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Introduction

Polyamides based on renewable raw materials have
aroused the interest of scientists for many years.
Already in the 40 s of the 20th century, polyamide 11
was first synthesized from castor oil (Rilsan) [1].
20 years later, the first syntheses of polyamides based
on 2,5-furanedicarboxylic acid (FDCA) took place [2].
Currently, there are a number of polyamides
obtained from sebacic acid on the market (Vestamid
from Evonik, EcoPaXX from DSM) [3-5].

The decreasing resources of fossil fuels and the
growing ecological awareness of the society have
only increased the interest in the use of renewable
raw materials in the production of polymers in recent
years. Among them, FDCA attracts special attention.
Due to its structure, similar to terephthalic acid
(TPA), in 2004, it was recognized as one of the 12
most promising compounds of plant origin for the
synthesis of polymeric materials [6]. In later years,
numerous studies showed that it is actually a
monomer highly suitable for the synthesis of polye-
sters [7-12], polyurethanes [13], or various types of
copolymers [14-17]. As Terzopoulou and others [18]
pointed out, there is a growing number of works on
furan-based copolyesters, which is related to their

easy synthesis and interesting, various properties.
Moreover, the use of FDCA allows obtaining mate-
rials with better properties than their counterparts
based on TPA. An example is poly(ethylene 2,5-fu-
ranoate) (PEF), which is characterized by much better
barrier properties (11 x lower O, permeability,
19 x lower CO, permeability) than widely used,
especially in the packaging industry, polyethylene
terephthalate (PET) [19, 20].

In the case of polyamides, difficulties have been
encountered during the syntheses with FDCA, so
there is still relatively little work describing the
properties of these bio-based materials. The low
molecular weights of the end products, resulting
from the decarboxylation of FDCA, make it difficult
to obtain materials with promising properties [21].
The work, therefore, focused mainly on the devel-
opment of the synthesis method itself. Thus, one can
find publications describing, among others, solution
polymerization of the diamines with various FDCA
derivatives [22-26], direct polycondensation method
[25, 27, 28], interfacial polymerization [25, 26, 29, 30]
as well as solid-state polymerization [31, 32]. The by-
products produced during the syntheses make that a
method that would allow obtaining a large amount of
pure material with high molecular weight is still
sought after. In recent years, Jiang et al. [33, 34], in
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order to obtain FDCA-based polyamides, used the
enzyme Novozym 435. The enzymatic polymeriza-
tion, due to the milder reaction conditions (lower
temperature and pressure), appeared to be a
promising method, but even in its case, the reaction
efficiency did not exceed 50% [34]. Some other
researchers also described enzymatic polymerization
using the same enzyme, to obtain furan-based poly-
amides [35]. To overcome the low molecular weight
problems, it seemed promising to synthesize copo-
lyamides and copoly(ester amide)s (PEAs) based on
FDCA [36-39]. The resulting intermolecular hydro-
gen bonds, however, resulted in the deterioration of
the thermal and mechanical properties of the mate-
rials [38]. To solve this problem, Kluge et al. [40] used
a diol containing two internal amide bonds. How-
ever, due to long aliphatic chains, the obtained
materials had relatively low Young's modulus
values.

On the basis of the available literature, it can be
seen that in numerous studies, there were difficulties
in obtaining high molecular furan-based polyamides,
copolyamides, and copoly(ester amide)s. Despite
many challenges encountered in the synthesis of
these materials, interest in them continues to grow.
Unfortunately, most papers lack detailed studies of
polyamides and copoly(ester amide)s, especially
regarding their mechanical properties. Usually, too
little of the end product is obtained to test its tensile
strength, especially on dumbbell-shaped specimens
shaped by injection molding. Hence, in this study,
four copoly(ester amide)s (PEAs) based on 2,5-fu-
ranedicarboxylic acid dimethyl ester (DMFDC), 1,3-
propanediol (PDO), and 1,3-diaminopropane (DAP)
with different DAP content were synthesized and
characterized. During each synthesis, about 200 g of
the final product was obtained. The chemical struc-
ture, thermal and mechanical properties of the
obtained PEAs were investigated and compared to
the synthesized poly(trimethylene 2,5-furan dicar-
boxylate) (PTF).

Materials and methods

Preparation procedure of copoly(amide-
esters)

Neat poly(trimethylene 2,5-furanocate) (PTF) and
copoly(ester amide)s based on dimethyl furan 2,5-

@ Springer

J Mater Sci (2021) 56:19296-19309

dicarboxylate (DMFDC) were prepared by a two-
stage melt polycondensation method (Fig. 1). In the
first step, the transesterification reaction between
DMFDC (DMFDC, 99%, Henan Coreychem Co., Ltd.,
Zhengzhou, China), 1,3-propylene glycol (bio-PDO,
DuPont Tate & Lyle BioProducts, Loudon, USA), and
1,3-diaminopropane (DAP, > 99%, Sigma-Aldrich),
in the presence of titanium (IV) butoxide (Fluka®
Analytical) as a catalyst, was carried out. The molar
ratio of diester to glycol was 1:2. During this step,
methanol was collected as a by-product. The trans-
esterification reaction was conducted at 160-190 °C
for 2 h. When almost all theoretical amount of
methanol was distilled off (~ 90%), the temperature
was increased up to 220 °C and Irganox 1010 (Ciba-
Geigy, Switzerland) as a thermal stabilizer along with
the second portion of catalyst was introduced to the
reactor. Then, the pressure of the reaction was grad-
ually reduced below 20 Pa and the temperature was
increased up to 240 °C. The second stage, melt
polycondensation, was finished when melt reaches a
specified value of viscosity, which was monitored by
an increase in the stirrer torque. The prepared
materials were extruded from the reactor as a strand
into the water bath, granulated, and dried. The
copolymers were transparent with an orange tint and
became darker in color as the amount of PPAF con-
tent increased. A total of 5 materials were synthe-
sized: 4 copoly(ester amide)s with various molar
ratios of PTF to PPAF and neat PTF.

Methods

The chemical structures of poly(trimethylene 2,5-fu-
randicarboxylate)-co-poly(propylene  furanamide)
(PTF-co-PPAF) copolymers were studied by 'H NMR.
Prior to the experiment, all samples were subjected to
continuous Soxhlet extraction with methanol for 24 h,
to remove unreacted monomer and possible low
molecular weight degradation products. '"H NMR
spectra were recorded on a Bruker spectrometer
operated at 400 MHz, using chloroform-d (CDCl;)
with a few drops of trifluoroacetic acid (CF;COOH)
as solvents. Tetramethylsilane (TMS) was used as an
internal chemical shift reference. To calculate the real
fractions of PPAF segments in the synthesized
copolymers, the determined integral intensities of the
characteristic peaks from "H NMR data were used.
The infrared spectra were acquired at room tem-
perature with a Nicolet 380 ATR-FTIR spectrometer



J Mater Sci (2021) 56:19296-19309

dimethyl 2,5-furandicarboxylate

1,3-propanodiol

(0] (0]

H,C 0 CH

n 3 \O \ / O/ 3
-n CH,0OH

O
- Ho/\/\o
O
+ 4 HZN/\/\H

235°C

o) 0 0 0
0
IS 9 N s S
\ /) \
X

@)
\/

19299

1,3-diaminopropane

+ 5 HO/\/\OH + n HZN\/\/NHZ

160°C
BuTi

O (@) (0]
O 0}

(0]

07 >"on

<20 Pa
Irganox 1010
BuTi

y

PTF-co-PPAF

Figure 1 Synthesis of PTF-co-PPAF copolymers.

(Thermo Scientific, USA). 16 scans were averaged for
each sample in the range of 4000-400 cm™'. Mea-
surements were made on dumbbell-shaped samples
obtained by injection molding. The injection param-
eters are described in the description of the
mechanical properties test method.

The intrinsic viscosity (IV) of the series of copo-
ly(ester amide)s was determined in the mixture of
phenol/1,1,2,2-tetrachloroethane (60/40 by weight)
at 30 °C. The concentration of the polymer solution
was 0.5 g/dL. The measurement was performed
using a capillary Ubbelohde viscometer (type Ic,
K = 0.03294).

The density of samples was determined on the
hydrostatic scales (Radwag WPE 600C, Radom,
Poland) at room temperature (23 °C), calibrated
according to the standards with a known density. For
each material, 10 measurements were performed.

Control over the polycondensation process was
carried out by gas chromatography coupled with

mass spectrometry. Qualitative and quantitative
analysis was performed with the GC-MS Ther-
moQuest apparatus, equipped with a Voyager
detector and a DB-5 column (filled with phenyl-
methylsiloxanes, 30 m x 0.25 mm x 0.5 um). The
analysis parameters were as follows: helium flow
1 ml/min, inlet temperature 150 °C, furnace tem-
perature isothermally for 2.5 min at 50 °C, then an
increase at a rate of 10 °C/min to 300 °C. Distillate
compositions were calculated using the internal
normalization method, taking into account response
factors.

Thermal properties of the copolymers were deter-
mined by differential scanning calorimetry (DSC),
dynamic mechanical thermal analysis (DMTA), and
thermogravimetric analysis (TGA). Differential scan-
ning calorimetry (DSC) measurements of PTF-co-
PPAF copolymers were conducted on a DSC 204 F1
Phoenix (Netzsch, Selb, Germany). About 10 mg of a
sample was encapsulated in an aluminum crucible
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(pan) and heated from — 75 to 250 °C at a scan rate of
10 °C/min. Measurements were performed under a
nitrogen-rich atmosphere using a method with a
heat/cool/heat cycle. Dynamic mechanical thermal
analysis (DMTA) was performed using a TA Instru-
ments DMA Q800. All samples were tested at a fre-
quency of 1 Hz and a heating rate of 3 °C/min. The
storage modulus (E’), loss modulus (E”), and tan &
were determined as a function of temperature. The
thermal and thermo-oxidative stability of the copo-
ly(ester amide)s was examined via Thermogravi-
metric Analysis (TGA 92-16.18 Setaram). PTF-co-
PPAF samples were heated in an inert atmosphere
(nitrogen) and oxidizing atmosphere (N,: O, = 80: 20
vol. %) at a flow rate of 20 mL/min. The temperature
range of 20-700 °C and the heating rate of 10 °C/min
were set for this study.

Dumbbell-shaped samples (type A3) for mechani-
cal tests were obtained by injection molding using a
BOY 15 injection molding machine (Dr BOY GmbH
and Co., Germany). The following injection parame-
ters were used: injection pressure 85 MPa, melt
temperature 195 °C, mold temperature 30 °C, hold-
ing down pressure of 30 MPa for 6 s, and cooling
time of 15s. The mechanical properties were
appraised via a universal tensile test machine (Au-
tograph AG-X plus, Shimadzu), equipped with an
optical extensometer according to EN ISO 527. The
strain rate was set to 1 mm/min up to 1% of strain in
order to calculate the tensile modulus, and then, the
strain rate was set to 5 mm/min until the sample was
broken. The average of six measurements was cal-
culated for each sample.

The hardness of investigated materials was mea-
sured on Shore D tester (Karl Frank GmbH, Type 104,
Germany) according to a standard DIN 53,505 and
ISO 868.

Results
Structure and composition

PTF-co-PPAF copoly(ester amide)s were synthesized
by a two-stage melt polycondensation method. This
method is particularly attractive, as it enables to
obtain a substantial amount of material. In Table 1,
the characteristic properties of the obtained copoly-
mers are presented. Depending on the copolymer
composition, the materials are characterized by the
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intrinsic viscosity number (IV) from 0.651 to 0.799 dl/
g for PTF-co-PPAF 1/0.16. The IV closely depends on
the molecular weight; hence, it can be concluded that
the highest molecular weights were obtained for the
middle compositions. The values of IV for all
obtained materials were relatively high and were
comparable to those for the bottle grade PET that has
an IV of 0.7-0.78 dl/g [41]. However, neat PTF
homopolymer had a lower IV value than in our
previous studies (0.800 dl1/g) [42]. The IV value may
be influenced by the method of synthesis, reaction
conditions, and the type of catalyst used [43]. In our
case, the synthesis conditions were identical; hence,
the differences in the IV values may result from dif-
ferences in molecular weights. The densities of the
obtained copolymers were slightly lower than that of
neat polyester and ranged from 1.28 to 1.33 g/cm”.

The chemical structure and composition of the
obtained copoly(ester amide)s were confirmed by "H
NMR and FTIR spectroscopies. The "H NMR spectra
of the PTF-co-PPAF copolymers are shown in Fig. 2.
All signals corresponding to the PTF unit are clearly
visible. The intense peak at 7.24 ppm (a) is associated
with the protons of the furan ring. This signal over-
laps slightly with the resonance from the solvent
(CDCl,). In addition, two more intense peaks come
from the PTF unit: a triplet located at 4.52 ppm (b,)
and a triplet located at 2.27 ppm (c), which corre-
sponds to the 6 protons of the glycol subunit. For
PEAs, some new signals associated with ester —
amide sequences appeared. New peaks occurring at
3.63 ppm and 3.97 ppm can be attributed to the
methyl group protons linked to the nitrogen atom
and amide protons, respectively. It is worth noting
that in the case of PEAs, the amide protons may be
delocalized. As noted by Wilsens et al. [38], between
the oxygen heteroatom in the furan ring and the
hydrogens of the amide bonds, intermolecular
hydrogen bonds may form. However, this would
result in the loss of resonance corresponding to the
amide protons. On the basis of the obtained "H NMR
results, it can be concluded that FDCA-based copo-
ly(ester amide)s have been successfully synthesized.

To estimate the actual mole fractions of the PPAF
units, the copolymers compositions (Wppsp) were
calculated according to Eq. (1):

L -100% (1)

W =
PPAF 2L+ L,
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Table 1 Characteristics of PTF-co-PPAF copoly(ester amide)s

Material Woprr [mol.%)] Wopar [mol.%)] Wopar MR [mol.%] [IV] [dl/g] D [g/cm®]
PTF 100 0 0 0.692 1.37 + 0.01
PTF-co-PPAF 1/0.06 94 6 4.76 0.651 1.28 + 0.01
PTF-co-PPAF 1/0.16 84 16 16.67 0.799 1.28 + 0.01
PTF-co-PPAF 1/0.25 75 25 25.37 0.709 1.31 £ 0.01
PTF-co-PPAF 1/0.5 50 50 45.03 0.667 1.33 + 0.01

Wprr mole fractions of PTF units, Wppr mole fractions of PPAF units, Wppar MR mole fraction of PPAF units determined by 1H-NMR,

IV intrinsic viscosity, d hydrostatic density
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Figure 2 Structure and H NMR spectra of PTF-co-PPAF copoly(ester amide)s.

where I, and I, are the internal signal intensities for
the corresponding peak at 3.63 ppm and 2.26 ppm,
respectively.

Calculated molar fractions are summarized in
Table 1. The mole fractions of PPAF units estimated
from "H NMR are similar to the theoretical values.
For the PTF-co-PPAF 1:0.06 and PTF-co-PPAF 1/0.5
copolymers, the calculated mole fractions of PPAF
are slightly lower than the theoretical values, which
may be due to the by-products formed and the infe-
rior molecular weights of these materials. The lower
molecular weights of these copolymers are also
indicated by the minor IV values, compared to the

other materials obtained. Moreover, the lower
molecular weight of the PTF-co-PPAF 1/0.06
copolymer is also confirmed by the number of weak
signals below 2 ppm, arising from the end groups
(Fig. 2).

The FTIR spectra also confirm the successful syn-
thesis of PTF-co-PPAF copoly(ester amide)s. Figure 3
shows the spectra of 1,3-diaminopropane, neat PTF,
and PTF-co-PPAF copolymers. The diagram shows
characteristic bands corresponding to the amine
groups at the wavenumbers of 3380, 1665, and
1600 cm ™. The 3380 cm ™' band is responsible for the
stretching vibrations of the N-H groups, while the

@ Springer



19302

J Mater Sci (2021) 56:19296-19309

Figure 3 FTIR spectra of 1,3-
diaminopropane, neat PTF,
and PTF-PPAF copolymers.
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1665 and 1600 cm ™' bands are responsible for the
bending vibrations of the N-H groups [44]. As the
content of 1,3-diaminopropane increases, the inten-
sity of the bands corresponding to the amine groups
increases. Moreover, the signals corresponding to the
furan ring are also visible. The strong absorption
peaks at 1575-1580 cm ™' and 3125 cm ™' are attrib-
uted to the C=C stretching bonds and C-H stretching

bonds, respectively. Furthermore, absorption
assigned  to=C-O-C=antisymmetric  stretching
and=C-O-C=ring vibrations appear at

1261-1266 cm™"' and 1211-1219 cm™', respectively.
The strong absorption peaks at 1710 cm ™" are attrib-
uted to C=0 stretching vibration in PTF and PPAF
segments. The signals around 2965 cm™' corre-
sponding to the CH, groups of PDO and PPAF
moieties are visible. The furan ring bending peaks are
featured in three locations, 962, 822, 760 cm ™!, while
the breathing peaks are observed at around
1017 cm™~! [11, 45]. The obtained results confirm the
incorporation of the amine into the copolymer
structure.

The compositions of distillates from the reaction
progress tests are presented in Table 2. Based on the
chromatographic analyses of the distillates obtained
during the syntheses of copoly(ester amide)s based
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on PDO, DAP, and DMFDC, it was found that DAP
reacts completely and is not present in the distillates.
In the first stage of polycondensation, the main
component of the distillate was methanol and 1-bu-
tanol. In the second stage of polycondensation, the
main component of the distillate was 1,3-propane-
diol; moreover, 1-butanol, ethylene glycol, 3-meth-
oxy-l-propanol, and methanol were formed to a
small extent. The analyses performed during the
syntheses confirmed that the reaction was proceeding
as assumed. The resulting distillates could be reused,
also for subsequent syntheses.

Thermal properties

The synthesized copoly(ester amide)s were charac-
terized by DSC, DMTA, and TGA to study the
influence of the PPAF content on their glass transi-
tions, thermal effects, as well as their thermal and
thermo-oxidative stability. The results of DSC mea-
surements, as well as the graph of the dependence of
the PPAF content on the glass transition temperature,
are shown in Fig. 4. As noted in the literature, poly-
amides and copoly(ester amide)s based on furandi-
carboxylic acid are usually amorphous [30, 36, 37, 46].
Moreover, furan-based polyesters with shorter
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Table 2 Composition of distillates from individual syntheses
Sample Compound
1,3- 1,3- 1-butanol ~ Ethylene  3-Methoxy-1- Methanol  Ethanol
diaminopropane  propanediol  [wt %] glycol propanol [wt %]  [wt %] [wt %]
[wt %] [wt %] [wt %]
PTF-co-PPAF 1/0.06-stage I 0 86 2 6 2 3 0
PTF-co-PPAF 1/0.06—stage 1 0 0 21 0 0 72 6
PTF-co-PPAF 1/0.16-stage I 0 59 5 29 3 3 0
PTF-co -PAF 1/0.16-stage 1 0 0 19 0 0 73 7
PTF-co-PPAF 1/0.25-stage I 0 75 8 8 5 3 0
PTF-co-PPAF 1/0.25—stage 1 0 0 22 0 0 70 6
PTF-co-PPAF 1/0.5—stage 11 0 82 3 9 3 3 0
PTF-co-PPAF 1/0.5-stage | 0 0 21 0 0 72 6
(a) (b) PTF-co-PPAF 1/0.50__ | (€) 75
Tg=73.9 °C °
ACp=041J/gK  PTF.co-PPAF 1/0.50 .
PTF-co-PPAF 1/0.25
Tg=63.7 °C 70 <
ACP=041JgK  pTE.co-PPAF 1/0.25 .
T PTF-co-PPAF 1/0.16 O 1 )
o Tg=60.1°C T < 65 —
%5 ACP70.47 /K PTF-co-PPAF 1/0.16 [ Q oy 9
5 PTF-co-PPAF 1/0.06 i
Tg=55.9 °C ——’/______—-———j
ACp=0.39 VigK PTF-co-PPAF 1/0.06 - '
0 PTF 60 ’0
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Figure 4 Differential scanning calorimetry (DSC) thermograms for PTF and PTF-co-PPAF copoly(ester amide)s recorded during 2nd
heating (a) and cooling (b), and graph of the dependence of the PPAF units content on the Tg (c).

aliphatic chains (up to 5 methylene groups), includ-
ing PTF, are characterized by slow crystallization
[47, 48]. The greater stiffness of the furan ring com-
pared to benzene, caused by the smaller bond ang]les,
makes the ring movement more difficult. In addition,
the polarization and the nonlinear axis of rotation
further frustrate the furan ring-flipping [7, 18, 49-51].
Also in our case, PTF-co-PPAF copolymers were
amorphous, as no crystallization or melting peaks
were observed on DSC thermograms. Along with the
increase in PPAF mole fraction, a clear increase in the
glass transition temperature was noticed, due to the
rigidifying effect of intermolecular hydrogen bonds
of amide groups. The obtained materials were char-
acterized by T, ranging from 55.9 to 73.9 °C.

The DMTA results are in the agreement with DSC
data. The changes of storage modulus (E’), loss
modulus (E”), and loss tangent (tan J) as a function of
temperature for the neat PTF and PTF-co-PPAF
copolymers are presented in Fig. 5. The first drop in
E’ is related to the o-relaxation process. The glass
transition temperatures increased along with the
increasing PPAF mole fraction, which can be seen
from the peak position in the loss module (E“) and
the tan & traces. In order to better present the
dependence of the PPAF units content on T,, the
glass transition temperatures determined by the
DMTA method are summarized in the Table 3. The
T, of the obtained materials, determined from the
curves of the storage modulus, has the lowest values
(61-73 °C), while the highest values were recorded
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Figure 5 The storage and loss modulus (a) and normalized loss tangent (b) as a function of temperature for PTF-co-PPAF copoly(ester

amide)s.

from the tand curves (68-81 °C). As can be seen in
Fig. 5a, in the case of PTF, an additional peak
appeared at 147 °C, which may be related to cold
crystallization during the heating process. During
DMTA measurements, the samples were heated
slower than in the DSC method; hence, no cold
crystallization was observed in Fig. 4a.

Thermal stability of the synthesized copoly(ester
amide)s was determined by thermogravimetric
analysis (TGA) in an oxidizing and inert atmosphere,
and the obtained results are depicted in Fig. 6. The
temperatures corresponding to 5, 10, and 50% mass
loss, as well as the temperatures corresponding to the
maximum of mass losses, are presented in Table 4.
Generally, the FDCA monomer is less stable than the
terephthalic one [52]. Despite this, all obtained
copolymers are stable up to approximately 300 °C in
both oxidized and inert atmospheres, which is a
satisfactory result. In the case of measurements

Table 3 Glass transition temperatures of PTF-co-PPAF

copoly(ester amide)s, determined by the DMTA method

Sample Glass Transition Temperature [°C]
Storage Modulus Loss Modulus Tan &
PTF 61 62 68
PTF-co-PPAF 1/0.06 64 65 70
PTF-co-PPAF 1/0.16 66 67 73
PTF-co-PPAF 1/0.25 68 68 75
PTF-co-PPAF 1/0.5 73 74 81

@ Springer

carried out in an oxidizing environment, there is a
two-stage degradation process. The first step princi-
pally associated with the polymer backbone occurs in
the temperature range of 300—400 °C. As the content
of PPAF increases, an increase in decomposition
onset temperature was observed. Neat PTF showed a
5% mass loss at a temperature of 10 °C lower than the
PTF-co-PPAF 1/0.25 copolymer. In the case of the
second step attributed to the decomposition of the
residue, the temperatures corresponding to the
maximum of mass losses are visibly higher for the
copolymers with higher PPAF content. In an inert
atmosphere, the degradation process of the obtained
materials proceeds in one step. Among synthesized
copolymers, PTF-co-PPAF 1/0.5 was found to be the
least thermally stable. As it is known, thermal sta-
bility is greatly influenced by the molecular weight
and the number of end groups [30, 53]. It is, therefore,
possible that in the case of the PTF-co-PPAF 1/0.5
copolymer, a greater number of low molecular
weight products were obtained, which had a negative
effect on the thermal stability of this material. This is
also confirmed by the results obtained from 'H NMR,
where the calculated mole fraction of PPAF in the
case of this copoly(ester amide) was almost 5% lower
than the assumed value.

Tensile properties

The mechanical properties of the obtained copoly(e-
ster amide)s were studied and further discussed. The
representative stress—strain curves are shown in
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Figure 6 TGA thermograms of PTF-co-PPAF copolymers polymers under thermo-oxidative (a) and inert (b) atmosphere.

Table 4 Temperatures of 5%, 10% and 50% mass loss, and the temperatures corresponding to the maximum of mass losses (Tprg; and

Tprgz) of PTF-co-PPAF in an oxidizing and inert atmosphere

Air Argon

Tso, [°C]  Tiow [°C]  Tsow [°C]1  Torai [°C]  Toraz [°Cl Tso, [°C] - Tiow [°C] Tsow [°C]  Tore [°C]
PTF 364 371 392 391 486 357 365 388 388
PTF-co-PPAF 1/0.06 366 375 397 396 485 362 371 395 396
PTF-co-PPAF 1/0.16 367 376 400 399 486 365 377 405 404
PTF-co-PPAF 1/0.25 367 381 408 406 506 368 379 405 404
PTF-co-PPAF 1/0.5 360 374 401 398 520 356 370 399 397

Fig. 7. In addition, the Young’s modulus (E), stress at
break (o), elongation at break (e,), and Shore D
hardness of copolymers were determined, and their
results are summarized in Table 5. The content of
PPAF units did not affect the hardness of copolymers
but had a significant impact on the stiffness and
tensile strength of the materials. All synthesized
materials were characterized by hardness of 72 ShD.
However, as expected, significant changes in the
values of Young’s modulus were noticed. For exam-
ple, Young’s modulus for PTF-co-PPAF 1/0.50 was
more than 40% higher than the value obtained for
neat polyester. The reasons are microstructure and
strong intermolecular hydrogen bonding of the
amide groups [54]. The tensile strength of the
copolymers is lower than that of PTF. A similar
relationship can be found in the literature for
poly(ester amide)s elastomers [55]. All of the
obtained materials showed a low value of elongation
at break (up to 3,13%), which decreased along with
increasing PPAF content. It is worth mentioning that
the high stiffness of the obtained copolymers and

80
= 60
[a )
2
2 40-
5]
—=— PTF
—e— PTF-co-PPAF 1/0.06
207 —a— PTF-co-PPAF 1/0.16
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0 1 T T T
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Figure 7 The representative stress—strain curves of neat PTF and
PTF-co-PPAF copolymers.

their low elongation at break is largely influenced by
the presence of the furan ring. As is known, furan-
based polyesters are characterized by greater stiffness
and tensile strength than their terephthalic

@ Springer
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Table 5 Mechanical

| J Mater Sci (2021) 56:19296-19309

properties of neat PTF and  Sample E [GPa] o, [MPa] e (%] H [°ShD]

PTF-co-PPAF copolymers PTF 25404 81.56 + 1.6 3.13 4 0,21 241
PTE-PPAF 1/0.06 22402 68.52 + 1.2 3.00 + 0,10 72+ 1
PTE-PPAF 1/0.16 26+ 02 64.71 + 0.6 1.64 + 0,11 72+ 1
PTF-PPAF 1/0.25 3.0 402 72.82 + 0.7 1.36 + 0.10 7241
PTF-PPAF 1/0.50 3.6+0.1 75.58 + 0.9 0.67 + 0.09 72+ 1

E- Young’s modulus, stress at break (cy,), elongation at break (g,), and H—Shore D hardness

counterparts [49, 56]. This is due to increased chain
rigidity, associated with lower bond angles of 2,5-
furandicarboxylic acid with respect to terephthalic
acid.

Conclusions

Copoly(ester amide)s are interesting materials due to
the combination of the main characteristics of poly-
amides, such as stiffness, excellent thermal and
mechanical properties, with the biocompatibility of
polyesters. In this work, four poly(ester amide)s with
different PPAF content were successfully synthesized
employing a two-step melt polycondensation
method. The products were verified by 'H NMR,
GC-MS, and FTIR spectroscopies, and it can be con-
cluded that the amide moieties were auspiciously
incorporated into the PTF backbone. The obtained
materials were completely amorphous, due to the
stiffening effect of the furan ring. The content of
PPAF had a significant influence on the glass transi-
tion temperature of the copolymers. As the PPAF
mole fraction increased, the Ty shifted toward higher
values. All copolymers were characterized by good
thermal and thermo-oxidative stability, and the
increase in the PPAF content had a positive effect on
the values of decomposition temperatures of the
copoly(ester amide)s. Incorporation of 1,3-diamino-
propane significantly affected the mechanical per-
formance, providing high Young’s modulus but
limiting elongation at break. From the aforemen-
tioned results, we conclude that the furan-based
copoly(ester amide)s can be found as promising
materials for bio-based copolymers production with
good strength properties and satisfactory thermal
stability. Good properties of copoly(ester amide)s
result, among others, from the strong intermolecular
hydrogen bondings of the amide groups (-NHCO-).
In future, it could be considered to obtain and

@ Springer

characterize in terms of thermal and mechanical
properties, of semi-crystalline furan-based copoly(e-
ster amide)s.
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