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In this work, we study a series of sustainable block copolymers based on polylactide, PLA, and
poly(propylene adipate), PPAd, both polymers being prepared from renewable resources. Envisaging a
wide range of future applications in the frame of a green and circular economy, e.g., packaging
materials replacing conventional petrochemicals, the employment of PPAd aims at lowering the glass
transition and melting temperatures of PLA and, finally, facilitation of the enzymatic degradation and
compostability. The copolymers have been synthesized via ring opening polymerization of lactides in the
presence of propylene adipate oligomers (5, 15 and 25%). The direct effects on the molecular mobility
by the structure/composition are assessed in the amorphous state employing broadband dielectric
spectroscopy (BDS) and calorimetry. BDS allowed the recording of local PLA and PPAd dynamics in all
cases. The effects on local relaxations suggest favoring of interchain interactions, both PLA-PPAd and
PPAd—-PPAd. Regarding the more important segmental dynamics, the presence of PPAd leads to faster
polymer chain diffusion, as monitored by the significant lowering of the dielectric and calorimetric glass
transition temperature, T4. This suggests the plasticizing role of PPAd on PLA (majority) in combination
with the lowering of the average molar mass, M,, in the copolymers from ~75 to ~30 kg mol~%, which
is the actual scope for the synthesis of these materials. Interestingly, a strong suppression in fragility
(chain cooperativity) is additionally recorded. In contrast to calorimetry and due to the high resolving
power of BDS, for the higher PPAd fraction, the weak segmental relaxation of PPAd was additionally
recorded. Overall, the recordings suggest a strong increase in free volume and two individual dynamic
states, one for 0 and 5% PPAd and another for 15 and 25% PPAd. Within the latter, we gained indications
for partial phase nano-separation of PPAd. Regarding indirect effects, these were followed via crystal-
lization. Independent of the method of crystallization, namely, melt or cold, the presence of PPAd led to
the systematic lowering of crystallization and melting temperatures and enthalpies. The effects reflect
the decrease of crystalline nuclei, which is confirmed by optical microscopy as in the copolymers fewer
although larger crystals are formed.

1. Introduction

Polylactide (PLA) belongs to the class of aliphatic polyesters' ™
prepared mainly by the so-called ring opening polymerization
of lactide formed by lactic acid.” An alternative, although not
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that efficient, route for the synthesis of PLA is via the con-
densation of lactic acid. Lactic acid is a product of agricultural
compound fermentation,®” such as corn starch, potatoes, sugar
cane and beet."”* This has made PLA a sustainable material as
well as a really good candidate for replacing the traditional
petrochemicals. PLA has already found use in many different
applications, from our everyday life, e.g., 3D-printing®° and

Soft Matter, 2022, 18, 3725-3737 | 3725


https://orcid.org/0000-0001-7222-612X
https://orcid.org/0000-0001-7935-2145
https://orcid.org/0000-0003-1608-0773
https://orcid.org/0000-0002-1875-6952
https://orcid.org/0000-0003-0980-9546
https://orcid.org/0000-0001-5893-7849
https://orcid.org/0000-0002-7381-7439
https://orcid.org/0000-0001-8458-4952
http://crossmark.crossref.org/dialog/?doi=10.1039/d2sm00261b&domain=pdf&date_stamp=2022-04-29
https://doi.org/10.1039/d2sm00261b
https://doi.org/10.1039/d2sm00261b
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00261b
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM018019

Open Access Article. Published on 14 April 2022. Downloaded on 7/5/2025 4:16:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

41713 o flame retardancy,'* biotechnology,

12,15-18

food packaging,
tissue engineering and drug delivery.

PLA is a thermoplastic polymer, whereas it can exhibit two
characters, i.e., both amorphous, with quite poor mechanical
performance,®'® and semicrystalline.”*>> The presence of
crystals induces severe mechanical improvements and thermal
stability in PLA. What is actually wanted for processing and
modern materials aiming at various applications is the wide
range tuning of material performance. These are strongly
connected with the polymer chain mobility/rigidity, chain
entanglements and interactions as well as semicrystalline
morphology.>>** Within the latter term two main parameters
are described: the crystalline fraction, and the size and distri-
bution of crystals throughout the polymer volume. The manip-
ulation of semicrystalline morphology is a valuable tool for
tailor-made materials and tuning properties such as the diffu-
sion of small molecules (from oxygen and air to drugs)>>>° or
even the heat transfer.>”*® There are many ways to modify
crystallization and polymer mobility, for example, by special
thermal/processing treatments, by introducing plasticizers®
or inorganic/organic additives (e.g., nanoparticles)****' or
by combining different polymers together, namely, preparing
copolymers, mixtures, interpenetrating polymer networks
etc."*?** Please note that in our days, there has been an
evolving need for material synthesis, application and disposal,
respecting the various environmental concerns®>>’ and, this
way, following the trend for circular and green economic
frame.***° In connection with the latter comes the poor hydro-
philicity of PLA that affects its biodegradation rate, arising from
the mechanism of hydrolytic scission of the ester bonds (ref. 40
and references therein). This concerns also many of the known
bio-based polyesters.*!

A good strategy for the improvement of the properties of
polyesters, accounting at the same time for the abovementioned
concerns, is proved to be the synthesis of co-polyesters, for
example, employing other biobased comonomers, oligomers
and polymers.>***™*®* Among the many candidates to prepare
PLA-based co-polyesters, poly(n-alkylene adipate)s, PnAAd (with
n=2,3,4,5,6...) have been recently demonstrated.*® These
linear aliphatic polyesters are synthesized from adipic acid,
which is listed by the International Energy Agency to be among
the most important dicarboxylic acids, whereas it can also be
prepared from renewable resources.”” PnAAds are non-toxic
and biodegradable as well, while they exhibit a high biodegra-
dation rate and high thermal stability.”® PnAAds are semi-
crystalline and their crystalline fraction can be easily tuned,
by either their structure (molar mass and n-alkylene) or by the
targeted thermal treatments.’>* Compared to PLA, poly-
(n-alkylene adipate)s demonstrate much easier chain diffusion,
equivalently, lower glass transition temperatures (between
-63 and -45 °C).*»*®*%>1 Thus, PnAAds may act as plasticizers
for PLA and, simultaneously, as additional compounds that
favor manipulation of crystallization.>***

A recently synthesized series of block copolymers based
on PLA and poly(propylene adipate), PPAd,*® are investigated
in the present work. The emphasis is on the direct effects of
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copolymer composition and chain length on the local and
segmental molecular mobility. The said direct effects are
assessed mainly in the initially amorphous state of the materials.
In the last section of this work, the indirect effects of copolymer
composition are studied from the point of view of polymer
crystallization. The advanced technique of broadband dielectric
spectroscopy (BDS)** is employed as the main investigation
tool for molecular mobility, being a combination of differential
scanning calorimetry (DSC) of the conventional as well as the
temperature modulation mode (TMDSC) and polarized optical
microscopy (POM). The molecular dynamics mapping for these
copolymers is presented in this article for the first time, to the
best of our knowledge. The results are analyzed and discussed by
widely adopted routes and models, whereas we attempt the
combination of the overall data and following parameters in order
to gain knowledge of the realistic scenarios on the topology of the
two polymers and the involvement of interchain associations.

2. Experimental

2.1. Materials

The samples investigated here are block copolymers of PLA
and PPAd (i.e., PLA_b_PPAd) with PLA/PPAd % ratios of 95/5,
85/15 and 75/25 (Fig. 1). For comparison we investigate the
initial PLA. The synthesis and initial structure characteriza-
tion of these systems are described in the recent work by
Terzopoulou et al.*® Briefly, PPAd oligomers were synthesized
by the addition of pre-polymerized adipic acid via two stage
polycondensation. The molar mass of PPAd was low and
estimated as M,, ~ 6 kg mol~". PLA was synthesized via ring
opening polymerization, ROP, of lactide at 180 °C. The copoly-
mers were prepared by polymerizing r-lactide in the presence of
PPAd oligomers (this diol actually being the initiator for ROP)
via a reactive extrusion method in a torque rheometer at 180 °C.
This method actually produced the development of PLA blocks
on the pre-synthesized PPAd.*® The studied samples are listed
Table 1 along with values on the estimated average molar
masses (My, My,).

2.2. Experimental methods

2.2.1. Conventional and temperature modulation calori-
metry. DSC was employed to assess the thermal transitions of
PLA and its block copolymers with PPAd, in the temperature
range from -110 to 200 °C, in a high purity nitrogen atmo-
sphere (99.995%, N,). Heat flow curves were recorded by means
of a TA Q200 series DSC instrument (TA, USA), combined with a
liquid nitrogen control system (LNCS), calibrated with indium
for temperature and enthalpy and sapphires for heat capacity.

)

0O
HO/[J\g/oﬁ)l]}fo/\/\o)l\/\/\n/]/OH
PLA

m

O PPAd

Fig. 1 Chemical structure of the copolymers under investigation, i.e.,
consisting of PLA and PPAd blocks.

This journal is © The Royal Society of Chemistry 2022
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Tablel Samplesunder investigation, code naming of the samples used in
this article, and molar mass values (M,,, M,,) estimated in a recent work. ¢

Sample Code name M, (g mol™") M, (g mol™ )
PLA PLA 76 k 120 k
PLA(95%)_b_PPAd (5%)  95/05 63 k 94 k
PLA(85%)_b_PPAd (15%) 85/15 41k 55 k
PLA(75%)_b_PPAd (25%) 75/25 29 k 39 k

The measurements were performed on samples of ~8 mg in
mass closed in TA aluminium Tzero pans. A first heating scan,
up to 200 °C, was performed to erase thermal history and,
subsequently, two main thermal protocols (Fig. S1a in the ESIt)
were employed as follows: (a) standard cooling and heating at
10 K min~ " and (b) faster cooling to 110 °C at non-constant
rate (~96 K min~" in the expected range of crystallization) and
heating to 200 °C at 10 K min ™.

Temperature-modulation DSC measurements were also per-
formed on all samples of about 14 mg in mass, upon melting at
190 °C, fast cooling down to -110 °C and equilibration there-
after for about 20 min. The heat capacity, ¢, was recorded upon
heating at a heating rate of 2 K min~* with a modulation period
of 60 s and temperature amplitude of 1 K (Fig. S1b in the ESIY),
in the temperature range from -110 to 180 °C.

The characteristic temperature of the glass transition step,
Ty, was estimated from the heating curve as the point of half ¢,
elevation (TMDSC). From conventional DSC, where heat is
measured directly, the half ¢, (J g K ') change was nominally
estimated upon normalizing the heat flow (mW) to the sample
mass (mg) and heating rate (0.167 K s '). Crystallization and
melting events were evaluated in terms of peak temperature
maxima and enthalpy changes (AH in J g ).

2.2.2. Broadband dielectric spectroscopy. For the BDS
measurements, the samples were melted between finely
polished brass electrodes at 190 °C (Fig. 2, excellent electrical
contact), forming a sandwich-like capacitor of 14 mm in
diameter. Thin silica spacers were employed for that between
the electrodes to preclude the electrical contact between the
electrodes and keep the distance between the electrode dis-
tance (or else, the thickness of the dielectric mean) constant at
~50 pm. The complex dielectric permittivity, ¢* = ¢’ - i-¢”, was
recorded isothermally as a function of frequency in the range
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from 10~ " to 10° Hz and in the temperature range from -150 to
120 °C, in a nitrogen gas flow atmosphere, by means of a
Novocontrol BDS apparatus (Novocontrol GmbH, Germany)
combined with a liquid nitrogen cryogen system (Quatro).
BDS is employed here for the study direct effects of copolymer
composition on the molecular dynamics of PLA and PPAd,
therefore, on all samples were in the initially amorphous state.
This was achieved by a prior melting and a subsequent fast
cooling. The dielectric permittivity was recorded upon heating
in steps of 5 and 10 K.

2.2.3. Polarized optical microscopy. The POM technique
was employed to examine the semicrystalline morphology.
POM images were recorded during hot (or else, melt) crystal-
lization (i.e., samples melted at high temperature, 200 °C, and
crystallized during the subsequent cooling, namely, suffering
small supercooling), by means of a Nikon Optiphot-1 polarizing
microscope equipped with a Linkam THMS 600 heated stage,
a Linkam TP91 control unit and a Jenoptik Gryphax Arktur
camera.

3. Results and discussion

3.1. Direct composition effects on molecular mobility
(amorphous state)

3.1.1. Calorimetry. To assess the direct effects of composition
on molecular dynamics we bring the sample to the amorphous
state. This could be achieved by melting the samples at 200 °C
and cooling at a high rate (close to 100 K min ", inset of Fig. 3).
We should report that during this first heating (not shown), no
endothermal peaks denoting solvents (or water) evaporation
were recorded.

In Fig. 3, we present the subsequent DSC heating of the
initially amorphous samples at 10 K min~'. Therein, single
glass transition steps are recorded in all cases in the range from
-25 to 70 °C. For higher temperatures, cold crystallization
exothermal peaks are recorded (between 50 and 100 °C), as a
result of the vanished melt-crystallization during the prior ‘fast’
cooling. Finally, all samples exhibit melting of crystals via the
recorded endothermal peaks in the range from 100 to 170 °C.

It is obvious, already from a glance on the raw data, that there
are systematic changes on all thermal transitions. The single glass

diameter 14 mm (unchanged)

upper

electrode
down

w50 uf T X(i _IH_.\

{unchanged)

silica spacer

polymer / sample

dielectric mean 'gripped

(solid ceramic)
unchanged dimmensions

BDS measurement area with
/ homogeneous electrical field

sample

measured capacitor
dimmensions unchanged
independently from the sample
and the temperature

Fig. 2 Representative BDS sample in the form of electric capacitor (sandwich-like), (left) positioned in the Novocontrol BDS cell. (Right) Dimensionality

of the measured sample.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Comparative DSC traces during heating at 10 K min~* for all initially
amorphous samples. The main thermal events are indicated on the plots.
The recorded heat flow (in mW) is shown here upon normalization to each
sample mass (W g~3). The inset shows examples of prior cooling at a fast
rate that led to eliminated crystallization of PLA and 75/25.

transition is a first strong indication for the homogeneity
(miscibility)'® of the copolymers, namely, no separation of the
two polymer phases that individually demonstrate severely differ-
ent glass transition temperatures. Please note that this result
refers to the amorphous state (upon ‘melt-quenching’). In this
frame, we may report that Genovese et al.'® studied polylactide-
based triblock copolymers and revealed a peculiar mechanism of
segregation that depends on the thermal treatment, for example,
not detected in the simply quenched samples.*?

To further study the glass transition and more accurately
evaluate the corresponding heat capacity change, Acp,, TMDSC
was employed for initially amorphous samples (melted and fast
cooled). The results are shown in Fig. S2 in the ESLY The
reversing part of heat capacity (cp ), OF else the real c,, is
actually exploited for the said evaluation and is shown in
Fig. S2b (ESIT), comparatively for all samples.

The characteristic temperatures, T, (conventional DSC) and
Tgrev (TMDSC), were estimated employing the half Ac, and
Acp, rev changes, respectively. The T, values have been plotted in
Fig. 4a for the four samples against their M,,. Please note that
the increase of PPAd content (inset to Fig. 4a) results in a
significant decrease of M, (Table 1). In agreement between the
DSC methods, T, increases monotonically with M,, (and com-
position) from about -3 °C (75/25) to 46 °C (PLA). The trends
suggest much faster chain mobility in the presence of PPAd.
This could also suggest easier polymer chain diffusion in the
sense of increased free volume and suppression of the chain-
chain cooperativity, as expected, when significantly lowering
the polymer chain length. However, the origins are not directly
clear only by the DSC findings, namely, as to whether the easier
chains diffusion arises from the shortening of the chains or the
increase in free volume for other reasons. Please note that the
two polymer compounds carry significant fraction of active
molecular groups, namely, back bone carbonyls (both poly-
mers), side hydroxyls (PLA) and side carboxyls (PPAd)*® that can

3728 | Soft Matter, 2022, 18, 3725-3737
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Fig. 4 The M, (sample) dependence of (a) glass transition temperature
and (b) heat capacity change during glass transition for the initially
amorphous samples. In (a), the sample code names are given along the
experimental point, for the sake of clarity, whereas the inset shows the
PPAd wt. fraction dependence of Tg.

favor the formation of interchain interactions. These inter-
actions are expected to hinder the chain mobility (diffusion
and cooperativity) and be pronounced for shorter chains.>>™’
Coming to the strength of glass transition, the M,, dependence
of Ac, is shown in Fig. 4b. The trend of Ac, is to increase with
M, which is in general expected for these relatively low M,,s.
The trend is, however, not expected when considering the
increasing amount of the more mobile PPAd. To more clearly
discuss the changes in Ac,, it is essential to perform normali-
zation to each polymer phase weight (wt.) content. This is not
straightforward for these systems, as both the wt. fractions and
the chain lengths change, while at the same time there are no
available data for Ac, of PLA and PPAd homopolymers with
various low M,,s. Therefore, we will attempt to shed more light
on molecular mobility, in terms of time scale, cooperativity,
and strength of mobilization, by BDS.

The effects on cold crystallization and melting, will be briefly
discussed in the last section of this article, along with more
results by DSC and POM.

This journal is © The Royal Society of Chemistry 2022
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3.1.2. Dielectric spectroscopy. We now proceed with BDS
recordings, focusing on the imaginary part of dielectric permit-
tivity, ¢’, which is considered representative of the dielectric
loss.*® To facilitate a direct comparison with the calorimetric
view (Fig. 3 and Fig. S2, ESIt), we present data for ¢’ against
temperature at two selected frequencies (isochronal curves)
3.16 kHz and 121 Hz in Fig. 5. We recall that the results refer
to initially amorphous samples, at least at temperatures below
and closely above T (i.e., prior to the interference of cold
crystallization). Therein, in the order of increasing temperature
we record as peaks of ¢’ the following molecular dynamics,
namely, the local dynamics of PPAd (strong 7yppaq), the local
relaxation of PLA (f or fipra) and the segmental mobility of
PPAd and PLA (cppag and appag, respectively). The local relaxa-
tions originate from dipole moments arising from motions
(rotations and crankshaft motions) of localized molecular
groups (e.g., ester groups), more details being given below along
with the corresponding data by further analysis. The ‘alpha’
process is the dielectric analogue of the calorimetric glass

Q

dielectric loss, &"

40 0 40 80

temperature (°C)

160 -120 -80

ionic conductivity and
interfacial polarization g/*
effects g

f ~120 Hz

120

-160 I -1l20‘ -éO ' -4:0 | 0 40 80

temperature (°C)

Fig. 5 Representative BDS results in terms of the comparative isochronal
curves of ¢” against temperature for all samples. The results are shown for
two selected frequencies (a) 3 kHz and (b) 121 Hz. Indicated are the main
recorded relaxation processes (peaks of &”).

This journal is © The Royal Society of Chemistry 2022
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transition and is considered to follow the cooperative relaxation
of dipole moments perpendicular to the polymer chains.’®
Obviously, when temperature increases, the dielectric response
also increases, as gradually more molecular units/groups
mobilize and, thus, more dipoles contribute to the dielectric
permittivity. For temperatures well above T,, the dielectric
response increases more sharply, due to the mobilization of
ions throughout the rubbery polymer matrix and other inter-
facial polarization phenomena.’®°

Seeking for more details and better comparisons between
the different samples, we present in Fig. S3 (ESIt) the raw BDS
isothermal recordings for neat PLA (Fig. S3a, ESIt) and 75/25
(Fig. S3b, ESIt). Therein, the temperature evolutions of the
recorded relaxations (peaks) are marked by added arrows.
In Fig. S4, (ESIt) we show comparative isothermal &”( f) curves
for all samples at fixed temperatures, in order to distinguish
the direct effects of composition on each type of relaxation.

The complex dielectric data can be summarized and pre-
sented in a more efficient manner, namely, in terms of time-
scale and dielectric strength in a common dielectric map. To do
that, and by adopting widely used methodologies, we analyzed
the results of Fig. S3 and S4, by using known mathematical
model functions.”®®® Herein, the so called Havriliak-Negami,
HN, function (eqn (1)) was fitted to each peak of &”( f).**

Ae

& (f) =éx + [] N (if/fo)ocHN]ﬂHN

(1)

The parameters involved within eqn (1) are as follows.
¢, describes the value of the real part of dielectric permittivity,
¢, for f > f;, A¢ is the dielectric strength, f, is a characteristic
frequency related to the frequency of maximum dielectric loss,
whereas oy and fyy are the shape parameters of the relaxation
(width and symmetry, respectively).

For the sake of brevity, we do not show examples of this
fitting process and proceed directly to the demonstration of the
dielectric map of Fig. 6. This map shows for all samples the
reciprocal temperature dependences of logfi.x (Fig. 6a, time
scale, else called Arrhenius plots) and that of A¢ (Fig. 6b). The
left part of the figure presents the data at temperatures T > Ty,
thus, dealing with segmental dynamics, whereas the right part
includes data for T < T,, focusing on the secondary (local)
dynamics. In Fig. 6a, we have added the corresponding points
for T, and Ty, at the appropriate equivalent frequencies,
logf, -2.8 and -1.8 (logHz), for standard DSC and TMDSC,
respectively. We recall that these equivalent frequencies corre-
spond to the slow relaxation time of © ~ 100 s at T, (assumed
constant) in the conventional DSC and the 60 s period of
temperature modulation in TMDSC. Also, we have marked the
range of the expected T, for various poly(n-alkylene adipate)s
according to the literature®*®*¥>1%> and added points on the
local and segmental processes of PBAd from ref. 34.

The local yppag Seems to screen the most localized motions
of PPAd. Obviously, the process is recorded only in the PLA/
PPAd copolymers and its strength increases with the fraction
of PPAd (Fig. 6b). yppag was fitted with a symmetric HN term
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Fig. 6 Molecular mobility dielectric/calorimetric map in terms of the reciprocal dependences of (a) the log fi.x and (b) dielectric strength, Ae, showing
the (left) segmental and (right) local dynamics, for all samples. The symbols for the different samples and relaxations are explained in (a) and (b),
respectively. The added red arrows mark the effects imposed by the increasing of PPAd fraction. In (a), the added straight and curved lines connecting the
experimental data points are fittings of the Arrhenius and Vogel-Fulcher-Tammann—Hesse equations, respectively, whereas, the 'star’-points
correspond to BDS recordings on poly(butylene adipate), PBAd, from a previous work,>* the calorimetric T4 points have been placed at the corresponding
equivalent frequencies and, finally, the added horizontal scale bar addressed as ‘PnAAd’ corresponds to the Tq range of various poly(n-alkylene adipates).
In the inset to (right - b), are infra-red spectroscopy data on the —C=—0 stretching for all samples (including neat PPAd). The inset of (b) has been adopted
from ref. 46, with permission from MPDI, in particular form ESI} Fig S2a, employing different symbols for the different samples and slightly altered scaling.

(i.e., Pun = 1), relatively narrow in 75/25 (oyn ~ 0.4-0.5) and
wider for 85/15 and 95/05 (aun ~ 0.2-0.4), suggesting more
homogenous relaxation times for increasing the PPAd amount.
In general, local relaxations follow the Arrhenius law (eqn (2)).”®

Eact
f(T) :f(),Arrh e kT

(2)

In an Arrhenius behaviour of the relaxation, the activation
energy, E,., is constant and, thus, exhibits a linear time scale,
as in our case here in Fig. 6a. E,. is estimated here about
35 k] mol™" and barely changes with composition. Interest-
ingly, when increasing the amount of PPAd, yppaq decelerates,
as shown in Fig. 6a by the horizontal migration toward higher
temperatures/lower frequencies. Since the literature on mole-
cular mobility for the adipate-based polymers is still limited,
we cannot definitely predict the molecular origins of yppaq.
Nevertheless, we are allowed to compare with polymers

3730 | Soft Matter, 2022,18, 3725-3737

exhibiting local relaxations of a similar time scale and at the
same time carrying similar or same molecular groups. In this
context, we have found some resemblances between our yppaq
with a local process of poly(ethylene glycol) (yppg)®® as well
other structurally similar polymers, such as oligo-ethylene
glycol methacrylates (OEGMA) and comb-like polymers based
on OEGMA®* (and references therein). The said ypg relaxation
is considered to arise from crankshaft motions of methylene
sequences at the backbone of the polymer.®>°® Such sequences
exist within our PPAd, and therefore, we could propose the
same origins for our yppaq. A similar situation was recently
recorded within poly(butylene adipate).>* It is also worth recal-
ling some previous knowledge on the molecular mobility of
oligo n-alkylene chains when the latter exist as ‘side chains’, for
example of acrylates.®” When the number of carbons is smaller
than n ~ 10-12 their local poly-ethylene-like relaxation is fast,
whereas for and n > 12 the PE-like relaxation decelerates due to
promoted chain-chain associations for the longer side chains.

This journal is © The Royal Society of Chemistry 2022
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Coming back to the present findings, the overall effects on
homogeneity and timescale provide indications for more asso-
ciations between methylene sequences of PPAd, for example
with neighboring adipate chains, when PPAd increases in the
copolymers.

At higher temperatures, namely in the intermediate 1000/T
range in Fig. 6, the local fip; 4 relaxations are recorded. The E,¢
of Bpra equals ~50 k] mol™". fpp, relaxation originates from
fluctuations or local twisting motions of the -C=O0 group at the
backbone of PLA.®®*7° Schematically, this can be seen in the
inset of Fig. 6a. The process is recorded in both neat PLA and
all copolymers. Although we have not investigated neat PPAd,
a local relaxation of the same molecular origins (-C—0) is
expected in the copolymers. Still the literature is quite poor on
these relatively new polymers. However, our hypothesis should
be true, recalling data on PBAd.** The corresponding points on
Prpaa have been included in Fig. 6a and reveal a quite similar
timescale to that of fpra. Regarding its shape characteristics,
Prra was sufficiently fitted with a symmetric HN term of oy =
0.3 for PLA, 95/05 and 98/15 and slightly narrower for 75/25
(o = 0.4). The dielectric strength of the process drops with the
addition of PPAd in Fig. 6b. The drop is not monotonic with the
PPAd amount. We believe that the strength suppression is due
to the involvement of -C—O within interchain interactions.
The main responsible for that are the terminal hydroxyls (-OH)
of both polymer blocks (inset of Fig. 6a). The degree of this
interaction (-C—O0-HO-) precludes the twisting of some ester
groups, which become dielectrically less active, reducing Ae.
The interaction is favored upon increase of PPAd fraction, as,
simultaneously, the average chain length of copolymers drops
and, expectedly, the fraction of free chain ends (-OH) increases.
More direct evidence on this interaction can be seen from
infrared spectroscopy data shown in a recent work.*® These
results have been adapted and included in Fig. 6b as an inset.
They reveal an increasing contribution of ‘bound’ -C=O
groups (lower wavenumber band) in the presence of PPAd.
Such formalism has been employed within numerous previous
cases involving polymer interactions.*"***””%7> In connection
to that, Alvarez et al>® studied poly(butylene isophthalate)/
poly(butylene adipate) copolymers by BDS and showed similar
changes in the local relaxation of PBAd (fppaa), and moreover,
assigned these changes to the chain-chain associations also
related with crystallinity. Despite the said interactions, it is
expected that there are still many free end-groups (hydroxyls
and carboxyls), as in a previous study, the hydrophilicity of the
copolymers was found to increase with PPAd (lowering of M,,)
and, subsequently, so did the enzymatic hydrolysis.*®

The focus in now turned onto segmental dynamics. In neat
PLA, opp, is recorded and fitted well by an asymmetric HN term
with oy ~ 0.6 and fun~ 0.6. As expected for cooperative
dynamics, the activation energy is not constant with 7, and
moreover, decreases for higher 7. Thus, as in most trivial cases,
the time scale of apy, is well described by the so-called Vogel-
Fulcher-Tammann-Hesse (VFTH) equation””* (eqn (3)).
Within VFTH, the pre-exponential factor f, very is a frequency
constant varying in the range 10'>-10"* Hz, T, is the so-called
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Vogel temperature and D is the so-called fragility strength
parameter.”*

- DTy
f(T)=fovern-e T—To (3)

Upon the fitting of eqn (3) to the experimental data (curved
lines in Fig. 6a) corresponding to the amorphous sample and
upon fixing f; veru to the phonon value 10" Hz,>® we were able
to evaluate the dielectric glass transition temperature, Ty giel,
(=50 °C) via the extrapolation of the VFTH fitted curve at the
equivalent frequency of DSC (10~ *® Hz/100 s). Then, the
fragility index of « relaxation, m,, was estimated (=178) accord-
ing to eqn (4).

m, =16 + 590/D (4)

In Fig. 6b, A¢ of opp, exhibits the expected decreasing trend
with T,°® whereas at higher temperatures, A¢ exhibits a sharp
decrease, due to the evolution of cold crystallization. Subse-
quently, the process becomes symmetric and wider (fun = 1
and ayy ~ 0.4-0.5) and the Ag(7) changes to an increasing
trend. The latter is also expected for semicrystalline polymers,
due to the gradual loosening of the constraints”””” imposed by
the crystals of the mobile amorphous fraction. Finally, we
should report that the calorimetric data on T, come in quite
good agreement with the dielectric ones in Fig. 6a.

Regarding the copolymers, in all cases an o relaxation is
recorded. The time scale of the latter shows a systematic
acceleration with the addition of PPAd in Fig. 6a (down-
pointing triangles). At the same time the curvature of the VFTH
fitting decreases. These results are evaluated in terms of Tg giel
and m,, and the overall data are shown in Fig. 7, comparatively
for all samples. Ty qic exhibits a systematic decrease with the
addition of PPAd and drop of M,, (acceleration of dynamics),
while the fragility drops gradually from 178 to 147 to 107 and to 0.
The latter effect suggests the drop of cooperativity (95/05 and
85/15) to the extreme case of vanished cooperativity (75/25).
In terms of size/scale, this suggests that either the cooperativity
length increases dramatically’®”® or, else, the distances between
the neighboring (cooperating) polymer chains increases. This
change is accompanied by the fact that the o relaxation in the
copolymers has changed to ‘symmetric’ (oyn ~ 0.5-0.6, fun = 1).
In Fig. 6b, the A¢(T) trends are also different. In particular, for PLA
and 95/05 Ag(T) is decreasing, whereas for 85/15 and 75/25 Ag(T)
is increasing. The first case is indicative of non-constrained
dynamics while the second suggests constraints that are gradually
erased or loosened with 7. Interestingly, this categorization
regarding o relaxation coincides with a similar categorization on
the suppression of Ae¢ for f relaxation, noted above and is
correlated with constraints due to inter-chain interactions.

Obviously, the segmental dynamics in the copolymers is
strongly modified as compared to PLA. The results indicate that
the o relaxation in the copolymers does not arise purely from
PLA chains gathered in separate nanodomains and this is
an indirect proof for a well-formed copolymeric structure.
Therefore, we may conclude the existence of a situation that

Soft Matter, 2022,18, 3725-3737 | 3731
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Scheme 1 Simplified schematics model for the distribution of PLA and
PPAd in the copolymers, considering the overall findings by the present
work.

is schematically described in Scheme 1. The copolymers are quite
homogeneous systems, coming from successful synthesis. The
increase in the PPAd amount, results in increasing in the inter-
chain interactions and, in shorter, thus, more mobile chains
which exhibit, however, significantly smaller cooperativity.

In the extreme case of 75/15, BDS was able to distinguish an
additional weak process with oy ~ 0.4 and fiyny ~ 1. This is
shown in Fig. 6 via right-point triangles. The time scale of the
process follows the VFTH model better, thus, denoting a level of
cooperativity. The extrapolation of this coincides better with
previously recorded calorimetric T, points on various PnAAd
(horizontal scale bars in Fig. 6a) and dielectric data on the
alpha process of PBAd (stars in Fig. 6a).>* Therefore, it is most
likely that the process is the segmental relaxation of the PPAd
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phase (oppaq)- Please note that in DSC no separate glass transi-
tion was recorded. The discrepancy is expected as BDS is a
technique with a quite higher resolving power following
in principle different modes (dipolar) regarding polymer chain
mobility. The results suggest that in 75/25 a part of PPAd is
partly formed in domains that are at least a few nanometers in
size (Scheme 1). These PPAd domains should not be larger, as
in no case of thermal treatment in DSC did we record the
individual crystallization of PPAd. Support for that partial
nano-organization of PPAd in 75/25 was supplied by scanning
electron microscopy in a recent work on the same systems.*®

Last but not least, at temperatures well above Ty, an intense
signal increase is observed. Another strong ¢’ peak could be
resolved therein, i.e., process (1). Such processes are generally
related to free electrical charge transport (ions and conductivity
relaxation) or phenomena related to charge accumulation at
interfaces (Maxwell-Wagner-Sillars phenomenon or electrode
polarization).”®**#° The corresponding time scale and Ac¢ data
have been included in Fig. 6, while the fitting shape parameters
are fux = 1 and ayyx ~ 0.5-0.6. In Fig. 6a, the changes in the
time scale of process (1) seem to follow those of o relaxation,
whereas, interestingly, A¢ drops in general on the addition of
15 and 25% PPAd. Thus, the process is dependent on the
amount and, possibly, the continuity of the PLA phase. Due
to the low amount of available data, we could not safely predict
the origins of the said process and, therefore, we will not
comment further.

3.2. Composition effects on crystallization

We may discuss now the effects of composition on crystal-
lization. Fig. 8 shows the DSC results for conventional cooling
at 10 K min~* (from the melt, Fig. 8a) and the subsequent
heating (Fig. 8b). During cooling, all samples exhibit melt-
crystallization peaks, mainly single with the exception of 75/
25 that exhibits a double-structured peak. Expectedly, during
the subsequent heating, no cold crystallization was recorded,
as a result of complete crystallization—nucleation during
cooling. The corresponding melting peaks are mainly single
and narrow, whereas for 85/15 and 75/25 the peak is double
structured.

The results of Fig. 8 have been evaluated in terms of crystalli-
zation temperatures and enthalpies, T. and AH,, respectively,
and melting temperatures and enthalpies, T, and AH,,
respectively. These values are presented in Fig. 9, against M,,
also comparatively with T.. and AH,., of cold crystallization
from the first DSC scan.

In Fig. 9a, both the crystallization temperatures and enthal-
pies increase monotonically with the increase in M, or else,
with the decrease in PPAd. As discussed above, the effects on
T.. reflect the changes in nucleation more directly, whereas
those of T, (higher values) should be more representative of
the rate of crystal growth, as melt-crystallization is developed
without prior strong supercooling and at relatively higher
temperatures (fast chain diffusion) compared to cold crystal-
lization. In Fig. 9b, the addition of PPAd results to lower AH,,
AH,, and AH,.. At first thought, this should suggest a drop in

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Comparative DSC traces during cooling at 10 K min~?, demon-
strating the effects on melt-crystallization for all compositions. The inset
shows the results on ‘cold’ crystallization from the previous scan on the
initially amorphous samples. (b) Comparative DSC traces during subse-
quent heating at 10 K min~t. The heat flow is shown upon normalization to
the mass of the sample. Details of the glass transition during heating are
shown in the inset of (b), within which results of the amorphous samples
are included for comparison (dashed—dotted lines, vertically translated for
the baseline coincidence at low temperatures).

the degree of crystallinity (crystalline fraction). To more safely
conclude that, the enthalpy change values should be suitably
normalized®"*" to the corresponding polymer wt. fraction. This
cannot be securely done here, due to the copolymeric struc-
turing of our systems, consisting of two polymers that indivi-
dually crystallize at very different temperatures; moreover, it is
yet not clear as to whether part(s) of the copolymer chains or
the overall chains participate in the crystallization process.
Finely, the suppression of the enthalpy is also accompanied
by a suppression in Ty,. This indicates the drop in the quality of
crystals. The term bad quality usually reflects lower density of
lamellae®’ or, in particular cases, much smaller crystallites.>">”
Information on the degree of crystallization as well as on the
crystal quality can be better evaluated by suitable experiments
via X-ray diffraction and analysis.
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the corresponding sample code names being included along the experi-
mental points. (b) The M,, dependence of crystallization, AH.. and AH, and
melting, AH,,, enthalpies. The inset of (b) shows the corresponding values
of the melting temperature(s).

In conclusion, the DSC results suggest that the addition of
PPAd (or the decrease in M) lead to less nucleation, thus, fewer
crystals of worse density or/and smaller size. To check this
scenario, we employed the more direct method of POM. In
Fig. 10 we present POM micrographs for different stages of melt
crystallization for all samples. The data show a smaller number
of crystals formed in the presence of PPAd, confirming the
above mentioned suppressed nucleation. On the other hand,
as in PLA the polymer volume is ‘filled’ with spherulites also for
the copolymers, which demonstrate larger crystals as compared
to neat PLA. Taking into account together the lowering of AH./m,
and T, with the addition of PPAd and the larger crystals
observed by POM, we may conclude ‘indirectly’ the lowering
of the crystal density in the copolymers.

Finally, it is worth mentioning another exceptional behavior.
In the inset to Fig. 8b, we show a focus on the glass transition
region for the melt-crystallized samples (solid lines). Along with
these data, we added for comparison the glass transition results
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Fig. 10 POM micrographs for all samples suffered melt crystallization, the
results being shown for initial, intermediate and final states of crystallization.

of the amorphous samples (dashed-dotted lines) from Fig. 3.
Strikingly, upon crystallization, T, decreases for all samples
(Fig. 11a). In general, the presence of crystals is expected to
hinder the polymer chain diffusion, thus, to elevate T,. This is
mainly a true fact in homopolymers.®>®*? In Fig. 11b, the effect
on the glass transition strength, i.e., on the Ac,, is the expected
suppression upon crystallization, as a significant fraction of the
initially amorphous mobile polymer chains (amorphous Acp)
have become rigid within the crystals. Coming again to the Ty,
when directly comparing the change in T, with the change in
AH (Fig. 9b), we observe the controversial effect. The maximum
change in the T, occurs for the minimum increase in AH and
the larger amount of PPAd. This suggests that the role of
crystals is most possibly indirect, as actually the formation of
crystals leads to further plasticization, or else, an increase in
the free volume. This is favoured, again, for the lower M;,;s and
fewer crystals. This point is quite interesting, from the basic
research point of view, and is worth being followed in a future
study. For the time being, only speculations can be made
to rationalize this exceptional behaviour, for example via a
scenario involving special organization®"®> of the polymer
chains upon crystallization, favoured by the presence of PPAd.

Interesting and non-trivial effects were revealed in this work
on the molecular mobility of PLA/PPAd copolymers. BDS and
the critical analysis employed were proved quite powerful tools
on understanding and partly rationalizing the structure-
mobility relationship here. Despite these, some questions have
opened regarding the structure, namely on partial nano-phase
separation, possible self-organization, and, in next level, of the
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Fig. 11 The sample (M) dependence of (a) T4 and (b) Acp, as changed
from the amorphous (squares — TMDSC, circles — DSC) to the semicrystal-
line state (up-triangles — DSC).

crystal structuring. These points could be further followed in
future work, employing, for the amorphous and semicrystalline
states small angle X-ray scattering®®®® to illuminate any phase
separation, XRD upon targeted thermal treatments to evaluate
the degree of crystallinity and investigate alternation on the
crystal/lamellar density and to further investigate molecular
mobility (by BDS>® and rheology®®) on the initially melt- and
cold-crystallized systems.

4. Conclusions

In this study we investigated the molecular mobility of new
PLA/PPAd block copolymers. Since both compounds are indi-
vidually semicrystalline, we study the direct composition-
structure effects in the amorphous state. Therein, PPAd was
found to serve as a good plasticizer for PLA in the copolymers,
and also, in connection to its indirect role in the reduction of
the copolymer chain length. The local  dynamics arising from
the motion of the ester group (C=0), a common group in both
PLA and PPAd, was found to barely change in terms of time scale.

This journal is © The Royal Society of Chemistry 2022
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Nevertheless, due to expected interactions between the said group
and the terminal polar groups (hydroxyls and carboxyls) the
dielectric strength of the local relaxation was significantly reduced,
especially for the higher PPAd contents. This is also due to the
increase in the fraction of chain ends for the shorter copolymer
chains. A faster local mobility was recorded (y relaxation) and was
assigned to the most localized molecular motions of PPAd. The
said process was found to accelerate when increasing the PLA
content. The most important results refer, as expected, to seg-
mental dynamics. This was followed via the so called « relaxation,
the dielectric analogue of glass transition. At the increase of PPAd
and lowering of M, « relaxation was found to strongly accelerate
and exhibiting severely suppressed fragility, denoting increase of
cooperativity length or/and dissociation of the relaxing chains.
In other words, there seems to be extreme increase in the free
volume. The existence of nanodomains of PPAd for 25% PPAd was
manifested by the separated weak opppg dynamics. Taking together
the overall data on dynamics, the temperature of dielectric
strength and the shape parameters, we conclude the existence of
dynamically distinct behaviors between the copolymers of lower
and higher PPAd contents, whereas indirect indications for special
morphologies were observed. We also concluded the absence of a
continuous phase of PPAd, at any composition, as manifested by
the absence of individual PPAd crystallization and ionic conduc-
tivity at temperatures below T, of the copolymers. Coming to the
semicrystalline state, nucleation is suppressed in the copolymers,
however, larger crystals with presumably lower density are formed.
The presence of crystals resulted in the unexpected effect of further
lowering of T, which is indicative of a non-trivial situation, arising
most probably from polymer reorganization upon crystallization.
Overall, the results supply evidence for the ability of wide scale
manipulation of PLA (semicrystalline morphology, small mole-
cules permeation, mechanical performance etc.), a polymer of high
interest regarding applications as well as academia. From the
methodological point of view, BDS is once again a quite powerful
tool in understanding, among others, the presence of interchain
interactions, the degree of chains cooperativity, in addition to
indirectly shedding light on the polymers’ topology, which cannot
be easily assessed by microscopy.
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