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1. Introduction

Segmental mobility in sustainable copolymers
based on poly(lactic acid) blocks built onto
poly(butylene succinate) in situ

*3° Nikolaos D. Bikiaris,? Alexandra Zamboulis,®
€ Ana Mangas, ) ¢ Apostolos Kyritsis € ° and

Panagiotis A. Klonos,
Miguel Angel Valera,
Zoi Terzopoulou (2 *@

Two series of newly synthesized sustainable block copolymers based on poly(butylene succinate) (PBSu)
and polylactide (PLA) were studied. The copolymers were synthesized by a ring-opening polymerization
of PLA in the presence of two initial PBSu of low molar mass. We focused on the effects of the PBSu/
PLA ratio (1/99 up to 15/85), chain length and initial PBSu length on the final thermal transitions in the
copolymers with an emphasis on molecular mobility/dynamics and subsequently on crystallization.
Both aspects are considered relevant to the final materials performance, as well as facilitation of
polymer renewability. Calorimetry and dielectric spectroscopy were the main investigation tools. In the
amorphous state (i.e., in which the direct effects of copolymer structure are assessable), the segmental
mobility of neat PLA was significantly faster in the copolymers. Segmental mobility was monitored via
the decrease in the calorimetric and dielectric (« relaxation) glass-transition temperatures, Ty and Tg giet
respectively. The effect was systematic with an increase in the PBSu/PLA ratio, and was rationalized
through the plasticizing role of PBSu (low-Tq component) and facilitated also by the simultaneous
lowering of the chain length in the copolymers. Dielectric spectroscopy allowed evaluation of the
dynamical fragility (cooperativity) of chains, which was strongly suppressed in the copolymers. This
finding suggested an increase in free volume or a gradual increase of interchain distances. This
phenomenon could favor the natural enzymatic degradation of the systems (compostability), which is
limited in neat PLA. We recorded enhancement of nucleation and the crystalline fraction in the
copolymers that was likely connected with faster chain diffusion. Further lowering of the T4 with the
implementation of crystallization was noted (which seemed a controversial effect) but which indicated
crystallization-induced phase separation.

“green” economy.””® One of the most characteristic examples
of polymers is poly(lactic acid) (PLA).”™** PLA can be prepared

Polymer materials have been used extensively for almost one
century, covering needs from everyday life to industry, science
and academia.™” During recent years, environmental concerns
about polymer use have arisen, including the use of fossil-
based plastics. There has been growing interest in the use of
non-toxic, biobased materials and polymers synthesized from
renewable resources.>* Such materials reduce polymer accu-
mulation in the environment,”® as well as the concept of a
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from lactic acid, a renewable byproduct of fermentation of
agricultural compounds via ring opening polymerization
(ROP).™ Apart from its non-toxic and ecofriendly characteris-
tics, PLA offers a combination of properties that can be
exploited in numerous applications. For example, owing to a
low glass transition temperature (T) of 50-70 °C,">'® PLA
can be processed economically. Its semicrystalline character
enables tuning from a completely amorphous to highly crystal-
line state.’® ' Moreover, by artificially creating various semi-
crystalline morphologies (from dense to loose, or from large
to small crystals)'®'7192%2>24 almost everything about its
performance can be manipulated, such as mechanical strength
and elasticity (e.g., three-dimensional (3D) printing, pros-
thetics),>>>® permeation by small molecules (e.g., oxygen, ions,
water)>*' and even thermal diffusivity.>* In general, in most
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polymers, crystallinity may have the most crucial role on
materials performance and processing.

A serious disadvantage of PLA is its weak compostability,
which arises from slow physical biodegradation via enzymatic
hydrolysis in the soil environment (temperature, humidity,
pressure).>*"** This slow enzymatic hydrolysis originates, on the
one hand, from the hydrophobic character of PLA and, on the other
hand, from strong ester bonds in the PLA backbone. The latter
subsequently precludes hydrolytic scission (physical depoly-
merization).>"** This problem can be rectified via chemical routes.

Fortunately, PLA has been shown to be compatible with
other polymers, such as other biobased polyesters. These include
polycaplolactones (PCL)* as well as the more recently developed
polyesters based on 2,5-furan dicarboxylic acid,*® succinic acid,*”
adipic acid*®*® and vanillic acid.*” In particular, polyesters pre-
pared from succinic acid, such as poly(ethylene succinate)*'
(PESu),*>** poly(propylene succinate) (PPSu)*>*’ and poly-
(butylene succinate) (PBSu; also called poly(tetramethylene
succinate)*® %), have attracted much attention lately because
they are eco-friendly materials which combine a series of
attractive properties.*>*®>*3 In particular, PBSu exhibits high
enzymatic degradation rates and can be manipulated readily by
tuning its crystalline fraction.>

Deep understanding and mapping of molecular dynamics
are extremely useful for polymer-chain topology and interchain
associations, which are connected with the performance
(mechanical, thermal and electrical conduction, permeability)
of materials.?"*>>7°® The macroscopic performance depends
on the crystallinity in a polymer. Among others, the mecha-
nisms of crystallization (i.e., nucleation, chain entanglements,
chain folding, spherulitic growth'®>%) are strongly connected
with the structure and mobility of the polymer chain (length,
fragility, diffusion).°*®> An exceptionally useful method to
study molecular mobility and dynamics in polymers is dielec-
tric spectroscopy,®®®” which can be combined with other
methods for the study of structure-property relationships.

Recently, we determined this relationship in a series of
renewable copolymers based on PLA’*%%® as well as other
esters.””®? Furthermore, we showed that, for block copolymers,
the effects on crystallization related to polymer mobility could
be more easily tuned but were stronger when compared with
the same polymers in the form of blends.”®

As noted above, PLA is a promising material for various
applications in the green economy, but this polymer lacks
compostability. Combining PLA with polymers with faster
compostability rates has been shown to be possible.®®”%72
Comparing PLA-based systems in the form of blends or
copolymers, the latter seem to be the most uniform and
promising.””° For the materials studied in the present work,
lowering of the T, and melting point and improvement of
physical enzymatic hydrolysis in soil were paramount. The
humidity and enzymes present in soil can enter the copolymer
and compared with neat PLA, degrade the polymer chains
faster. Obviously, one would want to preserve (or even improve)
some desired properties of the material (e.g., mechanical and
permeation performance) for certain applications.

This journal is © The Royal Society of Chemistry 2023
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Motivated by the studies mentioned above, we synthesized”"
two series of diblock copolymers based on PLA and PBSu. The
materials were prepared by ROP of lactide in the presence
(in situ) of quite short PBSu chains, a processing route that
has given excellent results in the past. In this work, the
emphasis was on the effects of copolymer structural chains
(chain or block lengths, initial PBSu length, and PLA/PBSu
ratio) on molecular mobility and, subsequently, crystallization.
We employed dielectric spectroscopy and calorimetry supple-
mented by polarized light microscopy (PLM). This is the first
report of such results for PLA/PBSu copolymers. The properties
of interest were strongly connected to crystallinity, so we
discuss our findings in relation to this parameter.

2. Experimental

2.1. Materials

Two series of diblock copolymers based on PBSu and PLA were
studied (Table 1). The copolymers were synthesized employing
known synthetic routes (as in previous works” for similar
copolyesters) and these copolymers were structurally charac-
terized in a recent work by Terzopoulou et al.”* Briefly, samples
were prepared using two forms of PBSu of relatively low
intrinsic viscosity [;] (0.22 and 0.38 dL g~ ') and low molar
mass (M,, 6 and 16 kg mol '), respectively. These initial forms
of PBSu were referred to as “PBSuy,,” and “PBSuy 3g”’, respec-
tively. PBSu formed the first block (A) of the copolymer (Fig. 1).
PLA formed the second block (B) of the copolymer. The
copolymer was built via ROP of r-lactide at 180 °C (Fig. 1).
The prepared PBSu was a diol (HO-PBSu-OH), so two PLA
blocks were “built” at both sites of PBSu. Therefore, the block
copolymers were of the BAB-type (i.e., PLA_b_PBSu_b_PLA). For
simplicity, hereafter the system is referred to as “PBSu_b_PLA”.
Overall, five PBSu_b_PLA copolymers were prepared for each
series at a PBSu/PLA ratio of 1/99, 2.5/97.5, 5/95, 10/90 and 15/85. In
the initial synthesis,” due to the difficulty of proving the presence
of only block copolymers, we could not exclude the possibility of a
small amount of blend, ie., PLA_b_PBSu_b_PLA and homo-PLA.
Thus, the obtained copolymers could also be referred to as
“blocky”.”® Finally, for comparison, neat PLA was synthesized by
similar routes as a reference material for the copolymers.

Table 1 Materials under investigation and corresponding M, values’*

Sample PBSu (%) PLA (%) M, (g mol™)
PBSU, 5, 100.0 0 6k
PBSu.,, (15%)_b_PLA (85%) 15.0 85.0 32k
PBSUq.»; (10%)_b_PLA (90%) 10.0 90.0 31k
PBSU,.2, (5%)_b_PLA (95%) 5.0 95.0 50k
PBSUq.»; (2.5%)_b_PLA (97.5%) 2.5 97.5 80k
PBSUq.2; (1%)_b_PLA (99%) 1.0 99.0 76k
PBSU( 35 100.0 0 16k
PBSu,35 (15%)_b_PLA (85%) 15.0 85.0 39k
PBSug35 (10%)_b_PLA (90%) 10.0 90.0 54k
PBSu, 35 (5%)_b_PLA (95%) 5.0 95.0 80k
PBSuq 35 (2.5%)_b_PLA (97.5%) 2.5 97.5 79k
PBSuq 35 (1%)_b_PLA (99%) 1.0 99.0 77k
PLA 0 100.0 103k
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Fig. 1 Chemical structures of PBSu and PLA blocks (top) and schemes of PBSu_b_PLA systems (bottom).

2.2. Differential scanning calorimetry (DSC)

Calorimetric measurements were made employing a TA Q200
DSC apparatus (TA Instruments, USA). It was calibrated with
sapphire for heat capacity and indium for temperature and
enthalpy. Samples (~ 8 mg) were placed in aluminium Tzero TA
pans in a temperature range from —110 to 200 °C in a nitrogen
atmosphere of high purity (99.9995%). A first scan from
—110 to 195 °C was employed prior to the main DSC measure-
ments to evaluate the degree of crystallinity of the samples as
received, to erase any thermal history and to evaporate any
remaining water or solvents (scan 1). At scan 2 (Fig. 2a), the
melted samples were cooled at 20 K min ™' to —110 °C, and
subsequently heated to 200 °C (ie., well above the melting
point) at 10 K min~". At scan 3 (Fig. 2a), the melted samples
were cooled at a fast rate to suppress crystallization and
subsequently heated to 200 °C at 10 K min . The latter fast
cooling rate was achieved by employing the “jump” command
of TA software, which resulted in a non-linear cooling rate

a 200 y
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Fig. 2

range of the expected crystallization event.
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(Fig. 2b), estimated to be ~105 K min~" in the temperature

range of the expected crystallization events.

2.3. PLM

The distribution and morphology of formed crystals were
assessed for all samples via PLM. We employed a Optiphot-1
polarizing microscope (Nikon, Japan) equipped with a THMS
600 heated stage (Linkam Scientific, UK), control unit (TP91;
Linkam) and a camera (Gryphax Arktur; Jenoptic, Germany).
The corresponding images were captured during hot crystal-
lization (i.e., initially melted samples) and subsequently cooled
at 20 K min~" until the completion of crystallization.

2.4. Broadband dielectric spectroscopy (BDS)

The molecular dynamics of polymers were assessed employing BDS
in a nitrogen atmosphere by means of an analyzer (BDS Alpha;
Novocontrol, Germany) combined with a liquid nitrogen cryosys-
tem (temperature control better than 0.5 K; Quatro, Novocontrol)

150 4
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(a) Time—temperature profiles employed for DSC measurements of scans 2 and 3. (b) Estimation of the average cooling rate in the temperature
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on samples of 14 mm in diameter and ~100 pm in thickness. therein to stay amorphous. To prevent electrical contact
Samples were inserted between finely polished brass electrodes between the metallic electrodes and to maintain the
to form a “sandwich’-like capacitor, melted and quenched distance between electrodes, silica spacers (Novocontrol) were
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Fig. 3 Comparative DSC traces on all samples and the thermal protocols studied. Heat flow has been normalized to the mass of each sample. Arrows
mark the effects on some thermal events imposed by the copolymer composition. In particular, the black vertical arrows in a and b mark the temperature
of initiation of the crystallization exotherm, T¢ onset.
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employed. The complex dielectric permittivity, e* =&’ — i-¢”, was
recorded isothermally as a function of frequency from 10" to
10° Hz and in a temperature range between —150 and 120 °C on
heating at steps of 5 and 10 K, depending on the process
followed, via WinDETA of Novocontrol.

3. Results and discussion

3.1. Direct effects on glass transition and crystallization

Fig. 3 compares the DSC results for scans 2 and 3 for all
samples. Beginning with the cooling at a standard rate of
20 K min~', all samples exhibited exothermal peaks in the
temperature range from ~70 to ~110 °C that originate from
the polymer crystallization (Fig. 3a and b). Neat PBSu exhibited
strong and sharp crystallization peaks at 71-72 °C. These peaks
were not observed in any PBSu_b_PLA systems, which was the
first indication of the sufficiently good distribution of the two
polymers and, indirectly, for successful copolymer synthesis.

Upon subsequent heating, all polymers exhibited glass-
transition steps (arrows in Fig. 3c). Then, cold crystallization
exotherms were observed for 1-10% PBSuy,, and 1-5%
PBSu, ;5. Cold crystallization is the result of incomplete crystal-
lization during the prior cooling from hot crystallization. The
samples melted between 125 and 170 °C. Neat PLA showed a
single melting peak, whereas the copolymers exhibited double-
structured melting peaks, which may suggest a more complex
melting process and/or less homogeneous crystal structures.
For copolymers with 15% PBSu, additional weak melting pro-
cesses were recorded at ~100 °C (i.e., closely below the melting
point of neat PBSu). This was an indication for bulk-like
crystallization of PBSu within the copolymers, and the existence
of micro-metric PBSu-rich entities in the copolymers.

During fast cooling (scan 3, data not shown) from the melt
state, none of the samples (including neat PLA) exhibited
crystallization events. Thus, we considered these samples to
be amorphous. However, by thermal treatment we expected
nucleated polymers because they have been subjected to strong
supercooling. During subsequent heating (Fig. 3e and f), all
samples exhibited strong glass-transition steps, strong cold
crystallization (as expected) and complex melting peaks.

The peaks shown in DSC traces were evaluated in terms of
characteristic temperature peak temperatures and AH (in] g™ %).
Using the AH, of crystallization and comparing it with the
theoretic values for the heat of fusion of a fully crystalline PLA,
AHig00 pLa; taken as 93 J g~ "7 we estimated the crystalline
fraction, CF,, according to eqn (1):

AH,

CF. =
wpLA X AH 009 pLA

1)

where wpp, is the weight fraction of PLA.

Recently, different values for AH;qge, pra have been publi-
shed considering the « and &' crystal polymorphs of PLA.”*”>
Finally, the characteristic temperatures for glass-transition
steps, Ty, were estimated as T exhibiting a half change in heat
capacity, Acp.

7850 | Soft Matter, 2023, 19, 7846-7858

View Article Online

Paper
a 50 - amorphous state
o]
40
o
=30 y
B PBSu,,, b _PLA
204 © PBSu, b _PLA
0 5 10 15
PBSu fraction (%)
b 90 - o]
R
85- B
o} (©]
JEY \ facilitation of
O N crystal. nucleation
~ 80+ (o]
e .
75. amorphous state
@ PBSu,,, b PLA \ =)
© PBSu . b _PLA B\
70 T — T T

0 5 10 15
PBSu fraction (%)

0.5

0.4-

03]

@ PBSu,,, b PLA
© PBSu,, b PLA

crystalline fraction, CF_(wt) O

e
o

R R e
PBSu fraction (%)

Fig. 4 PBSu dependence of characteristic values obtained by DSC from
scan 3 (Tgand T..) and scan 2 (CF). Lines have been added as visual guides.

Values are shown in Fig. 4 against the PBSu fraction in our
systems for both series of copolymers. In the amorphous state,
T, showed a monotonic drop upon increasing of the PBSu
fraction (Fig. 4a), from ~47 °C (neat PLA) down to 23-28 °C
[PBSu(15%)_b_PLA(85%]. The drop was slightly greater in the
case of PBSuy »,. The T, for PBSu is about —35 °C, which makes

This journal is © The Royal Society of Chemistry 2023
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the T (PBSu) shown in Fig. 4a different due to chain-chain
interactions and entanglements. Considering the copolymers
as a blend of two quite miscible polymers, one with high and
the other with low T, the results of Fig. 4a suggest that the
short block (PBSu) had a plasticizing (softening) role on the
large block (PLA), and this role was stronger when the PBSu
block was shorter. Besides, simultaneously with an increase
in the PBSu fraction, the overall length of the copolymer chain
decreased. This also contributed to faster/easier chain diffu-
sion, thereby lowering the T,.

With respect to crystallization, during scan 2 (Fig. 3a and b),
the peak temperature of hot crystallization (7.) of PLA did not
change significantly in the copolymers (85-94 °C). Nevertheless,

View Article Online

Soft Matter

the onset T of crystallization, T opset (.€., the point at which the
exothermal peak begins to form (inset vertical arrows in Fig. 3a
and b)), was increased slightly in the copolymers (from 112 to
118 °C in PBSug,, b _PLA and from 115 to 121 °C in
PBSu, 35 b_PLA). This different trend between T. and Tconset
was due to the change in the width of the crystallization peak.
Thus, Tconset provided a better measure of nucleation, which
seems to be facilitated in the copolymers. Also, CF, increased
almost systematically from 0.16 up to 0.46 wt in in PBSug,, b_
PLA and from 0.27 up to 0.44 wt in PBSu, 35_b_PLA (Fig. 3c). In
scan 3, the peak temperature of cold crystallization, 7., showed
a clear decrease when PBSu increased from ~90 °C down to
~73 °C. The increase of T onsec and CF. and the decrease in T,

PLA neat

cooling from melt

PLA_b_PBSu,,,
104 2 :

10

15

Fig. 5 Representative PLM micrographs during hot crystallization for neat PLA (top) and two series of PLA_b_PBSu systems (bottom). Results are shown
at initial, intermediate and final states of crystallization at the temperatures indicated on each image. Scale bar = 500 pm.
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indicated the facilitation of crystal nucleation and the number
of crystals. From the viewpoint of neat PLA (homopolymer),
we would expect the opposite effect with decreasing of M,
(as what happened in the copolymers here). Therefore, the
improvements in crystallization we recorded were related to
the enhanced mobility and topology of chains, and alternations
in free volume. These points are discussed later.

Another goal we achieved was a significant drop in the
melting temperature (Fig. 3c—f), T, from 160-162 °C for neat
PLA down to the minimum value of 149-150 °C for 15% PBSu.
The result is important mainly for the processing point of view.

A final point with respect to crystallization is related to
semicrystalline morphology. This was examined by the direct
method of PLM employing the same thermal protocol as that in
scan 2 for DSC (i.e., crystallization during cooling at 20 K min ™"
beginning from the melt state). The results for all samples are
shown in Fig. 5. In accordance with DSC observations, crystal-
lization seemed to begin slightly faster (higher temperatures) in
copolymers as compared with neat PLA. All samples exhibited
at least two crystal populations (one with large spherulites
and another with significantly smaller ones) and finally all
the sample volume seemed to be filled with crystals. Thus, we

dielectric loss, &"”

View Article Online

Paper

could not conclude severe differences in semicrystalline mor-
phology arising from the copolymer composition or from the
length of the initial PBSu block. In recent findings using X-ray
diffraction,”” samples exhibited the same number of crystal-
lization diffraction peaks in 26 positions, suggesting that PLA
chains dominated in crystal formation. This result will be
helpful with our discussion in the last section of this article.

3.2. Molecular mobility - segmental dynamics

Dielectric spectroscopy proffered interesting results. Raw data
are shown in the form of isothermal curves of the imaginary
part of dielectric permittivity (¢”) against frequency (f) for the
various temperatures studied (Fig. 6). Representative cases of neat
PLA (Fig. 6a), initial PBSug,, (Fig. 6b) and PBSug;(5%)_b_
PLA(95%) (Fig. 6¢) are also shown. ¢’ is related to the dielectric
loss,*® within which the various dipolar motions (if activated) are
recorded as peaks of ¢’( f). Such peaks were followed in our
samples and were usually called ‘“dielectric relaxation pro-
cesses”, or mechanisms that originated from actual molecular
mobility (local and segmental).

To facilitate a more direct comparison between dielectric
results and calorimetric data, the raw &’( f) for various T
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Fig. 6 Representative BDS results (in the form of isothermal ¢”(f) curves) for selected samples described on the plots in their initially amorphous state.
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(isothermal curves) data can be replotted as ¢”(T) for various f
(isochronal curves). Such isochronal curves are presented in
Fig. 7 for neat PLA and two initial PBSu, and in Fig. 8 for the two
series of studied copolymers.

At T < Ty, the dielectric signals are usually low because the
contributions to ¢’ were mainly due to local relaxations of weak
localized molecular motions. Such processes are considered
secondary and, thus, are usually named as f, 7y, or ¢
relaxations.®® In our case, we recognized the local relaxations
of PLA of PBSu (fipra and fpgsy in Fig. 6a and b, respectively).
The corresponding molecular origins have been described in
previous works.”*™®! At T > Ty, the contribution to ¢’ increases
strongly (overall dielectric permittivity) by more than one order
of magnitude. This is due to the thermal “activation” of large-
scale segmental mobility. In terms of relaxation processes, this
phenomenon is recorded as the strong relaxation peak of &”,
usually called “main segmental o relaxation”.®°
considered to be the dielectric analogue of the glass transition,
occurs at more than one temperatures and is located at
gradually increasing frequencies. Therefore, it is also called
“glass transition dynamics”.°® The corresponding main relaxa-
tions were opp4 and oppsy (Fig. 6). As stated above, our focus for
the copolymers was on segmental o relaxations.

The raw BDS results and impact of copolymer compositions
are shown in Fig. 8. With an increase in the PBSu/PLA ratio, the
local dynamics of PBSu was recorded in the copolymers,
whereas the opps, was not. Hence, segmental dynamics were
dominated by opy, relaxation. The effect was similar to the
calorimetric view for T,, and suggests zero or non-significant
separation of PBSu chains. This observation provided additional
evidence that the copolymer synthesis was successful. We did not
believe that the segmental relaxation in the copolymers arose
uniquely from the PLA block. Hence, in the following section, we
refer to segmental relaxation simply as “o”.

Except for the qualitive information provided by raw dielec-
tric data, this method enables a more in-depth evaluation.

o relaxation is

-—=-— PLA
10"+
:“i 100_: %A .’.
wn E [ ] -
%] ] ,-\ .I
o A L
'fij » ﬂPLA r
R s
o N.llf"u:nlll..
o k . {4
107+
f~3 kHz
150 100 -50 O 50 100 150

temperature (°C)

Fig. 7 Comparative isochronal plots of ¢’ against temperature for neat
PLAs and initial PBSu at a selected frequency of 3.2 kHz. The main
relaxation process, recorded as peaks of ¢’(T), is indicated.
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Fig. 8 Comparative isochronal plots of ¢ against temperature for
all samples, indicated on the plots, in (a) PBSugz,_b_PLA and (b)
PBSug 3s_b_PLA. Results correspond to initially amorphous samples. The
added red arrows mark the direct effect of increasing the PBSu fraction on
segmental relaxation. The recorded data of ¢’ are shown upon vertical
shifts.

The complex dielectric spectra consist of multiple contribu-
tions: £’(f) peaks. Spectra were analysed by fitting of model
functions, in particular, the Havriliak-Negami (HN) model®®*?
(eqn (2)). In the HN function, ¢, 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 and oy and Py are shape para-
meters, for width and symmetry, respectively. Examples of this
fitting are shown in Fig. 9.

Ae

FU) = e

(2)

Arrhenius plots (also called “molecular dynamics maps”)
for the segmental relaxations of PBSug,, b_PLA are shown
in Fig. 10a. Fig. 10b revealed the reciprocal temperature
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Fig. 9 Analysis of ¢”(f) isothermal peaks (o relaxations) in terms of Havri-
liak—Negami (HN) terms for the samples and temperatures described on
the plots.

dependence of Ae (the latter being a good measure of the
population of relaxing dipoles). The results were quite similar
for PBSug3s_b_PLA (data not shown). Segmental relaxations,
related to the glass transition, demonstrate a cooperative
character, and are usually described by the Vogel-Fulcher-
Tammann-Hesse (VFTH) expression®>®® (eqn (3)),

DT,
S(T) =foveru -e T-To 3)

where D is the fragility strength parameter®® and is related to the
measure of cooperativity, namely, the fragility index, m (eqn (4)).

m =16 + 590/D

(4)

Fig. 10a shows a systematic migration of the points for o
relaxation toward lower temperatures/higher frequencies upon
PBSu addition. These effects could be considered to be an
acceleration of segmental mobility in the copolymers, and were
in agreement with those from calorimetry. From the data of
Fig. 10a, we could estimate the dielectric glass transition
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Fig. 10 (a) Arrhenius plots and (b) dielectric strength for PBSug 2>_b_PLA.

Results refer to segmental o relaxation. In (a), the curved lines connecting
the data are fittings of the VFTH equation, whereas the straight line
corresponds to the Arrhenius equation.

temperature (Tg,qie1) @s an extrapolation of the corresponding
points of « relaxation to the equivalent frequency of DSC
(feq ~10*® Hz, arising from the corresponding relaxation
time t© ~ 100 s).°® The estimated Ty gic values are shown in
Fig. 11a compared with those of T, obtained by calorimetry.
In general, good agreement between the two methods was
recorded, but this is not always the case.®>®* For neat PLA
and copolymers with 1-10 wt% PBSu, the « relaxation points
shown in Fig. 10a obeyed the VFTH model function (i.e., the
characteristic for cooperative dynamics). Strikingly, for 15 wt%
PBSu, the fast o relaxation exhibited a linear trend (ie., an
Arrhenius-like non-cooperative behavior). This phenomenon
was reflected as a gradual drop in fragility (m, eqn (3) and (4))
from ~ 160 for neat PLAs down to 0 for copolymers with 15%
PBSu (Fig. 11b). This drop in m suggested suppression of the
cooperation capability of the polymers, most probably due to an
increase in interchain distances (increasing of the cooperativity
length, ¢).5%%° It is less likely that the decreased fragility arose
from shortening of the chain length of the copolymers.

This journal is © The Royal Society of Chemistry 2023
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The effects on Ty qic and m were compatible also with the
temperature dependence of A¢ for « relaxation (Fig. 10b). For
neat PLA, A¢ decreased with increasing temperature, which is

amorphous state
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Fig. 11 PBSu dependence of characteristic values obtained by BDS in the
initially amorphous state. (a) Dielectric glass transition temperature, Tg giel.
(b) Fragility index, m, of ap.a relaxation. (c) opn*fun of the HN shape
parameters. In (a), results on the Ty obtained by calorimetry have been
added for comparison. Lines connecting the experimental points have
been added as a visual guide.
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typical for amorphous and unconstrained segmental mobility.
This drop was due to a gradual increase in constraints in
segmental mobility or, in topological terms, due to a decrease
in cooperatively rearranging regions (CRR)®® upon an increase
in T. As T increases and each individual chain becomes more
mobile due to the additional thermal energy supplied, an
increase in the number and complexity of chain-chain entan-
glements also occurs. In the copolymers, the mobility of the
polymer chains is constrained ab initio due to complex struc-
turing due to the presence of PBSu blocks or, indirectly, due
to shortening of the PLA blocks. These two parameters are
equivalent with each other, for example, in terms of tending to
preclude the polymer chains cooperativity (recorded drop in m).
Thus, the initial dielectric strength was reduced in the copoly-
mers as compared with neat PLA. Then, the decreasing A¢(T)
trend recorded for unconstrained neat PLA gradually changed
in the copolymers to a milder reduction (1 and 2.5% PBSu),
to almost no change (5% PBSu) and, finally, to a A¢(T) increase
(10 and 15% PBSu). This effect suggested an increasing popula-
tion (fraction) of copolymer chains that suffered some

Q

PBSu,,, b_PLA

0% PBSu

heat flow (endo up)

temperature (°C)

PBSu

b _PLA "

0.38— it

O

0% PBSu

heat flow (endo up)

temperature (°C)

Fig. 12 Glass-transition event as recorded in the amorphous (dash-dotted
lines, scan 3) state against the semicrystalline (solid lines, scan 2) state.

Soft Matter, 2023,19, 7846-7858 | 7855


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00980g

Open Access Article. Published on 27 September 2023. Downloaded on 12/4/2025 8:40:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

constraints initially which were loosened gradually when T
increased.

As expected, o was, in general, asymmetric, and initially
narrow. Upon critical fitting, the relaxation became wider in the
copolymers. This was reflected on the shape parameters of
the HN equation (Fig. 11c). The PBSu dependence of oyn*fun
dropped in the copolymers. This drop suggested that the
corresponding width of the relaxation times (r) became wider
in the copolymers or, in other words, that the segmental
mobility of the polymer chains (quite homogeneous in neat
PLA) became more heterogeneous within the copolymers.®®

3.3. Effects of crystallization on the glass transition

An interesting effect was revealed upon crystallization of samples
in DSC. We compared the two series of copolymers in terms of the
glass transition in the amorphous state against the semicrystalline
state (Fig. 12). As expected, upon crystallization, the height of the
glass-transition step decreases because fewer amorphous chains
contributed to the thermal event. Unexpectedly, upon crystal-
lization, the T, fell for all samples (including neat PLAs).
In general, for conventional homopolymers, the T, increases in
the presence of crystals because the latter act as obstacles to chains
diffusion.”>*”** Also, comparing the drop in 7, with the increase
in CF, (Fig. 4c), the maximum change in the T, coincided with the
maximum increase in CF..

This observation is not usual, but has been noted in a recent
work on PLA-based block copolymers with poly(propylene
adipate), the latter being the low-T, component®® (similar to
PBSu in the present work). This effect can be interpreted via two
realistic scenarios. According to the first scenario, crystallization-
related spatial nano-confinement seems to be imposed on amor-
phous polymer chains. Such confinement should make a strong
impact if the amorphous zones formed between the crystallites are
nanometric and comparable with the cooperativity length, &.%>%°
This scenario is partly compatible in the present study in the
discussion on the dynamics and cooperativity for o relaxation.
On the other hand, the effects recorded in Fig. 12 could be seen in
another light. Upon crystal formation, the glass transition tends to
approach the quite fast mobility of initial PBSu. Thus, upon
crystallization, the mobility of PLA (pure apra) in the copolymers
gradually vanishes. That is, the PLA chains mainly crystallize and,
thus, become immobile, whereas the PBSu-rich segments are
mobile and their corresponding weak glass transition is enhanced
at the expense of op.”*%7® This second scenario implies a
crystallization-driven phase separation,””®" which is compatible
with recent data using X-ray diffraction,”* denoting that the PLA
chains dominate crystallization in the copolymers.

This special effect for the crystallization-induced phase can be
exploited for specific applications (e.g., drug delivery). Nevertheless,
more work is needed to further evaluate the origins of this effect.

4. Conclusions

We investigated the molecular mobility and crystallization in
relatively new PBSu_b_PLA diblock copolymers. We studied the
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direct composition effects of the copolymer in the amorphous
state, achieved by relatively fast cooling from the melt, because
PBSu and PLA are semicrystalline. PBSu (low-T, block)
was found to have a plasticizing role in the mobility of PLA.
Therefore, the overall T, fell monotonically upon PBSu addi-
tion, suggesting easier chain diffusion in the copolymers.
Segmental dynamics were followed by employing dielectric
spectroscopy. With an increase in the PBSu fraction, the o
relaxation of copolymers was accelerated significantly whereas,
interestingly, fragility was severely suppressed. The effect
denotes either an increase in the cooperativity length and/or
an increase in free volume (e.g., detaching of polymer chains).
These effects were compatible with the above-mentioned
plasticization. These are key parameters for the facilitation
of permeation of small molecules (e.g., humidity, oxygen)
throughout the sample volume and, subsequently, favor
compostability.

The nucleation and degree of crystallinity of PLA in copoly-
mers appeared to improve. This improvement was related with
the enhanced molecular mobility of polymer chains. The dif-
ference in the length of the initial PBSu block (6 or 16 kg mol ™)
did not affect the crystallization and molecular mobility of the
copolymers. Finally, we exploited indications for crystallization-
induced phase separation (recorded indirectly by a significant
drop of T, upon crystallization). This effect was more pro-
nounced with an increase in the PBSu fraction. Similar
results were recently reported in diblock copolymers based on
PPAd_b_PLA, prepared by similar routes.®® This effect also
seems promising for specific applications.
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