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Abstract. A series of aliphatic-aromatic copolyesters based on poly(butylene terephthalate) (PBT) and poly(lactic acid)
(PLA) have been synthesized by means of a novel reactive blending procedure coupled with polycondensation in melt. The
obtained copolymers were further compared with PBT and PLA homopolymers and PBT/PLA non-compatibilized physical
blends in order to investigate the effect of transesterification reactions on the structural, morphological, thermal and me-
chanical performance. Properties of the obtained materials have been found strictly dependent on the preparation process
and blend/copolymer composition. The PBT/PLA physical blends appeared as highly crystalline, phase separated systems
that exhibit brittle behavior. On the other hand, the applied method of reactive blending enhanced interfacial adhesion and
promoted the arrangement of PBT and PLA in blocks of different lengths. Although the PBT-b-PLA copolyesters were found
to be miscible in amorphous phase, the phase separation that has arisen from PBT crystalline domains occurs. Along with
an increase in PLA weight fraction in copolymers, the length of aromatic sequences decreased which in turn resulted in
shifting the values of melting temperatures (7;,) toward lower ones and decreased the degree of crystallinity (x.). Moreover,
PBT-b-PLA copolymer with 30 wt% of PLA units has been demonstrated as a promising thermoplastic shape memory poly-
mer (SMP) with a switching temperature of 35°C.
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1. Introduction degradation and remain stable over a long period of
Owing to their excellent thermal and mechanical time, which is often an undesirable feature, in par-
properties aromatic polyesters such as poly(ethylene ticular for short-term applications [3]. On the other
terephthalate) (PET), poly(butylene terephthalate)  hand, biodegradable aliphatic polyesters are gener-
(PBT) and poly(trimethylene terephthalate) (PTT) ally characterized by poor thermal and mechanical
have been widely applied in packaging or textile in-  performance [1, 4]. In this view, the preparation of
dustry and as engineering materials [1, 2]. Unfortu-  aliphatic-aromatic copolymers has been attracting
nately, aromatic polyesters are highly resistant to  considerable attention [5—8] as they may combine
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mechanical performance of aromatic polyesters with
biodegradability known from aliphatic ones. Current-
ly, several petroleum-based biodegradable aliphatic-
aromatic copolymers with satisfactory mechanical
properties are commercially produced. Among them,
the most successful one is the poly(butylene adipate-
co-terephthalate) (PBAT) copolyester produced since
the end of 1990s by BASF with the trademark of
Ecofex® [7]. However, to meet the requirements of
sustainable development, in recent years the appli-
cation of renewable monomers in the production of
polymers attracted significant attention from both
academia and industry. The one that deserves special
attention is lactic acid (LA) and its polymer, poly(lac-
tic acid) (PLA), which is, so far, the most commer-
cialized polymer being both derived from 100% re-
newable resources and biodegradable [9, 10]. Owing
to the number of advantages such as high tensile
strength, transparency, and nontoxicity, PLA has been
proposed as a leading bio-based candidate for a num-
ber of packaging and biomedical applications [10].
However, it is still a relatively rigid, brittle polymer
with low thermal stability and low crystallization
rate [10—-13]. Therefore, in recent years a number of
new PLA-based materials with improved character-
istics have been prepared and studied. In this con-
text, BASF launched new biodegradable polymeric
material, that is a blend of aforementioned petro-
chemical-based Ecofex® with bio-based PLA (known
under the trade name Ecovio®) [7]. Ecovio®
pounds contain an increased amount of renewable
raw substrates and similarly to Ecoflex® are used in
many different applications, such as compostable
packing or mulch films, injection molding details
and paper coatings [7]. Moreover, blends of PLA and
highly crystalline polyesters, namely PBT have been
extensively studied [14-16], as dispersed fast crys-
tallizing phase may act as a nucleating agent for
PLA, thus enhancing its crystallization kinetics. Al-
though desirable combination of properties can be
obtained by a simple and cost-effective blending of
two or more polymers, the physical blends are phase-
separated systems and additional compatibilizer is
required to enhance interfacial adhesion and com-
patibility between individual phases [17]. Some ef-
forts were also made to improve the compatibility
between PBAT and PLA [18-20].

An alternative approach to combine aromatic
polyesters with aliphatic ones is the modification
by either copolymerization or reactive blending.

com-
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Opaprakasit and coworkers [21, 22] synthesized
poly(lactic acid-co-ethylene terephthalate) copoly-
mers systematically from lactic acid, dimethyl tereph-
thalate (DMT) and ethylene glycol (EG) via standard
polycondensation method. The same synthesis route
was applied by Namkajorn et al. [23] to study the ef-
fect of diols with various methylene lengths (ethyl-
ene glycol, 1,3-propanediol (PDO) and 1,4-butane-
diol (BD)) and monomer feed ratios on properties of
lactic acid/terephthalate based copolyesters. More-
over, few efforts have been dedicated to the synthesis
of aliphatic-aromatic copolymers via polycondensa-
tion starting from L-lactic acid oligomer (OLLA)
and hydroxyl terminated poly(ethylene terephtha-
late) [24, 25], poly(butylene terephthalate) [26] or
poly(trimethylene terephthalate) prepolymers [27].
More recently, due to the growing popularity of bio-
based aromatic furanic homologues, a few studies
have been focused on copolymerization of PLA with
poly(ethylene 2,5-furanodicarboxylate) (PEF) [28]
and poly (butylene 2,5-furanodicarboxylate) (PBF)
[29]. Special attention has been paid to the degrada-
tion studies of the above-mentioned systems. The
obtained results reveal that one can enhance the
degradability of aromatic polymer backbone by the
incorporation of hydrolysable lactic acid units.
Matos et al. [28] found that the amount of LA as low
as 8 mol% can substantially improve the degradabil-
ity of PEF. However, from the preceding literature
study, it was found that the prolonged two-step poly-
merization at high reaction temperature results in
thermal degradation of poly(L-lactic acid) (PLLA)
and formation of copolymers with random distribu-
tion along the copolymer chain. Only copolymers
studied by Olewnik et al. [24] containing equimolar
terephthalate/lactate ratio exhibited some block
copolymer character. Furthermore, copolymers of
PBT and PLLA as a major component (PLA-b-PBT-
b-PLA) with relatively defined blocky structure were
synthesized via ring opening polymerization of LA
with bis-(4-hydroxybutyl) terephthalate (BHBT) in
solution [30]. Although this method promoted the or-
ganization into blocky structure, the obtained prod-
uct exhibited very limited number average molecular
weight (M,) with a maximum value of §1.1 g/mol.

Our objective was to overcome these limitations by
implementing modified reactive melt blending proce-
dure of PLA coupled with polycondensation of PBT,
as an effective route of obtaining aliphatic-aromatic
block copolymers. To the best of our knowledge, the
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melt processing method such as reactive blending
has not been applied in the synthesis of lactic acid/
terephthalate based copolyesters to date. The latter
technique has emerged as a promising approach to
design polymers displaying original properties [31—
33]. There are two essential requirements to employ
this method in copolymers synthesis: one is the im-
miscibility of polymer pair; the other is the presence
of the groups able to react upon melt blending [34].
Both conditions are fulfilled in our system: (i) PBT
and PLA are immiscible as verified by theoretical
calculations; (ii) at high temperatures in polyester-
polyester blend three types of chemical reactions can
occur, i.e. alcoholysis, acidolysis and ester exchange
[14, 17, 35]. These chemical reactions lead to the for-
mation of block or random copolymers. The chain
structure can be controlled by the reaction tempera-
ture, blending time and the amount of catalyst.

In the present work two systems — physical blends
and reactive blends of PBT/PLA have been prepared
and compared with respect to their preparation
process and resulting morphology. Thermodynamic
immiscibility in PBT-PLA polymer pair was as-
sessed, on the basis of algorithmic Hoy and Van
Krevelen group contribution methods. The structure
and properties of both series were characterized by
means of attenuated total reflectance — Fourier trans-
form infrared spectroscopy (ATR-FTIR), nuclear
magnetic resonance spectroscopy ('H NMR), size
exclusion chromatography (SEC), thermogravimet-
ric analysis (TGA), differential scanning calorimetry
(DSC), wide-angle X-ray scattering (WAXS), dynam-
ic mechanical thermal analysis (DMTA) and scan-
ning electron microscopy (SEM). Lastly, the related
changes in tensile properties have been evaluated.

2. Experimental section

2.1. Materials

The following chemicals were used for the copoly-
mers’ and blends’ preparation: dimethyl terephtha-
late (DMT, Sigma-Aldrich, St. Louis, USA); tetram-
ethylene glycol (1,4-butanediol, BASF SE, Ludwigs-
hafen, Germany), tetrabutyl orthotitanate (TBT,
Sigma-Aldrich, St. Louis, USA) as the transesterifi-
cation and polycondensation accelerator. Phenolic an-
tioxidant — pentaerythritol tetrakis (3-3,5-di-tert-butyl-
4-hydroxyphenyl propionate) under the trade name
Irganox 1010 (Ciba-Geigy, Basel, Switzerland) was
used to prevent thermal decomposition. PLA, Ingeo
4042 D grade (95.8% LLA) with My, = 113000 g/mol
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purchased from NatureWorks (Minnetonka, USA)
was used, dried in-line for 12 h at 80 °C prior to pro-
cessing, in order to prevent any potential hydrolytic
degradation.

2.2. Synthesis (reactive blending) of
PBT-b-PLA copolymers

The synthesis process was carried on in 1 dm? steel
reactor (Autoclave Engineers Pennsylvania, USA)
equipped with a condenser, a stirrer and a gas inlet.
The poly(butylene terephthalate) homopolymer was
synthesized by a two-step melt polycondensation re-
action (transesterification and polycondensation), ac-
cording to the procedure described previously [36].
Poly(butylene terephthalate)-block-poly(lactic acid)
(PBT-b-PLA) copolymers were prepared by modi-
fied reactive blending procedure (combination of
polycondensation and reactive blending procedures),
as follows. In the first step, the transesterification re-
action was carried out at 160—165 °C. In the presence
of the catalyst (TBT) DMT transesterifies with tetra-
methylene glycol (two-fold excess was used), the re-
leased methanol was distilled out of the reaction
mixture at atmospheric pressure. Then, the temper-
ature was increased slowly to 220 °C and maintained
for half an hour to reach the endpoint of transesteri-
fication (until ~90% of the stoichiometric amount of
by-product was released). The second step, the
modified melt polycondensation of BHBT with
PLA was carried out at a temperature of 235 °C, in
the presence of the second portion of TBT catalyst
and thermal stabilizer Irganox 1010. Process was
conducted under reduced pressure of 25-30 Pa, to
facilitate the removal of 1,4-butanediol excess. Dur-
ing the polycondensation, the stirring torque
changes were monitored to evaluate the viscosity of
the product. All syntheses were finished when melt
reached established value of viscosity at 230°C
(30—60 min). The molten materials were extruded
from the reactor under compressed nitrogen and
cooled down to room temperature in a water bath.
PBT-b-PLA copolymers with different feed ratios
of PBT to PLA (90/10, 80/20, 70/30) were synthe-
sized. Higher PLA content copolymers were stud-
ied, but the results are not reported herein since
polymers with low molecular weight and poor me-
chanical properties were obtained. The copolymer
samples were denoted as PBT--PLA 10, PBT-b-
PLA 20 and PBT-b6-PLA 30, depending on the PLA
weight percentage in feed.
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2.3. Preparation of the physical PBT/PLA
blends

For the sake of comparison, PBT was melt blended
with commercial PLA 4042 D in laboratory scale
twin screw extruder (Laborextruder LSM30 L/D
22.9, Leistriz, Niirnberg, Germany) in the presence of
a thermal stabilizer — Irganox 1010 (0.5 wt%). Prior
to compounding, both PBT and PLA were dried in-
line for 80 °C for 12 h. The optimum extrusion tem-
perature was 240 °C, which is above the melting tem-
peratures of both polymers. With the feeder output
set to 1.5 kg/h and a screw speed of 50 rpm, it took
~5 min for the material to pass from the feed section
to the extruder nozzle. The extruded filament was
quenched in a water bath. The PBT/PLA ratio was
varied to obtain blends with 10, 20 and 30 wt% of
PLA (samples denoted as PBT/PLA 10, PBT/PLA 20
and PBT/PLA 30, respectively).

2.4. Samples preparation

The obtained materials were pelletized and injection
molded to obtain dumbbell shape samples (A3 type)
for further DMTA analysis and tensile tests. The op-
timal injection pressure was around 50 MPa and the
temperatures were 15°C higher than the melting
point of the polymer determined by DSC. An injec-
tion molding machine (Dr. Boy GmbH & Co.,
Neustadt-Fernthal, Germany) was employed.

2.5. Measurements

Attenuated total reflectance — Fourier transform in-
frared spectra of copolymers and blends were record-
ed using FT-IR spectrophotometer Tensor 27 (Bruker
Optik GmbH, Ettingen, Germany) with 32 scans and
a resolution of 2 em™.

The copolymers structure and molecular composi-
tion were determined by means of '"H NMR spec-
troscopy. All samples were subjected to continuous
Soxhlet extraction with methanol (Avantor Perform-
ance Materials Poland S.A., Gliwice, Poland) in
order to remove unreacted monomer and any possi-
ble low molecular degradation products. "H NMR
spectra were recorded at room temperature with
Bruker spectrometer, operated at 400 MHz (Bruker,
Karlsruhe, Germany). The blends samples were dis-
solved in trifluoroacetic acid-d, while PBT-5-PLA
copolymers samples were dissolved in trifluo-
roacetic acid-d/chloroform-d CF;COOD/CDCl;
(1:3 v/v) solvent mixture, both at the concentration
of 10 mg/ml.

29

Size exclusion chromatography in 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP, Sigma-Aldrich, St. Louis,
USA) was performed at 40 °C, on a system equipped
with a Waters 1515 Isocratic HPLC pump, a Waters
2414 refractive index detector (35 °C), a Waters 2707
autosampler and a PSS PFG guard column followed
by two PFG-linear-XL (7 pm, 8x300 mm) columns
in series (Waters, Milford, USA). HFIP with potas-
sium trifluoroacetate (3 g/l) was used as the eluent
at a flow rate of 0.8 ml/min. Calibration of the sys-
tem was performed in relation to poly(methyl
methacrylate) standards. The number average (M,)
and weight average molecular weights (M) and
polydispersity index (PDI) were evaluated.

The intrinsic viscosity [n] of polymer solutions was
measured using capillary Ubbelohde’a type 1¢c (K =
0.03294) at 30+£0.1°C. A polymer solution with a
concentration of 0.5 g/dl in the mixture of phenol/
1,1,2,2-tetrachloroethane (60/40 by weight) (Sigma-
Aldrich, St. Louis, USA) was used.

The density measurements were performed at 23 °C
on hydrostatic balance (Radwag AS160 C2, Radom,
Poland), using distilled water as the immersion
medium.

The morphology of copolymers and blends was ob-
served with a scanning electron microscopy (JEOL
JSM 6100, Freising, Germany) at an acceleration volt-
age of 1 kV. All samples were cryo-fractured in liquid
nitrogen and coated with a thin homogenous gold
layer by ion-sputtering to facilitate the measurements.
The thermal properties of copolymers and blends
were investigated using Mettler Toledo (Leicester,
UK) differential scanning calorimeter under nitrogen
atmosphere. Each DSC testing cycle consisted of
heating-cooling and repeating the scans, with the heat-
ing/cooling rate of 10 °C/min, from 0 to 250 °C. The
results of the second heating run were used for the in-
vestigation. Glass transition temperature (7,) was de-
termined using midpoint approach, while the change
in specific heat capacity (AC,) was calculated from
the vertical distance between extrapolated baselines
at the glass transition temperature. The crystalliza-
tion (7;) and melting (7},,) temperatures were deter-
mined from the maximum of the exothermic and en-
dothermic peaks, respectively. The heat of fusion
(AH,,) and crystallization (AH,) were calculated from
the total areas under melting and crystallization peaks
on the DSC curve. The degree of crystallinity (x.)
was calculated from the enthalpy of fusion, accord-
ing to Equation (1):
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DSC AHm — AHCC
Xo = AH& “Wppa/pgT |- 100% (1)

where AH,, is the heat of fusion estimated from the
second heating scan, AH,., the correction due to heat
of cold crystallization process, AH.), the theoretical
value of enthalpy for fully crystalline PBT (AHr%PBT =
144.5 J/g [37]) or PLA (AHy, ,= 93.7J/g [9)),
wpLa/pBT, the weight fraction of PLA or PBT in
copolymer.

WAXS measurements of annealed samples were per-
formed using X’Pert PRO diffractometer (PANalyt-
ical, Almelo, Netherlands) operating with Cu Ka ra-
diation (A = 1.54 A) over a 20 range of 5 to 40°, with
a step of 0.05°.

Viscoelastic properties of PBT-b-PLA copolymers
and blends were analyzed using dynamic mechanical
analyzer (DMTA Q800, TA Instruments, New Cas-
tle, USA) working in dual cantilever mode. Temper-
ature-dependent measurements of storage modulus
(E") and loss modulus (E") were performed at a fixed
frequency of 1 Hz, from —50 to 200 °C at the heating
rate of 3°C/min. The DTMA results are expressed
as storage modulus (£") corresponding to the elastic
response to the deformation and damping factor
(tand) versus temperature.

The shape memory properties (SMP) were moni-
tored by means of cyclic thermo-mechanical analysis
using the same DMTA apparatus, working in con-
trolled strain mode. Polymer films of approximately
200 pm thick were tested. The measurements were
performed following the procedure described in de-
tail by Xie et al. [38]. Eight consecutive cycles con-
sisting of heating — stress loading — cooling — stress
unloading — heating were conducted. Programming
of SMP was carried out at 50 °C (15 °C above calori-
metric 7,), while fixing of temporary shape was per-
formed in 0 °C. Constant heating and cooling rate of
10°C/min was maintained. The shape fixity efficien-
cy (Ry) and shape recovery (R;) were determined for
each cycle according to Equations (2) and (3), re-
spectively:

€n2 ~ Eno
———100%
€vi ~€no

Ry = )

_ &2 €+

R =
N €n2 T Eno

-100% 3)

r

where ey — the initial strain for the Nth cycle, ex; —
the maximum strain of stretched sample, en, — the
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fixed strain after unloading, g+1yo — the strain after
recovering, also stand for the initial strain of the suc-
cessive cycle.

Thermogravimetric analysis was run under air at-
mosphere using the SETARAM TGA 92-16 thermal
analyzer (Caluire-et-Cuire, France), from room tem-
perature up to 700 °C, at a constant heating rate of
10°C/min. The thermal degradation temperatures at
5% mass loss (Ty5%) and the temperature of maxi-
mum mass loss (7prg,, Ip16,, and Tprg,) were de-
termined.

The tensile tests of the polymeric materials under in-
vestigation were performed using Autograph AG-X
plus universal testing machine (Shimadzu, Tokyo,
Japan), equipped with 1 kN load cell, a TRViewX
non-contact type video extensometer, and pneumatic
rubber-coated grips. Measurements were controlled
by TrapeziumX software. Stress-strain tests were per-
formed at room temperature, with a crosshead speed
of 1 mm/min up to 1% of elongation and followed
by 5 mm/min to break. Tensile stress and elongation
at break were evaluated from stress-strain data,
Young’s modulus was determined from the linear
slope of the stress-strain curve (from 0.05 to 0.25%
strain). To obtain a reliable average value and stan-
dard deviation at least seven samples were tested.
Shore D hardness was measured using a Zwick 3100
Shore D tester (Zwick GmbH & Co., Ulm, Ger-
many). Each reported value is the mean of 10 inde-
pendent measurements.

3. Results and discussion

3.1. Synthesis and molecular characterization
Multiblock copolymers with block distribution of
PBT and PLA segments were synthesized by modi-
fied reactive melt blending procedure, concerning
the introduction of PLA polymer into the PBT poly-
condensate. For comparison purposes, PBT/PLA
physical blends were prepared by direct melt blend-
ing, in a laboratory extruder. The PLA content in the
reaction mixture varied from 10 to 30 wt% (ca. 25
to 57 mol%) in both copolymers and blends (see
Table 1). The as-synthesized copolymers are trans-
parent, with light yellow color, the intensity of which
increases progressively with PLA weight fraction.
The reason of the polymer coloration might be relat-
ed to increasing polycondensation time, resulting in
thermal decomposition at high temperatures or due
to the use of TBT as reaction catalyst, as explained
by some authors [39, 40]. In contrast, respective
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physical blends appear as opaque semi-crystalline
solids.

To verify the molecular structure of physical blends
and copolymers, set of ATR-FTIR and '"H NMR in-
vestigations were performed. The ATR-FTIR spectra
of parent polymers and representative spectra of
PBT-b-PLA 30 copolymer are reported in Figure 1.
For analyzed homopolymers, the asymmetric and
symmetric stretching vibrations in C—H bonds have
been identified at 2954-2960 cm™! (vibrations of CH,
groups of PBT) and 2945-2995 cm™! (CHj3 groups
of PLA). Meanwhile, bending vibrations of C—H
bonds are located between 1360 and 1454 cm™'. The
bands corresponding to C—O, C—O—C, C=C stretching

PLA
B L8
R =2 |
: 5]
— | PBT-bPLA30 P
5 - BNV
8, 2960-2954 il B §§ ” UI ‘[
© s T {!
5] II Uy Y
£ & L |
£ = &8 8
| PBTPLA30 cE T8 g
2 L NE AT
@ 2960-2954 Rt -
= - -
PBT
L
2960-2954
£ &8 4
— 77
4000 3500 3000 2500 2000 1500 1000 500

Wave number [cm™]

Figure 1. ATR-FTIR spectra of homopolymers, PBT/PLA 30
blend and PBT-5-PLA 30 copolymer.

D,0
e d
OC O- CH,- CH, - CH, -CH, -0

? 9“3
C-CH-0
b

CF,COO0D

vibration are identified at ~1260, ~1100 and
~1578 cm™!, respectively. The sharp peaks at 1710
and 725 cm™! at PBT spectrum can be attributed to
ester group C=0 stretching vibration and aromatic
ring C—H out-of-plane deformation, respectively.
However, in PLA, the peak value corresponding to
C=0 stretching is observed at 1749 cm™'. This peak
position was reported as a special feature of aliphatic
polyesters [23, 41]. At PBT/PLA blend and PBT-5-
PLA copolymer spectra, most of the bands are locat-
ed in the same or slightly shifted positions as PBT.
In addition, at copolymer and blend spectra the weak
peak at 1749 cm™, typical for ester carbonyl C=0
groups of PLA, occur as a shoulder of the aromatic
stretching C=0 band; thus, confirming successful in-
corporation of PLA moiety. Similar IR features were
observed for all PBT/PLA blends and copolymers.

As an example, the "H NMR spectra of PBT/PLA 30
blend and PBT-A-PLA 30 copolymer, together with
the resonance assignments are shown in Figures 2
and 3, respectively. The 'H NMR spectra of PBT/PLA
physical blend can be considered as simple additive
spectra of constituent homopolymers. Resonance
signals corresponding to the four aromatic protons
of terephthalate unit (T) appear at 8.15 ppm (¢ sig-
nal), whilst those of outer and inner methylene pro-
tons of butylene unit (BG) appear at 4.56 ppm
(-O—CHy—, d signal) and 2.08 ppm (—(CH,),, e sig-
nal). The lactide repeating unit (LA) gives a doublet
at 1.68 ppm (a signal) and a quadruplet at 5.38 ppm

12.0 1.0 10.0 9.0 8.0 7.0

6.0

50 4.0 3.0 2.0 1.0 0.0

Chemical shift [ppm]

Figure 2. '"H NMR spectrum of PBT/PLA 30 blend.
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(b signal) arising from methyl (—(CH3)-) and me-
thine (—CH-) groups, respectively.

As shown in Figure 3, signals characteristic for poly-
mer blends are also evident at copolymer spectra. In
addition, weak signals specific for LA methyl (signal
a') and methine (signal b') chain-end groups appear
at lower chemical shift with respect to the same res-
onances observed for LA chain unit (zoomed views
at Figure 3). This phenomenon can be reasonably as-
cribed to the partial degradation of PLA to lactic acid
oligomer (OLA) upon reactive blending at high tem-
perature. Moreover, significant differences in meth-
ylene group proton region of copolymer spectra can
be seen. This is due to the transesterification reaction
between the carboxyl groups of T-BG units and ter-
minal hydroxyl groups of PLA, which led to the for-
mation of new ester linkages. As a consequence, BG
unit protons are located in different environments
(adjacent to T or LA unit) and additional resonance
signals at copolymer spectra at 4.30—4.60 ppm
(-O—CH;—, d signals) and 1.95-2.45 ppm (—(CH;),—,
e signals) occur. To better understand the nature of
the sequence distribution along the copolymer chain,
the analysis of possible BG-centered triads has to be
considered. Zoomed view of the spectra (region of
methylene groups) together with detailed BG unit
peak assignments under interest are shown in Fig-
ure 4. It is obvious that the sequences present in PBT
homopolymer, T-BG-T are also evident in copolymer
chain. In addition, two other sequences T-BG-LA
(LA-BG-T) and LA-BG-LA can be identified. At

PBT-b-PLA spectra resonance signals of methylene
protons of BG subunit adjacent to T units (T-BG-T
triad) appear at 4.70 ppm (d; signal) and 2.22 ppm
(eq signal). Furthermore, new signals arising from
mixed sequences (T-BG-LA or LA-BG-T) were dis-
tinguished at 4.64 ppm (—O-CH,—, d, signal),
4.55 ppm (—O—-CH,—, djz signal) and 2.10 ppm
(—(CHy),—, e, signal). Lastly, the weak resonance sig-
nals corresponding to outer and inner methylene pro-
tons of BG unit assigned to LA-BG-LA triad occur
at4.51 ppm (d4 signal) and 2.00 ppm (e; signal), re-
spectively.

The arrangement of building blocks along copoly-
mer chain has a great influence on the final physical
properties of copolymer. According to the approach
introduced by Yamadera and Murano [42] from the
relative intensities of methylene signals of BG unit,
the number-average sequence length of terephthalate
unit Ly, lactate unit L o and the degree of random-
ness B around the BG unit can be estimated using
Equations (4)—(6), respectively:

[TfBGfLA [LAfBGfT
LA

- 2 —BG—LA
LLA - IT*BG*I_/\-'—IL/\*BG*T (4)
2
[T*BGfLA+[LA*BG*T
L. = 2 tlhope-1 (5)
T IT*BG*L/\-'»IL/\*BG*T
1 1
B=v—++—- 6
Lia Lr ©)

O CH
OC O—CH, —~CH, —CH, —CH, —0O C CH o]

CF,COOD b

|

. LA ] '
§ I TV

N it TN —h I—— Koa A

12.0 1.0 10.0 9.0 8.0 7.0 6.0

50 4.0 3.0 2.0 1.0 0.0

Chemical shift [ppm]

Figure 3. '"H NMR spectrum of PBT-b-PLA 30 copolymer.
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Figure 4. Zoomed view of the copolymer spectra together with detailed BG unit peak assignments ("H NMR spectrum of

PBT-b-PLA 30).

where It.pg.LA, [LA-BG-T> [LA-BG-LA, IT.BG-T T€present
the integrated intensities of butylene proton reso-
nance signals of T-BG-LA, LA-BG-T, LA-BG-LA,
and T-BG-T sequences, respectively. The obtained
results are given in Table 1. The sequential length and
B were calculated on the basis of d group of butylene
protons signals (in the range of 4.8—4.4 ppm). It can
be observed that the sequence length is proportional
to the contribution of individual co-units in copoly-
mer. Ly regularly decreases from 12.13 to 5.20, as the
weight fraction of PLA increase from 10 to 30%. Con-
sequently, as the amount of LA units increase, an in-
crement of L 5 can be noticed. Slight increase of L 5
from 1.26 to 1.38 was observed suggesting that the
LA units are rather short, irrespective of the initial
composition. Anyway, all copolymers exhibit B value
bellow 1, pointing out that T, BG and LA units tend
to form block copolymers under reactive melt blend-
ing process [6, 43]. Being more precise, short-block
copolymers were obtained (B > 0.65) [6]. A slight in-
crease in the degree of randomness with PLA con-
centration in copolymer can be a consequence of pro-
longed reaction time, which favors the redistribution
(transesterification) reactions [6, 44]. These sequence
distribution observations are of primary importance
as regards to the biodegradability of copolymers.
Several results suggested that higher degradation rate
would be achieved, if not only biodegradable seg-
ments are incorporated but also shortening of aromat-
ic sequences can facilitate this process [8, 45].

33

Biodegradation studies on these copolymers will be
the subject of the forthcoming work.

The actual content of each unit was calculated from
the relative areas of the 'H NMR resonance peaks
attributed to the aromatic protons of the PBT moiety
at & ~ 8.14-8.16 ppm and the methine proton of the
PLA moiety at & ~ 5.40-5.73 ppm. Table 1 reports the
detailed composition data of reaction mixtures, the ob-
tained copolymers, and blends. In all resulting copoly-
mers, the significant decrease in PLA concentration
can be observed, even up to 30% of the feed content,
while in the case of investigated physical blends the
actual composition is nearly equal to the feed one.
The reduced amount of PLA in the resulting copoly-
ester can be related with, firstly, the oligomer distil-
lation under reduced pressure and secondly, the PLA
thermal decomposition during the melt polyconden-
sation at high temperature. The authors attribute these
effects to the degradation of PLA to lactic acid oligo-
mers rather than the distillation of the reaction sub-
strates since the pressure in the reactor was lowered
gradually and a clear liquid distillate was obtained.
Moreover, the presence of a small amount of OLA in
the obtained material has also been verified with the
'"HNMR investigations. Similar phenomenon has
been reported for other aromatic-lactic acid copoly-
mers, such as poly(ethylene-terephthalate)-co-poly
(lactic acid) [24], poly(ethylene—2,4-furanodicarboxy-
late)-co-poly(lactic acid) [28] and poly(butylene—2,4-
furanodicarboxylate)-co-poly(lactic acid) [29].
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Table 1. Composition, molecular characterization, and density of investigated homopolymers, copolymers, and PBT/PLA

physical blends.
oA b b AT AT

Sample PBT/PLIv?t'f*Zd e 11331 lnl:nl«;ftm Lr | Lo | B l(;;]/!g] Ig'nﬂllgl‘ll lg'nﬂllt:}“] DI [g/cdmﬂ
PBT 100/0 0 0 - - — 1.31 33991 83577 2.46 1.307
PBT/PLA 10 90/10 10.30 | 25.97 - - - 0.92 28510 71864 2.52 1.293
PBT/PLA 20 80/20 19.85 | 43.08 - - - 1.01 31123 82053 2.64 1.275
PBT/PLA 30 70/30 30.05 | 56.77 — — — 1.06 31448 90162 | 2.87 1.260
PBT-b-PLA 10 90/10 4.22 11.86 |12.13 | 1.26 | 0.88 | 097 32156 90205 | 2.81 1.302
PBT-b-PLA 20 80/20 7.78 | 20.49 8.03 1.31 0.89 | 095 29689 72795 2.45 1.294
PBT-b6-PLA 30 70/30 13.12 | 31.58 520 | 1.38 092 | 092 26488 81982 3.10 1.291
PLA 0/100 100 100 - - - 1.64 - 113 000" - 1.244

%in reaction mixture (feed), %in resulting copolymer/blend determined by 'H NMR, Ly — sequence length of terephthalate unit, L; — sequence
length of lactate unit, B — degree of randomness, [1] — intrinsic viscosity; My, My, — number and weight average molecular weight determined
by GPC analysis, respectively, PDI — polydispersity index, d — density, “as stated by the manufacturer.

The influence of different feed ratios on intrinsic vis-
cosity, GPC and density results are also shown in
Table 1. Since PLA units with higher molecular
weight were incorporated, an increase in copolymer
molecular weight would be expected but was not ob-
served. M, slightly decreases with increasing PLA
content in the copolymer series: from 33 991 g-mol™!
for PBT to 26 488 g-mol™! for PBT-h-PLA 0, and
their polydispersity index (PDI) ranged from 2.45 to
3.1. The adopted strategy of the incorporation of
PLA polymer into PBT polycondensate appeared as
a promising strategy for facile copolymer synthesis.
Moreover, additional solid state polycondensation
(SSP) can promote the chain growth to obtain im-
proved final product [46]. It is worth highlighting
that M, values are much higher than the ones report-
ed in work by Zhu et al. [30] on similar PLA-b-PBT-
b-PLA copolymers with high PLA content. In con-
trast to the materials prepared by reactive blending,
an increasing trend in molecular weight change in
the PBT/PLA blend series was found. Along with an
increase in PLA weight fraction in physical blend
higher M, is observed, which is in agreement with the
additivity rules. Moreover, the intrinsic viscosity val-
ues correlate well with molecular weight changes in
both series. The densities of copolymers and blends
are fitted between those of the two homopolymers,
decreasing slightly as the PLA content increase.

3.2. Theoretical investigation on miscibility of
PBT-PLA systems

One of the most characteristic features of block

copolymers is that they exhibit a multiphase struc-

ture, resulting from micro and nanophase separation

of incompatible blocks after cooling from the molten
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state. The tendency to form heterogeneous structure
depends on polymer-polymer miscibility and can be
predicted according to their solubility parameters.
Numerous studies have confirmed the validity of
Hoy approach in determining miscibility between
two polymers [47—49]. A similar comprehensive ap-
proach has been proposed by Hoftyzer and Van
Krevelen [50]. In both methods the total solubility
parameter (d) is based on structural contributions
which are divided into three components resulting
from dispersion forces (84), polar interaction (5,) and
hydrogen bonding (8y) as described by Equation (7):
8, =8;+8.+8; (7)
The values of 6, 84, 8, and 6y, for both methods were
calculated from a set of additive molar attraction
constants, base values and molar volume values fol-
lowing data and algorithms proposed by Hoy and
Hoftyzer-Van Krevelen [50]. To describe the misci-
bility between PBT and PLA the Ad parameter was
calculated using Equation (8):

2

A = [(8d2 - 8dl)

2 2]1/2

+(8,0=8,1) +(8,, =8y,
3

The characteristic solubility parameters calculated
for PBT, PLA and Adpg1.pr 4 are listed in Table 2.

It has been well established in the literature that the
smaller the difference in solubility of two compounds
is, the more miscible they are. Van Krevelen stated
that pairs with AS < 5 MPa'”? are likely to be mutu-
ally soluble. Hoy and Hoftyzer-Van Krevelen meth-
ods are of the same order of accuracy and the optimal
way for estimation of the solubility parameter is to
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apply both, taking the average results [50]. The ob-
tained values of Ad differ between the two methods
(SPBT-PLA =4.73 and ASPBT—PLA =90.66 according to
Hoy and Hoftyzer-Van Krevelen, respectively), giving

Table 2. Solubility parameters calculated by using Hoy and
Hoftyzer-Van Krevelen group contribution methods.

- Hoy Hoftyzer-Van Krevelen
Solubility PLA PBT PLA PBT

parameters [MPal?] | [MPa'?] | MPa'?| [MPal?]
3 23.77 21.77 23.33 21.56
dp 15.61 11.94 14.94 5.87
Sn 11.66 9.42 9.28 9.13
3d 13.61 15.58 15.33 18.64
AdppT-PLA 4.73 9.66

&, — total solubility parameter, 84 — dispersion forces, 5, — polar in-
teraction, oy, — hydrogen bonding, Adpg1.pr s — miscibility parameter
for PBT and PLA polymer pair

Homopolymers

PMT-b-PLA comolymers

PBT/PLA blends

d2)

d1)

an average of 7.20 MPa'? which is slightly higher

than Ad parameter appointed for mutually miscible
systems. Following this criterion, one can predict
immiscibility in PBT-PLA systems. Nevertheless,
calculations based on theoretical group contribution
methods might provide rather rough estimates since
crystallinity and average sequence length of building
blocks are not taken into account [51]. Thus, these
aspects have to be considered in further investiga-
tions.

3.3. Morphology

SEM microstructure analysis provided visual infor-
mation about the morphology and the internal struc-
ture of investigated materials (see Figure 5). All ho-
mopolymers (Figure 5a and 5b) and copolymers (Fig-
ure Sc1-5¢3) exhibit uniform, homogenous fracture

d3)

Figure 5. SEM micrographs of homopolymers: PBT (a) and PLA (b), copolymers and blends at different feed ratio, PBT-b-
PLA 10 (cl), PBT-b-PLA 20 (c2), PBT-b-PLA 30 (c3), PBT/PLA 10 (d1), PBT/PLA 20 (d2), PBT/PLA 30 (d3).
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surface. However, the more PLA is incorporated into
PBT backbone, the smoother PLA-like morphology
is observed, indicating the increase of interfacial ten-
sion between components and copolymer formation
during reactive blending. On the contrary, polymer
blends (Figure 5d1-5d3) exhibit rougher, irregular
surface, with two phases forming clearly separated
domains. As stated previously, PBT/PLA blend may
be classified as rather incompatible. As such, the
physical blending of PBT with PLA resulted in typ-
ical droplet-matrix morphology, in which PBT con-
stitutes the continuous matrix and PLA minor phase
is randomly dispersed as spherical domains through-
out the sample. Moreover, empty voids visible on cry-
ofracture surface are a clear suggestion of weak in-
terfacial adhesion between the two phases. This frac-
ture morphology is similar to the appearance of non-
compatibilized PBT/PLA blends reported by
Samthong et al. [16].

3.4. Thermal and structural characterization

Calorimetric curves of investigated materials are
shown in Figures 6a (2" heating) and 6b (cooling),
whereas the important numerical values are summa-
rized in Table 3. On the basis of the second heating
scan, one can assume that PBT exhibits the semi-
crystalline nature, while PLA demonstrates amor-
phous nature. However, it is important to clarify at
this point, that PLA used in the present study is in-
trinsically semicrystalline, as evidenced by melting
behavior at first heating scan (added at Figure 6a for
sake of comparison) and further X-ray investigations
(see Figure 7). Herein, the cooling scans were con-
ducted at a rate of 10 °C/min; thus, slow crystallizing
PLA was not able to crystallize fast enough and did
not show any melting peak at the 2" heating scan.

The investigated polymer blends appear as semi-crys-
talline, phase separated systems, where two forms of
crystallites coexist, as revealed by the existence of
distinct melting peaks, occurring at stable tempera-
ture irrespective of composition. The melting transi-
tion of the PLA phase occurs in the temperature
range of 140-155°C, and is followed by another en-
dothermic event with maxima at ca. 223 °C that cor-
responds to the melting point of PBT phase, both ap-
peared as bimodal. This observation is common in
both PLA and PBT and has been previously ascribed
to the melting-recrystallization mechanism (perfec-
tion of the crystals during heating) [12, 52]. It is also
consistent with melting behavior of PBT/PLA blends
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having a high content of PLA [16, 17]. The melting
temperatures of PBT and PLA remain almost stable
in the whole composition range, while the intensity
of the observed transitions correlates well with blend
composition. Namely, increasing the weight content
of PLA in PBT/PLA blend results in the decrease in
melting enthalpy (AH,ppt) of PBT phase and coin-
cident increase in enthalpy of both, cold crystalliza-
tion (AH,.) and melting (AHpr o) in PLA phase (see
Table 3). Moreover one additional broad exothermic
peak above 100 °C occur at the heating scan, which
can be confidently assigned to cold crystallization of
PLA [16]. Although blending with PBT promotes
the cold-crystallization of slow crystallizing PLA
during heating scan, the estimated degree of crys-
tallinity of the latter is rather insignificant from the
quantitative point of view, exhibiting the highest
value of 2.5% for PBT/PLA 30 sample. In turn, rel-
atively fast crystallizing PBT exhibits crystallinity
degree of 28.7%, which remains almost unaltered by
blending with PLA. The lowest x¢,,; of 26.0% was
obtained for PBT/PLA 20 blend. Moreover, the cool-
ing scans (Figure 6b) reveal that the overall crystal-
lization rate of PBT was substantially enhanced, due
to the presence of PLA. The crystallization peak
temperatures determined during cooling from the
melt (7¢) are higher, by 11-12°C compared to PBT
(184°C), while a crystallizability expressed as the
degree of supercooling, AT = T,,, — T, decreases (i.e.,
crystallization rate increases [53]) in the order of
PBT <PBT/PLA 30 <PBT/PLA 20 <PBT/PLA 10,
exhibiting values of 39.4, 28.9, 27.5, 27.1 °C, respec-
tively. According to Ou et al. [54], crystallization ac-
celeration phenomenon in PBT may be attributed to
the nucleating effect of component that is in the mi-
nority in polymer blend.

As far as the PBT-H-PLA copolymers are concerned,
it is reasonable to expect some evolution in crystal-
lization behavior, due to the occurrence of transes-
terification reactions and PBT chain length varia-
tions [6, 23, 33, 55]. At the thermograms of the second
heating, single melting phenomenon originating from
PBT component is clearly evident. With an increase
in PLA feed content, the endotherm broadens and pro-
gressively shifts to lower temperature. Specifically,
the T, values decreased from 223.4 to 160.5°C,
whilst AH},, decreased from 41.4 to 22.2 J/g for neat
PBT and 30% of initial PLA wt% content, respec-
tively. Moreover, a very different DSC heating curve
was recorded for the latter, exhibiting additional
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Figure 6. DSC thermograms of homopolymers, copolymers, and physical blends, recorded at heating/cooling rate of

10°C/min: (a) 2" heating, (b) cooling.

exothermal cold-crystallization (7.) phenomenon
during heating scan, with the maximum at 75.1°C,
seemingly similar to the one studied in physical
blends but detected at significantly lower tempera-
ture and originating from cold crystallization of BG-T
units rather than LA co-units. Furthermore, the AH,.
peak area compares well with the AH,,, peak area,
both exhibiting value of 22.2 J/g, thereby suggesting
that the PBT-b-PLA 30 copolymer can be considered
as non-crystallizing material, on fast cooling rates,
typically applied in DSC analysis. From Table 3 it
can be found that the x.,,. values decrease along
with increasing content of PLA co-unit. The estimat-
ed xcppy 18 28.7% for neat PBT and decrease to 23.3,
20.5 and 0% for PBT-h-PLA 10, PBT-5-PLA 20,
PBT-b-PLA 30, respectively. Moreover, reported val-
ues are much smaller than x, of PBT phase in the
physical blends. This phenomenon can be explained
by the decrease in PBT block length and subsequent
increase in the degree of randomness (that was con-
firmed in the molecular characterization section).
Consequently, the PBT crystal formation was dis-
turbed and less perfect crystallites with larger distri-
butions were formed. The thermal effects originating
from PLA cold crystallization or melting were not
observed on heating scans, suggesting that crys-
talline phase of PLA had not been created in copoly-
mers systems. As to the copolymers crystallization
behavior (Figure 6b and Table 3), an analogous trend
to that detected in heating scan can be observed. As
PLA content increases (Lt decreases), 7. shifting to
the lower temperature, broadening and finally crys-
tallization signal disappearing can be observed.
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In all investigated systems single glass transition
phenomenon (7) occurs after quenching from the
melt. In physical blends, the 7, was detected at ~58 °C,
possibly as a result of overlapping transitions occur-
ring in close proximity to one another, at 61.2 and
51.9°C in PLA and PBT phase, respectively. On the
other hand, single 7, phenomenon can be associated
with partial miscibility of non-crystallized phase of
both PBT and PLA, that is more plausible in reactive
blends. Interestingly, when reactive melt blending
was carried on, the glass transition strongly decreased
to ~35°C. This abnormal depression seems to be a
result of chain flexibility and mobility provided by
incorporation of short PLA aliphatic chains and re-
duced overall crystallinity. In the studied copolymers
the contribution of restrictive crystalline domains
gradually decreases, since PLA crystallites cannot
be created anymore and PBT crystallizes weakly.
Thus, the segmental motion of amorphous chains are
not restricted by crystalline domains acting as net
points [56] and glass transition temperature tends to
decrease. Similar effect has been observed previous-
ly in copolyesters synthesized systematically from
lactic acid, dimethyl terephthalate/terephthalic acid
(TPA) and various diols [22, 23] or 2,5-furanodicar-
boxylic acid, ethylene glycol and L-lactic acid oligo-
mer [28]. It is also interesting to note that the base-
line deviation at T, i.e. change in specific heat ca-
pacity (AC,) varies with the composition, increasing
slightly along with the increase of PLA co-units con-
tent. An unusual increase of AC, up to 0.43 J/(g-°C)
has been observed for the PBT-b-PLA 30 copoly-
mer, pointing to a large amount of the amorphous
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T, — glass transition temperature; AC}, — specific heat increment; T}, A, — temperature and enthalpy of melting respectively; 7., AH. — temperature and enthalpy of crystallization respectively; T,

temperature and enthalpy of cold crystallization; x. — degree of crystallinity; “values assigned to transitions of PBT or PLA are denoted by additional PBT or PLA index
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phase after cooling from the melt. Indeed, amor-
phous nature of this particular composition was dis-
cussed above on the basis of crystallization-melting
behavior.

In order to verify the crystalline structure WAXS
analysis was performed on the isothermally treated
samples (annealed for 4 h at the temperature of about
15°C above T;). As derived from the diffraction pro-
files shown in Figure 7, all homopolymers, blends,
and copolymers appeared as semi-crystalline mate-
rials after annealing.

All investigated PBT/PLA physical blends crystal-
lize in the same structure as PBT homopolymer, as
supported by the presence of characteristic diffrac-
tion peaks at scattering angles of ca. 16.6; 17.3; 20.6;
23.4 and 25.2°; assigned to the (011); (010); (111);
(100) and (111) planes of a-PBT form, respectively
[57, 58]. Moreover, in blends with the higher content
of PLA (=20 wt%) additional crystalline phase de-
velops, as revealed by characteristic reflection at
16.7° (20) corresponding to the (200/110) plane of
PLA [52] (marked with red dotted line). The latter
does not occur at PBT/PLA 10 diffraction profile,

200/110
/f
|| 203
I} il
| | M'
ot0 /| | [| 015
003 S\
PLA e Ny B
p—— 100 ]
010 111
ot 11 h
PBT-b-PLA30

Intensity [a.u.]

PBT-b-PLA 20

PBT-b-PLA 10

PBT/PLA 30

PBT/PLA 20

PBT/PLA 10

PBT

26[7]

Figure 7. Wide-angle X-ray diffraction patterns recorded for
PBT, PLA, copolymers, and blends.
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likely due to the extremely low amount of PLA crys-
talline phase, below 2 J/g as measured from DSC
heat of fusion (see Table 3). Anyway, sharp X-ray
reflections with constant positions are evident, con-
firming that; (i) physical blends exhibit strong crys-
tallization tendency and (ii) the crystal lattice param-
eters of individual components remain unchanged
after physical blending, forming two independent
crystalline structures.

When the diffractograms of PBT-h-PLA copolymers
are concerned, Bragg maxima originating only from
the crystal structure of a-PBT occur. Moreover, as
the amount of aliphatic co-unit increases, the diffrac-
tion peaks become broader and less intense com-
pared to that of PBT homopolymer and PBT/PLA
blends, suggesting again that the structural ordering
decreases in copolymer series. Nevertheless, at this
point, it is worth emphasizing that PBT-b-PLA 30
sample tends to arrange into crystalline domains
upon annealing, despite the fact that on fast cooling
rates can be frozen in completely amorphous state
(as evidenced in DSC experiments). The proceeding
of the phase segregation to form crystalline phase is
of particular importance when block copolymers are
considered. As is well known, an increase in molec-
ular weight and crystallization of constituent blocks
favors microphase segregation [33, 47, 55]. No signs
of PLA crystalline behavior has been detected nei-
ther at DSC melting curve nor at X-ray diffraction
patterns of recorded for copolymers, confirming that
rather short aliphatic LA sequences (i.e., Lppa < 1.5)
have a minor impact on the molecular arrangement
in the crystalline phase and are localized mainly in
amorphous lamella. Previous reports on different
copolymer systems showed that the minor compo-
nent can be completely rejected from the crystalline
phase, lowering the overall material crystallinity at
the same time [27, 59, 60]. These findings explain
well a decrease of crystallinity degree, observed with
the increment of PLA co-unit in copolymers. Name-
ly, with increasing PLA weight fraction, the amount
of PBT crystallizable units diminishes, L sequences
become gradually shorter and they are more distort-
ed; consequently, chain packing becomes looser. The
WAXS observations of both blends and copolymers
superposed very well with sequence distribution
analysis and calorimetric studies discussed above.
The analysis of dynamic-mechanical behavior in the
glass transition region can provide additional infor-
mation about the morphology of investigated systems.
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The temperature spectra of storage modulus record-
ed for all investigated systems are presented in Fig-
ure 8. As can be seen, at low temperatures, the stor-
age modulus £’ of all materials remains roughly
constant, exhibiting values characteristic for the
glassy state. With further increase of temperature, the
modulus decreases significantly due to the viscoelas-
tic relaxation (glass-to-rubber transition). The wast-
ed energy from viscous movement of polymer chains
is reflected in the relaxation peak at tand curve,
called a-relaxation, whose maximum can be consid-
ered as DMTA manifestation of 7, [61, 62]. As phys-
ical blends are considered, clear phase separation
structure occurs, as revealed by two maxima on tan o
curve (Figure 8b). Based on the homopolymers’ T,
temperatures reported in Figure 8, one can ascribe
the lower temperature relaxation (o) to the glass tran-
sition of amorphous PLA phase and the higher tem-
perature peak (op) to the glass transition of PBT amor-
phous phase. In contrast, when reactive blending is
carried on, the two maxima of o relaxation observed
in physical blends are replaced by a single peak at
tand curve (Figure 8¢), supporting the suggestion

——PBT
10° 4
107 4
a) 10"+
P« == — PBT/PLA 10
2 PBT/PLA20 06
Z 109 PBT/PLA 30
2 3
5 \ i
9 107 300 71.0°C =% \ -
§10 : 680 e 900C g50c ' [
4
F
b) 10" f———— 0,0
—— PBT-b-PLA 10
—— PBT-b-PLA20 06
10° —— PBT-b-PLA 30
- 0.4
- 0.2
107 T T T T 0‘0
-50 0 50 100 150 200

Temperature [°C]

Figure 8. Temperature dependence of storage modulus and
tan d for the investigated homopolymers (a), phys-
ical blends (b) and copolymers (c).
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that amorphous phase in reactive blended systems is
homogenous, as already inferred from the calorimet-
ric tests. Along with an increase of PLA co-unit con-
tent, the 7, peak position in tan § progressively shifts
to lower temperature. Moreover, an increase in peak
magnitude (from 0.2 to 0.3 for PBT-»-PLA 10 and
PBT-b-PLA 30 samples, respectively) highlights
once again that the chain stiffness decreases along
with an increase of weight fraction of aliphatic LA
units.

A drop, corresponding to the 7, is followed by an
increase in storage modulus, resulting from cold crys-
tallization phenomenon (marked prominently in PBT,
blends and PBT-h-PLA 10 copolymer curves). This
effect is not so evident in PLA and copolymers with
higher amount of PLA (20 and 30 wt%). Hu et al.
[29] in their DMTA analysis on PBFLA copolymers,
also observed that with increasing concentration of
PLA, crystallization during heating is inhibited. They
found that cold crystallization could not be identified
if PBT sequence length is less than 4. In our DMTA
experiment PBT sequence with length of ~8 (PBT-
b-PLA 20) crystallizes barely, while PBT character-
ized by Ly of ~5 (PBT-H-PLA 30) does not crystallize
at all. As the temperature increases, a second drop of
E’ modulus, associated with the polymer softening
point (75) occurs. Irrespective of preparation method,
T, shifts to lower temperature value with an increase
of PLA concentration. Moreover, this shift is much
more pronounced in PBT-h-PLA systems, probably
as a result of significant changes in the copolymers
crystalline structure, as previously revealed by DSC
and WAXS.

3.5. Shape-memory behavior

From the above-collected data one can note that
PBT-b-PLA 30 copolymer is characterized by differ-
ent and somehow peculiar behavior: (i) low glass
transition temperature (7, = 34.9 °C) accompanied
by sudden gain in molecular mobility (AC, =
0.43 J/(g-°C)), as derived from calorimetric data and
(i1) abrupt decrease of E’ during transition from
glassy to rubbery state as observed from DMTA
analysis (see bottom panel of Figure 8). From other
studies [53 ,63, 64] it is known that the elastic ratio
of glassy to rubbery modulus (£",/E";) can be consid-
ered as a preliminary indicator of shape memory be-
havior. Generally, the grater this ratio is, the better the
shape memory properties. In other words, shaping at
T> T, is easier and the resistance to deformation at
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T' < Ty is higher. Herein, £’y and £, vary sufficiently,
i.e. two orders of magnitude [65] to qualify PBT-b-
PLA 30 copolymer to further studies on thermally-
induced shape-memory effect (£', of 3283 MPa and
E'; of 58 MPa were measured). In order to estimate
the extend of shape recovery quantitatively, more spe-
cific DMTA analysis was performed, by subjecting
the sample to multiple thermomechanical cycles as
shown in Figure 9. Firstly the sample was heated to
50°C (calorimetric T, + 15°C), stretched by ramp-
ing a load of ~10 N, to approx. 9% and subsequently
cooled down to a ‘fixing’ temperature of 0 °C, at con-
stant load. After unloading the sample contracts a bit
and retains a new temporary shape. Obtained results
suggest that the investigated copolymer exhibits rel-
atively high ability to fix mechanical deformation,
with shape fixity efficiency (Rg) over 90% through-
out 8 experimental cycles (91.1 <Ry <92.0%).
Upon reheating to 7, + 15 °C the sample recovers to
the original shape, reaching shape recovery (R;) of
94% in the first cycle. This characteristic improves
further from one cycle to the next, giving the recov-
ery efficiency above 99% in N = 8. The R, difference
between first and successive cycles is consistent with
previous observations on thermoplastic SMP [38, 66,
67] and is related to the residual stain remaining after
material processing.

The shape memory properties of PBT-b-PLA 30
sample are also demonstrated visually in Figure 10.
The flower-shape sample of PBT-h-PLA 30 was heat-
ed with a hot gun to ~50°C and processed to a tem-
porary shape. Then the folded shape was ‘fixed’ at
ambient temperature and reheated to recover. At time-
lapse photos in bottom raw it can be seen that the
flower appears to recover fully to the initial shape
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Figure 10. Visual demonstration of shape memory behavior of PBT-b-PLA 30 copolymer.

within 20 s. The process was repeated multiple times
without any signs of sample damage.

3.6. Thermal stability

The thermal stability of specific materials is crucial
to establish safe conditions during melt processing
and to determine working temperature limit of final
product. Therefore, the parent polymers, copolymers,
and physical blends have been subjected to thermo-
gravimetric analysis (TGA). The mass loss and de-
rivative of mass loss curves in an air atmosphere are
shown in Figure 11. The TGA traces of both homo-
polymers were found to exhibit two maxima of mass
loss in an oxidizing atmosphere, the first major step
attributed to the decomposition of polymer backbone
(chain scission of the ester bonds) is followed by the
minor step, attributed to an oxidative degradation
process [43, 68]. The PBT/PLA blends decomposi-
tion profile exhibit three distinct mass loss steps, two
of them in the lower temperature range (300—
435°C). It is evident that the first mass loss step
ranging from 300 to 369 °C is related to PLA degra-
dation, while the second step that appears at 370—
435°C can be attributed to the decomposition of
PBT. Meanwhile, the degradation of individual
blocks in PBT-b-PLA copolyesters merges into one
step, exhibiting PBT-like profile. It is strongly sug-
gested that short blocks copolymers investigated in
present work behave in similar manner as random
copolymers in terms of thermal stability. A similar
tendency was reported earlier by Hu et al. [29] for
PBF-PLA copolyesters.
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Figure 11. Mass loss and derivative of mass loss (dashed
lines) as a function of temperature for homopoly-
mers (a), physical blends (b) and copolymers (c).

The temperatures related to the initial decomposition
at 5% loss of the original mass (7 s,) and the tem-
peratures corresponding to the maximum of mass
loss rate (Tprg1, Tprge, and Tprgs) are collected in
Table 4. The onset degradation temperature corre-
sponding to 5% mass loss of both blends and copoly-
mers shifts systematically to lower temperature with
the increasing content of PLA segments, with the ex-
ception of PBT-h-PLA incorporating 20 wt% of PLA.
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Table 4. Characteristic temperatures of the thermo-oxidative
decomposition of investigated homopolymers,
copolymers, and physical blends.

e TR |
PBT 374 - 401 469
PBT/PLA 10 346 - 401 492
PBT/PLA 20 336 354 400 488
PBT/PLA 30 333 351 400 489
PBT-b-PLA 10 360 - 400 495
PBT-b-PLA 20 365 - 399 495
PBT-b-PLA 30 356 - 397 497
PLA 325 368 - 449

This behavior was already expected since PLA is
more sensitive to thermal degradation than PBT. In
particular, pure PLA exhibits Ty 50, of 325 °C, which
is 49 °C lower than Ty s¢, recorded for PBT. Howev-
er, it has to be emphasized that 7§ s, occurs at no-
tably higher temperatures in copolymers than in re-
spective physical blends. An increase of 10°C was
measured in the initial decomposition temperature
of PBT-bH-PLA 30 copolymer when compared to the
PBT/PLA 10 blend, which are characterized by sim-
ilar terephthalate to lactide units ratio. Apparently,
less stable and relatively short LA aliphatic blocks
are distributed along stable BG-T macromolecular
chains; thus, their influence on thermal stability is
much smaller than in respective physical blends. In
regard to this hypothesis, slight decrease in 7 s, and
Tporaz in PBT-h-PLA copolymers with an increasing
fraction of LA moieties can be a consequence of aro-
matic sequences shortening and chain regularity dis-
ordering or the effect of LA degradation, or both. As
to the decomposition of residue, it was found that the
temperatures corresponding to the maximum of
mass loss (Tprg3) of all copolymers and blends shift-
ed toward higher values, with respect to PBT and
PLA homopolyesters.

3.7. Mechanical properties

In an application perspective, the mechanical prop-
erties of the polymeric materials were evaluated.
Figure 12 provides the representative stress-strain
curves of the investigated polymers stored at room
temperature for 4 weeks. The averaged values and
standard deviations of Young’s modulus (E), stress
at yield (oy), elongation at yield (g,), stress at break
(op) and elongation at break (&) are listed in Table 5.
By comparing the stress-strain curves of PBT and
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Figure 12. Representative stress-strain curves of PBT, PLA,
copolymers and physical blends.

PLA homopolymers it is apparent that the former ex-
hibit ductile behavior, whilst the latter is rather rigid
and brittle in nature. It is also evident that the prepa-
ration process has a remarkable effect on the tensile
properties of investigated PBT-PLA systems. How-
ever, at this point, one has to take into account that
the variation of stress-strain behavior in two inves-
tigated series results mainly from differences in the
morphology (see Figure 5) and crystallinity (Table 3).
As specified in previous sections PBT/PLA physical
blends are exhibiting typical morphological features
of non-compatible systems and are highly crystalline,
whereas reactive blends are characterized by im-
proved compatibility and reduced amount of crys-
talline phase.

From collected results, it is obvious that tensile prop-
erties changed from ductile to brittle behavior by
blending with PLA. Although the yield point can be
distinguished at the stress-strain curve of PBT/PLA
90/10, one can immediately see that the elongation at
break decreased dramatically (by ~96% compared to
PBT homopolymer). This effect became more signif-
icant with further increase of PLA content, blends
with 20 and 30 wt% broke abruptly after reaching the
maximum stress of ~55.8 MPa, at an elongation of
~2.4 and ~1.8%, respectively. That is to say, PBT/
PLA physical blends are even more brittle than PLA
homopolymer. This behavior is common in immisci-
ble non-compatibilized polymer blends [17, 69, 70]
as the interfacial adhesion is not sufficient and dis-
persed phase act as a nucleating agent, initiating and
propagating the brittle fracture. Moreover, with in-
creasing PLA weight fraction the stiffness (Young’s
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Sample E Gy gy Gp € H
[GPa] [MPa] [%] [MPa] [%] [°Sh D]
PBT 3.1£0.1 53.340.6 3.740.1 33.6£1.6 269.3£16.7 71+1
PBT/PLA 10 3.3£0.1 52.9+0.8 2.940.1 45.8+0.6 9.9+0.4 76x1
PBT/PLA 20 4.0+0.1 - - 55.2+0.8 2.4+0.2 79+1
PBT/PLA 30 5.4£0.2 - - 55.2+0.7 1.8+0.1 801
PBT-b-PLA 10 3.0+0.2 46.6+1.0 3.1+0.2 45.7+1.2 440.1£6.7 75+1
PBT-b-PLA 20 2.6+0.2 34.540.3 3.1+0.5 32.7+0.6 353.9+14.3 72+1
PBT-b-PLA 30 1.5+0.2 2524222 3.3£0.2 19.8+0.7 285.4+14.6 68+1
PLA 5.440.1 60.6+1.0 1.720.1 47.0£0.9 8.3+0.2 81+1

E —Young’s modulus; oy, & — tensile strength and elongation at yield, respectively; oy, &, — tensile strength and elongation at break, respec-

tively; H - hardness

modulus) and hardness progressively increase, ap-
proaching the values characteristic of PLA homo-
polymer.

On the other hand, the PBT-5-PLA copolymers have
a significantly different mechanical performance,
which is characteristic for semi-crystalline polymers
with a distinct yielding point, neck forming and final-
ly strain hardening stage. It is clear that the applied
method of reactive blending enhances interfacial ad-
hesion between initially immiscible PBT-PLA poly-
mer pair. All copolymers show an increase in g, com-
pared with homopolymers; maximum improvement
0f440.1+6.7% is observed in PBT-h-PLA 10 copoly-
ester, which is about 63% higher than elongation of
PBT (269.3£16.7%). Further increase in aliphatic
units content slightly reduces &,. At copolymers
stress-strain curves, strain hardening effect is evident
as a result of macromolecular chains orientation and
crystallization under tensile stress. However, one can
note that this phenomenon is less pronounced in PBT-
b-PLA 30 copolymer, which exhibits poor crystalliza-
tion ability. As expected, a decrease in the weight
fraction and regularity of crystallizable PBT co-units
(i.e., crystallinity degree) results in a decrease of ten-
sile strength at both yield and break. The tensile
strength at yield decreased from 46.6 to 25.2 MPa,
whilst tensile strength at break decreased from 45.7
to 19.8 MPa for PBT-b-PLA 10 and PBT-b-PLA 30,
respectively. This is in agreement with the study of
Hu et al. [29] dealing with comparable aliphatic-aro-
matic systems. The enhancement of ductility in
copolymer series is also highlighted by the decrease
in Young’s modulus from 3.1 (PBT homopolymer)
to 1.5 GPa (PBT-b-PLA 30). Lastly, declined crys-
tallinity leads to a decrease in polymer hardness
from 75 to 68 °Sh D in copolymer series.

4. Conclusions

In this work, aromatic-aliphatic PBT-h-PLA copoly-
mers were prepared by reactive melt blending, i.e.
introduction of PLA in the PBT polycondensate fol-
lowed by conventional polycondensation reaction. A
set of 'TH NMR and ATR-FTIR investigations con-
firmed unambiguously that the lactide moieties were
successfully incorporated into PBT backbone. Fur-
thermore, the applied method promotes the organi-
zation of terephthalate, butylene and lactide repeat-
ing units in blocks of different lengths, as detected
by 'H NMR sequence analysis. The number average
weight (M,) of synthesized copolyesters range from
32156 to 26488 g/mol. Obtained copolymers were
further compared to PBT and PLA homopolymers
and PBT/PLA physical blends prepared simply by
extrusion process.

By applying different methods of preparation, i.e.
physical and reactive blending, two systems with sig-
nificantly differing properties were obtained. The
PBT and PLA are immiscible in the molten state and
appeared as phase separated systems when prepared
by extrusion. It was found that physical blending with
PLA accelerated PBT crystallization when cooling
from the melt and promoted the cold crystallization
of PLA. As expected, high crystallinity degree and
poor miscibility in PBT/PLA physical blends resulted
in brittle fracture behavior. Although the calculations
based on theoretical group contribution methods sug-
gested immiscibility of PBT and PLA, one can draw
a conclusion that in reactive blends compatibility in-
creased as a result of chemical bonding between the
functional groups of PBT and PLA (ester linkages).
On the basis of two different experimental approach-
es (DSC and DMTA studies), it was affirmed that
only one amorphous phase was formed in copolymer
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