the crystallization point) is the
most pronounced in pure PET. The addition of nucleators to pure PET, shifts the line to a
lower level and decreases the influence of the mold temperature. Nucleators allow the use of
lower mold temperatures. Under these injection molding conditions, T2T is the most effective
nucleator for PET. The DSC experiments measuring Tc, suggested that talc compounds are the
most effective nucleators, however, using the injection molding method, the T2T compounds
appear to be the most effective nucleators. It is apparent that for PET nucleated by T2T, a
different nucleation mechanism is operating at low and at high cooling rates.

PBT with different nucleators

For comparison, a PBT series was also made, and the differences in the nucleating ability of a
bisesterdiamide (T4T-dimethyl) and talc were studied by DSC and with a wedge mold. In
addition, a PBT copolymer with 1 mol% T4T (PBTA01) was also evaluated. Pure PBT itself
was extruded twice, to have the same thermal history as the blends with nucleators.
The polymer blends were injection molded at mold temperatures of 25, 50, 75 and 100ºC and
the DMA bars were injection molded at 75ºC with a cooling time of 1 minute (for PET, a
cycle time of 2 minutes was used). Table 6.10 shows the DSC and DMA results for this
polymer.

Table 6.10: DSC- and DMA-results of PBT with different nucleators
Polymer η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
T g

[ºC]
Tfl

[ºC]
G’(150ºC)
[MPa]

PBT 1.04 230 192 51 217 58
PBTA01 1.20 231 196 51 224 63
0.1 mol% T4T 1.07 231 195 50 218 60
0.5 wt% talc 1.09 230 195 50 218 60

The inherent viscosities of these polymer blends were found to be comparable, being
approximately 1.1 dl/g. The addition of nucleators to PBT had no effect on the melting
temperature, whilst the crystallization temperature was slightly increased. There was no
noticeable difference in the nucleating abilities of talc, T4T-dimethyl and T4T-segments as
incorporated by copolymerization. The glass transition temperature and the modulus level of
the rubbery plateau were approximately the same for all the polymers. However, PBTA01 did
have a somewhat higher flow temperature.
DSC measurements were performed at a number of different cooling rates and figure 6.10
shows the Tc plotted against the logarithm of the cooling rate. For PBT Tc,max is
approximately 150ºC.
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Figure 6.10: Tc versus the cooling rate of PBT with different nucleators

Hardly any differences could be observed between pure PBT and PBT containing nucleators
in that the Tc was only slightly increased, with talc being the best nucleator for PBT.
Extrapolation to a cooling rate of 500ºC/min, shows that with nucleators, the Tc of PBT will
be higher than Tc,max. Injection molding experiments were performed using a wedge mold (see
figure 6.4) at various mold temperatures from 25 to 100ºC, to determine the transition point
from transparent to non-transparent. Again the differences were very small with the transition
point being between 0.3 and 0.4 mm for all specimens. This method is not sensitive enough to
observe an influence of the mold temperature or any difference in nucleating ability of talc,
T4T-dimethyl and incorporated T4T segments in PBT.
Figure 6.12 is a comparison between PBT and slowly crystallizing PET with different
nucleators. The transition point at a mold temperature of 75ºC was taken as a measure of the
crystallization rate under injection molding conditions.
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Figure 6.11: Transition point at a mold temperature of 75ºC of slowly crystallizing PET with 
different nucleators and PBT

By adding nucleators to slowly crystallizing PET, the crystallization rate can be enhanced.
The best nucleator for PET is T2T-dimethyl, however, the crystallization rate of PBT is not
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reached. For PET, the mold temperature is just below the glass transition temperature
therefore the material in close proximity to the mold will be frozen in. For PBT, the mold
temperature is 30ºC above the glass transition temperature, this is also a reason why it
crystallizes more rapidly.

Conclusions

The diamide segment T2T is able to nucleate PET, even at very low diamide concentrations
(<0.1 mol%). It can be incorporated by copolymerization, using T2T-dimethyl as a monomer,
or by the reactive extrusion of PET and T2T-dimethyl. When incorporated by reactive
extrusion, the nucleating effect of T2T-dimethyl is the strongest in a slowly crystallizing PET,
such as that used in soft drink bottles. The rate of crystallization of the nucleated PET was
found to be independent of whether the PET was of a slow or rapidly crystallizing grade. The
introduction of unreactive methyl endgroups by interchange reactions was found to limit the
rebuilding of the polymer to a high molecular weight. By adding 1,2-ethanediol these methyl
endgroups were only partly (15-20%) transesterified into reactive hydroxyl endgroups.
The incorporation of T2T-dimethyl by reactive extrusion at concentrations higher than 1
mol% did not improve the crystallization rate and made it more difficult to obtain a high
molecular weight polymer. The crystallization temperature of PET using talc as nucleator was
even higher than with T2T, but the material was found to be more brittle. The nucleating
ability of T2T-dimethyl and talc was also studied under injection molding conditions, under
these conditions T2T nucleates PET better than talc. However nucleated PET still does not
crystallize as rapidly as PBT. The crystallization rate of PBT can only be slightly enhanced
by the addition of nucleators.
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Chapter 7

Crystallization of T2T in amorphous polymers

Introduction

The crystallization rate of polyesters, such as poly(ethylene terephthalate) (PET) and
poly(butylene terephthalate) (PBT) is increased by the incorporation of diamide segments1. A
mechanism has been proposed by van Bennekom1 for the crystallization of these
copolyesteramides, in which the diamide segments are able to form hydrogen bonds, then self-
assemble in the melt with the ester segments following by adjacent ordering. In this model, the
faster crystallizing diamide segments form the crystallization nuclei for the ester segments.
In chapter 4 it was observed that the crystallization rate of PET was enhanced by
incorporation of the diamide segment T2T with 0.1 mol% of T2T being sufficient. At higher
T2T concentrations (≥10 mol%), the crystallization rate was even further increased. The
crystallization of PETA from the melt was studied by time-resolved WAXD measurements.
For PETA25 (PET with 25 mol% T2T), some amide crystalline structures were present in the
melt (310ºC). The hypothesis being that at higher diamide concentrations, small alternating
segments are formed, so called amide-ester-amide segments. These amide-ester-amide segments
are expected to have a higher melting temperature than PETA and form nucleation sites, thus
increasing the crystallization rate of PETA.

Segmented copolymers with uniform amide segments

Pre-formed bisesterdiamides have been used as crystallizable segments in thermoplastic
elastomers (TPEs) and the Tm and Tg of these polymers can be independently changed by
varying the type and length of the crystalline and the amorphous segments. Gaymans and de
Haan2 have reported on the synthesis of segmented polyetheresteramides, using T4T (see
figure 7.1) as the crystallizable unit. Polytetramethyleneoxides (PTMOs) with different
molecular weights were used as amorphous segments. The melting temperature was found to
decrease with increasing amorphous segment length, which was ascribed to a ‘solvent’ effect of
the amorphous phase3.
Niesten4 has studied TPEs based on the aramid segment TφT (figure 7.1) as the crystallizable
unit and using PTMO as the amorphous segment. The Tg of these polymers was found to be
low (-65ºC) and independent of the aramid content. Due to the uniform lamellar thickness, the
rubbery plateau was temperature independent and the flow transition was sharp. The flow
temperature decreased with increasing amorphous segment length, which was attributed to the
‘solvent’ effect of the amorphous phase. PTMO segments of 2000 g/mol and longer were able
to partially crystallize below room temperature. However this crystallization was reduced by
using shorter PTMOs and extending them with dimethyl terephthalate (DMT) or dimethyl



Chapter 7

92

isophthalate (DMI) to amorphous segments of the desired length. Figure 7.1 shows the
structure of the crystalline and amorphous segments.
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Figure 7.1: Structure of the different crystalline and amorphous segments

Mangnus5 has studied the T2T-PTMO1000 copolymers (molecular weight of PTMO is 1000
g/mol). The polymer was found to have a glass transition temperature of -65ºC and a melting
temperature of 110ºC. Compared to other PTMO based segmented copolymers, this melting
temperature is low. However, the T2T-dimethyl used for the copolymerization reaction
contained a number of impurities such as dimethyl terephthalate (10 mol%) and higher
molecular weight oligomers (10 mol%) such as T2T2T. The presence of dimethyl terephthalate
may extend the PTMO segments, causing an increase in amorphous segment length and
thereby decreasing the melting temperature. The glass transition temperatures of these
segmented copolymers were characterized by sharp transitions and little dependence on the
diamide concentration. This can be explained by assuming that only a few diamide segments
were present in the amorphous phase and therefore that the diamide segments were almost
fully crystallized.

Extenders for diamide segments

Several investigators have studied segmented polyetheresteramides that contain a short diol as
well as the crystalline and the amorphous segments. The short diol is present between two
crystalline segments and can therefore be regarded as an extender of the crystalline phase. In
polyetheresteramides with T6T as the crystalline segment, PTMO as the amorphous segment
and 1,6-hexanediol as the extender, an increase in the hexanediol content resulted in an increase
in the melting temperature. This can be explained by an increase in lamellar thickness6,7,8,9.
Guang and Gaymans10 have studied the T4T-PTMO1000 system, using 1,5-pentanediol as an
extender. T4T-(PTMO1000/pentanediol) copolymers have two glass transition temperatures
and two melting temperatures. The positions of the two glass transition temperatures are
independent of the composition and therefore two fully phase separated amorphous phases



Crystallization of T2T in amorphous polymers

93

are present. The melting temperatures were found to change with composition with the
amount of pentanediol having an effect on both melting temperatures and thus on the lamellar
structures. The possible phases are indicated in figure 7.2.

Figure 7.2: Model of morphology of T4T-(PTMO/pentanediol) polymers

A) is the PTMO1000 amorphous phase with a Tg of -65ºC, this does not contain T4T or
pentanediol. B) represents the uniform T4T crystallites, these are very thin and do not contain
PTMO1000 or pentanediol. C) is the T4T-pentanediol (amide-ester-amide) amorphous phase,
this does not contain PTMO1000 (Tg of 120ºC). D) is the T4T-pentanediol (amide-ester-
amide) crystalline phase, where the thickness depends on the amount of pentanediol that takes
part in the crystallization and does not contain PTMO1000. Finally E) is the pentanediol
adjacent re-entry group which takes part in the crystallization, and can be present in both the
T4T and the T4T-pentanediol lamellae. Pentanediol can thus be present in three ways; in the
T4T-pentanediol amorphous phase (C), in the crystalline T4T-pentanediol phase (D) and in
the interphase as an adjacent re-entry (E). The Tg of phase C (T4T-pentanediol) is only visible
at pentanediol concentrations over 50 mol%.
Niesten4 has used several diols as extenders in the TφT-PTMO2000 segmented copolymer (see
figure 7.1) replacing half of the PTMO2000 segments with the extender. Only one glass
transition temperature was observed, which was not influenced by the type of or amount of
extender, indicating that the phase separation was very good. Some of the codiols, such as 2,5-
hexanediol, 1,8-octanediol and 1,10-dodecanediol increased the melting temperature by forming
thicker lamellae. 1,4-Butanediol hardly affected the melting temperature, as it probably forms a
re-entry unit.

Diamide segments in amorphous polyester

Diamide segments have previously been incorporated in the semi-crystalline polyesters PET
(see chapter 4) and PBT1, and also into the random copolyester (50/50) of polyethylene
terephthalate (PET) and polyethylene isophthalate (PEI)11 (figure 7.3).
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Figure 7.3: PET/PEI copolymer

Zuiderduin11 has incorporated the aramid segment TφT (figure 7.1) into this random (50/50)
PET/PEI copolymer. The PET/PEI copolymer itself was amorphous, and had a glass transition
temperature of 70ºC, independent of the TφT content, indicating that a high degree of phase
separation had taken place. The incorporation of TφT, resulted in the formation of a rubbery
plateau. The height of this rubbery plateau and the flow temperature were increased with
increasing TφT content.

Research aim

The aim of the work described in this chapter is to investigate the crystallization behavior of
T2T segments in an amorphous polymer in order to gain a better insight into how the T2T
segments order in a polyester melt. T2T-segments will be copolymerized with amorphous
segments in such a way that T2T is the only crystallizable unit. The effect of 1,2-ethanediol as
an extender of the T2T segments on the crystallization and thermal properties of the resulting
polymers is also studied.

Experimental

Materials. Dimethyl terephthalate (DMT), dimethyl isophthalate (DMI), 1,2-ethanediol,
Ti(i-OC3H7)4, Zn(CH3CO2)2.2H2O, Sb2O3, triphenyl phosphate (TPP) and N-methyl-
pyrrolidone (NMP) were purchased from Merck. Ti(i-OC3H7)4 was diluted in anhydrous m-
xylene (0.1 M). All chemicals were used as received. PTMO650 was obtained from BASF and
Irganox 1330 was provided by CIBA Geigy. T2T-dimethyl was synthesized and purified as
described in chapter 2.

Melt polycondensation of T2T-(PTMO650/DMI). The preparation of T2T-
(PTMO650/DMI)1290 is shown as an example. The reaction was carried out in a 250 ml stainless
steel vessel with a nitrogen inlet and mechanical stirrer. The vessel containing T2T-dimethyl
(5.76 g, 0.015 mol), PTMO650 (19.50 g, 0.030 mol), DMI (2.91 g, 0.015 mol), Irganox 1330
(0.28 g), and 125 ml NMP was heated in an oil-bath to 180ºC, then the catalyst solution was
added (1.4 ml of 0.1 M Ti(i-OC3H7)4 in m-xylene). After 45 minutes reaction time, the
temperature was raised to 250ºC (15ºC/10 min) and maintained for 2 hours, the pressure was
then carefully reduced (P<20 mbar) to distill off NMP and then further reduced (P<1 mbar) for
60 minutes. Finally, the vessel was allowed to slowly cool to room temperature whilst
maintaining the low pressure.
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Melt polycondensation of T2T-(PET/PEI). The preparation of T2T-(PET/PEI)1800 (amide
content 10 mol%) is given as an example. The reaction was carried out in a 250 ml stainless
steel vessel with a nitrogen inlet and mechanical stirrer. The vessel containing DMT (15.54 g
0.08 mol), DMI (15.54 g 0.08 mol), T2T-dimethyl (7.69 g, 0.02 mol), 1,2-ethanediol (35 g,
0.56 mol), 0.017 g zinc acetate and 0.022 g antimony trioxide was heated in an oil-bath to
180ºC. After 50 minutes reaction time, the temperature was raised to 280ºC (15ºC/10 min)
over a period of 60 minutes, after a further 10 minutes at 280ºC the pressure was reduced
(P<20 mbar) for 5 minutes and then further reduced (P<1 mbar) for 60 minutes. Finally, the
vessel was allowed to slowly cool to room temperature, whilst maintaining the low pressure.
When TPP was used as the inactivator, it was added at 270ºC, antimony trioxide is then added
at 280ºC, and not at the beginning of the reaction.

Viscometry. The inherent viscosity of the T2T-PTMO polymers at a concentration of 0.1
g/dl in a 50/50 mixture (molar fraction) of phenol/1,1,2,2-tetrachloroethane at 25ºC, was
determined using a capillary Ubbelohde 1B. For T2T-PET/PEI copolymers, para-chlorophenol
was used as solvent and measurements were carried out at 45ºC.

NMR. Proton NMR spectra were recorded on a Bruker AC 250 spectrometer at 250.1 MHz,
with deuterated trifluoroacetic acid (TFA-d) being used as a solvent without an internal
standard.

DSC. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped with a
PE7700 computer and TAS-7 software. Dried samples of 2-5 mg were measured at a cooling
and heating rate of 20ºC/min. Firstly, the samples were heated to 250ºC and this temperature
was maintained for 2 minutes followed by cooling to 20ºC, the maximum of the cooling scan
being taken as the crystallization temperature. After 2 minutes at 20ºC, the sample was heated
for the second time to 290ºC, the maximum of the second heating scan being taken as the
melting temperature. The peak area was used to calculate the enthalpy. For the T2T-PET/PEI
copolymers, the Tg was determined by DSC. Firstly, the sample was heated to 300ºC and
quenched at a cooling rate of 80ºC/min to 20ºC, this temperature was maintained for 2
minutes, and subsequently heated at 20ºC/min to 290ºC. The inflection point was taken as
the glass transition temperature.

DMA. Samples for the DMA test (70x9x2 mm) were prepared on an Arburg H manual
injection molding machine. The barrel temperature of the injection molding machine was set at
50ºC above the melting temperature of the polymer with the mold temperature being at room
temperature.
Using a Myrenne ATM3 torsion pendulum at a frequency of approximately 1 Hz the values
of the storage modulus G’ and the loss modulus G’’ as a function of the temperature were
measured. Dried samples were first cooled to -100ºC and then subsequently heated at a rate of
1ºC/min with the maximum of the loss modulus being taken as the glass transition
temperature. The flow temperature (Tfl) was defined as the temperature where the storage
modulus reached 1 MPa.
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Results and discussion

Introduction

Segmented copolymers with crystallizable T2T segments and amorphous chain segments were
synthesized and the crystallization behavior of the diamide segments in these copolymers
studied. A polyether (PTMO) with a low Tg and a polyester (PET/PEI) with a high Tg are
used as amorphous segments and the influence of the amorphous segment length and the effect
of extending the T2T segments with 1,2-ethanediol to amide-ester-amide segments is studied.

T2T-polyether segmented copolymers

A series of polyetheresteramides with a varying amorphous segment length from 650 to almost
3000 g/mol were synthesized. PTMO segments with a segment length longer than 2000 g/mol
are able to crystallize4. To suppress the PTMO crystallization, the amorphous segment length
was increased by extending the PTMO650 segment with dimethyl isophthalate (DMI). The
amorphous segment length is determined with 1H-NMR. Table 7.1 presents the DSC and
DMA results from this series.

Table 7.1: DSC- and DMA results of T2T-(PTMO650/DMI) copolymers with varying amorphous 
segment length

M (PTMO650/DMI)
[g/mol]

T 2 T
[wt%]

η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
∆ T
[ºC]

T g

[ºC]
Tfl

[ºC]
G’(25ºC)
[MPa]

650 33 1.34 163 137 26 -51 158 77
940 25 1.76 145 122 23 -60 135 25
1290 20 1.53 133 107 26 -60 117 14
1930 14 1.09 - - - -60 87 7
2770 10 1.52 - - - -60 80 4

The inherent viscosity of the polyetheresteramides was reasonably high, over 1.0 g/dl. The
melting and crystallization temperatures were found to increase with an increasing diamide
content and the undercooling ∆T was very low (< 30ºC), indicating that the crystallization
was very rapid. The T2T segments in the T2T-(PTMO650/DMI) copolymers are expected to
self-assemble in the melt, resulting in a high crystallization rate. At low amide concentrations
(< 15 wt%), the crystallization and melting peaks in the DSC spectrum were no longer visible,
however in the DMA spectra, a rubbery plateau with a sharp flow transition was visible
(figure 7.4). The height of the rubbery plateau and the flow temperature were found to increase
with increasing T2T content. Mangnus5 found a Tm of 110ºC for T2T-PTMO1000, whilst we
observed that the polymer with an amorphous segment length of 940 g/mol had a Tm of
145ºC. This higher Tm is probably the result of using a purer T2T-dimethyl, containing very
little DMT impurity. The DMT extends the PTMO segments, increasing the amorphous
segment length, thereby decreasing the Tm. In figures 7.4a and b, the respective storage and loss
moduli are plotted versus the temperature of the copolymers with varying amorphous segment
length.
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Figure 7.4: Storage modulus (G’) (a) and loss modulus (G”) (b) versus the temperature
of T2T-(PTMO650/DMI) copolymers with varying amorphous segment length (g/mol)

The glass transition temperature was found to be independent of the amide concentration,
showing that the phase separation between T2T and PTMO was complete. The rubbery
plateau was almost temperature independent and the PTMO650/DMI segments showed hardly
any PTMO crystallization. Normally, long PTMO segments crystallize and melt within the
temperature range of -5 to 40ºC and the crystalline PTMO reduces the low temperature
flexibility. The storage modulus of the copolymers containing PTMO650/DMI with a segment
length of 1930 and 2770 g/mol exhibited only a very small shoulder, meaning that only little
PTMO crystallization has occurred and these segmented polymers have an excellent, low
temperature flexibility. The flow transition (Tfl) was very sharp, due to the uniform lamellar
thickness of the T2T crystals3. Polymers having a uniform lamellar thickness are expected to
have a sharper melting transition compared to polymers with a non-uniform lamellar thickness.
The Tfl indicates the onset of flow due to a loss of crystallinity. According to table 7.1, the Tfl

is approximately 10ºC lower than the melt temperature (Tm) for these T2T-(PTMO650/DMI)
copolymers, however, the Tfl can be more accurately measured than Tm, as the melting
endotherms in the DSC spectra are broad and low.
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The flow temperature decreases with decreasing T2T content. As the T2T segments have a
uniform length, this decrease in flow temperature can not be due to a decrease in lamellar
thickness. The ‘solvent’ effect of the soft amorphous phase, as described by Flory12, may be
the reason for this behavior. According to Flory, the melting temperature of a random
copolymer, comprised of crystallizable units A and non-crystallizing units B, can be described
by the following equation:

  

1 1
0T T

R

H
X

m m f
A− = −









∆

ln eq. 7.1

Where Tm is the melting temperature of the copolymer, Tm
o is the melting temperature of the

homopolymer, XA is the molar fraction of A-units in the copolymer, ∆Hf is the latent heat of
fusion of the homopolymer A, and R is the gas constant. This equation is based on the
assumption that the solution is ideal and that the enthalpy and entropy of melting are
temperature independent. The equation neglects a possible influence of the interaction between
the crystalline and amorphous phases.
For the T2T-(PTMO650/DMI) copolymers, XA is calculated by regarding each (CH2)4-O unit,
DMI, and T2T segment as one unit. In figure 7.5, 1/Tfl is plotted versus -lnXA and a straight
line can be drawn through these points. Therefore, the ‘solvent’ effect seems to be applicable
to these copolymers.
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Figure 7.5: Reciprocal of the flow temperature versus - lnXA for T2T-(PTMO650/DMI) copolymers

TPEs based on PTMO650 have also been synthesized using other amide segments, such as T4T
and TφT. A comparison is made between these copolymers in table 7.2.

Table 7.2: Properties of alternating copolymers of PTMO650 and different amide segments
Amide
segment

η inh

[dl/g]
Tm

[ºC]
Tc

[ºC]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]
G’(25ºC)
[MPa]

T 2 T 1.34 163 137 26 -51 158 77
T4T3 1.40 179 160 19 -51 170 116
TφT4 1.40 266 238 28 -58 247 118
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The melting temperature of T2T-dimethyl (312ºC) is in-between the melting temperature of
T4T-dimethyl (265ºC) and TφT-dimethyl (375ºC). Therefore it was expected that the
melting temperature of the copolymers containing PTMO650 would exhibit a similar trend.
However, the copolymer with T2T was found to have the lowest Tm, and the height of the
rubbery plateau was also lower. Therefore equation 7.1 should be corrected with an interaction
parameter between the amorphous and crystalline phases. A possible reason for the lower
melting temperature could be the increased interaction between T2T and PTMO compared to
T4T and TφT with PTMO, resulting in a stronger ‘solvent’ effect. T4T and TφT are of
approximately the same length, and have approximately the same lamellar thickness. The T2T
segment length is shorter than the other amide segments and therefore it can be expected that
the lamellar thickness of T2T-copolymers is smaller. Decreasing the lamellar thickness lowers
the melting temperature6,7,8,9.
The storage modulus in the rubbery plateau depends on the structure of the crystalline phase
and the degree of physical crosslinking. The T2T crystals form the physical crosslinks for the
amorphous phase, whereas in this series of T2T-PTMO copolymers, the structure of the
crystalline phase remains unchanged. More crosslinks result in a stiffer material with a higher
modulus, the modulus at 25ºC decreases with increasing PTMO segment length and thus
decreasing T2T content. Figure 7.6 shows that the logarithm of the storage modulus at 25ºC
increases linearly with T2T content. Similar relationships have been found for other segmented
copolymers4,13,14.
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Figure 7.6: Log G’ (25ºC) versus the T2T content for T2T-(PTMO650/DMI) copolymers

T2T-PTMO650 copolymers with 1,2-ethanediol as extender

As the T2T segments form thin lamellae, they have a relatively low melting temperature. The
lamellar thickness of these segments can be increased with an extender. 1,2-Ethanediol (ED) is
used as an extender for the T2T segments and as a result, alternating amide-ester-amide
segments are formed. However, this results in a loss of the uniformity of the lamellar
thickness. The results of these (T2T/ED)-PTMO650 copolymers are shown in table 7.3. The
1,2-ethanediol content was determined by 1H-NMR.
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Table 7.3: DSC- and DMA-results of (T2T/ED)-PTMO650 copolymers
ED
[mol%]

η inh

[dl/g]
Tm

[ºC]
∆Hm

[J/g]
Tc

[ºC]
∆Hc

[J/g]
∆T
[ºC]

T g

[ºC]
Tfl

[ºC]
G’(25ºC)
[MPa]

0 1.34 163 137 26 -51 158 77
5 0.75 139 -4 -60 145 66
10 0.80 143 7 128 -3 15 -62 138 72
20 0.49 127 6 123 -5 4 -65 >300 85

During synthesis at 250ºC, the amide-ester-amide units crystallize. This was most
pronounced in the polymer containing 20 mol% ED. The phase separation during synthesis
limits the reaction of the endgroups and reduces the inherent viscosity of the polymer. In DSC
analysis of the copolymers, only one melting and one crystallization temperature of the
(T2T/ED)-PTMO copolymers was observed and these were found to decrease with increasing
ED content. This was surprising as it was expected that incorporation of amide-ester-amide
segments would increase the Tm and Tc. It is possible that the alternating amide-ester-amide
segments form a separate crystalline phase, which is not observed in the DSC-spectrum up to
290ºC. In contrast, the undercooling is lowered by incorporating ED as an extender of the T2T
segments. Figures 7.7 and 7.8 show the storage modulus and the loss modulus respectively, of
(T2T/ED)-PTMO650 with increasing ED content, plotted versus the temperature.
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Figure 7.7: Storage modulus (G’) versus the temperature of (T2T/ED)-PTMO650 copolymers with 
1,2-ethanediol as extender in mol%
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Figure 7.8: Loss modulus (G”) versus the temperature of (T2T/ED)-PTMO650 copolymers with
1,2-ethanediol as extender in mol%

Up to 140ºC, the amount of 1,2-ethanediol had a small effect on the DMA behavior. For the
copolymer containing 20 mol% ED, a second rubbery plateau appeared at a higher
temperature, with a flow temperature higher than 300ºC. This suggests that two types of
lamellar structures are present; one melting at 150ºC and another melting at a higher
temperature (>300ºC). A mixed lamellar phase is apparently not formed. Clearly the lamellae
of the amide-ester-amide segments have a much higher melting temperature than the single T2T
segments. If the concentration of amide-ester-amide segments is high enough, the extra rubbery
plateau is visible. The lowering of the Tm, Tfl and Tg of T2T-PTMO650 copolymers by the
incorporation of 1,2-ethanediol is difficult to explain. For the T2T-(PTMO650/DMI)
copolymers (table 7.1) a lowering of the Tm, Tfl and Tg was observed with increasing
amorphous segment length. This suggests that in the copolymers with 1,2-ethanediol the
amorphous phase is in some way extended.
Compared to the model proposed by Guang10, ED is probably present in the crystalline T2T-
ED phase (D) and in the amorphous T2T-ED phase (C), it is not expected to be present as
reentry (E). The modulus of the rubbery plateau of the amide-ester-amide segments is
approximately 1.5 MPa, the level of the rubbery plateau depending on the degree of physical
crosslinking. Using the plot in figure 7.6, a rough estimation can be made as to the
concentration of these crystalline amide-ester-amide segments, this is approximately 2 wt% (of
the 7 wt%). Therefore the major part of the amide-ester-amide segments must be in the
amorphous phase. The amorphous phase can either be a mixed phase together with the PTMO
or a separate amorphous phase as in the T4T/pentanediol-PTMO system. For the
T4T/pentanediol-PTMO system, the extra Tg is only visible at pentanediol concentrations
over 50 mol%.

T2T-polyester segmented copolymers

T2T was incorporated into the amorphous random (50/50) copolymer of polyethylene
terephthalate (PET) and polyethylene isophthalate (PEI). This copolyesteramide resembles
the PETA system more closely than the T2T-(PTMO650/DMI) copolymers. However, the Tg
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of PET/PEI is high, near the melting temperature and alternating amide-ester-amide segments
may also be formed. Table 7.4 shows the DSC and DMA results of the copolymers. The
effect of the amount of zinc catalyst and inactivation of zinc with triphenyl phosphate (TPP)
on the obtained molecular weight was also studied. The amide content was determined by 1H-
NMR and it was observed that the terephthalic/isophthalic ratio of the amorphous ester
segment was approximately 1 for all of the polymers.

Table 7.4: DSC- and DMA-results of T2T-PET/PEI copolymers (50/50) with varying
segment length

Batch
nr.

Amide
[mol%]

M(segment)
[g/mol]

tpolyc.

[hr]
Zinc
[mmol/g]

T P P
[excess]

η inh

[dl/g]
Tg (DSC)
[ºC]

Tg (DMA)
[ºC]

Tfl

[ºC]

1 0 1 0.0020 - 0.89 70 - -
2 0 1.5 0.0020 - 0.84 67
3 0 2 0.0020 - 0.96 67
4 10 1600 1 0.0020 - 0.47 74 70 104
5 10 1600 1.5 0.0020 - 0.34 77
6 9 1800 2 0.0020 - 0.35 83
7* 10 1600 1 0.0020 1.8 0.56
8* 10 1600 1 0.010 1.8 0.54
9* 10 1600 1.3 0.020 1.8 0.58
10* 20 800 1 0.020 1.8 0.23 90 93 194
* higher amount of Sb2O3 used, 0.0053 (instead of 0.0020) mmol/g polymer

For the PET/PEI copolymers (batches 1 to 3), increasing the polycondensation time from 1 to
2 hours, does not increase the molecular weight. These copolymers have a high inherent
viscosity, around 0.9 dl/g. The inherent viscosity of the PET/PEI copolymer is lowered by
incorporation of T2T. A similar effect was found in the PETA system (see chapter 3). The
incorporation of T2T segments leads to an increased thermal degradation. These degradation
reactions already occur during melt polymerization, thereby decreasing the molecular weight.
In addition, the crystallization of the amide-ester-amide segments during melt polymerization
may also cause a lowering of the molecular weight. The PET/PEI copolymers with 10 mol%
T2T have a reasonable inherent viscosity of around 0.5 g/dl. The inherent viscosity is lowered
by using longer polycondensation times. The inherent viscosities of batches 7, 8 and 9 are
comparable and somewhat higher than the inherent viscosities of batches 4, 5 and 6. For
batches 7, 8 and 9 a higher amount (2.5 fold) of antimony was used as well as an increasing
amount of zinc, the zinc being inactivated with TPP (1.8 fold excess) after transesterification.
The amount of zinc used did not influence the molecular weight obtained. The small increase in
inherent viscosity observed is caused by either inactivation of the zinc catalyst by TPP, or by
the increased amount of antimony. In the DSC spectrum, a Tg was observed, but no Tm, this
suggests that crystallization in this system is more difficult. Figure 7.9 shows the storage (a)
and loss modulus (b) of the T2T-PET/PEI copolymers versus the temperature.
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Figure 7.9: Storage modulus (a) and loss modulus (b) versus the temperature of T2T-(PET/PEI) 
copolymers (50/50) with increasing T2T content in mol%

For the polymer with 10 mol% T2T, no rubbery plateau was present, therefore the T2T
segments were in the amorphous phase. During the DMA measurement, the temperature was
slowly raised (1ºC/min) such that the T2T segments may crystallize above the Tg. However,
the storage modulus reached the 1 MPa value (automatic cut off) before the T2T segments
were able to crystallize. The Tg of the polymer with 10 mol% T2T was shifted to a higher
temperature compared to that of PET/PEI due to the presence of T2T segments in the
amorphous phase. Zuiderduin11 found that in the TφT-PET/PEI system, the Tg was not
influenced thus indicating that a high degree of phase separation took place. Using T2T as
crystallizable hard segment, the crystallization was not complete.
The polymer containing 20 mol% T2T has a complex behavior above the Tg. The modulus at
120ºC is very low, much lower than the modulus of T2T-(PTMO/DMI)940, suggesting that at
120ºC the T2T-PET/PEI system has a very low crystallinity. This means that below the Tg,
this polymer is virtually amorphous. Upon slowly increasing the temperature (1ºC/min) to
140ºC, a strong increase in the modulus can be observed. The modulus at 140ºC is at
approximately the same level as the modulus of the T2T-(PTMO/DMI)940 copolymer,
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suggesting that at 140ºC, the T2T segments have crystallized. Therefore, the increase in the
modulus from 120 to 140ºC is probably due to crystallization of the T2T segments in this
temperature range. This polymer had a Tfl of 194ºC, which is much higher than the Tfl of the
T2T-(PTMO/DMI)940 (135ºC, table 7.1). The higher Tfl could be caused by a lower
interaction of T2T and PET/PEI compared to T2T and PTMO, thereby reducing the ‘solvent’
effect of the amorphous phase. A second modulus plateau of the T2T-(PET/PEI)800

copolymer (20 mol% T2T) is not observed. Assuming a random distribution of the T2T
segments in the polyester, 4 mol% of alternating amide-ester-amide segments are expected to
be present. At this concentration, a modulus level below 1 MPa is expected, this being outside
the set test range. In PETA25 at 310ºC, a crystalline amide fraction was visible (chapter 4). If
this high melting amide crystalline fraction is present in PETA25, then an alternating amide-
ester-amide structure must also be present in the PET/PEI copolymer with 20 mol% T2T.

Conclusions

T2T segments in an amorphous polymer are expected to self-assemble in the melt and
therefore crystallize rapidly. When the amorphous segments have a low Tg, the T2T segments
crystallize very well, however, the crystallization is difficult if the Tg is near the melting
temperature. The melting temperature decreases with an increasing amorphous segment length,
this being caused by the ‘solvent’ effect of the amorphous phase. This ‘solvent’ effect seems
to be stronger for PTMO than for PET/PEI. This can be explained by the difference in the
interaction of the amorphous phase with the T2T segments. If the T2T segments are in the
crystalline phase, the modulus in the rubbery region strongly depends on the T2T
concentration. In T2T-PTMO, the T2T segments seem to be fully crystallized, as on
increasing the T2T concentration, the Tg of the PTMO phase is not increased.
If the T2T segments are extended with 1,2-ethanediol, alternating amide-ester-amide segments
are introduced. These segments form a separate lamellar phase with a much higher melting
temperature (Tm>300ºC) than non-extended T2T segments (Tm 110-160ºC). If some extended
T2T segments are present, then the crystallization of the non extended T2T segments is
extremely rapid with the crystallized amide-ester-amide segments acting as nucleation sites for
the non-extended T2T segments.
In PET/PEI the non-extended T2T segments have difficulty in crystallizing due to the small
window between the melting temperature and the glass transition temperature, the Tfl of T2T-
(PET/PEI)800 is 194ºC. In chapter 4, T2T segments were incorporated into the crystallizable
PET. The crystallization of T2T segments in PET is also expected to be slow but can be
enhanced by the crystallization of a longer chain segment, containing both T2T and ester
segments, thus forming thicker lamellae. The crystallization can also be enhanced if alternating
amide-ester-amide segments, which have a high melting temperature (>300ºC) are present,
forming the nucleation sites for ester crystallization.
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Summary

Engineering plastics have good mechanical, thermal and electrical properties, and can be easily
processed. Typical engineering plastics include polyamides (PA6,6, PA6, PA4,6) and
polyesters (PBT, PET). Compared to polyesters of a similar structure, polyamides have a
high glass transition (Tg) and melting temperature (Tm) and crystallize more rapidly. The
disadvantage of polyamides is that they have a high water absorption (up to 15 wt%). Thus it
would be of interest to combine the good properties of both the polyesters and polyamides
into copolyesteramides. Copolyesteramides which combine these desirable properties, are
alternating polyesteramides and polyesteramides with amide segments of uniform length. A
random copolyesteramide has properties that are inferior to the homopolymers, due to a
lowering of the chain order.
Poly(ethylene terephthalate) (PET) is a semi-crystalline polyester with a relatively high Tg of
85ºC and a Tm of 255ºC. The major drawback for its use in injection molding applications is
its slow rate of crystallization. Nylon 2,T is a semi-crystalline polyamide with a Tg of
approximately 200ºC and a Tm of 455ºC. For applications requiring a high temperature
dimensional stability, a polymer should have a high Tm. Thus it is of interest to modify PET
to a polymer with a Tm of approximately 280ºC. Therefore T2T (a one-and-a-half repeating
unit of nylon 2,T) is incorporated in PET to obtain a rapidly crystallizing polyesteramide
with an improved dimensional stability whilst maintaining a low water absorption. In order to
obtain a uniform amide segment length, the pre-formed bisesterdiamide T2T-dimethyl is used
as starting material in the polymerization reaction.

In chapter 2, the synthesis of the bisesterdiamide T2T-dimethyl is described. The pure T2T-
dimethyl obtained has a melting onset of 312ºC and a melting enthalpy of 165 J/g. Three
different synthesis routes are studied. In the first route a mono-acid chloride, methyl (4-
chlorocarbonyl) benzoate and 1,2-diaminoethane (DAE) are used as starting materials. Because
the acid chloride is much more reactive than the ester group, no higher oligomers can be
formed. However, a disadvantage of using acid chlorides is the formation of HCl, which can
form a salt with an amino group and thereby limits any further reaction. As a high amount of
T2 is formed (40 mol%), the use of the acid scavenger N-methyl-2-pyrrolidone (NMP) proofs
to be insufficient. In the second synthesis route, dimethyl terephthalate (DMT) and DAE are
reacted at an elevated temperature (100ºC) in absence of a catalyst and using m-xylene as
solvent. The concentration of reactants is high. However the yield of this reaction is relatively
low (34%). The addition of phenol to the solvent mixture has little effect on the yield and
purity of the product. In the third synthesis route, T2T-dimethyl is synthesized from DMT
and DAE in a solvent mixture of toluene/methanol at 65ºC employing lithium or sodium
methanolate as a catalyst. A high yield is obtained (90%), and, after recrystallization from
NMP, also a product with a high purity.
In chapter 3, the synthesis and the thermal stability of polyesteramides based on PET and
nylon 2,T (PETA) using DMT, T2T-dimethyl and 1,2-ethanediol as starting materials are
reported. The polymerization is a two step synthesis (transesterification and
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polycondensation), both steps being carried out in the same reactor. The molecular weight of
the product is increased by subsequent solid state postcondensation at 220-250ºC. During
synthesis, processing and applications at high temperatures, thermal degradation of the
polymer can occur. Several catalyst systems are evaluated for their effect on the inherent
viscosity, thermal properties and thermal stability of the resulting polymer at 320ºC under a
nitrogen atmosphere. In contrast to poly(butylene terephthalate) (PBT), PET is very sensitive
to metal-catalyzed β-elimination (the most important degradation reaction). By using
tetraisopropyl orthotitanate as a catalyst, a reasonable molecular weight of PETA can be
obtained, but the degradation rate of the resultant polymer is very high. However, the
degradation rate is decreased by inactivation of the titanium catalyst with triphenyl phosphite
before processing. The use of the combination of antimony trioxide and manganese or zinc
acetate as catalysts results in a polymer with a high molecular weight and a low degradation
rate at 320ºC, the metal-catalyzed β-elimination being mainly caused by the
transesterification catalyst. By increasing the amount of zinc and antimony catalyst used, a
higher molecular weight of PETA is obtained, but also a higher degradation rate constant.
Inactivation of zinc acetate after the transesterification step with triphenyl phosphate proofs
not to be sufficient to suppress this higher degradation rate.
Increasing the diamide concentration results in a lower molecular weight of PETA, this effect
being noticeable at concentrations higher than 10 mol%. The thermal degradation rate of PETA
increased with increasing diamide content. It is possible that the ester bond is destabilized by
the amide linkage being in the terephthalic para position. The amide bond is less electron
withdrawing than the ester bond, thereby inducing the cyclic transition state for β-elimination
of the ester bond.
During melt polymerization at 270-290ºC, thermal degradation reactions occur. Therefore the
polycondensation time is kept to a minimum and the molecular weight is increased under
milder conditions during subsequent solid state postcondensation. Increasing the solid state
postcondensation temperature for PET, PETA10 and PETA25 to 230ºC, 240ºC and 240ºC
(4h) / 250ºC (20h) results in a higher molecular weight for the polymers, but also a darker
coloration. By lowering the vacuum, diffusion of ethanediol probably becomes rate limiting
and the increase in molecular weight is reduced. When the condensation products are not
removed at all, the polymers are darkly colored. The best results are found to be obtained by
using a high vacuum (0.1 mbar), possibly applying a low nitrogen flow as purge gas.
In chapter 4 the properties of PETA as a function of diamide content are reported. The
crystallization temperature (Tc) of PET is found to be increased by the incorporation of 2
mol% of diamide segments such as T2T, T4T and TφT. Of these amide segments, T2T is
found to be the most effective nucleator for PET. This is probably due to its resemblance to
the repeating unit of PET, being of approximately the same length and thus a good fit in the
PET crystalline lattice.
A PETA series with an increasing T2T content (0.1 to 30 mol%) is synthesized and studied.
It is observed by dynamic mechanical analysis, that the Tg, Tfl and modulus of the rubbery
plateau of PETA increase with increasing T2T content, implying a considerable improvement
in the dimensional stability. As hydrogen bonding occurs between the diamide segments, the
degree of intermolecular interaction and therefore the Tg are found to be increased, this increase
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in Tg being approximately linear with T2T content. The melting (Tm) and flow temperatures
(Tfl) are also increased with increasing diamide content. The melting endotherm in the DSC
spectrum broadens with an increasing diamide content, suggesting a wide variety of lamellar
sizes and compositions. The increase in Tfl is non-linear, indicating that random
cocrystallization of the ester and amide segments does not occur. The amide segments are
expected to self-assemble in the melt, and preferentially order with other amide segments. The
water absorption of PETA25 is only slightly higher than that of PET, suggesting that both the
amorphous and the crystalline phases are minimally accessible to water molecules.
PET synthesized using a zinc/antimony catalyst system, crystallizes more rapidly due to the
nucleating effect of the catalysts. The crystallization rate of PET can be considerably
improved by the incorporation of a small amount of T2T. This nucleating effect of T2T is
more pronounced in PETA synthesized using a titanium catalyst than for PETA synthesized
with a zinc/antimony catalyst system. By using higher concentrations of T2T, the
crystallization rate of PETA can be improved even further. The crystallization of PETA from
the melt is studied using time-resolved WAXD measurements. It is observed that for PETA25,

crystalline amide segments are present at 310ºC, this being well above the Tm measured by
DSC (280ºC). The hypothesis is that at high amide concentrations, small alternating segments
are formed (amide-ester-amide), these have a much higher melting temperature and are present
in their crystalline form above the melting temperature of the polymer. Upon cooling, these
segments form the nucleation sites for PETA.
The nucleation of PET by codiols is reported in chapter 5. Several linear, branched and
aromatic codiols are incorporated into PET. The codiols are probably present in the polymer
chain folds, therefore lowering the interfacial free energy and enhancing the crystallization.
However, the presence of codiols also disturbs the structural order of the polymer, resulting in
a decrease in both the Tm and Tc values. Therefore the optimum codiol concentration is found
to be at around 1 mol%. No synergy is observed between the nucleating effect of T2T and the
codiol, however, the diamide segment T2T is a more effective nucleator than codiols.
Incorporation of the long C36 dimerized fatty diol (molecular weight of 540 g/mol) is found to
mainly influence the Tg value. Only one Tg is observed, suggesting that the amorphous phase
of PET and the dimerized fatty diol are miscible. By incorporating C36 dimerized fatty diol
into PET, the Tm and Tc are only slightly lowered, the undercooling (Tm-Tc) is somewhat
increased and the properties at room temperature are hardly affected. The lowering of the Tg

value widens the window between the Tc and Tg, thereby increasing the rate of crystallization.
As the Tg should remain above 50ºC, the range of interest is up to 5 mol% (31 wt%) of C36
dimerized fatty diol.
Another possible route for the incorporation of diamide segments into PET is by reactive
extrusion of PET and the bisesterdiamide T2T-dimethyl, this route is studied in chapter 6. By
interchange reactions, T2T-dimethyl can be incorporated into the polyester chain, whereby
chain scission occurs and two shortened polymer chains with unreactive methyl endgroups are
formed. The molecular weight may be increased again by solid state postcondensation. The
introduction of unreactive methyl endgroups is limiting in the rebuilding to a high molecular
weight of the polymer and the addition of ethanediol is only able to partly transesterify (15-
20%) the methyl groups into reactive hydroxyl groups. The incorporation of T2T by reactive
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extrusion in a higher amount than 1 mol% is found not to improve the crystallization rate and
actually makes it more difficult to obtain a high molecular weight polymer.
The addition of a small amount of T2T-dimethyl (0.1 mol%) by reactive extrusion to PET is
found to be sufficient for PET nucleation, the crystallization rate is similar whether a slow or
fast crystallization grade of PET is used. The strongest nucleating effect of T2T is obtained
using a slowly crystallizing PET (soft drink bottle grade). PET can also be nucleated with talc,
the crystallization temperature being higher than of PET nucleated by T2T, but the material
being more brittle. However, under injection molding conditions, T2T proofs to be a better
PET nucleator than talc. It is found that the crystallization rate of PET can be greatly
enhanced by the addition of nucleators, but it is not possible to achieve the crystallization rate
of PBT. The crystallization rate of PBT can only be slightly enhanced by the addition of
nucleators.
The crystallization of the T2T diamide segment in polymers is studied and described in
chapter 7. Copolymers are synthesized using T2T as the crystallizable hard segment with
various amorphous segments and the influence of the amorphous segment length and the
presence of amide-ester-amide segments studied. Firstly, a polyether with a low Tg

(polytetramethyleneoxide, PTMO) is used as the amorphous segment, the segment length is
varied by extending PTMO650 (molecular weight of 650 g/mol) with dimethyl isophthalate.
Because of the uniform lamellar thickness, the glass and flow transitions are sharp and the
modulus of the rubbery plateau appears to be virtually temperature independent. The Tm is
found to decrease with increasing soft segment length, this is ascribed to a ‘solvent’ effect of
the amorphous phase. The Tg value is independent of the diamide concentration, indicating
that the T2T segments are fully crystallized. When ethanediol is added as a T2T segment
extender, amide-ester-amide segments are introduced, these form a separate lamellar phase
with a much higher melting temperature (>300ºC). The crystallization rate is enhanced by the
presence of these segments, indicating that crystallized amide-ester-amide segments form the
nucleation sites for the non-extended T2T segments.
T2T is also incorporated into the random (50/50) copolymer of PET and poly(ethylene
isophthalate) (PEI), this is an amorphous polymer and has a Tg of 70ºC. As the Tc value is
near that of the Tg, the T2T segments do not crystallize well and the crystallization is
incomplete. Consequently, the crystallization of T2T segments in PET is also expected to be
slow. In PETA, longer segments containing both the T2T and ester segments are probably
crystallizing, thus forming thicker lamellae than the single T2T crystals.
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Samenvatting

‘Engineering plastics’ zijn materialen met goede mechanische, thermische en elektrische
eigenschappen, die mede een goede verwerkbaarheid bezitten. Typische voorbeelden van
engineering plastics zijn polyamides (PA6,6, PA6, PA4,6) en polyesters (PET, PBT). In
vergelijking tot polyesters hebben polyamides met een overeenkomstige structuur een hogere
glasovergangstemperatuur (Tg), smelttemperatuur (Tm) en kristallisatiesnelheid. Het nadeel van
polyamides is de hoge waterabsorptie (tot 15%). Het zou daarom interessant zijn om de goede
eigenschappen van polyesters en polyamides te combineren in copolyesteramides.
Copolyesteramides waarin deze goede eigenschappen kunnen worden gecombineerd, zijn
alternerende polyesteramides en polyesteramides met amidesegmenten van uniforme lengte.
Een ‘random’ copolyesteramide heeft in vergelijking tot de homopolymeren inferieure
eigenschappen, als gevolg van een verlaging van de ketenorde.
Poly(ethyleentereftalaat) (PET) is een semi-kristallijn polyester met een relatief hoge Tg van
85ºC en een Tm van 255ºC. Het grootste nadeel van PET voor spuitgiettoepassingen is de
lage kristallisatiesnelheid. Nylon 2,T is een semi-kristallijn polyamide met een Tg van ongeveer
200ºC en een Tm van 455ºC. Voor sommige toepassingen is een hoge temperatuur
dimensiestabiliteit vereist en moet het polymeer een hoge Tm hebben. Het is daarom
interessant om PET zodanig te veranderen dat een polymeer met een Tm van 280ºC verkregen
wordt. Onderzocht is of modificatie van PET met T2T (anderhalve repeterende eenheid van
nylon 2,T) tot snel kristalliserende polyesteramides leidt met een verbeterde
dimensiestabiliteit en tevens een lage waterabsorptie. Om een uniforme lengte van de
amidesegmenten te verkrijgen, wordt het voorgevormde bisesterdiamide T2T-dimethyl
gebruikt als uitgangsstof voor de polymerisatiereactie.

In hoofdstuk 2 wordt de synthese van het bisesterdiamide T2T-dimethyl beschreven. Het
verkregen pure T2T-dimethyl heeft een smelttemperatuur van 312ºC en een smeltenthalpie
van 165 J/g. Er zijn drie verschillende syntheseroutes bestudeerd. In de eerste route zijn een
mono zuurchloride, methyl(4-chloorcarbonyl)benzoaat, en 1,2-diaminoethaan (DAE) gebruikt
als uitgangsstoffen. Omdat het zuurchloride veel reactiever is dan de methylester, kunnen er
geen doorgereageerde producten worden gevormd. Een nadeel van het gebruik van
zuurchlorides is het vrijkomen van HCl, wat een zout kan vormen met een aminogroep en
daardoor verdere reactie kan verhinderen. Aangezien een grote hoeveelheid (40 mol%) T2 is
gevormd, is het zuurafvangend vermogen van het in deze reactie gebruikte N-methyl-
pyrrolidon (NMP) niet voldoende. In de tweede syntheseroute, wordt de reactie tussen
dimethyltereftalaat (DMT) en DAE uitgevoerd bij een verhoogde temperatuur (100ºC) zonder
katalysator, waarbij m-xyleen is gebruikt als oplosmiddel. De concentratie van de reactanten is
hoog. De opbrengst van de reactie (34%) is relatief laag. Toevoegen van fenol heeft weinig
effect op de opbrengst en zuiverheid van het product. In de derde syntheseroute is T2T-
dimethyl gesynthetiseerd uit DMT en DAE bij 65ºC, waarbij een oplosmiddelsysteem van
tolueen/methanol is gebruikt en lithium- of natriummethanolaat als katalysator. Er is een hoge
opbrengst verkregen (90%) en na herkristallisatie ook een produkt met een hoge zuiverheid.
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In hoofdstuk 3 worden de synthese en de thermische stabiliteit van polyesteramides op basis
van PET en nylon 2,T (PETA) behandeld. DMT, T2T-dimethyl en 1,2-ethaandiol zijn als
uitgangsstoffen gebruikt. De polymerisatiereactie is een 2-staps synthese (transesterificatie en
polycondensatie) die in dezelfde reactor is uitgevoerd. Het molekuulgewicht is door middel van
een vaste fase nacondensatie bij 220-250ºC verhoogd. Tijdens synthese, verwerking en
toepassingen bij hoge temperaturen, treedt thermische degradatie van het polymeer op.
Verschillende katalysatorsystemen zijn geëvalueerd met betrekking tot de volgende
eigenschappen van de verkregen polymeren: de inherente viscositeit, de thermische
eigenschappen en de thermische stabiliteit bij 320ºC in een stikstof atmosfeer. In tegenstelling
tot bijvoorbeeld poly(butyleentereftalaat) (PBT) is PET erg gevoelig voor metaal-ion
gekatalyseerde β-eliminatie (belangrijkste degradatiereactie). Wanneer tetraisopropyl
orthotitanaat wordt gebruikt als katalysator, wordt een redelijk hoog molekuulgewicht van
PETA behaald. De degradatiesnelheid van het verkregen polymeer is echter hoog, maar kan
worden verlaagd door inactivatie van de titanium katalysator door toevoeging van
trifenylfosfiet voor verwerking. Een katalysator combinatie van antimoontrioxide en mangaan-
of zinkacetaat resulteert in een polymeer met een hoog molekuulgewicht en een lage
degradatiesnelheid bij 320ºC, waarbij de metaal-ion gekatalyseerde β-eliminatie voornamelijk
wordt bepaald door de transesterificatie katalysator. Door de hoeveelheid van de zink en
antimoon katalysator te verhogen kan een nog hoger molekuulgewicht van PETA worden
bereikt. Inactivatie van de zink katalysator met trifenylfosfaat na de transesterificatie stap is
niet voldoende om de verhoogde degradatie te onderdrukken.
Bij hogere amide gehaltes van PETA worden lagere molekuulgewichten verkregen. Dit effect is
merkbaar bij concentraties hoger dan 10 mol%. De thermische degradatiesnelheid van PETA
neemt toe met toenemend amide gehalte. Een mogelijke verklaring is dat de ester binding wordt
gedestabiliseerd door de amide binding in de para positie, die minder electronenzuigend is en de
cyclische overgangstoestand voor β-eliminatie van de ester binding induceert.
Tijdens de smeltpolymerisatie bij 270-290ºC treedt thermische degradatie op. Daarom is een
korte polymerisatietijd aangehouden, gevolgd door een vaste fase nacondensatie, om onder
mildere condities het molekuulgewicht te verhogen. Het verhogen van de nacondensatie
temperatuur voor PET, PETA10 en PETA25 naar respectievelijk 230ºC, 240ºC en 240ºC (4
uur)/250ºC (20 uur) resulteert niet alleen in een hoger molekuulgewicht, maar ook in een
donkere kleur van het polymeer. Wanneer een minder hoog vacuum wordt aangelegd, is de
diffusie van ethaandiol snelheidslimiterend waardoor een lager molekuulgewicht wordt
verkregen. Wanneer de condensatie producten helemaal niet worden verwijderd, is het
polymeer erg donker van kleur. De beste resultaten worden verkregen bij een zo hoog mogelijk
vacuum. Eventueel kan een lage stikstofstroom worden aangelegd.
In hoofdstuk 4 zijn de eigenschappen van PETA beschreven als functie van het amidegehalte.
De kristallisatietemperatuur (Tk) van PET wordt verhoogd door het inbouwen van 2 mol%
diamidesegmenten, zoals T2T, T4T en TφT. Van deze segmenten is T2T de meest effectieve
kiemvormer voor PET, waarschijnlijk omdat T2T qua structuur en lengte vergelijkbaar is met
de repeterende eenheid van PET, waardoor het goed in het kristalrooster past.
Een serie PETA’s met oplopend amide gehalte (0.1 tot 30 mol%) is gesynthetiseerd en
bestudeerd. Met dynamisch mechanische analyse (DMA) is waargenomen dat de Tg, Tvl en de
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modulus in het rubber plateau toenemen met toenemend T2T gehalte, wat duidt op een
aanzienlijke verbetering in dimensiestabiliteit. Door het optreden van waterstofbrugvorming
tussen de amide bindingen wordt de intermoleculaire interactie verhoogd en dus ook de Tg, die
lineair toeneemt met stijgend amide gehalte. De smelt- en vloeitemperatuur stijgen ook met
toenemend amide gehalte. De smeltendotherm in het DSC spectrum verbreedt met toenemend
amide gehalte, wat op een grote variatie in omvang en samenstelling van de lamellen duidt. De
toename in Tvl is niet lineair, wat suggereert dat ‘random’ cokristallisatie van ester- en
amidesegmenten niet voorkomt. Naar verwachting ordenen de amidesegmenten zich in de smelt
bij voorkeur met andere amidesegmenten. De waterabsorptie van PETA25 is slechts een fractie
hoger in vergelijking tot PET, wat er op duidt dat zowel de amorfe als de kristallijne fase
weinig water moleculen opnemen.
PET, dat met een zink/antimoon katalysator is gesynthetiseerd, kristalliseert sneller door het
nucleërende effect van de katalysator. Door een kleine hoeveelheid T2T (0.1 mol%) in te
bouwen, wordt de kristallisatie van PET al behoorlijk versneld. Dit nucleërend effect van T2T
is sterker aanwezig voor PETA gesynthetiseerd met een titanium katalysator in vergelijking tot
PETA gesynthetiseerd met een zink/antimoon katalysatorsysteem. Bij hogere T2T
concentraties wordt de kristallisatiesnelheid nog verder verhoogd. Met tijd-opgeloste WAXD
metingen is de kristallisatie van PETA vanuit de smelt bestudeerd. Voor PETA25 zijn
kristallijne amidesegmenten waargenomen bij 310ºC. Deze temperatuur ligt ver boven de Tm

van PETA25 die met DSC is gemeten (280ºC). De hypothese is dat bij hoge amide gehaltes,
kleine alternerende segmenten worden gevormd (amide-ester-amide), die een veel hogere
smelttemperatuur hebben en daarom nog kristallijn zijn boven de smelttemperatuur van het
polymeer. Bij afkoelen vormen deze segmenten de nucleatie plaatsen voor verdere
kristallisatie.
In hoofdstuk 5 is de kiemvorming van PET door codiolen beschreven. Verschillende lineaire,
vertakte en aromatische codiolen zijn ingebouwd in PET. Het codiol is hoogstwaarschijnlijk
aanwezig in de ketenvouw en verlaagt de vrije grensvlakenergie, waardoor de kristallisatie
versneld wordt. Codiolen verlagen echter ook de structurele orde van het polymeer en hiermee
de Tm en Tk. Daarom is er een optimum in codiol concentratie gevonden rond 1 mol%. Er
treedt geen synergie op tussen het nucleërende effect van T2T en van de codiolen. Het
diamidesegment T2T is echter effectiever als kiemvormer dan de codiolen.
Het inbouwen van het lange C36 gedimeriseerde diol (molekuulgewicht van 540 g/mol)
beïnvloedt voornamelijk de Tg. Er is slechts één Tg waargenomen, wat aangeeft dat de amorfe
fases van PET en het gedimeriseerde diol mengbaar zijn. De Tm en Tk worden enigszins
verlaagd en de onderkoeling (Tm-Tk) iets verhoogd, terwijl de eigenschappen bij
kamertemperatuur nauwelijks veranderen. Verlaging van de Tg vergroot het verschil tussen Tk

en Tg, waardoor de kristallisatie wordt versneld. Omdat de Tg boven 50ºC moet blijven, is een
concentratie tot 5 mol% (31 gew.%) C36 gedimeriseerd diol interessant.
Een andere mogelijke route om amidesegmenten in te bouwen in PET is door reactieve extrusie
van PET met het bisesterdiamide T2T-dimethyl. Deze route is bestudeerd in hoofdstuk 6.
Door uitwisselingsreacties wordt het T2T-dimethyl ingebouwd in de polyesterketen, waarbij
ketenbreuk optreedt en 2 verkorte polymeerketens met methyl eindgroepen ontstaan. Door
vaste fase nacondensatie kan het molekuulgewicht weer worden opgebouwd. Limiterend voor
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het bereiken van een hoog molekuulgewicht is het introduceren van niet-reactieve methyl
eindgroepen. Door ethaandiol toe te voegen is het slechts mogelijk om een gedeelte (15-20%)
van deze methyl groepen om te esteren tot reactieve hydroxyl groepen. Het inbouwen van
T2T door reactieve extrusie in concentraties hoger dan 1 mol% is niet bevordelijk voor de
kristallisatiesnelheid en bemoeilijkt de opbouw tot een hoog molekuulgewicht.
Toevoeging van een kleine hoeveelheid (0.1 mol%) T2T-dimethyl aan PET door middel van
reactieve extrusie is voldoende voor de kiemvorming van PET. De kristallisatiesnelheid van
PET met 0.1 mol% T2T is onafhankelijk van het gebruik van een snel of langzaam
kristalliserend type PET. Het sterkste effect is behaald met langzaam kristalliserend PET
(flessen PET). Ook talk is een goede kiemvormer voor PET. Door het toevoegen van talk als
kiemvormer wordt een hogere Tk van PET verkregen in vergelijking met toevoeging van T2T,
maar het materiaal is brosser. Onder spuitgietomstandigheiden is T2T echter een betere
kiemvormer voor PET dan talk. De kristallisatiesnelheid van PET kan aanzienlijk worden
verhoogd door het toevoegen van kiemvormers, maar de kristallisatiesnelheid van PBT kan niet
worden bereikt. De kristallisatiesnelheid van PBT kan slechts weinig worden verhoogd door
het toevoegen van kiemvormers.
De kristallisatie van het diamidesegment T2T is in hoofdstuk 7 beschreven. Er zijn
copolymeren gesynthetiseerd met T2T als kristalliseerbaar hard segment en verschillende
amorfe segmenten. De invloed van de amorfe segmentlengte en van amide-ester-amide
segmenten op de thermische eigenschappen en het kristallisatie gedrag is bestudeerd. Als eerste
is een polyether met een lage Tg (polytetramethyleenoxide, PTMO) gebruikt als amorf
segment. De segmentlengte is gevariëerd door PTMO650 (molekuulgewicht van 650 g/mol) te
verlengen met dimethylisoftalaat. Door de uniforme dikte van de lamellen, zijn de glas- en
vloei-overgangen scherp en de modulus van het rubber plateau bijna temperatuur
onafhankelijk. De Tm neemt af met toenemende zachte segmentlengte; dit kan worden
toegeschreven aan het ‘oplosmiddel’ effect van de amorfe fase. De Tg is onafhankelijk van de
amide concentratie, wat aangeeft dat de T2T segmenten volledig gekristalliseerd zijn. Door
ethaandiol toe te voegen als een verlenger van de T2T segmenten, zijn amide-ester-amide
segmenten geïntroduceerd, die een aparte kristallijne fase vormen met een veel hogere
smelttemperatuur (>300ºC). De kristallisatie wordt versneld door de aanwezigheid van deze
segmenten, wat er op duidt dat de gekristalliseerde amide-ester-amide segmenten als
kiemvormers werken voor de niet verlengde T2T segmenten.
T2T is ook ingebouwd in een ‘random’ copolymeer (50/50) van PET en
poly(ethyleenisoftalaat) (PEI), dat amorf is met een Tg van 70ºC. Omdat de Tk dichtbij de Tg

ligt, is het moeilijk voor de amidesegmenten om te kristalliseren en hierdoor is de kristallisatie
incompleet. De kristallisatiesnelheid van de T2T segmenten in PET is daarom naar
verwachting ook laag. Waarschijnlijk zullen in PETA langere segmenten kristalliseren, die
zowel T2T als estersegmenten bevatten, waardoor er dikkere lamellen worden gevormd dan bij
de enkele T2T kristallen.
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