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A B S T R A C T

The present work deals with the building of novel, fully bio-based polyamide 11 (PA11)/polylactide (PLA)
diblock copolymers (PA11xPLAy). The adopted two-step synthetic strategy involves first the preparation of an
amino-terminated PA11 prepolymer (i.e., having the amino end-group available and the carboxylic one pro-
tected), to be employed subsequently as a macro-initiator in the ring-opening polymerization of D-lactide (or L-
lactide). Upon tuning the lactide conversion, diblock copolymers with different PA11/PLA ratios are targeted
and achieved, as demonstrated by 1H NMR and TGA analysis. The thermal properties of these double-crystalline
polymers are characterized by means of DSC. Finally, fast stereocomplexation is demonstrated upon mixing the
enantiomeric PA11xPLAy diblock pairs. Indeed, the idea behind these systems is to conjugate the properties of
PLA with those of the high-performance PA11, in a cumulative rather than intermediate fashion, as for widely
reported random poly(ester amide)s, but without phase separation occurring, which is the case for PLA/PA11
immiscible blends. In addition, the presence of the stereocomplex, well-known for its improved chemical/
thermal resistance over PLA homopolymer, could impart even further quality to the final materials.

1. Introduction

Polylactide (PLA) and polyamide 11 (PA11) are both thermoplastic,
bio-based polymers, with PA11 featuring superior thermal and me-
chanical properties compared to PLA [1,2]. Blends of the two, with the
more-costly (and non-biodegradable) high-performance PA11 as the
minority partner, have been pursued, because of the potential to have a
system 100% derived from renewable sources where the PLA matrix
benefits from the high thermal stability and high impact properties of
PA11 [3–7]. Unfortunately, the immiscible nature of the two polymers,
resulting in a drop-matrix morphology, prevents the actual obtainment
of good/improved material properties for end-use applications, thereby
requiring further compatibilization work to be done (moreover, not
always with satisfactory outcome) [4–7]. Random copolymers of PLA/
PA11 have also been prepared by melt polycondensation route, with the
main result to tune the crystallinity of the prevailing component, the
minor one acting as a constitutional defect [8,9]. Indeed, aliphatic poly

(ester-amide)s, typically displaying a random distribution of ester and
amide groups in the main chain, are a class of polymers having found
increased interest and development in the recent years, by virtue of
their combination of properties: the hydrolytically-degradable ester
bonds impart good degradability (besides reducing the overall extent of
crystallinity), while the hydrogen bonds developed by the amide groups
strengthen the resulting materials [10–12]. It is worth mentioning that
co-poly(ester-amide)s are further known for their remarkable thermal/
thermo-mechanical properties even at relatively low molecular weight
[12].

As an option, this work comes up with the design of PA11/PLA
block copolymers, whereby both polymer components could keep/ex-
press their own specific properties (for example, other than because of
its superior thermal and mechanical properties, PA11 is highly ap-
pealing also because, in its melt-quenched δ′-form, it exhibits ferroe-
lectricity, piezoelectricity, and pyroelectricity) [13,14], without any
phase segregation on a macroscopic scale occurring. Therefore, efforts
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were conveyed towards the preparation of PA11xPLAy – either poly(D-
lactide) (PDLA) or poly(L-lactide) (PLLA) – di-block copolymers with
variable PA11/PLA ratios, whose structure and structuring were then
studied. Furthermore, stereocomplexation was expected to occur upon
mixing the PA11xPDLAy/PA11xPLLAy enantiomeric pairs,15 to afford
stereocomplex-PLA-based materials reinforced by the dispersed,
tougher PA11 domains (or viceversa – the melting temperature of the
stereocomplex being higher than that of PA11).

2. Experimental

2.1. Materials

11-aminoundecanoic acid (purity 97%) and dodecylamine (purity
98%) were purchased from Sigma-Aldrich and Acros Organics™, re-
spectively, and used without further treatments. L-lactide (L-LA,
Purasorb® L) and D-lactide (D-LA, Purasorb® D) with optical purity >
99.5% (MW=144 g/mol, free acid < 1meq/kg, water content <
0.02%) were supplied by Purac Biochem BV (The Netherlands) and
stored in a glove box prior to use. ULTRANOX® 626 [bis (2,4-di-t-bu-
tylphenyl) pentaerythritol diphosphite, GE Specialty Chemicals] was
dried at room temperature in vacuum-oven before each usage. Tin(II) 2-
ethylhexanoate [Sn(Oct)2] (95%; Sigma-Aldrich) and trifluoroacetic
anhydride (TFAA; ≥99%, Sigma-Aldrich) were used as received.
Toluene and dichloromethane were dried using an MBraun solvent
purification system under N2 flow; all other solvents [i.e., methanol,
chloroform and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), VWR] were
analytical grade and used as received.

2.2. Synthesis of (amino-terminated) polyamide 11 (PA11)

Amino-terminated polyamide 11 was synthesized by self-con-
densation (amidation) reaction of 11-aminoundecanoic acid using do-
decylamine as a(n) (amino) chain-terminating agent.

In details, 50 g of 11-aminoundecanoic acid were charged, together
with 0.86 g of dodecylamine, into a 250-mL specially designed and
adapted Inox® Autoclave reactor (Autoclave-France, France) equipped
with a mechanical stirrer; the autoclave was closed and flushed with
nitrogen for about 15 min. The system was then filled with nitrogen to a
relative pressure of 2 bar and heated to 190 °C, at which temperature
the reaction mixture (under stirring, at 50 rpm, throughout the reac-
tion) was allowed to slowly melt for 15 min. The temperature was then
raised to 200 °C and held there for 45 min, with the pressure main-
tained at 2 bar. Next, the pressure was gently lowered to atmospheric
and the water produced was removed with the help of a slow nitrogen
bleed, while cooling the steam to collect it as a condensate, till no more
vapor evolved (that is, over a period of approximately 10 min). At this
point, the temperature was further increased to 220 °C, and the poly-
merization carried out for 4 h at atmospheric pressure under vigorous
flow of nitrogen. It was observed the stirring to become difficult in the
very last half-an-hour of the reaction. The finished product was re-
covered by direct extrusion from a bottom hole in the autoclave on
applying a nitrogen pressure: a slightly-greyish, opaque, fiber-forming
and tough polymer was obtained, with a yield of ∼90%.

The as-obtained polymer, crushed into small pieces, was “washed”
with boiling methanol for 3 days using a Soxhlet apparatus, and finally
dried in vacuum at 60 °C for further characterization and employment
(PA11).

1H NMR (3/1 v/v HFIP/CDCl3) dodecylamine: δ=0.73 [t,

CH3(CH2)11NH2], 1.08–1.26 [m, CH3(CH2)9CH2CH2NH2], 1.5 [Q,
CH3(CH2)9CH2CH2NH2], 2.85 [t, CH3(CH2)10CH2NH2], 4.35–4.75 (m/
s, HFIP), 7.08 (s, CHCl3); 11-aminoundecanoic acid: δ=1.10–1.26
[m, NH2CH2CH2(CH2)6CH2CH2CO2H], 1.39 [Q, NH2CH2CH2(CH2)6CH2

CH2CO2H], 1.45 [Q, NH2CH2CH2(CH2)6CH2CH2CO2H], 2.09 [t, NH2

CH2CH2(CH2)6CH2CH2CO2H], 2.89 [t, NH2CH2CH2(CH2)6CH2CH2CO2

H], 4.35–4.75 (m/s, HFIP), 7.08 (s, CHCl3), 11 [s, NH2CH2CH2(CH2)6
CH2CH2CO2H]; PA11: δ=0.74 {t, CH3(CH2)9CH2CH2NH[COCH2

CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6CH2CH2NH2}, 1.10–1.26 {m,
CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6
CH2CH2NH2}, 1.39 {Q, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2

NH]nCOCH2CH2(CH2)6CH2CH2NH2}, 1.45 {Q, CH3(CH2)9CH2CH2NH
[COCH2CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6CH2CH2NH2}, 2.09 {t,
CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6
CH2CH2NH2 – amide tautomer}, 2.19 {t, CH3(CH2)9CH2CH2NH[COCH2

CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6CH2CH2NH2 – imidic acid tau-
tomer}, 2.89 {t, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n
COCH2CH2(CH2)6CH2CH2NH2}, 3.09 {q, CH3(CH2)9CH2CH2NH[COCH2

CH2(CH2)6CH2CH2NH]nCOCH2CH2(CH2)6CH2CH2NH2}, 4.35–4.75 (m/s,
HFIP), 5.88 {t, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n
COCH2CH2(CH2)6CH2CH2NH2}, 7.08 (s, CHCl3).

FTIR (in cm−1) 11-aminoundecanoic acid: 3300–2400 (broad,
COOeH, stretching), 2921 and 2850 (CH2, asymmetric/symmetric
stretching), 1636 (C]O, stretching), 1495 (NH2, bending), 1391 (CeN,
stretching); PA11: 3305 (hydrogen-bonded NeH, stretching), 3079
(NeH, overtone of amide II mode), 2919 and 2850 (CH2, asymmetric/
symmetric stretching), 1637 (C]O, stretching), 1540 (NeH, bending
and CeN, stretching), 1467 (CH2, scissoring).

2.3. N-trifluoroacetylation of PA11

As polyamide 11 is insoluble in common and GPC-suitable organic
solvents, for purposes of analysis, a small amount of PA11 was reacted
with trifluoroacetic anhydride. Indeed, upon N-trifluoroacetylation re-
action (Scheme 1) the hydrogen bonds are broken and the modified
polyamide becomes readily soluble in many solvents, such as chloro-
form and tetrahydrofuran. According to the literature, the conversion is
high and reproducible, with no degradation of the polymer taking place
[16,17].

Qualitatively, the success of N-trifluoroacetylation reaction was
assessed by FTIR spectroscopy, whereby the three characteristic amide
NH bands disappeared from the spectra of the modified polymers
(which is indicative of a high degree of substitution), and the carbonyl
stretching band shifted to higher frequencies (from 1637 to
1718 cm−1), in agreement with the conversion of the amide group into
an imide one.

In details, 0.5 g of PA11 were suspended in ∼50mL of anhydrous
dichloromethane in a 100-mL two-neck flask provided with a magnetic
stir-bar. Then, 0.3mL of TFAA (that is, mole excess of
CF3CO:CONH=2:1) were added and the system, under nitrogen at-
mosphere, was stirred at room temperature for about 16 h, during
which time the polymer dissolved and a clear, colorless solution was
obtained. Next, the solvent was evaporated with rotavapor and further
dried in vacuum-oven for 4 h. A colorless, gel-like sticky product was
obtained, easily re-dissolvable in chloroform for SEC analysis.

Scheme 1. N-trifluoroacetylation reaction of polyamide 11.
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2.4. Synthesis of polyamide 11-poly(D-lactide) [or polyamide 11-poly(L-
lactide)] di-block copolymers (PA11xPLAy)

Polyamide 11-poly(D-lactide) [or -poly(L-lactide)] diblock copoly-
mers were synthesized by ring-opening polymerization (ROP) of D-lac-
tide (or L-lactide), using the amino-terminated PA11 as macroinitiator
and Sn(Oct)2 as a catalyst, in bulk at 185 °C.

In a typical procedure, 3 g of PA11 (previously vacuum-dried at
60 °C for 48 h) and about 10 g of D-LA were introduced into a 50-mL
specially designed and adapted Inox® Autoclave reactor (Autoclave-
France, France), together with a small amount of the antioxidant
ULTRANOX® 626 (∼0.3 wt%, relative to lactide). The reactor was
quickly closed and purged with nitrogen for about 15 min, sealed under
nitrogen atmosphere (to a relative pressure of ∼0.1 bar) and heated to
185 °C – stirring, at 50 rpm, was generally allowed when the tempera-
ture reached ∼100 °C, melting temperature of the monomer – at which
temperature the reaction mixture was allowed to melt/homogeneize for
15 min. At this point, a small volume of a freshly prepared solution of
Sn(Oct)2 in toluene was added (such that [PA11-NH2]/[Sn
(Oct)2]= 2.5, or 6.25, or 12.5) through a dedicated orifice in the au-
toclave. The reaction was carried out for 1 h (or 15 min), before col-
lecting the product, either by spatula on opening the reactor or directly
flowing out of the bottom hole (depending on the final molecular
weight and amount of residual lactide).

The crude products were dissolved in a HFIP/chloroform mixture
(approximately 1/1 v/v) and poured into an excess of cold methanol:
after filtering and vacuum-drying to constant weight, the as-purified
polymers were obtained in form of fibrous flakes or as compacted
powders (depending on the molecular weight). A slightest yellowing
was observed, generally increasing with the percentage of polyamide in
the copolymer and, the PA11/PLA ratio being equal, with the reaction
time.

Hereinafter, the prepared diblock copolymers are labeled as
PA11xPDLAy (or PA11xPLLAy, in the case of the sample obtained from
L-LA polymerization), where the subscripts represent the weight per-
centage of the two constituents, as calculated from 1H NMR data.

1H NMR (3/1 v/v HFIP/CDCl3) D-/L-lactide: δ=1.54 (d, CH3),
4.35–4.75 (m/s, HFIP), 4.95 (q, CH), 7.08 (s, CHCl3); PLA: δ=1.46
{d, H[OCH(CH3)COOCH(CH3)CO]nOCH(CH3)CO2H}, 4.35–4.75 (m/s,
HFIP), 5.06 {q, H[OCH(CH3)COOCH(CH3)CO]nOCH(CH3)CO2H},
7.08 (s, CHCl3); PA11xPLAy: δ=0.74 {t, CH3(CH2)9CH2CH2

NH[COCH2CH2(CH2)6CH2CH2NH]n[COCH(CH3)OCOCH(CH3)O]mH},
1.10–1.26 {m, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n
[COCH(CH3)OCOCH(CH3)O]mH}, 1.39 {Q, CH3(CH2)9CH2CH2NH[COCH2

CH2(CH2)6CH2CH2NH]n[COCH(CH3)OCOCH(CH3)O]mH}, 1.44–1.46 {d,
CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n[COCH(CH3)OCOCH
(CH3)O]mH}, 2.09 {t, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n
[COCH(CH3)OCOCH(CH3)O]mH – amide tautomer}, 2.19 {t, CH3(CH2)9
CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n[COCH(CH3)OCOCH(CH3)O]mH
– imidic acid tautomer}, 3.09 {q, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6
CH2CH2NH]n[COCH(CH3)OCOCH(CH3)O]mH}, 4.35–4.75 (m/s, HFIP),
5.06 {q, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2CH2NH]n[COCH(CH3)
OCOCH(CH3)O]mH}, 5.88 {t, CH3(CH2)9CH2CH2NH[COCH2CH2(CH2)6CH2

CH2NH]n[COCH(CH3)OCOCH(CH3)O]mH}, 7.08 (s, CHCl3).
FTIR (in cm−1) D-/L-lactide: 3000–2930 (CH3 and CH, asym-

metric/symmetric stretching), 1753 (C]O, stretching), 1456 and 1380
(CH3, asymmetric and symmetric bending), 1355 (CH, bending), 1268
and 1094 (CeOeC, asymmetric and symmetric stretching), 934 (COO,
ring breathing); PLA: 2995–2875 (CH3 and CH, asymmetric/symmetric
stretching), 1748 (C]O, stretching), 1452 and 1381 (CH3, asymmetric
and symmetric bending), 1360 (CH, bending), 1182 and 1083 (CeOeC,
asymmetric and symmetric stretching), 955 (CH3, rocking), 867 (CeC,
stretching); PA11xPLAy: 3305 (hydrogen-bonded NeH, stretching),
3085 (NeH, overtone of amide II mode), 3000–2850 (CH3, CH2, CH,
asymmetric/symmetric stretching), 1755 (ester C]O, stretching), 1638
(amide C]O, stretching), 1542 (NeH, bending and CeN, stretching),

1466 (CH2, scissoring), 1455 and 1382 (CH3, asymmetric and sym-
metric bending), 1360 (CH, bending), 1183 and 1085 (CeOeC, asym-
metric and symmetric stretching), 955 (CH3, rocking), 870 (CeC,
stretching).

2.5. Preparation of PA1125PDLA75/PA1121PLLA79 blend (PA1123LD77)

In order to study stereocomplexation, the samples PA1125PDLA75

and PA1121PLLA79 were melt-blended by means of a laboratory glass
tube reactor provided with a mechanical stirrer (Heidolth, type RZR1).

In details, 1.5 g of each component (vacuum-dried at 40 °C for 48 h)
were charged in the tube; the tube was vacuum-evacuated for 30 min,
followed by 5 min flushing with argon; the vacuum/argon cycles were
repeated three times so as to fully remove humidity and oxygen from
the reaction system, which was kept under a continuous flow of argon
in the following. The reactor was then placed in a controlled aluminum
heating block (set at 230 °C) and the polymers allowed to melt for 5
min, before activating the stirring (at 60 rpm) for another 5 min. After
this time, the mixing was stopped and the mixture cooled down by
quickly dipping the tube into a water bath. Pieces of a brittle (cream-
color, whereas the two starting materials were pretty white) solid were
recovered upon breaking the tube with a hammer (PA1123LD77).

2.6. Measurements

FTIR spectra were recorded on a Bruker IFS66 spectrometer in the
spectral range 400–4000 cm−1.

1H and 13C NMR spectra were collected with a Varian NMR Mercury
Plus at a frequency of 300MHz and a Bruker AMX-500 at a frequency of
500MHz instruments, respectively, in a 3/1 v/v HFIP/CDCl3 solvent
mixture solutions containing TMS as internal standard.

Size exclusion chromatography (SEC) was performed in CHCl3 at
30 °C using an Agilent liquid chromatograph equipped with an Agilent
degasser, an isocratic HPLC pump (flow rate= 1mL/min), an Agilent
autosampler (loop volume=200 µL, solution conc.= 2.5 mg/mL), an
Agilent-DRI refractive index detector and three columns: a PL gel 10 µm
guard column and two PL gel Mixed-D 10 μm columns (linear columns
for separation of MWPS ranging from 500 to 106 g/mol). Polystyrene
standards were used for calibration.

Matrix-assisted Laser Desorption/Ionization Time-of-Fight (MALDI-
ToF) experiments were conducted using a Waters QToF Premier mass
spectrometer equipped with a Nd-YAG laser, operating at 355 nm with
a maximum output of 66.3 µJ per surface unit delivered to the sample in
2.2 ns pulses at 50 Hz repeating rate. Time-of-Flight mass analyses were
performed in the reflectron mode at a resolution of about 10k and the
samples were analysed using trans-2-[3-(4-tertbutylphenyl)-2-methyl-
prop-2-enylidene]-malononitrile (DCTB), as a matrix at 40mgmL−1

solution in CHCl3. Samples were dissolved in HFIP to obtain 1mgmL−1

solutions. 5 µL of formic acid were added to the analyte solution to
promote the ionization. Aliquots (1 µL) of those solutions were applied
onto the target area already bearing the matrix crystals, and air-dried.
For the recording of the single-stage MS spectra, the quadrupole (rf-
only mode) was set to pass all the ions in the m/z range between 500 to
30.000, and they were transmitted into the pusher region of the time-of-
flight analyser where they were mass analysed with 1 s integration
time. Data were acquired in continuum mode until acceptable averaged
data were obtained.

Thermal gravimetrical analysis (TGA) was performed with a
Mettler-Toledo TGA 1 thermogravimetric analyzer. The weight loss was
recorded upon heating the samples (having initial masses of ca. 10mg)
at 20 °C/min from 25 to 800 °C, under a flow of nitrogen of 80ml/min.
The referred temperatures of maximum degradation rate (Tmax) were
taken as the inflection point of the sigmoidal steps (i.e., the maxima of
the first-derivative curve).

Differential scanning calorimetry (DSC) measurements were per-
formed with a Mettler-Toledo TC10A calorimeter calibrated with high
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purity indium and operating under flow of nitrogen. The sample weight
was about 5mg and a scanning rate of 10 °C/min was employed in all
the runs. The samples were heated from 0 °C to 230 °C, at which tem-
perature the melt was allowed to relax for 1 min, then cooled down to
−10 °C, and finally heated up again to 230 °C (second heating scan).
The reported Tg (glass transition temperature), Tc(c) (crystallization/
cold crystallization temperature) and Tm (melting temperature) values
were defined as the midpoints of the sigmoidal curve, minima of the
exotherms and maxima of the endotherms, respectively. When in-
dicated, the degree of crystallinity (Xc) was calculated by using ideal
enthalpies of fusion of 189 J/g for polyamide 11, 93 J/g for PLA homo-
crystals and 142 J/g for the stereocomplex [15,18].

Wide-angle X-ray diffraction (WAXD) analyses were performed on a
Siemens D5000 diffractometer using Cu-Kα radiation (wavelength:
1.5406 Å) at room temperature. The samples were step-scanned from 5°
to 30° in 2θ with steps of 0.02° with fixed counting time of 4 s (40 kV,
30mA).

3. Results and discussion

In this work, novel polyamide 11-poly(D-lactide) diblock copoly-
mers with different PA11/PLA ratios were prepared, according to a
two-stage strategy (schematically depicted in Scheme 2) involving first
the synthesis of an amino-terminated (i.e., having the amino terminal
group available and the carboxylic one protected) PA11 pre-polymer, to
be subsequently used as a macro-initiator in the second step ROP of D-
lactide. While the PA11 segment was maintained constant, the length of
the PDLA block was varied by tuning the lactide conversion. A poly-
amide 11-poly(L-lactide) diblock was also synthesized, for the purpose
of blending it with its enantiomeric counterpart and thus evaluating
stereocomplexation.

3.1. Synthesis and characterization of PA11

The synthesis of the amino-terminated PA11 was carried out by
direct polyamidation of 11-aminoundecanoic acid as described in the
Experimental Section (for a quick look, the reaction conditions are in-
dicated over the reaction arrows in Scheme 2). Namely, a two/three-
step procedure was followed, schematized as: melting/pre-condensa-
tion of the amino acid (with most of the water expelled, up to ∼90%
conversion) and polymerization (wherein, with the aid of a nitrogen
stream to remove the little water produced, the molecular weight of the
product strongly increases). Dodecylamine was used as a(n) (amino)
chain-terminating agent to control the molecular weight, simulta-
neously producing an amino-terminated polymer without the need of a
post-polymerization end-capping. The amino acid-to-dodecylamine
ratio was adjusted so as to get a PA11 pre-polymer with a number
average molecular weight (Mn) around 10 · 103 g/mol. By methanol
extraction, only ∼1.5 wt% of a white powder was separated from the
reaction product (corresponding to a polyamide compound, as identi-
fied by FTIR – see next – thence to be attributed to low oligomers),
whereas no traces of unreacted monomer were detectable.

The structure of the obtained polymer was characterized by means
of FTIR and 1H NMR spectroscopies. Indeed (see Fig. 1S, comparing the
FTIR spectra of PA11 and 11-aminoundecanoic acid), upon poly-
condensation, three new bands appeared in the group frequency region
(at 3304, 3079 and 1541 cm−1). These bands belong to the hydrogen-
bonded NH stretch, to a characteristic secondary amide NH overtone
and to the amide NH bend, respectively, thereby confirming the poly-
amide nature of the material. Fig. 1 shows the 1H NMR spectrum of
PA11, where all the signals were assigned as expected for a dodecyla-
mine-terminated polyamide “oligomer”, which definitely enables as-
sessing the obtainment of the desired product. By comparing the in-
tegral of one of the resonances for the methylene protons in the
polyamide chain (typically peak g) with the integrated intensity of the

signals of the proton groups at the chain ends (that is, peaks a or f), a
Mn of∼13 · 103 g/mol was estimated (Table 1), in good agreement with
the theoretical value.

Upon N-trifluoroacetylation reaction (which procedure proved
highly reproducible – for details see the Experimental Section), PA11
became soluble in chloroform, therefore it could be analysed by SEC,
whereby the monomodal distribution of the molecular weights was
ascertained (polydispersity around 2; Fig. 2S).

The MALDI-TOF mass spectrum (Fig. 3S) revealed the presence of
macromolecules with a mass up to (at least) ∼ 25 · 103 g/mol – no
inference on Mn, nor on the polydispersity, was possible, due to the
overestimation of low molecular mass ions for such a broad dispersity,
close to 2, as the one obtained in a polycondensation process [19]. Most
important, the spectrum showed one major distribution, corresponding
to the expected 11-aminoundecanoic polymer initiated with the dode-
cylamine moiety, thus confirming that this latter was effectively ter-
minating the majority of the chains.

Based on TGA (see Fig. 2b), on linear heating PA11 is stable up to
∼410 °C (Tmax∼ 480 °C), with a second, smaller step of weight loss
(∼0.4 wt%) around 560 °C, which is generally attributed to the de-
composition of cross-linked structures formed on heating [20,21].

The DSC thermograms are shown in Fig. 4 (and the characteristic
values reported in Table 2): on cooling from the melt at a rate of 10 °C/
min, PA11 undergoes a sharp crystallization event (with peak at
168 °C), which, based on the literature, can be assigned to the formation
of the triclinic/(pseudohexagonal) δ-form of polyamide 11, reversibly
transforming into the triclinic α-form on cooling below the Brill tran-
sition temperature of ∼100 °C [18]. On subsequent heating, PA11
displays a bimodal melting peak, with maximum at 189 °C. Assuming a
melting enthalpy of 189 J/g for a 100% crystalline sample [18], the
degree of crystallinity developed on cooling can be calculated to be
∼30%. A broad and weak glass transition can be discerned around
45 °C. Indeed, the thermal properties of our PA11 are in perfect
agreement with those commonly reported in the literature for poly-
amide 11 [18,20–22].

3.2. Evaluation of PA11/lactide miscibility

The miscibility of monomer and initiator in the initial liquid mixture
is a key point for the ring-opening polymerization, requisite for a re-
latively fast initiation. Therefore, before proceeding with the second
step towards the diblock copolymers, it was of utmost importance to
check the behavior of the PA11 pre-polymer and LA monomer in the
molten state.

This was accomplished by heating, to begin with, a 3/1 (w/w)
mixture of D-lactide and PA11 in a flask placed in a heating mantle and
provided with a magnetic stirrer and observing the changes while
measuring the temperature inside the flask with a thermocouple. Unlike
the neat PA11, whose melting becomes macroscopically visible just
above 180 °C, in the presence of the liquid lactide (melting
temperature∼ 100 °C) the small PA11 pieces were observed to start
“dissolving” at about 160 °C, till the obtainment of a unique liquid
phase at about 175 °C. Upon slow cooling, this liquid phase was found
to be preserved up to about 140 °C, at which temperature the pre-
cipitation of the solid PA11 occurred. Indeed, these observations in-
dicate that the molten lactide acts as a solvent for PA11. It is worth
mentioning that this finding was further corroborated by the evidence
acquired during the ring-opening-polymerization tests performed in the
autoclave reactor – see the next section – that the PA11 pieces “liquefy”
in the interval of 155–180 °C, as revealed by a strong increase of the
stirring-speed at constant couple, whereas, based on calorimetric data
(Fig. 4b), the neat polymer is fully molten just at 195 °C.

Conversely, it turned out that, for a 1/1 (w/w) mixture of D-lactide
and PA11, solid PA11 pieces were still present, at least up to 190 °C.
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3.3. Synthesis and characterization of PA11xPLAy diblock copolymers

The next goal of the work was the polymerization of D-lactide
by aminolytic ROP induced from the amino terminal of the as-synthe-
sized PA11, as depicted in Scheme 2. Ideally, one wanted to
prepare PA11xPLAy diblocks having different compositions: a
PA11-rich (namely, PA11:PDLA=75:25), a PLA-rich (namely,
PA11:PDLA=25:75) and a compositionally balanced (i.e., con-
taining∼ 50wt% of each constituent) copolymers.

As detailed above, it was proven that, for a 3/1 (w/w) mixture of
lactide and PA11, the molten lactide acts as a solvent for PA11, with the
solubilization range being about 155–180 °C. Therefore, it was possible
to employ a polymerization temperature of 185 °C (namely, below that
of melting of PA11), which is a suitable one for the ROP of lactide,
while ensuring that (at least at the beginning) the reaction system was
perfectly homogeneous. On the other hand, as it turned out that, for a
1/1 (w/w) mixture, the amount of the lactide “solvent” was not enough
to solubilize all PA11, all polymerizations were carried out from a LA/
PA11 3/1 (w/w) supply – a slight excess of lactide was systematically
added, with respect to this proportion, to compensate for eventual
losses on opening the reactor to introduce the catalyst. Clearly, since
the monomer-to-initiator ratio in the feed was fixed, the composition of
the diblocks needed to be varied by acting on the lactide conversion.

At first, the ROP of D-LA was carried out using a [PA11]/[Sn(Oct)2]

ratio of 2.5, for 1 h. FTIR analysis of the crude reaction product proved
the occurred polymerization of D-LA to form PDLA, the conversion
being quantitative, as inferable from the presence of the ester carbonyl
stretching at 1754 cm−1, whereas the characteristic band of lactide at
935 cm−1 had negligible magnitude (for reference, see the upper part of
Fig. 1S) [23]. Likewise, on further shortening the polymerization to 15
min, with all other conditions being unchanged, it was observed that
such a short time was still enough for the reaction to reach “comple-
tion” (i.e., D-LA conversion∼ 96%, as evaluated by means of 1H NMR
spectroscopy). Therefore, two fibrous-like products with almost iden-
tical composition – based on the stoichiometry, a PA11:PDLA weight
ratio close to 25:75 was expected – were obtained from the purification
of these trials’ output (see Fig. 4S – for the comments to TGA results
refer to later on). As the sample produced over the one-hour poly-
merization was slightly discolored, whereas the one reacted for 15 min
was pretty white (and it is know that side reactions become significant
starting from the last stages of propagation, progressively broadening
the molecular weight distribution), the subsequent characterizations
where focused on this last one (PA1125PDLA75, from now on).

The FTIR spectrum of PA1125PDLA75 is shown in Fig. 2a, featuring
both stretching bands of the amide and ester carbonyls, at 1637 cm−1

and 1754 cm−1, respectively. This observation corroborates the dual
polyamide 11/polylactide nature of the material, though not providing
any information about the relation between the two constituents, either

Scheme 2. Scheme of the adopted two-step synthetic strategy towards PA11xPLAy diblock copolymers.
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Fig. 1. 1H NMR spectra of the PA11 pre-polymer
and of the diblock sample PA1125PDLA75 in the
regions at δ 6.5–4.75 and 3.5–0.5 ppm, with en-
largement insets at δ 3.3–2.8 ppm.

Table 1
Molecular characteristics of the synthesized PA11xPLAy diblock copolymer samples, together with the adopted ROP conditions (in bulk, at 185 °C).

Sample code Monomer [PA11] ROP time [min] Conversiona [%] PA11:PLA (NMR)b [w:w] PA11:PLA (TGA)c [w:w] Mn
d,e [103 g/mol]

[Sn(Oct)2]

PA11 (pre-polymer) 13f

PA1125PDLA75 D-LA 2.5 15 96 25:75 24:76 52d, 54e

PA1129PLLA71 L-LA 2.5 15 90 29:71 28:72 45d, 46e

PA1145PDLA55 D-LA 6.25 60 47 45:55 44:56 29d, 30e

PA1173PDLA27 D-LA 12.5 60 19 73:27 74:26 18d, 18e

a
D-(/L-)-LA conversion estimated from the 1H NMR spectra of the crude reaction products [by comparing the relative intensities of the resonance for the methine protons in the PLA

chain (at δ 5.06 ppm – signal j), with that of the methine protons of the lactide monomer (typically at δ 4.95 ppm)].
b PA11:PLA weight ratio in the diblock, as determined by 1H NMR spectroscopy [from the integral ratio of peaks g and j].
c PA11:PLA weight ratio in the diblock, as determined by TGA measurements [from the ratio of the two degradation steps].
d Numeric average molecular weight of the diblock, based on the PA11:PLA ratio determined by 1H NMR spectroscopy, in the assumption that all PA11 and PLA are linked (calculated

as: Mn [*103]= (13 * 100)/PA11(NMR), where 13 is the Mn of PA11 as determined by 1H NMR, and PA11(NMR) is the wt.% of PA11, as determined by 1H NMR).
e Numeric average molecular weight of the diblock, based on the PA11:PLA ratio determined by TGA measurements, in the assumption that all PA11 and PLA are linked (calculated as:

Mn [*103]= (13 * 100)/PA11(TGA), where 13 is the Mn of PA11 as determined by 1H NMR, and PA11(TGA) is the wt.% of PA11, as determined by TGA).
f Evaluated by 1H NMR spectroscopy.
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conjugated to form the desired diblock copolymer or simply blended as
homopolymers. A first hint about the (at least partially) co-polymeric
nature of our product was gained by dispersing a small amount of
PA1125PDLA75 in chloroform, which resulted in fast sample “dis-
aggregation”, to give a slightly turbid solution containing several small
gel-like particles. FTIR analysis on the (∼10 wt%) product separated by
filtration disclosed the presence of a (substantial, though smaller than
the average – rough estimation: ∼10–15wt%) PLA fraction besides the
predominant polyamide 11, the rest of which was in solution. Indeed,
this result pointed out that the majority of PA11 (insoluble in chloro-
form) was actually covalently linked to the (chloroform-soluble) PLA
segment. This inference was confirmed through 1H NMR spectroscopy
(see Fig. 1 – the spectrum of PA1125PDLA75 displays, together with the
peaks of polyamide 11, those for the methyl and methine protons of
PLA at δ 1.44–1.46 ppm and 5.06 ppm, respectively). In fact, the triplet
of the α-amino methylene protons of (unbound) PA11 (signal f) is no
more discernible at δ 2.9 ppm (whereas the terminal methyl proton
signal a is still visible and its relative intensity unchanged). That is, the
f resonance has shifted upon formation of amide linkages, predictably
joining peak g. This evidence is indicative that the terminal amino
functions of the PA11 pre-polymer effectively and quantitatively in-
itiated the ROP of D-lactide. Eventually, from the 1H NMR spectrum,
based on the integration ratio of the peaks g and j, the PA11 and PDLA
contents were calculated to be ∼25 wt% and ∼75wt%, respectively
(which is the exact proportions that have been targeted through the
initial stoichiometry). Fig. 5S shows the 13C NMR spectrum of the
PA1125PDLA75 diblock copolymer in comparison to PA11. As might be
seen, while the PA11 spectrum shows only the chemical shifts expected

for PA11 in trans-form [24], new shifts at 16.16 and 172.11 ppm are
observed for the diblock copolymer. These newly occurring shifts are
reasonably ascribed to methyl and ester carbons from the PDLA block,
respectively. The chemical shift at about 69 ppm for the methanetriyl
group (R3CH) of PLA does not occur, most probably due to overlapping
with the HFIP carbon. A closer look to the carbonyl region of
170–180 ppm (Fig. 5S zoom) shows exclusively two diad signals from
the PA11 carbonyl (178.35 ppm) and from the PLA ester carbons, hence
suggesting the formation of a block structure [25]. Low intensity signals
next to the PLA carbonyl might be explained with limited transester-
ification reactions during synthesis [25].

Since it had been observed that, using the aforementioned condi-
tions, the reaction was too fast to lower the lactide conversion, thence
get PA11-richer copolymers, by controlling the polymerization time,
further tests were carried out, for 1 h, reducing the amount of the added
catalyst of either a factor 2.5 or 5. As expected, FTIR analysis of both
crude products, collected as (macroscopically) homogenous viscous li-
quids, revealed the presence of a big amount of unreacted lactide (i.e.,
D-LA conversion ∼47% and ∼19%, respectively, as estimated by 1H
NMR spectroscopy). Accordingly, from the 1H NMR spectra of the
purified copolymers (Fig. 3), a PDLA content of ∼55wt% and ∼27 wt
% was determined (entries PA1145PDLA55 and PA1173PDLA27 in
Table 1). Moreover, similar as in the case of the sample PA1125PDLA75,
signal f disappeared from the spectra, which substantiates the co-
polymeric nature of these materials as well.

Fig. 2a shows the FTIR spectra of the three copolymer samples
produced (PA1125PDLA75, PA1145PDLA55 and PA1173PDLA27), whose
different PA11/PLA content can be easily appreciated by comparing the

Fig. 2. FTIR spectra (a; spectra normalized with respect to PA11 carbonyl band at 1637 cm−1), and TGA curves (b) of the synthesized PA11xPLAy diblock copolymer samples – the traces
of the PA11 pre-polymer (dotted lines) were included for the sake of comparison.

Fig. 3. 1H NMR spectra of the samples PA1145PDLA55 (left) and PA1173PDLA27 (right) – zoom in the regions at δ 5.2–4.75 and 3.5–2.8 ppm.
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relative intensities of the characteristic amide and ester carbonyl
stretching bands. The corresponding TGA curves (Fig. 2b) display a
double degradation step, the high-temperature one (with Tmax at
∼470 °C) ascribable to the polyamide segment, and a low-temperature
one (with Tmax in the range 300–350 °C) to be assigned to PLA. The
relative ratio of the two steps reflects the block weight ratio in the
copolymer (data given in Table 1). Indeed, a perfect consistency be-
tween the information derived from FTIR (qualitative), 1H NMR and
TGA measurements, about the copolymer composition, can be pointed
out.

The molecular characteristics of the synthesized di-block copolymer
samples are summarized in Table 1: by means of ROP of D-LA, where
the conversion was controlled through the catalyst concentration, using
the amino-terminated polyamide 11 (Mn∼ 13 ∗ 103 g/mol) as macro-
initiator, three different PA11xPDLAy di-block copolymers were tar-
geted, having a PA11:PDLA weight ratio of ∼25:75, 45:55 and 73:27.
These correspond to overall molecular weights of ∼52 · 103, 30 · 103

and 18 · 103 g/mol, respectively, which, actually, nicely comply with
the different physical form of the samples (namely, more “fibrous-like”
or powder-like). Based on the lactide monomer conversion (as mea-
sured by 1H NMR spectroscopy, see Table 1), and having in mind that
all polymerizations were carried out from a LA/PA11 3/1 (w/w) feed,
the theoretical molecular weight for the three copolymers can be cal-
culated (equating the mean degree of polymerization of the PLA block

to the monomer conversion times the monomer-to-initiator ratio) as
∼50 · 103, ∼ 31 · 103 and ∼20 · 103 g/mol for PA1125PDLA75,
PA1145PDLA55 and PA1173PDLA27, respectively. The very good agree-
ment between the theoretical and experimental values (see Table 1)
points out that the employed polymerization conditions are appropriate
for the aminolytic ROP of lactide initiated by PA11 to be a living/well-
controlled process. Incidentally, this evidence is a further proof for
diblock copolymer formation, as it endorses the amino-terminated
PA11 pre-polymer as a quantitative initiator.

Finally, the ROP of L-LA was carried out for 15 min with a [PA11]/
[Sn(Oct)2] ratio of 2.5, to prepare a PA11xPLAy copolymer having
characteristics similar to the sample PA1125PDLA75 (entry
PA1129PLLA71 in Table 1; FTIR spectrum and TGA curve shown in
Fig. 2).

The thermal properties of the PA11xPLAy samples, as evaluated by
means of DSC, are summarized in Table 2, while the corresponding
cooling and heating curves are shown in Fig. 4. It is needed to underline
that herein it is just presented a preliminary characterization of the
materials, whereas more detailed studies will follow to give a better
insight into the complex behavior of these double-crystalline diblock
copolymers, also with respect to the polymorphism featured by both
components. For all samples, only one clear glass transition could be
detected, at ∼52 °C, assigned to the PLA segment. Indeed, given the
immiscible nature of the two polymers according to the literature [3], it

Fig. 4. DSC cooling (a) and subsequent heating (b) scans of the PA11xPLAy diblock samples, together with those of the PA11 pre-polymer (grey lines), after 1-min relaxation in the melt at
230 °C.

Table 2
Thermal properties of the PA11 pre-polymer and PA11xPLAy diblock copolymers.

Coolinga 2nd heatinga

Sample Tc (h) [°C] Xc
b (h) [%] Tc (PA) [°C] Xc

b (PA) [%] Tg [°C] Tcc (h) [°C] Xcc
b (h) [%] Tmc (h) [°C] Xm

b (h) [%] Tmc (PA) [°C] Xm
b (PA) [%]

PA11 – – 167.6 31 45 – – – – 182.8, 189.8 32
PA1125PDLA75 112.8 < 1 (1) 162.0 5 (21) 52 103.7 21 (28) 148.0, 155.5 21 (28) 180.0, 187.1 6 (22)
PA1129PLLA71 111.7 < 1 (1) 163.5 7 (26) 52 104.3 20 (28) 146.0, 153.8 20 (28) 180.5, 187.3 7 (26)
PA1145PDLA55 – – 167.4 13 (29) 52 102.0 20 (37) 140.2, 148.7 20 (37) 181.5, 188.0 14 (29)
PA1173PDLA27 – – 168.5 22 (30) 52 93.4 8 (31) 139.5, 150.1 9 (32) 182.5, 188.7 22 (30)

a Cooling scan, after melting at 230 °C for 1 min, and subsequent heating of the melt-cooled samples (from −10 °C to 230 °C); the subscripts c, cc and m indicate the values measured
during crystallization, cold-crystallization and melting, respectively; (h) and (PA) indicate that the thermal transition was assigned either to (homocrystal) PLA or to PA11, respectively.

b X is the percentage of crystallinity, over the total weight of the sample, calculated by assuming ideal enthalpies of fusion of 93 J/g and 189 J/g for PLA homochiral crystals and PA11,
respectively [15,18]; the values in brackets represent the degree of crystallinity normalized to the PLA/PA11 content (in g/g) as estimated by 1H NMR.

c The two values signify the presence of a bimodal melting endotherm, whose peaks could be fairly discerned (the first value is related to the lower-temperature peak, the second one
corresponds to the higher-temperature maximum).
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is speculate that a second, distinct glass transition event, belonging to
the PA11 block, is also present, just too weak to be discerned (as al-
ready difficult in the case of the PA11 homopolymer), also because of
the close proximity of the two transition steps, causing partial over-
lapping. According to the cooling curves (Fig. 4a), PA11 always affords
melt-crystallization regardless of its incorporation and amount in the
copolymer. Nevertheless, a slight disturbance to its structuring, caused
by the molten covalently bound PLA segment, can be pointed out in
that both the crystallization temperature and extent of crystallinity
experience a (modest) reduction with increasing the PLA fraction in the
chain (see Table 2). The almost complete invariance of the PA11
melting temperature (i.e., Tm∼ 188 °C) confirms the substantial im-
miscibility between the two blocks. Unlike PA11, the PLA segment
cannot crystallize during cooling, with the exception of the PLA-richer
samples PA1125PDLA75 and PA1121PLLA79, for which a very minute
exotherm (not visible on the scale of Fig. 4a) can be detected around
110 °C – at this stage, however, it is not possible to rule out that this tiny
crystallization event belongs to PA11, undergoing fractionated crys-
tallization as a consequence of the confinement in isolated micro-
domains. The absence of any significant PLA crystallization on melt-
cooling is particularly remarkable given the relatively low molecular
weight of the PLA segment in our samples (corroborated by their
powder/flake-like form), which should favor the crystallization ki-
netics. Indeed, this evidence suggests a depression of the crystal-
lizability of the PLA block, reasonably ascribable to the constraints
imposed by the first-formed PA11 crystals. Thus, the PLA block is able
to crystallize just upon subsequent heating, i.e., from the glassy state,
the cold-crystallization peak being around 90–100 °C for all the samples
(see Table 2 – the easiness of structuring seemingly being dictated by
the chain lenght/mobility). The ∼8–20% (over the total weight of the
sample; ∼ 30% relative to the PLA fraction) of PLA homo-crystallites
formed on heating subsequently melts in the range ∼140–155 °C, al-
ways exhibiting a bimodal melting peak. The presence of multimodal
melting endotherms is typical of polyesters, and it is generally attrib-
uted to reorganization processes (that is, melting and recrystallization/
perfection) during the scan [26,27]. In the specific case of PLLA, some
authors have ascribed the low-temperature peak to the melting of the
more defective α′ crystals, and the high-temperature one to the more
stable α polymorph of PLLA [28]. A slight upward shift of the PLA
melting peaks with increasing the PLA content in the copolymer (that
is, the length of the PLA chain) can be recognized, in agreement with
the general dependence of the melting temperature on crystal thickness.

As a further step, one wanted to establish stereocomplexation of the
PA11xPLAy diblock copolymers. In fact, stereocomplex formation was
reported in a number of PLLA/PDLA-containing block copolymers,
apparently regardless of the nature – miscible or immiscible – of the
block conjugated to the PLA blocks [29–37]. For the purpose, the two
enantiomeric samples PA1125PDLA75 and PA1121PLLA79, having si-
milar composition and the longer PLA block (i.e., approximately 35 · 103

g/mol), were melt-blended in equimolar amount as described in the
Experimental Section (sample PA1123LD77). Indeed, the DSC heating
scan of the as-prepared blend (grey curve in Fig. 5) displays, together
with a glass transition step at ∼52 °C, two melting peaks at 186 °C and
207 °C. By comparison with the thermograms of the two non-blended
partners, the first peak can be assigned to the melting of PA11, whereas
the second one, appearing at higher temperature than both homocrystal
PLA and PA11 melting endotherms, needs to be related to the formation
of stereocomplex PLA, which is known from the literature to have a
melting point up to 50 °C higher than that of the two single homo-
polymers [15]. It is of the utmost relevance that no trace of melting of
either PLLA or PDLA homo-crystallites can be discerned, nor any cold-
crystallization event: that is, in spite of the fast cooling of the blend
(thence short crystallization time enabled), the PLA segments were
quickly (and exclusively) involved in the formation of the stereo-
complex, to give a material made up of ∼7% of PA11 crystals and
∼20% of stereocomplex crystallites. The same results were obtained by

slowly cooling the blend at 10 °C/min after 1-min holding in the melt at
230 °C (black upper curve): in this case, the melting peak of the ste-
reocomplex is shifted to 202 °C, thus the two endotherms are partially
overlapped, however, the overall melting enthalpy is unaffected. In-
terestingly, the cooling curve of the sample PA1123LD77 shows a single
crystallization exotherm (at 138 °C), whose integral area corresponds
exactly to that of the two melting peaks. This means that PA11 and the
stereocomplex crystallize “concomitantly”, at a temperature which is
even lower than that of crystallization of the neat PA11 homopolymer.
Similar findings were reported for poly(ethylene) (PE)-PLLA di-block
copolymers, where, due to the strong segregation strength of the melt,
the PLLA crystallization process was found to be strongly delayed, up to
the point of overlapping with that of PE at lower temperatures [38].
However, in that case, the coincident crystallization was occurring few
degrees below that of homo-PE, whereas in our case also the crystal-
lization of the PA11 block is severely depressed – indeed, in the lit-
erature case, a nucleating effect of the first-crystallized PLLA on PE was
disclosed, partially compensating the topological restrictions imposed
by the crystalline framework, which may not be true for our copoly-
mers.

WAXD was used to determine/confirm the crystalline structure of
the diblock and blend samples. Fig. 6 shows the WAXD patterns of
PA1125PDLA75 (as-precipitated) and PA1123LD77 (as-prepared). Indeed,
when first considering the diffractions associated with the PLA segment,
it can be seen that the enantiomeric diblock PA1125PDLA75 contains all
the diffraction peaks assigned to the α-form of homo-crystals, with the
main peaks at scattering angles of 2θ ∼ 15, 17, and 19° [15,39].
Conversely, the PA1123LD77 blend exhibits the characteristic peaks of
the stereocomplex crystallites at 2θ ∼ 12, 21, and 24° alone [15], thus
corroborating the exclusive stereocomplex formation. As for the PA11
block, while the as-precipitated diblock PA1125PDLA75 displays the
typical peaks for the triclinic α-form of PA11 at 2θ ∼ 20 and 23.5°, the
as-prepared PA1123LD77 blend contains a sole broad reflection at 2θ ∼
21.6°, indicative of the formation of the kinetically-favored pseudo-
hexagonal smectic-like δ′-phase, as expected for fast melt cooling (ty-
pically, it is produced by quenching the melt into an ice bath)
[18,22,40]. The melt-quenched δ′-form is known for its piezoelectric
properties.

Fig. 5. DSC cooling and subsequent heating thermograms (lower and upper curves, re-
spectively) of the sample PA1123LD77, after 1-min melt-relaxation at 230 °C, as compared
to the two non-blended partners (samples PA1125PLLA75 and PA1121PDLA79). The grey
curve represents the first heating scan of the as-prepared PA1123LD77 blend.
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From the above (qualitative) observations, it is evident the need for
further and deeper inquiries into the ordering behavior of these novel
materials, also in the interesting perspective to template, in turn, the
crystallization of either the PLA or PA11 block (in fact, the melting
temperature of PA11 lies exactly between those of PLA homo-crystals
and stereocomplex PLA), which may, for example, affect poly-
morphism. Such investigation will be performed in the near future.

4. Conclusions

In the present work, it is reported on the preparation of novel, fully
bio-based PA11xPLAy diblock copolymers. The adopted synthetic
strategy relied on the synthesis of an amino-terminated PA11 pre-
polymer (i.e., having the amino end group available and the carboxylic
one protected), to be employed subsequently as a macro-initiator in the
ROP of D-lactide (or L-lactide). Following the first step polycondensation
of 11-aminoundecanoic acid using dodecylamine as a chain terminating
agent, a PA11 product with Mn∼ 13·10^3 g/mol and the majority of the
chains effectively having the sole amino end group free was prepared,
as ascertained by 1H NMR spectroscopy and MALDI-TOF mass spec-
trometry, respectively. Thereafter, the as-synthesized PA11 prepolymer
was mixed with 3 parts by mass of D-lactide, whereby the aminolytic
ROP was conducted at a temperature of 185 °C (namely, below that of
melting of PA11, the molten lactide acting as a solvent for PA11), from
a homogeneous liquid phase. Due to miscibility issues, the 3:1
monomer-to-initiator ratio in the feed was kept fixed, thence the
composition of the diblocks (that is, the length of the PDLA block)
needed to be varied by tuning the lactide conversion, which was ac-
complished through the catalyst concentration. As determined by 1H
NMR and TGA analyses, three different PA11xPDLAy diblocks were
successfully targeted, having a PA11:PDLA weight ratio of ∼25:75,
45:55 and 73:27 (corresponding to overall molecular weights of
∼50 · 103, 30 · 103 and 20 · 103 g/mol, respectively). A PLA-rich (that is,
PA11:PLA∼ 29:71) PA11xPLLAy copolymer was also synthesized
starting from L-LA. 1H NMR spectroscopy confirmed the quantitative
initiation of the ROP of lactide by PA11, thence the co-polymeric nature
of our products.

A (preliminary) study of the complex thermal behavior of the

obtained double-crystalline diblock copolymers was performed
by means of DSC. Most important, PLA stereocomplexation was
demonstrated upon equimolarly mixing the two enantiomeric
PA11xPDLAy/PA11xPLLAy diblocks having similar composition (that is,
PA11:PLA∼ 25:75), indeed finding that the PLA segments are quickly
(and exclusively) involved in the formation of the stereocomplex, even
in the case of fast cooling (quenching) from the melt.

Clearly, the appeal of these systems mainly holds from a factual
point, in that it was fabricated completely renewable materials con-
jugating the properties of PLA with those of the high-performance,
high-impact PA11, in a cumulative rather than intermediate fashion as
for random poly(ester amide)s, but without phase separation occurring
as for PLA/PA11 immiscible blends. In addition, the presence of the
stereocomplex imparts even further quality. For example, it was ima-
gined to introduce the PA11xPDLAy copolymers into a commercial
PLLA, which is expected to result in tough (possibly piezoelectric) PA11
domains dispersed in the PLA matrix, with the stereocomplex regions
acting as a strong link between the two. Furthermore, the application of
the diblocks as compatibilizers for PA11/PLA blends can be envisaged.
In addition, these systems are highly interesting also from a more
“theoretical” point of view, as they offer the possibility to template/
confine, in turn, the crystallization of either the PLA or the PA11 block,
the melting temperature of PA11 falling exactly between those of PLA
homocrystals and sc-PLA.
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