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A series of the terpolymers of poly[(trimethylene terephthalate)-block-(oxytetramethylene)-block-
laurolactam] with a variable molar ratio of ether and amide block and constant molecular weights of
PA12 = 2000 g/mole and PTMO = 1000 g/mole have been obtained. The influence of changes of these
molar ratios on the functional properties and the values of phase change temperatures of the products
have been determined. The thermal properties and the phase separation of obtained systems were defi-
ned by DSC, DMTA and WAXS methods. The chemical structure of obtained materials was studied by
FT-IR and 13C NMR methods. The mechanical and elastic properties of these polymers were evaluated.
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INTRODUCTION

Thanks to their excellent mechanical and physical
properties thermoplastic elastomers (TPE) have found
wide applications in many industrial branches as engi-
neering materials. TPE combines the properties of vul-
canized rubber and thermoplastics. These polymers are
characterized by high elastic recovery, good flexibility at
low temperatures like vulcanized rubbers, but they have
great impact strength and may be processed simply like
thermoplastics'™.

The multiblock TPE macromolecule consists of flexible
and rigid blocks with different physical and chemical
properties. Flexible blocks are able to form a continuous
matrix, most often it is a soft-elastic phase. As a result
of aggregation, rigid blocks form a hard phase, usually
dispersed. The characteristic feature of TPE is capable
of microphase (nanophase) separation*®. As a result of
this phenomenon, two (or more) phases are distingu-
ished, differing in the values of physical transformation
temperatures. These temperatures determine the broad
“plateau” of the modulus of elasticity. A matrix-domain
structure is created®* %,

TPE properties are the result of combining the features
of individual blocks. When designing multi-block systems,
the type of blocks should be selected appropriately,
paying attention to their chemical structure, chemical
and physical properties as well as weight and molar
ratios. Due to their properties polyamides (stiffness and
excellent thermal and mechanical properties), polyesters
(biocompatibility and biodegradability) and polyethers
(relatively low price, increasing the elastic properties of
the system) are often used as TPE blocks® 2.

The aim of the study was to obtain a series of ther-
moplastic elastomers by reaction of o, w-dicarboxyl(oli
golaurinolactam) (PA12) with oligo(oxytetramethylene)
diol (PTMO) and with dimethyl terephthalate and
1,3-propanediol (forming a block of poly(trimethylene
terephthalate - during the synthesis) PTT). The effect
of changing the molar ratio of ether to amide blocks on
the properties of terpolymers obtained was investigated.

EXPERIMENTAL

Materials

The following substrates were used: 1,3-propanediol
(1,3-PDO; Sigma-Aldrich, USA), dimethyl terephthalate
(DMT; Elana, Poland), poly(oxytetramethylene)diol with
molecular weight 1000 g/mol (PTMO; Du Pont, USA),
dodecano-12-lactam, sebacic acid — (Sigma-Aldrich,
USA). The lactam and the dicarboxylic acid are the
substrates prepared in our laboratory o,m-dicarboxylic
oligo(laurolactam) (PA12) with the number average
molecular weight 2000 g/mol'® **, pentaerythritol (Bren-
ntag, Poland), a titanate catalyst (TiO,/SiO,, Sachtleben
Chemic GmbH, Germany), thermal stabilizers (Irganox
1010, Irgafos 126, Ciba Geigy, Switzerland).

Synthesis of multiblock PTT-b-PTMO-b-PA12 polymers

The synthesis of PTT-b-PTMO-b-PA12 terpolymers
consisted of the structural modification of PTT macro-
molecule. Some fragments derived from terephthalic
acid have been replaced by a dicarboxylic oligoamide
block and some derived from propylene glycol by
a diol oligoether block. Synthesis of block terpolymers
proceeded as a two-step process. The initial stage was
the transesterification reaction of DMT with 1,3-PDO
leading to the formation of polyester and the release of
methanol (Equation 1) and the esterification (in a sepa-
rate reactor) of PA12 with PTMO (by-product is water)
in the presence of titanate catalyst (Equation 2). From
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Equation 1. Transesterification reaction of DMT with 1,3-PDO
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Equation 2. Esterification reaction of PA12 with PTMO



the respective amounts of methanol and water, it was
concluded that the conversation in the transesterifica-
tion reaction was 95% and the degree of esterification
was 90% (degrees was expressed as the weight ratios
of the released methanol or water to the respective
stoichiometric amounts of these products). The second
stage of the process comprises the proper condensation
polymerization of mixed intermediates obtained in the
first stage of synthesis.

Methods

The limiting viscosity number [n] of the terpolymers in
phenol-tetrachloroethylene mixture (60:40 vol/vol) was
determined by an Ubbelohde viscometer II at 30 °C.
Optical melting points Tm were determined using a Bo-
etius microscope (HMK type Franz Kustner Nacht KG)
at a heating rate of 2 °C/min. Hardness (H) measurements
were performed on a Shore A and D apparatus (Zwick,
type 3100) according to PN-80/C-04238. Swelling in the
benzene and water (pH2O, pb) was performed according
to PN-66/C-08932. FT-IR analyses were carried out on
a spectrometer Nexus. Spectra were acquired in the scan
range 4000-530 cm™', with a resolution of 4 cm™ (4 me-
asurements were made for each material). C NMR were
performed on spectrometer Bruker Avance 300 MHz.
The tensile and elastic data were collected at room tem-
perature with an Instron 4026. These parameters were
measured per sample on ten replicates. The speed of the
moving clamp was 100 mm/min. Received two types of
mechanical hysteresis loops. The first type was obtained
by stretching terpolymers at a constant elongation of
100%. Specimens were extended to 100% elongation and
then they were allowed to relax and return to the initial
gauge length. The cycle was repeated five times. Based
on this measurement the per cent elastic recovery and
permanent deformation of specimens were calculated.
The second one was obtained by stretching a polymer
sample from 10% to 100% at elongation growing by 10%.
Before testing, all specimens were conditioned without
any stress in a standard atmosphere (22 £2 °C, 65 £5%

Table 1. Compositions of the terpoly(ester-b-ether-b-amide)s
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humidity) for at least 24 hours. By the methods DSC (TA
Instruments, heating-cooling-heating, 10 °C/min), DMTA
(Rheovibron DDV-II, profiles for the examinations were
made by injection molding) and WAXS (diffractometer
Geiger-Flex, 20: 5-38, 2 °C/min) the polymers’ physical
structure was evaluated.

RESULTS AND DISCUSSION

To study the effect of macromolecule architecture on
the properties of the materials obtained, a TPEEA series
with a variable molar ratio of PTMO to PA12 block was
synthesized. These terpolymers are composed of PTMO
and PA12 blocks with a constant molecular weight of 1000
g/mol and 2000 g/mol, respectively, and the PTT block
formed during synthesis. The type and molar and weight
ratios of the substrates used for synthesis are shown in
Table 1. Molar ratios characterize the architecture of
terpolymer macromolecules (distribution of blocks) and
weight ratios are related to the content of blocks.

The selected properties of TPEEA were presented
in Table 2.

TPEEA with [n]>1.25 dL/g have molecular weights
ensuring good mechanical properties®. All the materials
obtained have [n] above this value. The water swelling
results indicate the hydrophobic nature of all polymers
obtained. The swelling does not exceed 2%, which
indicates that water penetrates the amorphous phase
of the polymer to a very small extent. Along with the
increase in the content of ether blocks in the obtained
copolymers, an increase in benzene absorption and
a decrease in melting point and hardness is noticeable
(Table 2). This proves that PTMO flexible blocks build
the amorphous phase of the TPEEA and create more
and better polymer matrix.

All obtained terpolymers have strength curves cha-
racteristic of elastomeric materials in which there is
no yield point. Figure 1 shows only those samples that
differ significantly in the course of the curves. Samples
1 and 2 (PTMO/PA12 = 2 and 2,5 respectively) have
similar stress-elongation characteristics for polyesters and

Sample Meata, Mervo, Molar ratio Expected structure of the
No. g/mol g/mol DPerr | pTMO/PA12/DMT/1,3-PDO | Wemio | Wearz | Werr terpolymer
macromolecule
1 2000 1000 4 2/1/5/19 0.415 0.415 0.171 -(ABCB),-
2 2000 1000 2.66 2,5/1/5/9 0.470 0.376 0.155 -
3 2000 1000 2 3/1/5/9 0.515 0.343 0.141 -[(AB),CB]a-
4 2000 1000 1.6 3,5/1/5/9 0.553 0.316 0.130 -
5 2000 1000 1.33 4/1/5/9 0.586 0.293 0.121 -[A(BA):BCB]-
6 2000 1000 1 5/1/5/9 0.639 0.256 0.105 -[A(BA)sBCB]a-

M — molecular weight, DP — degree of polymerization, w — weight ratio, A — PTT, B — PTMO, C — PA12

Table 2. Properties of the TPEEA with varied molar ratio PTMO/PA12 and constant molecular weights of PA12=2000 g/mole and

PTMO=1000 g/mole

Sample No. [n], dL/g MFI, g/10min H, Shore A H, Shore D | puzo, % poz 6,MPa | E,MPa | &, % | Tn,°C | Ta®, °C
1 1.71 3.74 87.2 22.3 2 148 | 11.35 34.0 124 126 140
2 1.59 2.93 84.4 20.3 2 157 9.69 24.8 122 116 149
3 1.53 3.39 75.6 16.0 1 188 4.56 13.6 200 118 134
4 1.5 2.92 69.4 12,.3 2 190 2.96 13.3 201 112 123
5 1.33 2.41 65.2 11.3 2 197 3.06 9.88 | 201 110 120
6 1.27 2.45 49.4 <10 2 =) 1.97 0.31 39 105 116

[n] = limiting viscosity number, MFI — melt flow index, H — hardness, pu20 and p, — absorbability of water and benzene, respectively,
o — tensile strength, E — the Young’s modulus, € — elongation at break, T, , T - initial and end of melting point
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gation reached 80%) showed terpolymers with a molar

R S Fivio/pALz=2 ratio of PTMO/PA12 blocks in the range from 3 to 4.
——PTMO/PAIZ =3 In all samples between the first and second cycles, there
. == PTMO/PA12 =5 were large energy losses due to the internal structuring
of these copolymers. This behavior suggests that any
z ¢ : products made of TPEEA must be pre-stretched befo-
& : re proper use. To better understand the nature of the
T deformations in the obtained terpolymers, the surface
! areas between the hysteresis curves and the x axis were
VA calculated and assigned to individual accumulated or
> ! released energies during a single stretch-relaxation cycle
0 50 100 . 156 200 (Table 3).
Figure 1. Strain-stress curves of terpolymers 1, 3 and 6
Sample o
polyamides?*2. Materials 3, 4 and 5 (PTMO/PA12=3; No. A BIl BV | AB% c
3,5 and 4) are typical elastomeric materials where the 1 195 131 62 53 441
; 27,28 . 2 166 100 47 53 351
elongation exceeds 200%*" *°. The terpolymer with the 3 5 3 o5 o1 138
highest content of flexible block (over 60%) has low 4 87 43 20 53 138
mechanical strength, which is most likely due to the 5 81 40 14 64 87
excessive dispersion of the hard domains in the large 6 - - - - -
amorphous phase. To examine in detail the elastic pro- A — field proportional to elastic dissipated energy, Bll and BV — fields
. . . proportional to highly elastic dissipated energy during the second and
perties of TPEEA’ two typgs _Of mechanical hystere.:ms fifth stretching cycle, AB—percentage change in the amount of highly
loops characterized by elasticity and stress relaxation elastic dissipated energy between the second and fifth cycles,
in selected polymers were obtained (Figures 2 and 3). C - field proportional to accumulated energy
The lowest values of permanent deformation after the Table 3. Surface areas proportional to accumulated and di-
first cycle of stretching (elastic returns after 100% elon- spersed energy during TPEEA cyclic stretching
] 100
16 4
PTMO/PA12 =2 PTMO/PAI2 =3 PTMO/PAI2 =4
124 - () e 3
S I cycle
P . V cycle [ °
:Z I cycle
LA
4 < =1
0
0 100 o €, l& €, 100

Elongation, % G—p—a >

Figure 2. Mechanical hysteresis loops (5 cycles) at constant elongation by 100% of the terpolymers with varied molar ratio of ether
and amide block and constant molecular weights of PA12 = 2000 g/mole and PTMO = 1000 g/mole. A — area proportional
to elastic dissipated energy, B — area proportional to highly elastic dissipated energy, C — area proportional to accumulated
energy, €, — irreversible elongation (permanent), &, — highly flexible elongation, ¢, — elastic elongation

0 100
16 4

PTMO/PA1Z =2 PTMO/PA12Z=3 PTMO/PAI2 =4

Stress, MPa

100

Elongation, %a

Figure 3. Mechanical hysteresis loops at elongation growing by 10% of the terpolymers with varied molar ratio of ether and amide
block and constant molecular weights of PA12 = 2000 g/mole and PTMO = 1000 g/mole



The increase in the amount of PTMO flexible blocks
improves the quality of the amorphous continuous
phase, which results in a decrease in dispersed energy
(responsible for both elastic and highly flexible respon-
se). Increasing the content of flexible blocks causes an
increase in the volume of the polymer matrix and thus
greater dispersion of the crystalline domains. As a result,
they can more easily return to their pre-stretching state.
This conclusion is confirmed by the decreasing values of
energy accumulated in the first hysteresis cycle.

As the content of the ether block increased, the co-
polymers showed increasing strain values at break (¢)
and decreasing values of breaking stress (o) and Young’s
modulus (E).

The assumed chemical structure of synthesized terpo-
lymers was confirmed by FT-IR (Fig. 4) and 13C NMR
(Fig. 5) spectroscopy.
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Figure 4. FT-IR spectrum of TPEEA with molar ratio of
PTMO/PA12 = 3 and constant molecular weights
of PA12 = 2000 g/mole and PTMO=1000 g/mole
(sample no. 3).
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Analysis of FT-IR indicated the occurrence in the spec-
trograms of all characteristic bands for esters: symmetrical
and asymmetrical stretching vibrations of the CH group
in CH2 groups (2), stretching vibrations of the carbonyl
group C=O0O in ester bond (3), asymmetrical (8) and
symmetrical (9) stretching vibrations (C-O-C) of ester
segments, deformation vibrations of CH groups outside
the plane bonds in the aromatic ring (13) and amides:
stretching vibrations of NH groups bound by hydrogen
bridges (1), I amide band (4), II amide band (5), III
amide band (7), IV amide band (13) superimposed on
the band corresponding to the vibrations of the CH
groups in the aromatic ring.

Analysis of the ®C NMR spectra showed the presence
of all characteristic groups present in the esters, ethers
and amides. Signals are noted in the range 26.89-218.53
ppm. There are no signals derived from the carbon atoms
of the carboxyl group. A 39.5 ppm chemical shift signal
corresponds to an aliphatic-aliphatic ester group. Such
binding can only be formed by reacting the carboxyl end
groups of the oligoamide with an ester or ether block.
Analyzing the above, it can therefore be concluded
that the oligoamide was incorporated into the polymer
macromolecule.

The effect of the PTMO/PA12 molar ratio on the ther-
mal properties and physical structure of the copolymers
were examined by WAXS (Fig. 6), DSC (Figs. 7, 8 and
Table 4) and DMTA (Fig. 9) methods.

The diffraction pattern of the PA12 homopolymer has
one broad diffraction maximum with two extreme points:
19.68° and 21.54°, which are the result of the overlap of
reflections originating from two polymorphic structures vy
and a PA12. Terpolymer diffractograms have only reflec-
tions with the glancing angles 20 corresponding to the
PA12 diffraction pattern values. There are no reflections
typical of PTT. It can therefore be concluded that in the
obtained multi-block copolymers made of rigid PTT and
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200 ' 150

T T T T T

100 50 0
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Figure 5. C NMR spectrum of TPEEA with molar ratio of PTMO/PA12 = 3 and constant molecular weights of PA12 = 2000

g/mole and PTMO = 1000 g/mole (sample no. 3)
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Table 4. Selected thermal properties of the terpolymers produced
Sample Tg1‘ Acph Tc1y AHch Tm1 AHmh Tm2‘ AHm2, TgZy Asz, TcZ, Ach Tm31 AHmB, TmS_Tg1

°C_|Jlg°Cc| °C Jig °C Jg °C Jg °C_|Jlg°C | °C Jg °C Jg
—70 | 0.13 - - - 146 | 56 | 322 | 45 | 0.072 | 67 | 16.80 | 109 | 9.10 | 179
70 | 0.16 - - -5 332 | 44 | 260 | 40 | 0.041 | 60 | 13.10 | 107 | 8.86 | 177
—74 | 0414 - - 4 1563 | 55 | 257 | 41 | 0034 | 59 | 1314 | 105 | 6.98 | 179

=73 0.14 -40 6.53 7 22.71 54 3.1 41 0.021 68 12.15 109 5.52 182
=72 0.16 -39 7.63 6 25.38 53 0.97 42 0.015 62 9.70 106 4.38 178
—72 0.17 -25 | 2824 | 14 35.67 53 2.71 - - 85 6.62 124 2.10 196
Tg1, Tm1 — glass transition and melting point temperatures, respectively in lowtemperature region; ACp — heat capacity change in Tq1; AHm1 — heat

of melting at Tm1; Tm2, Tms, Tc — melting point temperatures and crystallization temperatures, respectively in high-temperature region,
AH. — crystallization heat in Tc; AHy, — heat of melting at Tr2; AHms — heat of melting at Tms.
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Figure 8. DSC cooling scans of the terpolymers TPEEA with
varied molar ratio of ether and amide block and
constant molecular weights of PA12 = 2000 g/mole
and PTMO = 1000 g/mole
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lymers with varied molar ratio of ether and amide - —--PTMO/PA12 =4
block and constant molecular weights of PA12 =

2000 g/mole and PTMO = 1000 g/mole

PA12 blocks, only the PA12 block is responsible for the
formation of the crystalline phase.

Characteristic for the whole series is the constant
value of the glass transition temperature of the low-
-temperature region (below room temperature) and

the equal span of the glass transition temperature B > ok
range. The glass transition temperature of PTMO Temperature, °C
. o . . .
homopolymer is -90 °C. Chemical bondnig of chain Figure 9. DMTA analysis of the terpolymers with varied molar
ends increases PTMO Tg by about 5-10 °C and the ratio of ether and amide block and constant molecular
effect of the dispersed phase on this block by another weights of PA12 = 2000 g/mole and PTMO = 1000
5 °C*. Therefore, the difference between PTMO glass g/mole
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Figure 7. DSC first and second heating scans of the terpolymers TPEEA with varied molar ratio of ether and amide block and
constant molecular weights of PA12 = 2000 g/mole and PTMO = 1000 g/mole



transition temperatures and terpolymers obtained up
to 20 °C cannot be explained only by stiffening of the
chain ends and interfacial interactions. The dissolution
of short, non-crystallizing ester sequences in the PTMO
block phase is probably responsible for further Tg,
increase in terpolymers. According to the R. L. Scott
solubility criterion, it is possible to obtain a real PTT/
PTMO solution when the degree of polymerization of
the PTT block is less than 2. Tg, is the glass transition
temperature of the PA12 amorphous phase containing
PTT sequences. A pure PA12 block has a Tg = 45 °C
and PTT Tg = 55 °C. For the mixture of these blocks,
the well-known phenomenon of Tg depression is ob-
served. As the PTMO/PA12 molar ratio increases, the
temperature and melting heat of the crystalline fraction
of PTMO blocks increases and the melting endotherms
become slender. This demonstrates the improving phase
separation of the soft phase. As the content of flexible
blocks increases, the melting enthalpy and the melting
point (Tm,) of the PTMO blocks increase. Most likely,
an increasingly better-formed polymer matrix is being
formed.

There are two melting endotherms in the high tem-
perature area. The thermal effect at a temperature
of about 50 °C (Tm,) is characteristic for many melt
crystallizing polymers and is responsible for the mel-
ting of para-crystalline and microcrystalline formations
and defective structures. The second endotherm (Tmy;)
determines the temperature and heat of fusion of the
terpolymer crystalline phase. Endotherms determining
the temperature and heat of fusion are very flattened
and reach maxima on average around 100 °C. All mel-
ting endotherms in the high temperature area are very
wide, which indicates the heterogeneity of the crystalline
phase. In addition, they are characterized by a significant
decrease in melting point compared to PA12 homopoly-
mer. This indicates that in the synthesized terpolymers
the crystalline phase is essentially in decline and is very
defective. Confirmation of this application can be found
in the cooling cycle. Cooling DSC curves have broad
exotherms of PA12 blocks and increasingly well-developed
PTMO exotherms.

Figure 9 shows the effect of temperature on the dy-
namic, mechanical properties of TPEEA depending on
the PTMO/PA12 molar ratio. The temperature spectra
obtained are characteristic curves for thermoplastic ela-
stomers. The spectra of the storage modulus have three
temperature regions: range from —110 °C to —70 °C (value
of the storage modulus above 1 GPa characteristic for
the glassy state), range from —70 °C to 15 °C (viscoela-
stic relaxation processes), range from 15 °C to 70 °C
(highly elastic state observed in the form of “Plateau
of flexibility”). All tgd maxima are the superposition
of at least two relaxation transitions associated with
the glassy transitions of PTMO (a) and interphase ()
(a mixture of blocks occurring at the phase boundary
resulting from covalent bonds between blocks). As the
PTMO/PA12 molar ratio increases, the tgd maxima shift
towards lower temperatures. Maximum a” is a relaxation
transition associated with the amorphous phase of PA12.
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CONCLUSIONS

Synthesis parameters (temperature, time, pressure,
catalyst concentration) of a new type of terpoly(ester-b-
ether-b-amides) with a variable molar ratio of ether to
amide block were selected. The copolymer microstructure
was assessed based on DSC, DMTA and WAXS analyses.
The synthesized copolymers were found to be typical
elastothermoplasts and have a multi-phase (crystalline-
amorphous) physical structure. The amorphous phases
(matrix) are made of PTMO flexible blocks contaminated
with short ester sequences (Tg,) and a mixture of ester
and amide blocks (Tg,). The crystal phase (domains) is
made of PA12 rigid blocks and is disturbed by inclusions
of PTT blocks. With the increasing molar ratio of ether
to amide block in TPEEA, the proportion of soft phase
increases, while the content of hard phase and interphase
decreases. The synthesized multi-block copolymers were
characterized by good mechanical properties, including
good flexibility, thermostability, and thermal and chemi-
cal resistance. TPEEA can successfully meet the specific
requirements of many industries.
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