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1. Introduction

Thermodynamic investigation of renewable block
copolymers based on poly(lactic acid) and
poly(ethylene azelate)¥

Rafail O. loannidis, (2 Panagiotis A. Klonos, {2 **° Zoj Terzopoulou, ()
Nikolaos Nikolaidis,? Apostolos Kyritsis ©'° and Dimitrios D. Bikiaris {2 *°

We studied a recently synthesized series of diblock copolymers based on poly(ethylene azelate) (PEAZ)
and poly(lactic acid) (PLA), prepared via in situ ring-opening polymerization of L-lactide in the presence
of low-molecular-weight PEAZ (5 kg mol™). The initial PEAz amount varied from 2.5 up to 20%. The
materials are envisaged for use in biomedical applications, so we aimed to manipulate the overall
properties (glass transition, crystallizability) and improve the compostability of PLA, with the latter being
required for green chemistry and the circular economy. A series of structural and thermodynamic
techniques were employed. Regarding novelty, molecular dynamics mapping for PEAz-b-PLA and
neat PEAz is presented here for the first time. The PEAz-b-PLA copolymers were generally found to be
quite homogeneous systems with respect to their thermal transitions. The crystal nucleation and fraction
are suppressed in the copolymers, most probably due to the reduction in M, while alterations in
the semicrystalline morphology were recorded. As for the amorphous polymer mobility, the glass
transition temperature (calorimetric and dielectric, from ~60 to ~25 °C) and the fragility index of PLA
(hard component) both fall systematically in the presence of PEAz. It is estimated that the in situ
copolymerization, the presence of PEAz (soft component), and the simultaneous reduction in the
average molecular weight (12-76 kg mol™) lead to an increase in the free volume in the copolyesters.
The overall results provide firm indications of the plasticizing role of PEAz on PLA, which is one of
the general goals for such copolymers. Overall, using these copolyesters, there is an opportunity for tar-
geted structural manipulation (thermochemically mild) connected to the material's macroscopic
performance.

extensive accumulation of plastic waste in nature, mainly in the
sea and the so0il.>® Over the past two decades, increasing global

Polymers and polymer-based materials have been essential to
humanity for over a century, fulfilling numerous needs in indus-
try, academia, and everyday life."® However, traditional polymers,
widely known as ‘plastic’, are mainly produced from non-
renewable resources (i.e., fossil-based petrochemicals).* This fact,
combined with the extensive use of plastics by the growing
population, in terms of both numbers and needs, has resulted
in a severe environmental threat. The threat arises from the
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environmental awareness has focused attention on developing,
studying and applying polymers prepared from renewable
resources,””® with an emphasis on non-toxicity and recyclability.
This relatively new family of polymers is called ‘green polymers™® ™"
and is meant to serve the modern global economic strategy, i.e., the
‘green economy’.'>"?

Among the most well-known green polymers are polyesters,
such as poly(lactic acid) (PLA),"*'® poly(e-caprolactone)'”'®
and, more recently, polyesters prepared from succinic acid,
adipic acid, furan-dicarboxylic acid, vanillic acid®'** and
azelaic acid.>® PLA, the polymer of interest herein, has proved
its high value as it has been implemented across a wide range
of applications.”*° As well as being derived from renewable
resources, for example, starch, sugar cane, and beet,*"** and
produced in large scale via relatively mild methods, e.g., ring-
opening polymerization (ROP),** PLA exhibits good thermal/
chemical stability> and mechanical performance,®® with
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moderately low glass transition (7,) and melting (7},)
points.**° The performance of PLA is closely linked to its
semicrystalline character, with the latter having been found to
be quite easily tunable. This tuning can be achieved by altering
its molecular weight®*>*%%°*> and, more easily, by proper
thermal treatment. The degree of crystallinity, the semicrystal-
line morphology, and the degree of crystal interconnectivity are
the key factors affecting macroscopic performance, including
mechanical performance, permeation of small molecules, and
thermal conductivity.**™*

As expected, PLA also has disadvantages, particularly its lack
of fast physical degradation in soil/sea conditions, mainly
owing to its rigid structure (glassy with small free volume
fraction), hydrophobicity and semi-crystallinity. These factors
preclude the fast hydrolytic/enzymatic scission of the ester
bonds***® and, thus, its depolymerization. This problem can
be overcome, and a proven strategy involves combining PLA
with other renewable polymers (mainly polyesters) in the form
of polymeric blends and copolymers.””>* The addition of a
lower-T, component combined with a proper mixing or copo-
lymerization method (e.g., in situ polymerization) has been
proven to be quite efficient in the manipulation of the overall
performance.

In this direction lays the present basic research work, which
belongs in the general framework of our groups. In particular,
here we investigate a series of diblock copolyesters that we
recently prepared®*>> based on PLA and poly(ethylene azelate),
PEAz, by initiating with PEAz of low molar mass and perform-
ing in situ ROP of 1-lactide (PEAz-b-PLA). The PLA/PEAz ratio of
the samples ranges from 97.5/2.5 to 80/20. Simultaneously, we
also studied PEAz and PLA. For this study, we employed the
following characterization techniques: differential scanning
calorimetry (standard DSC and temperature-modulated DSC
(TMDSC)), X-ray diffraction (XRD), polarized light microscopy
(PLM), Fourier transform infra-red spectroscopy (FTIR), and
broadband dielectric spectroscopy (BDS). The molecular
dynamics mapping for PEAz and the copolymers is performed
here for the first time.
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2. Experimental

2.1. Materials and synthesis

2.1.1. Materials. Azelaic acid (AzA) (purity: >99.0%)
was supplied by Fluka (Steinheim, Germany). 1,2-Ethanediol
(anhydrous, >99.8%), 1-dodecanol and tin(u) 2-ethylhexanoate
(Sn(Oct),) were purchased from Aldrich Co., (London, UK). Tita-
nium butoxide (Ti(OBu),, purity: >97.0%) was purchased from
Sigma Aldrich Chemical Co (Steinheim, Germany), and r-lactide
(LA) (99.9%) was purchased from PURAC Biochem BV (Gor-
inchem, The Netherlands) under the brand name PURASORBSL.
All other materials and solvents used were of analytical grade.

2.1.2. Synthesis of PLA, PEAz and copolyesters. PEAz and
PLA were synthesized employing a two-stage melt polyconden-
sation procedure (esterification and polycondensation), and
ring-opening polymerization (ROP) of r-lactide. For the synth-
esis of PEAz, azelaic acid and 1,2-ethanediol were used in a
weight ratio of 1/1.1 in the presence of 400 ppm TBT, while in
the case of PLA, r-lactide, 400 ppm of Sn(Oct), and 0.05 g of
1-dodecanol were added to the polymerization apparatus.
A series of two-block copolymers, PLA-b-PEAz copolyesters, was
synthesized via the in situ ROP of 1-lactide using the synthesized
PEAz of low molecular weight, M, ~ 5 kg mol ', as the
macroinitiator and 400 ppm of Sn(Oct), as the catalyst, at four
different PLA/PEAz weight ratios, ie., 97.5/2.5, 95/5, 90/10 and
80/20 w/w. The synthetic process is described in detail in a
recently published work.>* For the copolymers, the ROP condi-
tions are kept identical (temperatures, time periods), thus, when
gradually increasing the initial amount of PEAz, the develop-
ment of PLA blocks initiates from gradually increasing number
of points (side groups of PEAz) and, consequently, the length of
the final PLA blocks gradually decreases. This is reflected in the
measured lowering of M, (from ~80 down to 12 kg mol
Fig. 1) and the reduction of the corresponding intrinsic viscos-
ities, [n] (from 1.89 to 0.82 dL g ').>* For comparison, we
prepared neat PLA under the same ROP conditions (Fig. 1).

The samples were received in the form of films, and were
additionally formed as cylindrical pellets of ~25 mm in
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(a) Intrinsic viscosity, [4] and (b) number average molecular weight, M,, for the systems studied herein. The inset to (b) shows the corresponding

data for the polydispersity index (PDI), . Data adapted and reproduced from ref. 54 with permission from the Royal Society of Chemistry.
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diameter and ~ 1.5 mm in height (thickness), prepared using a
special mold, upon melting (employing a thermal press) and
rapid cooling in cold water.

2.2.

The complementary techniques and analysis
employed in this work are described in detail in Section S1 of
the ESI,T whereas, below, the techniques are reported in brief.

The ATR-FTIR spectra in the wavenumber range from 4000
to 500 cm ' and at a resolution of 2 cm ™" were recorded for
melt-quenched samples by means of a IRTracer-100 spectro-
photometer from Shimadzu (Kyoto, Japan) equipped with a
QATR™ 10 Single-Reflection ATR accessory with a diamond
crystal.

Conventional and temperature-modulated differential scan-
ning calorimetry (DSC and TMDSC) were employed to study the
thermal transitions, namely, glass transition, crystallization, and
melting, within the temperature range from —190 to 190 °C. Two
thermal protocols were used for DSC and one for TMDSC: scan 1,
involving a fast cooling and heating at 10 K min~"; scan 2, with
standard linear cooling at 10 K min~" and heating at 10 K min™;
scan 3, using TMDSC, involved heating the initially melt-quenched
samples at 2 K min~" with a temperature modulation period of
1 min and amplitude of 1 K. The measurements were performed
by means of a TA Q200 calorimeter (TA Instruments, USA).

XRD was employed to study the crystalline structure and
estimate the degree of crystallinity. The measurements were
performed on melt-crystallized samples (as in DSC scan 1)
using a MiniFlex II XRD system (Rigaku Co, Tokyo, Japan) in
the 20 angle range from 5° to 45°.

The PLM method was employed to evaluate any changes in the
semicrystalline morphology for both melt- and cold-crystallized
samples. The corresponding micro-images were captured using a
Nikon Optiphot-1 polarizing microscope equipped with a Linkam
THMS 600 heated stage, a Linkam TP91 control unit and a
Jenoptic ProgRes C10Plus camera.

BDS>® was employed to assess the molecular dynamics of
PLA and PEAz in bulk and within the copolymers, employing a
Novocontrol BDS setup (Novocontrol GmbH, Germany). The
measurements were conducted on melt-quenched systems at
various temperatures ranging from —150 to 120 °C upon
heating and over a broad frequency range from 10~" to 10° Hz.

Experimental techniques

methods

3. Results and discussion

3.1. Materials and structure

Recent work by our groups showed that a quite effective route
to prepare copolymers (di- and tri-blocks) with minor or absent
phase separation is the in situ polymerization of one of the
polymers in the presence of an existing polymer of relatively low
molecular weight, M,,. In our case, the initial block consists of
PEAz with M,, ~ 5 kg mol™" (Scheme 1). The in situ ROP of
lactide indeed led to the formation of PEAz-b-PLA copolymers.
By keeping the thermochemical conditions of the ROP fixed
and by increasing the amount of PEAz it is essential that we

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic view of the PEAz-b-PLA copolymers under inves-
tigation, displaying the highest and lowest molecular weight values.

create gradually more PEAz-b-PLA entities of, however, shorted
PLA blocks (Scheme 1), or else, of overall smaller M,,. Compared to
neat PLA prepared under the same conditions, which exhibits a
relatively high M, of 78 kg mol !, the measured M, in the
copolymers drops monotonically to 12 kg mol™* (Fig. 1).>* At
the same time, the intrinsic viscosity of PLA (hard polymer, higher
T, component) drops, both due to the addition of the softer
polymer and the simultaneous drop of M, (Fig. 1).>* Considering
the drop in intrinsic viscosity of PLA as well as other structural
facts, we believe that the copolymer synthesis was successful. It is
expected that the thermodynamic study will provide more evi-
dence of the successful synthesis.

We performed ATR-FTIR measurements on the initially
amorphous samples. The results are presented in Fig. 2(a). In
the copolymers, the FTIR absorption response is dominated by
the presence of PLA, as expected due to the high amount of PLA
(80-97.5 wt%). In particular, we observed the responses arising
from the -CH, -C—0 and C-O bond vibrations at around 3000,
1750 and 1000 cm ™, respectively (Fig. 2(a)). The overall results
are in accordance with previous findings on PLAs***7"® (and
references therein).

In polyesters, the most polar site is usually the ester. The
ester bond (-C=0) vibration, particularly any alterations in its
wavenumber position and the width of the wavenumber band
recorded in homopolymers and other complex systems,>® ™
provides valuable information for the implementation of the
ester site within interactions (chain-chain, interfacial, crystal
nucleation-related, etc.).

In our case, in Fig. 2(b), upon the proper normalization,
first, the corresponding peak of neat PEAz (~1726 cm ™) is not
individually recorded in any of the copolymers. The peak for
PLA (~1747 cm™') is the dominant one for PLA and the
copolymers. We did not record any significant migration
toward lower wavenumbers (toward more bound bonds).
However, there seems to be a small contribution of absorbance
on the main peak in that direction. The effect is worth noting in
the case of the 80/20 copolymer. We can conclude that there is
some homogenization of the vibrational character of the ester
bond and a very weak tendency for inter-chain interactions.
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Zoomed region focusing on the ester bond (—C=0) absorbance band.

3.2. Glass transition and crystallization

The calorimetric results are presented in Fig. 3. For comparison
to the thermal events of the PLA/PEAz copolymers, we included
the results for neat PLA and neat PEAz. As both polymers are
semicrystalline, we chose to perform two sets of measurements,
i.e., one involving fast cooling aiming at the suppression of
crystallization (non-linear 80-100 K min ", scan 1) and another

View Article Online
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(a) ATR-FTIR spectra for PLA, PEAz and PLA-b-PEAzZ in the initially amorphous state. The origins of the stronger absorbance bands are marked. (b)

one involving standard linear cooling (10 K min~", scan 2). If

achieved, the elimination of crystallization enables the evalua-
tion of the effects of the direct polymer structure (composition,
M,, etc.) on the glass transition. In neat PLA, the fast cooling
(Fig. 4(a)) was successful in eliminating crystallization and the
same was also true in the PLA-rich copolymers. By contrast,
PEAz exhibits a stronger crystallinity character with the
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Fig. 3 Overall DSC results in terms of comparative cooling/heating curves for all samples. The data are grouped and shown for (a), (b) scan 1 and (c), (b)
scan 2. The insets to (b), (d) show the regions of the glass transitions in better resolution. The heat flow is presented upon normalization to the mass of the

sample.
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Fig. 4 TMDSC results in terms of the temperature evolution of the
reversing part of heat capacity, C,rev, for all samples and the described
modulation parameters.

corresponding crystallization peak (7.) being recorded at —4 °C
(scan 1) or 12 °C (scan 2). Comparing the corresponding
enthalpy changes during crystallization, AH. (eqn (S1) and
tables in Section S2 in the ESIt), with the bibliographic
value for the heat of fusion for 100% crystalline PEAz,
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AHygo9 = 160 J ¢ ',°% the crystalline fraction, CF., of PEAz
equals 37% (scan 1) or 43% (scan 2). For neat PLA, the melt
crystallization is recorded only upon slower cooling, more
precisely, at T. = 99 °C with CF, = 21%.

For the copolymers, it can be clearly seen in Fig. 3 that PLA
exhibits crystallization peaks and glass transition steps in all
cases, whereas PEAz exhibits crystallization only in the 80/20 w/
w sample (Fig. 3(c)) and a glass transition (insets in Fig. 3(b)
and (d)) in the 80/20 w/w and 90/10 w/w samples. This suggests
that there could be partial phase separation in the latter
samples, in particular, micrometric in 80/20 and at least nano-
metric in 90/10. It is important to report that such phase
separation has been recorded before in PLA-based di- and tri-
block copolymers®*®* and was found to be ‘crystallization-
driven’, namely, to exist in the semicrystalline state, but not
in the amorphous state.

The various effects have been evaluated in terms of crystal-
lization temperatures and fractions, glass transition tempera-
tures, T,, and heat capacity changes, Ac,. For the glass
transition, recorded between complex phenomena using con-
ventional DSC, we additionally performed TMDSC measure-
ments on melted and fast-cooled samples. This type of
measurement enables sufficient disentanglement of the rever-
sing (glass transition) and non-reversing (peaks) contributions
to heat capacity.®® In Fig. 4, we present a plot of the ‘reversing

a 60+ amorphous PLA b amorphous PLA [ conventional DSC
0.71 ™™ TMDSC (reversing)
[ conventional DSC|  ~
50+ ™ T™MDSC (T, ) “
. ‘o
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o 5 (50\ ?;\\, . Q\} Q;\ (:)\q’
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PLLA (0% D-lactide), T, ~59°C, K~52
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Fig. 5

(a) and (b) Selected DSC/TMDSC values related to the glass transition of PLA, namely, (a) Tg and (b) Ac,, shown in the form of column diagrams for

all samples (description on the horizontal scale axes). In (c), we compare the T4 results for different M, (symbols) from the present work with the

corresponding Flory—Fox predictions (lines).>”:%*
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¢y’ (also called the real part of c,) against temperature for all
samples during heating. The glass transition steps are more
clearly distinguished therein. The glass transition temperature
was estimated from the half ¢, increase during heating.

In short, we directly discuss the effects of PEAz on the
various values (Fig. 5 and 6). For the glass transition in the
initially amorphous state, the calorimetric T, of PLA (52-54 °C)
in the PLA/PEAz steadily decreases with increasing PEAz
(Fig. 5(a)) down to 26-28 °C. Simultaneously, the calorimetric
strength of the glass transition, Ac,, shows a tendency to
decrease from ~0.6 down to ~0.45] ¢ ' K~ ' (Fig. 5(b)).

While the T, drop seems compatible with the M, reduction in
the copolymers, due to easier mobility of less entangled chains,
the Ac,, drop is not.*>°® Therefore, the results indicate that more
parameters in addition to M, affect the molecular mobility. In
Fig. 5(c), we compare the T, (M,,) dependence of our systems with
those of neat linear PLAs in the amorphous state prepared by the
same ROP route”” as well as other methods.?” The results for our
neat PLA follow the expected trend (lines in Fig. 5(c)). The results
for the PLA-D-PEAz, however, exhibit lower Tgs. Moreover, the
difference from neat linear homo-PLAs is systematically larger
when increasing the amount of PEAz. Most probably, this
reflects an additional stronger and direct effect of PEAz.

An overall interpretation of the mobility effects will be
provided in the following sections based on the light shed by
the segmental dynamics (BDS) results.
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Next, we examine the effects on crystallization, and these
can be discussed with reference to the composition trends shown
in Fig. 6. The melt crystallization temperature in Fig. 6(a) exhibits
a general small suppression in the copolymers (92-95 °C), as
compared to neat PLA (99 °C), suggesting weaker nucleation.
Then, cold crystallization is strongly accelerated, as evidenced by
the ~10-40 K lower T¢. The result is clearly connected to the
lowering of T, which can be explained as follows: cold crystal-
lization results from a prior significant supercooling during cool-
ing, which leads to the formation of large numbers of crystal
nuclei, and enables crystal growth as soon as the amorphous
chains become mobile (during the transition from the glassy to
rubbery/liquid state). The latter occurs earlier (at lower 7) as the
PEAz increases in the copolymers. The overall effects are expected
considering, at least, the M, reduction in the copolymers.

The ‘crystalline fraction of PLA’ was calculated and is shown
in Fig. 6(b), assuming that the corresponding exo- and endo-
thermal peaks recorded at T > T, in the copolymers, corre-
spond to the cold crystallization and melting, respectively
(eqn (S1) in the ESIY). The results show that CF during cold
crystallization of scan 1 decreases in the copolymers, whereas
the CF during melt crystallization (scan 2) mainly increases,
and is almost doubled in the 95/5, 90/10 and 80/20 w/w
samples. The situation for the total CF of scan 2 is qualitatively
similar, i.e., when considering the melt and subsequent cold
crystallization together. In Fig. 6(c), continuing with the above

a 2 cold crystallization (scan 1) b I cold crystalljzatipn (scan 1)
1004 [l melt crystallization (scan 2) | . 607 ] melt crystallization (scan 2)
. 2 wssu total crystallization (scan 2)
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Fig. 6 DSC values related to the crystallization of PLA in the form of column diagrams, i.e., (a) T.. (b) CF and (c) T, for the thermal events described.
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assumption, we show the effects on the melting temperature,
Tm. Therein, the T,, of neat PLA (173 °C) consistently decreases
when the PEAz fraction increases (159-172 °C). There is an
exception to this trend in the case of 95/5 w/w. In general, the
effects suggest a drop in the quality (size or/and density) of the
spherulites in the copolymers. To gain clearer insights into
crystallization, we employed XRD and PLM.

In Fig. 7(a) and (b), we present the XRD data for all PLA-
based samples, upon being subjected to melt- (Fig. 7(a)) and
cold- (Fig. 7(b)) crystallization almost identically to DSC scans 2
and 1, respectively. It is interesting to mention, from the
methodological point of view, that PLA is a polymer that offers
such possibilities in general.®” " A series of crystalline diffrac-
tion peaks were recorded for all samples, and the results are in
accordance with previous results for PLA. The number of
crystallization peaks in the copolymers, as compared to PLA,
is mainly unchanged. Quite mild effects on the 26 positions
were also recorded, in particular, demonstrating weak migra-
tions toward higher 26 for the higher PEAz amount (arrows in
Fig. 7(a)) and when cold crystallization is implemented (arrows
in Fig. 7(b)). In these cases, we expect broadly similar crystal-
lization mechanisms but possibly smaller ‘unit cells’ for the
crystals. This is consistent with the DSC results shown in
Fig. 3(b) and (d), which indicate that the melting temperature

View Article Online
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decreases in the copolymers and further in the cold-crystallized
samples.

Additionally to these qualitative observations, XRD allowed a
safer evaluation of the overall crystalline fraction, CFxgp.”°
Adopting previous methodologies,**°*”® we analyzed the XRD
spectra by proper fitting of mathematical model functions (here
Lorentzians). An example of this fitting is shown in Fig. 7(c).
CFxrp is calculated by comparing the total areas of the crystal-
line diffraction peaks with the total diffraction area (crystalline
and amorphous together) (eqn (S2) in the ESI¥). First, the CFxgp
in Fig. 7(d) is smaller for melt crystallization and larger for cold
crystallization. Among all systems, PLA exhibits the largest
CFxgrp, Which drops by ~10% in 97.5/2.5 w/w and remains
mainly low or shows a mild increase for the rest of the
copolymers. Thus, the hindered nucleation recorded by DSC
in the copolymers is surely accompanied by hindered crystal
formation, either in terms of the size and/or density of the
crystals.

Based on these findings, we should expect minor but
detectable changes in the semicrystalline morphology from
PLA to the copolymers. Therefore, to complete and visualize
the crystallization situation, we present the corresponding PLM
results in Fig. 8 and 9, respectively, for melt- and cold-
crystallized systems. In Fig. 8, we can observe the larger
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Fig. 7 Comparative XRD spectra for the PLA-b-PEAz copolymers and neat PLA upon being subjected to (a) melt- and (b) cold-crystallization.
In (c), we present an example of the analysis of an XRD spectrum in terms of fitting by Lorentzian terms. (d) Column diagrams of the crystalline fraction as

estimated by XRD.
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Fig. 8 PLM images for all samples subjected to melt crystallization. The
images shown correspond to the final semicrystalline morphology view at
the indicated temperatures.

number of crystallites and the denser crystalline morphology in
neat PLA, as compared to the copolymers. It is also visually
distinguishable that the interconnectivity between the crystals
is severely reduced. The latter information can be useful, as this
is connected with many macroscopic properties, such as
mechanical strength and thermal conduction**** (and refer-
ences therein).

The situation is similar for all of the cold-crystallized systems
(Fig. 9), without allowing the extraction of more direct effects of the
copolymer composition. The overall sample volume is filled with
tiny crystals, confirming the findings from calorimetry. In parti-
cular, during cold crystallization a quite large number of crystal
nuclei is activated as the polymer chains are gradually and slowly
mobilized (heating). This minimizes the antagonistic effects
between the crystal growing around neighbouring nuclei.*

3.3. Molecular dynamics

Next, we turn our attention to the BDS results. Representative
results are shown in Fig. 10, in the form of ¢”(f) at the various T
(isothermal curves, raw data). ¢’ is considered to monitor the
dielectric loss,”® whereas in polymers the various dipolar-
arising motions, originating from actual molecular motions,
are recorded as peaks. The maxima of the peaks migrate toward
higher frequencies when T increases, due to enhanced thermal/
kinetic energy. Actually, the frequency distributions related to
the ¢’ peak correspond to the relaxation time (7.) distributions
of the followed group of dipoles.>® For this reason, BDS is
considered to indirectly monitor the ‘molecular dynamics’.
Notably, the molecular dynamics of PLA have been vastly
studied both in the bulk**”*7* as well as complex forms and
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View Article Online

Soft Matter

cold crystallized

Fig. 9 PLM images for neat PLA and the PLA-b-PEAz copolymers sub-
jected to cold crystallization. The images correspond to the final semi-
crystalline morphology view at the marked temperatures.

under stress.’®”>””” Contrary to that, to the best of our knowledge,

the molecular dynamics of PEAz have not been mapped yet.

It is evident that the dielectric signal is low at T < T, and
the dipolar response is governed by relaxations related to
localized motions. In PLA, this is exemplified by the fpia
process, which involves the crankshaft motion of the ester
group (-C=O) on the polymer backbone.””> When T
approaches and exceeds Ty, there is a significant signal uprise
(1-2 orders of magnitude), and the main dipolar relaxation
dominates the signal. Obviously, this main relaxation is related
to the mobilization of the polymer chains; it is a segmental
relaxation process and, thus, is called ‘« relaxation’.”®”" The o
process has been proposed to arise from the relaxation of
dipole moments perpendicular to the polymer chain axis.”®”®
At even higher temperatures (T > Ty), where the viscosity of the
polymer (elastic or liquid phase) is significantly decreased,
additional strong phenomena related to transport of charged
particles dominate. These include ionic conductivity, relaxation
of interracially trapped ions, electrode polarizations, and simi-
lar effects.”®”’

This dielectric view can be better followed and, simulta-
neously, compared with the calorimetric view in Fig. 11.
Therein, for two selected frequencies (~0.2 and ~3.2 Hz) we
have replotted ¢’ as a function of 7, and we can clearly
distinguish the local (f; and y; peaks, where i: PLA or PEAz)
and segmental dynamics («;). By only glancing at Fig. 11, we can
conclude that the o; relaxations accelerate with the addition of
PEAz (red arrows).

From the raw BDS data we can observe that in some cases
the ¢"(f) spectra are quite complex, consisting of more than one

This journal is © The Royal Society of Chemistry 2025
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selected isothermal curves.

peak. This is true for both the low and the higher temperatures,
i.e., for local and segmental dynamics. Thus, to extract as much
information as possible and conclude with an overall dynamic
map, we analysed®® the complex spectra in terms of known
mathematical models, namely the asymmetric Havriliak—-
Negami (HN)*' and the symmetric Cole-Cole®® functions
(details in Section S1.5 in the ESIf). In Fig. 12, we present
examples of this analysis. Please note that a ‘critical’ analysis
route was followed, i.e., performing many reiterations of the
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fittings upon evaluating and comparing many parameters and
their temperature trends, so that they all make logical sense
together. In our case, we uniquely fitted the imaginary permit-
tivity spectra, whereas there have been proposed additional
routes, for example, involving the parallel fitting of both &’ and
8”.82’83

The results from the analysis/fitting process are summarized
in the molecular dynamics maps shown in Fig. 13 and 14. The
maps present the reciprocal temperature dependences of the
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Fig. 11 BDS results shown in terms of isochronal plots of ¢”(T) at the selected frequencies of (a) 0.2 Hz and (b) 3.2 kHz. The resolved local and segmental
relaxations (peaks) are indicated within the curves. The added red arrows mark the evolution of segmental relaxation of PLA with increasing PEAz fraction

in the copolymers.
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frequency maxima, logfi,ax, for all the dipolar relaxations (time
scale). In these maps, we have added the T, points as estimated
by DSC and TMDSC at appropriate places.

It is essential to first discuss the dynamics in the homo-
polymers. The situation in PLA is quite well-known and is
compatible with previous findings. Except for the strong
Ppra (ester group rotation) with an activation energy of
E.« ~ 0.45 €V, the analysis revealed an additional local-like
process, i.e., the weaker fppa, with Eaee ~ 0.5 €V. Another much
slower process (1) was also identified; this is extremely weak but
necessary for sufficient fitting of the data. Although fp4, is not
trivial in PLA, similar relaxations have been reported.®® It has
been proposed that these relaxations may be related to the
ester’s local mobility being influenced by the early stages of
crystallization. For PLA and other polyesters, we have commen-
ted on their connection to large-scale mobility (glass transition)
and crystallization (Chapter 4 in ref. 86, pp. 87-121).

Coming to neat PEAz in Fig. 13, two local-like relaxations are
recorded, namely the fastest and strongest one ypga, With Eyce ~
0.44 eV and the slower and significantly weaker fpgs, with
E... ~ 0.8 eV. Regarding the origins of these relaxations, we
note that PEAz mainly occupies one highly polar site, the
—-C=0O0. The fitting shape parameters of both processes (not
shown) are quite similar. The differences in time scale and
activation suggest that, if arising from the same molecular
segment, ypra, should express the ‘free’ (unconstrained) mobi-
lity, whereas, fpra, should display a more constrained mobility.

6622 | Soft Matter, 2025, 21, 6613-6626

Recalling the fact that PEAz is strongly crystallizable and,
making an analogy to semicrystalline PLA,** we propose that
YpEAz 1S activated in the amorphous polymer regions whereas

i
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00
.. {040H2>2—0~-0~(CH2>,-C}
=
T .
5 Rt
"‘.;.E Y
)] 9.
L Boun % o
46@[/
T T T T T
3 4 5 6 7

1000/T (K™)

Fig. 13 Dielectric/calorimetric relaxation map for initial PLA and PEAZ in
terms of the reciprocal temperature (1000/T) dependence of the relaxa-
tions' frequency maxima, fmax (time scale). The corresponding Ty and T rey
points have been added at the respective equivalent frequencies. The
added curved and straight lines connecting the experimental points are
fittings of the VFTH and Arrhenius equations, respectively. In the added
schematics of the molecular structures of PLA and PEAz, the local motions
(crankshaft) related to the f relaxations are described.
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Prea. possibly arises from polymer regions constrained within
and/or close to the crystals. Obviously, more work is needed to
clarify this point. The segmental dynamics of PEAz are
expressed via two processes, o-relaxation and another one
named ‘o’ here. Both processes exhibit a Vogel-Fulcher-Tam-
mann-Hesse (VFTH) time scale (eqn (S5) in the ESI}),*” denot-
ing a clear cooperative character. This can be represented from
the fragility index, m, (eqn (S6) in the ESIt), estimated as 118
for « and 65 for a.. The extrapolation of both time-scales to the
corresponding relaxation times of DSC/TMDSC coincides with
the calorimetric T,s (Fig. 13). Finally, the temperature depen-
dence of the dielectric strength, A¢ (Fig. S1 in the ESIf), for o
and «. are opposite, i.e., respectively, decreasing and increasing
with T. Considering all these results and comparing with
findings from the literature, we propose that o expresses the
amorphous unconstrained segmental mobility, whereas o,
arises from segmental mobility of amorphous polymer chains
that are constrained by the presence of crystals.*®8%8879

We will now proceed with discussing the effects of the
presence of PEAz in the copolymers. Fig. 14 is employed for

This journal is © The Royal Society of Chemistry 2025
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the said discussion, with the overall dynamics presented in
Fig. 14(a) and a focus on the segmental relaxations in Fig. 14(b).
The discussion will start from the faster (lower temperatures/
higher frequencies) to the slower (higher temperatures)
processes.

In the copolymers, the local ypgs, relaxation could be
resolved in only the PEAz-rich systems, ie., in 90/10 and 80/
20 w/w, exhibiting a similar E,.. and slightly accelerated mobi-
lity as compared to neat PEAz. fpa and fpga, demonstrate
neighbouring time-scales in addition to a crossover at around
—50 °C (1000/T ~ 4.5 K™', in Fig. 14(a)). With the exception of
95/5 w/w, within which the f-process is much like that of neat
PLA, the -process in the copolymers tends to be altered in the
sense of demonstrating time-scales and E,. intermediate to
those of fipra and fpga,. First, this suggests a continuity and
homogeneity in the local dynamics, and it offers indirect
evidence that both relaxations arise from similar molecular
groups (esteric). The fpra process could not be resolved in the
copolymers. This could be either due to its absence or due to its
very low dielectric strength as compared to the strong segmen-
tal dynamics coexisting in the copolymers in these tempera-
ture/frequency regions.

Coming to the segmental a-type processes, in Fig. 14(b), one
of the most significant findings is that for all compositions, the
segmental dynamics are expressed by single relaxations. In
Fig. 14(b), it can be easily seen that the presence of PEAz leads
to the acceleration of PLA dynamics (horizontal arrows),
whereas PEAz dynamics are decelerated by the presence of
PLA. This is expected in polymeric blends with quite miscible
polymers.”"*> Herein, the relaxations change in a systematic
way when the PLA/PEAz molecular ratio changes. This is
important as it denotes, again, the homogeneity in the relaxa-
tion times and/or the structure of the relaxing units, in our case
the PEAz-b-PLA entities. Practically, this is further evidence for
the successful copolymer development, noting that such evi-
dence is needed when synthesizing such systems.

In terms of the T, and fragility index, m, in Fig. 15(a) and (b),
respectively, we present the PEAz fraction dependence of both
values. The dielectric T, (PEAz) dependence is monotonic, while
for PEAz content higher than 5%, the T, drop is sharp, suggest-
ing that up to 5% the dynamics of PLA dominate, whereas for
higher PEAz fractions, the key role is played by PEAz. This is
actually displayed in the dynamics map (Fig. 14(b)) and the Ae
(1000/T) (Fig. S2 in the ESIt), wherein the « relaxations seem to
be separated into two groups, namely, a PLA-like and PEAz-like
behaviour. Please also note that the calorimetric Ty points in
Fig. 15(a) demonstrate a similar ‘grouping’.

The strong impact of both polymers to each other is also
reflected in the variations of m (Fig. 15(b)). The fragility of opra
is reduced in the copolymers from 139 to ~104-109 for 97.5/2.5
and 95/5 w/w, and down to 75 for 80/20 w/w. The corresponding
value for 90/10 w/w cannot be firmly estimated due to the
inadequate f, value employed in the Boehmer’s equation for the
fragility®” (being quite lower than 10" Hz, the necessary value
used for performing a consistent m calculation). Besides that, m
in the copolymers is lower compared to both initial polymers.
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This denotes that the cooperativity level is reduced in the copoly-
mers. To rationalize the effect, we can employ two scenarios, which
are however compatible with each other. Always comparing to neat
PLA and PEAz, in the first scenario, we expect that in a fixed
volume of the copolymer, a smaller number of copolymer chains
cooperate with each other, whereas the other scenario suggests
that the polymer chains’ cooperativity lengths are longer, or else,
the inter-chain distances are increased.”” > We can visualize that
in both scenarios the density of the copolymers is on average
decreased, in other words, the free volume is increased. This is in
absolute agreement with the previously proposed case of the
plasticization effect of PEAz on PLA in the copolymers.”®®”

We recall that this plasticization effect was a key aim behind
preparing PEAz-b-PLA and, and our combined findings indicate
that this goal has been achieved.

4. Conclusions

The aimed manipulation of the performance of PLA by the
presence of PEAz in the form of recently synthesized diblock
copolymers is shown in the present article. Next to many results
manifesting the successful PEAz-b-PLA copolymeric synthesis,
which is not an easy task for such systems, we showed that the
PEAz block acts as a plasticizer over PLA. This is documented by
the systematic drop in T, and the suppression of the dynamic
chain fragility (cooperativity) with increasing PEAz/PLA weight
ratio. The strength of this plasticization effect was found to be
larger than that imposed by the decrease in the overall mole-
cular weight (M,,). The T, manipulation was found to be quite
large, namely, decades of K. It seems that with PEAz content of
up to 5 wt%, PLA is the dominant polymer regarding molecular
dynamics and thermal transitions, whereas for 80-90 wt% PLA,
PEAz plays the major role. Due to the manifested plasticization,
the assumed increase in the free volume and the smaller M,
the crystallizability of PLA was found to be suppressed in terms
of fraction and nucleation. This also led to a variety of semi-
crystalline morphologies in terms of the size, number, distribu-
tion and interconnectivity of the crystals.

Overall, PLA is proved once again to be a polymer that offers
for possibilities of manipulations almost at will and via

6624 | Soft Matter, 2025, 21, 6613-6626

relatively mild processing. We expect that the recorded manip-
ulations will have strong impacts on many performance
aspects. Recalling that PLA and PEAz-b-PLA are actually ‘green
materials’, further study of these systems will be worthwhile.
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