N

N

Synthesis and characterization of poly(ester amide
amide)s of different alkylene chain lengths
Clément Girard, Manisha Gupta, Abdelaziz Lallam, Denis Anokhin, Polina
Bovsunovskaya, Azaliya Akhyamova, Alexey Melnikov, Alexey Piryazev,
Alexander Rodygin, Andrey Rychkov, et al.

» To cite this version:

Clément Girard, Manisha Gupta, Abdelaziz Lallam, Denis Anokhin, Polina Bovsunovskaya, et al..
Synthesis and characterization of poly(ester amide amide)s of different alkylene chain lengths. Polymer
Bulletin, 2019, 76 (1), pp.495-509. 10.1007/s00289-018-2361-7 . hal-02415169

HAL Id: hal-02415169
https://hal.science/hal-02415169

Submitted on 7 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02415169
https://hal.archives-ouvertes.fr

Synthesis and Characterization of Poly(ester amide amide)s of Different Alkylene
Chain Lengths
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Abstract: In this work a series of aliphatic biodegradable poly(ester amide amide) polymers was synthesized by melt
polycondensation of a tailor-made amide-containing monomer based on 1,4-diaminobutane and e-caprolactone and
different dicarboxylic acid methyl esters with even number of methylene groups. The synthesized polymers were
characterized by *H NMR, FT-IR spectroscopy, GPC, SAXS and WAXS. DSC results show that the melting point is
located at about 150°C for all polymers. X-ray scattering experiments in small and wide angles reveal formation of
crystals with extended-chain conformation resulting in strict periodicity of electron density along the main chain. TGA
data indicates the high thermal stability of polymers to temperatures above 350°C, which are much above the melting
point. The obtained characteristics of the newly synthesized PEAAS can open new perspectives for melt processing to
fabricate films, highly oriented fibers and injection-molded parts with good thermal stability and mechanical

performance.
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Introduction

Biodegradable polymers have emerged as a solution for the global environmental pollution problem caused by the
non-degradable waste products.[1,2] Nowadays, they are increasingly used in different fields ranging from packaging
to biomedical applications. Aliphatic polyesters such as poly(lactic acid), poly(glycolic acid) and their copolymers are
typical examples of synthetic biodegradable polymers. However, they still have limited applications due to poor
mechanical properties and insufficient processibility. On the other hand, aliphatic polyamides have good mechanical
and thermal stability but are non-biodegradable. The desired combination of properties can be achieved by synthesis
of poly(ester amide)s (PEAs) with either randomly distributed amide groups [3-14] or with well-defined amide blocks
in the polymer chain [15-21]. The poly(ester amide)/polyamide copolymers of different microstructures i.e. random,
alternating or segmented, can be prepared depending on the monomer nature and synthetic route.

Segmented PEAs containing both rigid amide and flexible ester blocks exhibit a microphase separated structure typical
of thermoplastic elastomers.[22-28] Such polymers form homogeneous melts upon heating above the melting
temperature of hard segments and thus can be easily melt-processed. During cooling, the microphase separation of the
rigid amide and soft ester domains takes place. The crystalline lamellae of the rigid phase serve as a thermoreversible
physical network within the elastic ester phase. Therefore, the properties of PEAs can be tuned in a wide range by
varying the amide and ester contents.[22,23,29]

Several groups have synthesized aliphatic segmented PEAs having uniform amide blocks. Preformed bisamide-diols,
oligoesters, bisamide-esters were copolymerized with diols and dimethyl adipates to obtain high molecular weight
segmented PEAs.[18-21,30] The effect of hard-to-soft segments’ ratio on the physical-chemical properties of PEAs
was studied in detail. Thus, Lips and colleagues[22] synthesized high molecular weight segmented PEAs by melt
polycondensation of preformed bisamide-diol based on 1,4-diaminobutane and e-caprolactone with 1,4-butanediol and
dimethyl adipate. The increase of hard segment content from 10 to 85 mol% results in enhancement of the mechanical
modulus from 70 to 524 MPa and the stress at break from 8 to 28 MPa. For all the synthesized polymers, a single glass
transition was observed, which increases with the increase in hard segment content indicating the presence of a
homogeneous amorphous phase. In addition, two endothermic peaks at low and high temperatures were attributed to
melting of the crystals formed by single ester amide (EA) sequences and by two or more EA sequences, respectively.
The low-temperature transition was independent from polymer composition while the high-temperature transition peak
was found to move to higher temperatures with the increase of the hard-segment content.

Garg and co-authors[23] have synthesized segmented PEAs consisting of single amide groups, two adjacent amide
groups or three adjacent amide groups by melt polycondensation of amide-containing monomers, butylene adipate and
1,4-butanediol, and the preformed monomers were o,m-diol, o,w-aminoalcohol and a,w-diamine with an in-built amide
group, respectively. Varying amount of these preformed monomers in the feed leads to different contents of amide
groups in the PEAs and thus result in different physical-chemical properties of the synthesized PEAs. Among all these
materials the copolymers containing two adjacent amide groups exhibited an interesting crystalline structure, which is
formed by both ester and amide groups. In this work, we focus on the homopolymers from a,®-amino alcohols and
dicarboxylic acid methyl esters, which are two monomers for the synthesis of polymers with two adjacent amide
groups, and address their crystalline structures and physical-chemical properties. In these polymers the molar ratio of
ester to amide groups is 1:2, so they are called poly(ester amide amide)s (PEEAS), and the number of adjacent amide
groups can be 2 and 4. In principle, a microphase separated structure cannot be expected for PEEAs, however, the
presence of ester groups should impart the biodegradability.

Materials

e-Caprolactone (97%), 1,4-diaminobutane (99%), and dimethyl adipate (DMA) (98%) were purchased from Aldrich.
Dimethyl suberate (DMSUB) (99%), and dimethyl sebacate (DMSEB) (97%) were obtained from Alfa Aesar.
Titanium 1V isopropoxide was purchased from ABCR. 2-Propanol (absolute) was purchased from Fluka, 2,2,2-
trifluoroethanol was purchased from Sigma Aldrich. The solvents such as tetrahydrofuran and methanol were
purchased from VWR. All the chemicals were used without additional purification.

Synthesis



Synthesis of monomer

Tailor-made monomer a,m-aminoalcohol (HO(CH2)sCONH(CH2)4sNH», AA) was prepared according to the procedure
described in literature.[31] A solution of e-caprolactone (100.0 g, 0.88 mol) in THF (80 mL) was dropped to a solution
of 1,4-diaminobutane (271.04 g, 3.08 mol) in THF (260 mL). This reaction mixture was stirred for 20 h at room
temperature. Afterwards, the excess of 1,4- diaminobutane and THF were removed in high vacuum (102 mbar) by
slow heating to 60°C. The product was then dissolved in methanol and precipitated in cold diethyl ether. The white
product was filtered and dried in vacuum with 80% yield (mp 75°C).

Synthesis of poly(ester amide amide)s

The PEAAs were synthesized by a two-step melt polycondensation according to Scheme 1. Equimolar ratio of tailor-
made monomer AA and dicarboxylic esters of different alkylene chain length (e.g., dimethyl adipate, dimethyl suberate
and dimethyl sebacate) were added to a glass reactor, which was equipped with a mechanical stirrer. Ti (IV)
isopropoxide (5 mg/g of dicarboxylic acid ester) in isopropanol (1% w/w) was then added to the reactor under inert
atmosphere. The reaction mixture was then slowly heated to 170°C under a pressure of 100 mbar. Under stirring the
heating was continued for another 5 h. Further reaction was performed by heating the reaction mixture slowly to 180°C
and by decreasing the pressure to 1mbar. At the final temperature, the reaction was carried out for 4 h in a high vacuum
of 102 mbar. At the end, the resulting melt was retrieved from the reactor, dissolved in 2,2,2-trifluoroethanol and
precipitated in diethyl ether. The procedure was repeated 3 times. The final product dried at 50 °C in a vacuum oven
for 8 h.

Characterization techniques

Nuclear magnetic resonance (NMR) spectroscopy: *H NMR spectra were obtained on a Bruker DPX 300 operating
at 300 MHz. Deuterated trifluoroacetic acid was used as solvent with TMS as internal standard.

Elemental analysis: Chemical composition of synthesized PEAA was evaluated by elementary analysis of carbon,
hydrogen and nitrogen using Carlo Erba MOD 1106 instrument.

Fourier transform infrared spectroscopy (FT-IR): FT-IR spectra were collected using Thermo Nicolet Model
Nexus 470 spectrophotometer equipped with a DTGS detector from 100 signal-averaged scans with 8 cm™ resolution.
The samples were in the form of a thin polymer film of ca. 25mmx10mm placed on KBr disc. The data was collected
in the range of 500-4000 cm™.

Gel permeation chromatography (GPC): GPC measurements were performed on a Waters 1515 Isocratic HPLC
pump, a Viscotek 250 model refractive index detector, a Waters 2707 auto-sampler, a PSS PFG guard column followed
by 2 PFG-linear-XL (7 pm, 8*300 mm) columns in series at 40 °C. Hexafluoroisopropanol (HFIP, Biosolve) with
potassium trifluoro acetate (3 g/L) and toluene (2.5 mL/L) was used as eluent at a flow rate of 0.8 mL/min. The
molecular weights were calibrated with PMMA standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*10°
Da).

Themogravimetric analysis: A TG-209 (Netzsch) instrument was used to study the thermal stability of the
synthesized polymers. To this purpose, 2-4 mg of the sample was placed in a standard Netzsch aluminum pan and
heated in nitrogen from 30°C to 700°C at a heating rate of 10°C/min.

Differential scanning calorimetry: DSC measurements were carried out on a DSC-204 (Netzsch, Germany). For the
experiments, 5-8 mg of sample was sealed in a standard Netzsch aluminum pan and were heated from 0 °C to 220 °C
at a heating rate of 10 °C/min. The flow rate of nitrogen was 10 cm?/min. The temperature of the phase transition was
determined as the onset of the corresponding peak on the DSC curve.

SAXS/WAXS: Small- (SAXS) and wide-angle (WAXS) X-ray scattering data were measured on a XeuSS
diffractometer (Xenocs) equipped with a GeniX3D (A = 1.54 A) source providing a beam of ca. 300x300 pm? in size.
Two-dimensional SAXS patterns were recorded with a Pilatus 300k detector at the sample-to detector distance of
1324.44 mm. Two-dimensional WAXS images were collected with a Rayonix LX170-HS detector positioned 91mm
away from the sample. The modulus of the scattering vector s (|s| = 2sin®/A, where © is the Bragg angle and X- the
wavelength) was calibrated using seven diffraction orders of silver behenate.



Results and discussions

In this work, the polycondensation of a,w-aminoalcohol AA with dicarboxylic acid methyl esters of different alkylene
chain length (cf. Scheme 1) results in PEAAX with a theoretical ratio of ester to amide groups 1:2. The synthesized
polymers are denoted as PEAA4, PEAA6 and PEAAS, where the digit indicates the number of the methylene groups
in the dicarboxylic acid methyl ester.

n HO( CH,)sCONH( CH,),NH, + n CH;00C( CH,),COOCH;

AA
Ti-catalyst where x =4, 6 and 8

—F( CH,)sCONH( CH,) ,NHOC( CH,), 4:
PEAAX

Scheme 1: Synthesis of PEAAX by melt polycondensation.

'H NMR spectroscopy was used to determine the chemical composition of PEAA4, PEAAG and PEAAS. The ratio of
ester to amide groups in PEAAS (Xea) Was calculated from *H NMR spectra according to Eq (1):

Xeta=le/ 1a (1)

where le and 1, stand for the integral intensities of protons at 6 =4.1 ppm and 6 = 3.4 ppm, which correspond to CH,
groups connected directly to oxygen and nitrogen atom, respectively. An example of a *H NMR spectrum of PEAAs
is presented in Figure 1. The experimental values of Xe/a in the PEEAS summarized in Table 1 are in good agreement
with the theoretical values. A small deviation from the theoretical composition can be accounted for by removal of a
small amount of dicarboxylic methyl esters by distillation during the precondensation step. The chemical composition
was also confirmed by elemental analysis. The experimental contents of different elements coincide well with the
theoretical ones (cf. Table 1). According to GPC data, all synthesized polymers exhibit a monomodal molecular weight
distribution and relatively high molecular weight (cf. Table 2). The polydispersity index (PDI) is about 2, which is
typical for polymers prepared via polycondensation.
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Figure 1: 1H NMR spectra of PEEAs exemplified for the case of PEAA8 in d-TFA.

Table 1: Chemical composition of PEAAs

Elemental composition

Polymer Monomerl,g Monomer2,g Xea Theoretical Experimental

C,% H, % N, % C,% H, % N, %

PEAA4 AA 10 DMA, 8.71 1:1.84 61.54 8.97 8.97 61.03 8.85 8.60
PEAA6 AA 10 DMSUB, 10.11 1:1.88 63.53 9.41 8.23 62.82  11.68 7.99
PEAA8 AA 10 DMSEB, 11.52 1:1.84 65.22 9.78 7.61 64.52 9.78 7.22

Table 2: Molecular weight and polydispersity of PEAAS

Polymer Mn (kDa)  Mw (kDa) PDI
PEAA4 15.7 355 2.26
PEAAG 34.9 50.7 1.45




PEAAS 20.5 55.5 2.70

The FTIR spectra of the synthesized polymers taken for the wavenumber regions of 3600-2700 and 1800-650 cm™ are
presented in Figure 2 (a) and 1 (b), respectively. All PEAAs show the characteristic IR peaks at ~1732 (v CO ester),
~1635 cmt (amide I, (v CO) and ~1541 cm™* (amide 11 v CN + CO v NH bend), which reveal the presence of both ester
and amide bonds in the polymer backbone. The IR spectra of the PEAAs also indicate the appearance of a strong H-
bond peak at ~3300 cm™ (v NH H-bonded) with a shoulder at ~3400 cm™ (v OH H-bonded). Several weaker bands at
1474 cm™ (NH vicinal CH; bend), ~1420 cm™* (CO vicinal CH; bend), ~1260 cm™ (amide 111), ~693 cm™ (amide V)
and ~585 ¢cm (amide VI) show the crystallization of amide rigid blocks.[32] In nylon 6 the most stable crystalline
polymorphs are a and y phases. The main peaks of the synthesized PEAAs and the characteristic peaks of nylon 6 in
a and y crystal phases are listed in Table 3. A more detailed analysis of the IR bands shows that the crystal structure

of PEAAA4 is a mixture of a and y modifications of Nylon-6, whereas in PEAA6 and PEAAS only a crystalline phase
was observed.
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Figure 2: FT-IR spectra of the PEAA series for the wave number region (a) 3600-1800 cm™ and (b) 1800-600 cm!

measured at room temperature

Table 3: Assignment of FT-IR characteristic peaks in the synthesized PEAAs and their comparison with the ones of

nylon 6
Assignment? Nylon6 (@) Nylon6(y) PEAA4 PEAAG PEAAS
v NH H-bonded 3301 3302 3303
Va 2941 2938 2935
Vs 2866 2863 2857
Amide | 1638 1635 1635
Amide 11 ~1540 ~1560 1544 (o) 1542 (a) 1542 ()
NH vic. CHz bend ~1475 1474 (a) 1475 (o)
CH: bend 1464 1463 1462 (y)
CO vic. CH2 bend 1417 1420 (o) 1420 (o) 1420 (o)
Amide 111 1265 1269 1275 (y) 1261 (o) 1259 ()
vC-CO 959 977 956 () 951 (o) 949 (o)
Amide V 691 712 693 (a) 693 (o) 691 (a)
Amide VI 579 623 586 (0) 586 (o)ho 582 (1)

2y: stretching mode

The thermal stability of PEAAs was investigated with the help of TGA under nitrogen atmosphere. As can be seen
from Table 4, the PEAAs are stable up to 350°C. The TGA curves reveal similar single stage degradation for all studied
polymers (cf. Figure 3). The high thermal stability allows processing them in the melt. The thermal behavior of the
synthesized PEAAs was analyzed by the DSC technique. To this end, the thermal history of the samples was erased
during the first heating. The DSC traces corresponding to the cooling and the second heating are presented in Figure
4. One can see that the crystallization temperature (T¢) of PEAA4 and PEAAG is 141 and 143 °C, respectively (cf.
Figure 4a). Although their T¢’s are similar, the enthalpy of crystallization (AHc) for the latter sample is much higher.
For PEAAS a further increase of AH; and decrease of T, was detected (Table 4). It is reasonable to assume that



crystallinity of the samples enhances with the increase of the alkylene chain length of the dicarboxylic esters because
of increased chain flexibility. The second heating curves show a single melting peak for all samples with close melting
temperature values Tr in the range of 134-137°C (cf. Figure 4b). On the other hand, in line with the previously
mentioned values of AH¢ the enthalpy of melting (AHm) significantly increases from PEAA4 to PEAAS8. This
observation further confirms that the longer flexible alkylene spacer results in formation of better quality crystals. It is
interesting to note that in the region of 80-90 °C a weak endothermic peak can be observed on the heating scans, and
it is mostly pronounced for PEAAS. This peak can possibly be attributed to crystal phase reorganization on heating,
which is a typical observation for the family of semirigid-chain semicrystalline polymers.[33-34] A detailed analysis
of the semicrystalline structure was performed by X-ray scattering technique.
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Figure 3: TGA thermograms of the studied polymers.
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Figure 4: DSC of PEAA4, PEAAG and PEAAS: (a) cooling scan and (b) second heating scan (performed at a heating

and cooling rate of 10 K/min).

Table 4: Thermal properties of the synthesized PEAAs.

Tq(?) ToP) Tmi(P) Tm2(P) AHp (P) T(P) AHc (P)
Polymer

O O O (§(®) (J/9) (§(®) (J/9)
PEAA4 385 6.8 138.97 159.97 28.2 137.2 21.86
PEAAG 412 7.82 135.99 152.88 34.89 138.31 32.73
PEAAS 405 4.19 136.91 151.95 39.87 131.7 35.10

(3): onset of decomposition as measured by TGA, (*): measured by DSC

The SAXS curves of the synthesized PEAAs measured at room temperature are displayed in Figure 5. All curves reveal
a broad small-angle maximum in the region from 0.006 to 0.03 A, This maximum can be attributed to the
characteristic interference peak from the crystalline lamellar stack with the long period of 65, 74 and 81 A for PEAA4,
PEAAG6 and PEAAS, respectively. The increase of the long period is related to increase of the alkylene spacer length
and therefore of the corresponding length of the crystallizable fragment. Two wide-angle reflections were identified
as the fourth and sixth orders of the main SAXS peak (cf. Table 5), similarly to those found earlier by Lotz and co-

authors for a poly(ester amide).[35]
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Figure 5: SAXS curves of PEEA samples measured at room temperature.

Table 5: The d-spacings (in A) calculated from SAXS and WAXS patterns of the PEAA samples.

PEAA4 PEAAG PEAAS

1st order 65 74 81
4th order 18.1 18.7 20.4
6th order 11.6 12.7 13.1
8th order 8.6 9.1 -
10th order 6.4 - -
120 4.26 4.34 4.40
060 3.85 3.87 3.88
140 - 3.71 -

An additional piece of information on the semicrystalline structure was extracted from the WAXS curves (cf. Figure
6). In the range 0.07-0.18 A a series of broad maxima can be observed which were indexed as higher orders of the
fundamental SAXS peak mentioned above (see Table 5). Interestingly, the peaks are better pronounced for the PEAA4
sample indicating sharper electron density contrast along the polymer chain. In contrast, for PEAAS8 only the sixth



order of the main peak was detected on the WAXS curve that may point on the presence of conformational defects in
the main chain. The clear dependence of the long period on the alkyl spacer length of the PEAAs and observation of
many orders of the main SAXS interference peak prompts suggesting that the crystals are built by the polymer chains
in the extended-chain conformation. As far as the wide-angle peaks are concerned, i.e., the ones located in the range
of 0.18-0.28 A™%, two relatively narrow peaks are observed for the PEAAG and PEAAS samples. According to previous
works, the peaks are attributed to the inter-chain distances in the orthorhombic unit cell [35]. The peaks’ indexation is
presented in Table 5. The a and b parameters computed in the hypothesis of the orthorhombic unit cells are given in
Table 6. It is noteworthy that the c-parameter obviously cannot be estimated from the d-spacings of the only observed
hkO reflections. One can see that the lateral unit cell parameters are closed for all the polymers. A somewhat different
a-parameter for the PEAA4 sample can be explained by broadening of the WAXS peaks, which is probably caused by
a smaller crystal size in the direction normal to the chain axis.

Intensity (a.u.)

0.10 0.15 0.20 0.25
s (1/A)

Figure 6: WAXS curves of PEAA samples measured at room temperature.

Table 6: Unit cell parameters calculated from the WAXS measurements.

PEAA4 PEAAG PEAAS
a, A 4.59 4.72 4.75
b, A 23.26 23.31 23.30

Conclusions

Poly(ester amide amide)s (PEAAs) of high molecular weight have been synthesized via a two-step melt
polycondensation technique from preformed a,c-aminoalcohols containing an amide group and dicarboxylic methyl
esters of varying alkylene chain lengths. All the polymers exhibit a melt transition at around 135°C and thermal
degradation above 350°C. As shown from the DSC data, the crystallization rate decreases but the crystallinity increases
with the increase of the alkylene chain length of the dicarboxylic acid methyl ester used in the polycondensation. Both



DSC and TGA data testify that the synthesized PEAAs can be further melt processed without degradation as the
decomposition temperatures of these PEAASs are significantly higher than their melting temperatures. X-ray scattering
experiments in small and wide angles reveal formation of crystals with extended-chain conformation resulting in strict
periodicity of electron density along the main chain. The chain packing in the direction normal to the chain axis is
similar for all the studied PEAAs. One can speculate that the crystal structure is formed by regular hydrogen bonding
network typical of polyamides. The obtained characteristics of the newly synthesized PEAAs can open new
perspectives for fabrication of films, highly oriented fibers and injection-molded parts with good thermal stability and
mechanical performance.
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Solubility

The solubility of PEAA’s in differents solvents was invertigate in this study. It was observe
by putting a small part of material solvent. It was sow that Formic acid disolve immediately
the materials, Acid Hydrocloric and phenol had solve all materials in 20min. The
trofluoroacetic acid had solve the PEAA8 in somme second, PEAA6 in 30min and finaly the
PEAA4 in 1H. For oll solvant it was show that the PEAA8 is most easbly sovable, this is may
due to the chains whitch is the longest and the most easaly cut.

Solvent solubility
Formic acid Yes
Hydrochloric acid Yes
Phenol Yes
Trifluoroacetique Acide Yes
Dimethylformamide No
Ethanol Yes (hot)
Tetrahydrofuran No




