Open Access Article. Published on 10 November 2022. Downloaded on 5/4/2026 1:15:12 PM.

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

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2022,
18, 9216

Received 5th September 2022,
Accepted 9th November 2022

DOI: 10.1039/d2sm01198k

rsc.li/soft-matter-journal

1. Introduction

Synthetic polymers have been improving our everyday life for

Crystallization and molecular mobility in
renewable semicrystalline copolymers based on
polycaprolactone and polyisosorbidet

Chaima Bouyahya,®® Nikolaos D. Bikiaris,® Alexandra Zamboulis,®
Apostolos Kyritsis, (2 ¢ Mustapha Majdoub*® and Panagiotis A. Klonos () **¢

A series of novel block copolymers based on two biodegradable polymers, poly(e-caprolactone), PCL,
and poly(isosorbide), PIS, with PIS fractions 5, 10, and 25 wt%, are studied herein. The aim is to assess
the effects of the amorphous PIS phase on the properties of the semicrystalline PCL (majority), in
addition to the synthesis strategy. The latter involved the polymerization of caprolactone onto initial PIS
of low molar mass, resulting, thus, in gradually shorter PCL blocks when the starting amount of PIS is
increased. The structure—property relationship investigation, with an emphasis on molecular mobility
and crystallization, involves the following sum of complementary techniques: differential scanning calori-
metry, dielectric spectroscopy, polarized optical microscopy and X-ray diffraction. The molecular
mobility map for these PCL/PIS and initial PIS is drawn here for the first time. Despite the high glass
transition temperature of PIS (T4 ~ 51 °C) compared to that of PCL (-66 °C), the Tg of the copolymers
barely changes, as it is mainly ruled by crystallinity. The latter seems to be facilitated in the copolymers,
in both the amount and the rate. The local molecular mobility of PCL and PCL/PIS consists of faster ypc.
relaxation which is unaffected in the copolymers, whereas the slower fipc. process arising from the
backbone ester group rotation exhibits a systematic deceleration in the presence of PIS. A connection
between such local motions and the corresponding segmental « relaxation, observed previously in other
polyesters, is also found to be true here. Apart from that, the dielectric T, as well as the cooperativity of
the polymer chains drop moderately, which indicates spatial confinement between the PCL crystals,
whereas correlations with the looser lamellar chain packing within the spherulites are gained. The
relaxations of initial PIS, i.e., ypis, fpis and apis, could not be resolved within the copolymers. Along with
other properties, such as ionic conductivity, we conclude to the homogeneity of our systems, with
sufficient PCL/PIS distribution.

numerous concerns are being raised regarding the oil-based
origin of most polymers and their accumulation in the environment
due to their lack of degradability.*” Plastics are increasingly

more than a century now'™ and nowadays plastics are found
everywhere: in our homes, transport, buildings, healthcare, etc.
Polymeric materials owe their success to their unique proper-
ties; indeed, they are high performance materials, which are
easily processed and have a low cost of production.”> However,
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perceived as non-eco-friendly materials by the wider public, over-
estimating their actual contribution to the environmental
crisis. These concerns have driven the advent of the field of
biobased polymers, i.e., polymers synthesized from renewable
resources, the polylactide family being the most commercially
viable for the time being.®™** To widen the portfolio of biobased
polymers and, thus their potential applications, intensive
research in the field is being conducted, both by academia and
industry.'*"> Several other polyesters, both aliphatic ones such as
poly(n-alkylene succinate)s'®'” and glycerol-based polyesters,'® as
well as aromatic ones, furanoate polyesters, produced from 2,5-
furan-dicarboxylic acid,">*° and polyvanillates,”" are being inves-
tigated. In addition to good performance, renewability and
biocompatibility, such materials serve well within the circular

This journal is © The Royal Society of Chemistry 2022


https://orcid.org/0000-0001-5893-7849
https://orcid.org/0000-0001-7222-612X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2sm01198k&domain=pdf&date_stamp=2022-11-25
https://doi.org/10.1039/d2sm01198k
https://doi.org/10.1039/d2sm01198k
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/d2sm01198k
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM018048

Open Access Article. Published on 10 November 2022. Downloaded on 5/4/2026 1:15:12 PM.

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

(cc)

Paper

and the green economic prescripts.”>>*> Moreover, copolymers,
blends and composites of biobased polymers® 3> are being
developed to further improve the properties and performance of
these promising polymers.**?*

Isosorbide is a V-shaped diol that carries two sterically
different secondary hydroxyl groups, with the so-called ‘exo-’
and ‘endo-’ configurations, respectively, and two ‘cis- connected
tetrahydrofuran rings.**® It is a commerecially available biobased
monomer, produced from p-glucose (on the industrial scale) or
starch.*® This non-toxic chiral diol has been employed for the
stepwise development of various polymers, including polyesters,
polyurethanes, polyamides, polycarbonates, etc.>”*° In the context
of the present study, we will discuss poly(isosorbide), PIS, which is
an isosorbide-based poly(acetal).*"** PIS is an amorphous poly-
mer with a T, of around 50 °C. PIS has two pending hydroxyl
groups and its copolymerization with other aliphatic polymers
could contribute to the increase in their rigidity and phase-
transition temperatures. Herein, we have combined PIS with
poly(e-caprolactone) (PCL).

PCL is a biocompatible (non-toxic) and hydrophobic
polyester,” that is characterized by a slow in vivo hydrolysis.**
It is generally synthesized by the ring-opening polymerization
(ROP) of e-caprolactone.*>*® PCL demonstrates quite good
mechanical performance and permeation (gas barrier) charac-
teristics, but relatively low glass transition temperatures (far
below room temperature) and mild melting points (~60 °C).*?
Since this polyester is semicrystalline, with a high degree of
crystallinity (mainly 50% and larger),>**>*”*® its performance is
strongly connected with crystallinity. As a consequence, its
permeation to small molecules (air, humidity),"® heat transport
and mechanical strength®®*' depends on the semicrystalline
morphology (size, numbers and distributions of polymer
crystals).”>>® In connection to that, PCL demonstrates a pro-
nounced phenomenon of ‘crystal/nucleation memory’*****> that
plays a key role in manipulating the semicrystalline morphology
by appropriately chosen thermal protocols (melting temperature,
supercooling, etc.). Crystal memory, nucleation and lamella pack-
ing depend also on the macromolecular chain mobility, chain—-
chain organization, interchain interactions and reactivity.>®*>®

As already mentioned, the materials’ performance can be
further tuned by combining one polymer with another. PCL has
been widely demonstrated to show almost unique compatibility
with various polymers.”® PCL co-polyesters of various forms,
from linear blocks to star-shaped and hyperbranched copoly-
mers, can be synthesized employing either multifunctional
comonomers or oligomers,*83%:60762

For the present study, we have combined PCL with a newer
biobased polymer, i.e., poly(isosorbide) (PIS). PIS is produced
from starch, or, on the industrial scale, from p-glucose.*®
Isosorbide is a V-shaped diol that carries two sterically different
secondary hydroxyl groups, with the so-called ‘exo-’ and ‘endo-’
configurations, respectively, and two ‘cis-’ connected tetrahydro-
furan rings.**® This non-toxic chiral diol has been employed
within various synthetic processes for the step-development of
various polymers, including polyesters, polyurethanes, poly-
amides, polycarbonates, etc.>*384°
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Herein, PIS of relatively small molar mass (short length) was
used, via its hydroxyl groups (-OH), as a macro-initiator for the
ROP of e-caprolactone, yielding copolymers with PIS and PCL
blocks. We have synthesized three diblock copolymers, namely,
with different PCL/PIS wt% ratios of 95/5, 90/10 and 75/25,
which are studied and compared with neat PCL and initial PIS.
The focus here is on the direct and indirect effects of block
copolymer composition and chain length on the glass transition,
crystallization and finally on the local and segmental mobility.
The investigation involves a series of complementary techniques,
differential scanning calorimetry (DSC), polarized optical micro-
scopy (POM), X-ray diffraction (XRD), combined with the tech-
nique of broadband dielectric spectroscopy (BDS).®* To the best
of our knowledge, the molecular mobility for these PCL/PIS
systems and PIS individually is shown for the first time.

2. Materials and
experimental techniques
2.1 Materials - preparation of PCL/PIS copolymers

PIS was synthesized according to a previously reported method
with some modifications.*” Briefly, a stirred mixture of isosorbide
and potassium hydroxide powder in a small amount of dimethyl
sulfoxide was purged with argon. Then, an excess of methylene
chloride was gradually added, and the reaction mixture was kept
under magnetic stirring at room temperature for 120 h. The
polymer obtained was precipitated in methanol and dried under
vacuum.

Three PCL-b-PIS copolymer samples were synthesized by
the ROP of e-caprolactone®®® in the presence of the pre-
synthesized low molar mass, M, ~ 15 kg mol ' PIS (Fig. 1).
PIS exhibits terminal ~OH sites, onto which the building of PCL
block takes place, in accordance also with previous works on
PCL’® and other polyesters.®® The PCL(%)/PIS(%) ratios have
been chosen here as 95/5, 90/10 and 74/25. To facilitate a direct
comparison with copolymers with neat polymers, we synthe-
sized neat -OH terminated PCL, again by ROP. The latter is
studied in parallel with the copolymers and initial PIS. Due to
the method of copolymer synthesis, we expect a decrease in the
average molar mass (chain length, bottom of Fig. 1) with the
increase of the PIS fraction, as the number of ROP initiation
points increases.”®®®®” This was confirmed by the intrinsic
viscosity, [1], which drops from 0.78 dL g~ " in PCL to 0.48, 0.36
and 0.28 dL g~ ', for 5%, 10% and 20% PIS, respectively. Accord-
ing to gel permeation chromatography, M, is ~90 kg mol ' in
neat PCL and drops gradually to ~12 kg mol " in PCL(75%)-b-
PIS(25%). Please note that [1f] of the initial PIS was 0.32 dL g~ ".
The prepared samples were placed in a homemade mold, ther-
mally pressed and finally, received in the form of disks ~1.8 mm
in thickness and 25 mm in diameter.

2.2. Characterization methods

DSC was employed to investigate the polymers’ thermal transi-
tions. The measurements were performed under a high purity
helium atmosphere (99.9995%), on samples 8-9 mg in mass
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Fig. 1 Schematic view of PCL/PIS copolymer preparation, via ROP and building of PCL blocks on existing PIS segments.

sealed in TZero aluminium pans and within the temperature
range from —150 to 100 °C, by means of a TA Q200 DSC apparatus
(TA Instruments, USA) equipped with a liquid nitrogen control
system (LNCS). The instrument had been previously calibrated
with indium for temperature and enthalpy and sapphires for heat
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Scheme 1 (a) The time—temperature profiles during scans 1-3 of the

DSC measurements. (b) The time—temperature profile of the relatively fast
cooling during scan 3. A rough estimation of the cooling rate is supplied in
(b) in the temperature range of PCL's crystallization.
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capacity. The cooling/heating profiles are shown in Scheme 1.
Upon erasing the thermal history via a first heating scan up to
100 °C at 10 K min~* (scan 1), all samples were cooled down to
—150 at 20 K min™ " (scan 2) and, in another scan, at the fastest
achievable rate (‘jump’ command of the TA software, scan 3). The
latter resulted in a non-constant cooling rate, being ~90 K min ™"
(Scheme 1b) on average in the temperature range of PCL’s
crystallization. The employment of different cooling rates for
scans 2 and 3 aims at the manipulation of crystallization, for
example, to be suppressed during fast cooling or facilitated during
slower cooling. The subsequent heating scans up to 100 °C were
performed at a fixed rate of 10 K min~" (Scheme 1).

The crystalline fraction, CF, was estimated by both crystal-
lization and melting peaks in DSC, by comparing the crystal-
lization enthalpy (AH. and AH,, respectively) with the
theoretical heat of fusion for a 100% crystalline PCL,

—1 68

AH, 00 pcr, taken as 139.5 J g, according to eqn 1.

AHc/m
CF,py — —te/m
/m T AH, 00%,PCL

(1)

To assess the semicrystalline structure, X-ray diffraction, XRD,
was employed on samples that had been previously subjected to
erased thermal history and cooled at 20 K min™". The diffraction
spectra were recorded at room temperature employing a MiniFlex II
XRD system (Rigaku Co., Japan), with Cu Ka radiation (4 =
0.154 nm), over a 26 range from 5° to 50° with a scanning rate of
1 deg min~". Upon analysis of the diffraction peaks by mathema-
tical models (Lorentzians), we were able to extract a rough estima-
tion of the crystalline fraction, CFxgp,”” by comparing the sum of
crystalline peak areas, Acys, with the overall diffraction area,
amorphous halos and crystalline peaks, ‘Aamorphoust Acryse’ (€qN. 2).

Aeryst Acryst
CFxpp = 2 = > 2
A overall A amorphous + 4 cryst ( )

Polarized optical microscopy, POM, images of the semicrys-
talline morphology for all PCL-based systems, during the

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm01198k

Open Access Article. Published on 10 November 2022. Downloaded on 5/4/2026 1:15:12 PM.

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

(cc)

Paper

evolution of crystallization from the melt state and upon cool-
ing at ~10 K min~" (the actual time-temperature profile can
be seen in section S1 of the ESIt), were recorded by means of
a Nikon Optiphot-1 polarizing microscope equipped with a Lin-
kam THMS 600 heated stage, a Linkam TP91 control unit and a
Jenoptic ProgRes GRYPHAX® NAOS 20mp microscope camera.
To investigate molecular mobility in the copolymers and the
corresponding effects of composition and compare with the
molecular mobility of neat PCL and initial PIS, BDS was
employed, a technique characterized by a quite high resolving
power.® For that, a Novocontrol BDS setup was used, ie., an
Alpha frequency response analyzer combined with a Quatro
liquid nitrogen cryosystem (Novocontrol GmbH, Germany).
Prior to the measurements, the samples were kept in a dry
environment. Small pieces of ~50 mg in mass of the synthe-
sized polymers were initially placed and melted at ~100 °C
between finely polished brass electrodes of 14 mm diameter. To
prevent the electrical contact of the electrodes and keep them
parallel with each other, silica spacers of ~100 pm thickness by
Novocontrol were used. Then, the complex dielectric permittiv-

ity (eqn 3),
o, T = ¢, T) — i€'(F, ) 3)

was recorded under a nitrogen atmosphere (N, gas flow),
isothermally as a function of frequency, f, in the range from
10" to 10° Hz and in the temperature range between —150 and
120 °C, upon heating at steps of 5 and 10 K. The dielectric
spectra, consisting of various contributions, were analysed by
fitting appropriate models, mainly, the Havriliak-Negami,
HN,® function (eqn 4),

. Ae

S W
wherein, ¢,, 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 Sy are shape parameters, for width
and symmetry, respectively. The analysis process may be per-
formed by different routes, for example, by the fitting of ¢’ or ¢,
either individually or in parallel’®”” (Fig. S2 in ESI}). Herein,
we have chosen to fit ¢’(f). In this analysis, we constructed the
time scale map of local and segmental relaxations. The local
processes usually obey the Arrhenius equation®® (eqn 5),

f( T) :fO,Arrh : e—i“;} (5)
as they exhibit a temperature-independent activation energy,
E.ct. On the other hand, the segmental relaxations, related to
the glass transition, demonstrate a different time scale, usually
described by the Vogel-Fulcher-Tammann-Hesse (VFTH)
7 (eqn ),

expression
D1y
S(T)=fovrrn -e T-To (6)
within which, D is the so-called fragility strength parameter”®

and is related to the measure of cooperativity, namely, the
fragility index, m.

This journal is © The Royal Society of Chemistry 2022
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3. Results and discussion

To provide the first view of the thermal transitions of PCL, we
show in Fig. 2 the corresponding DSC thermograms. In all
cases, neat PCL exhibits a glass transition step, with the
characteristic temperature, T,= —66 °C. T, seems independent
of the rate of prior cooling, as during both slow and faster
cooling, PCL crystallized at around 20-30 °C. The degree of
crystallinity of neat PCL is CF. = 0.32 wt (eqn 1).

We note that the employment of the highest cooling rate
aimed at the elimination of crystallization and, thus, the produc-
tion of ‘amorphous’ PCL. The latter was found impossible by such
‘conventional’ method, in accordance with previous works.*®>%7

We may now follow the effects imposed on the thermal
events in the copolymers. In Fig. 3, results from scan 2 (cooling
at 20 K min~', Fig. 3a, heating at 10 K min~", Fig. 3b) are
shown, comparatively for all compositions and initial PIS.

Beginning from the melt state, during cooling (Fig. 3a), PCL
exhibits a wide and double-structured crystallization exotherm.
This probably correlates with multiple crystallization mechan-
isms of PCL.>* All copolymers exhibit a single peak, located
mainly at higher temperatures. The effect may originate from
the favoring of one crystallization mechanism or, in other
words, a more oriented crystallization. Such effects on crystal-
lizability are often recorded in block copolymers.”” This point
can be further followed by specific experiments (isothermal
crystallization, crystallization under various cooling rates, etc.)
and corresponding analysis (e.g., Avrami method).”® The results
are further evaluated and the values are listed in Table 1.
Selected values have been plotted as a function of PIS fraction
and are shown in Fig. 4. Therein, the crystallization temperature,
T., tends to increase from 28 to 31 °C and so does CF,, from 0.32
up to 0.48 wt (Fig. 4a). These are indications of the facilitation of

| PCL neat A T
. crystallization; !
as received Vi
—-=- 20 K/min
4 —-—- std. cooled |7 50 Kimin

T T

177 fast cooled 450 100 80 0 50

] Io.z Wig

4 0.02W/g

heat flow (endo up)

T 10 K/min
50 0 50

temperature (°C)

100

Fig. 2 Comparative DSC heating traces for neat PCL from the described
thermal histories. The recorded heat flow (mW) is shown by normalization
to the sample mass (W g™%). The insets show in more detail the region of
the glass transition steps as well as (inset on top) the recorded crystal-
lization during prior cooling.

Soft Matter, 2022, 18, 9216-9230 | 9219


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm01198k

Open Access Article. Published on 10 November 2022. Downloaded on 5/4/2026 1:15:12 PM.

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

(cc)

Soft Matter

e————_

QO

{1 ——PCL neat
1— PCL- 5% PIS crystallization

20 K/min

| ——PcL-25% PIS

heat flow (exo down)

50 0 50 0 10 20 30 40

-100

1-100

-150 -50 0 50
temperature (°C)
melting
g .
4 35 40 45 50 55 60 65
g8 1 _—
L -+ 0.05Wig N
3
.f—f 7] glass glass trans.
o] trans. of PIS
@
o 7 PCL
£
] 10 K/min
-150 -100 -50 0 50 100

temperature (°C)

Fig. 3 DSC traces (a) during cooling at 20 K min™* and (b) the subsequent
heating at 10 K min~? for all samples, copolymers and neat PCL and PIS. The
main thermal events are marked on the plots. (b) Added dash-dotted lines
corresponding to the measurement baselines prior and upon glass transition.

both the rate and the amount of crystallization, which seems to
be more homogeneous (single-peaked) in the copolymers. Qua-
litatively similar results were revealed from scan 3, involving
faster cooling (Fig. 5).

When estimating CF from melting, CF,,, and comparing
with CF,, we record a qualitative agreement in Fig. 4b. Then, we

View Article Online
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interestingly record a monotonic decrease in the melting
temperature, Ty, from 56 down to 51 °C with increasing PIS.
This could suggest the lowering of crystal quality in the
copolymers, e.g., in the chains’ packing density, and correlate
with the existence of PIS segments that act as defects in the
copolymers.

Based on the overall data on crystallization, we expect mild
alternations in the semicrystalline morphology, namely, on the
size and distribution of PCL spherulites, whereas, stronger
effects on the density of the crystals.

Coming to the chains’ mobility, we follow the effects on
glass transition. Individual T, of initial PIS, which is amor-
phous, is 51 °C (Fig. 3b and 5b), whereas the corresponding
heat capacity change is Ac, = 0.26 J g~' K. Obviously, the
polymer chain mobility within all the PCL-based systems will
be ruled by the presence of crystals, thus, the direct chain
copolymeric structure effects cannot be simply resolved. In
Fig. 4c, T, seems mainly unchanged, about —66 °C. With the
exception of PCL(75%)-b-PIS(25%), we have no indication of
separate glass transition of the PIS phase. Thus, for the rest of
the copolymers, we expect homogeneous distribution of PCL_PIS
blocks, with gradually shorter PCL segments on increasing
PIS.>*77% The shortening of the chain length should result in
general in the lowering of the T,. Most probably, this does not
apply here, as the measured molar masses are above the value of
10 kg mol ", namely, all laying above the expected threshold for
chain-chain entanglements. On the other hand, an increase in
the number of free chain ends, i.e., the number of free hydroxyls
(-OH), is expected when the overall copolymer chain length
decreases (Fig. 1). In turn, this should favor more chain-chain
interactions, for example, between the hydroxyls and the ester
groups (-C—O0) of caprolactone. Taken individually, without
considering the PCL chain shortening, the increased chain-
chain interactions are expected to lead to higher T, values.
Therefore, we believe that the ‘unchanged’ T, shown in Fig. 4c,
is a result of compensation between the two effects described
above along with the high crystalline fraction. It is worth noting
that the said PCL interchain interactions have been proven to be
responsible for the interesting crystal-memory effects exhibited
in PCL**”” and studied by various techniques.*®

In the insets to Fig. 3a and 5a, we follow that during cooling
of PCL(75%)-b-PIS(25%), a step-like event is recorded at around
45 °C. From our data it is not clear as to whether such step
exists within the copolymers with smaller PIS contents.

Table 1 Values of interest by DSC (scan 2): crystallization/melting temperatures, T./T., and enthalpies, AH./AH,,, crystalline fraction evaluated via the
crystallization/melting peak, CF/m, glass transition temeperature, Tq, corresponding heat capacity change, Acy,. Please note that the AH; values are shown
upon normalization to the PCL mass fraction, whereas, Ac,, values are shown upon normalization to the ‘amorphous PCL" mass fraction, including also

the crystalline fraction as estimated from XRD, CFyrp

AH, CF. (wt) Acpn AHpn CFy, (Wt) CFxgrp
T(C) (g (1) (£001)  T,(C)  (gm K  Tw(C)  (gerd (£003)  (+0.05)
PCL (neat) 28/20 44 0.32 —66 0.16 56 49 0.35 0.33
PCL(95%)-b-PIS(5%) 28 63 0.45 —67 0.25 53 68 0.49 0.46
PCL(QO%)-b-PIS(lO%) 28 67 0.48 —66 0.33 52 72 0.52 0.49
PCL(75%)-b-PIS(25%) 31 63 0.45 —66 0.30 51 69 0.50 0.50
PIS (initial) — — — 51 0.26 — — — —

9220 | Soft Matter, 2022,18, 9216-9230
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Recalling the results of neat PIS (T, = 51 °C), the said step is
most probably the individual glass transition of PIS in the
copolymer. If so, PCL(75%)-b-PIS(25%) should be the only case
of nano- or micro-phase separation within our copolymers. This
phase separation is obviously more extensive when the amount
of PIS is increased, as our materials are actually diblocks and
PIS is not miscible with PCL. The same has been found true
also in previous copolymers, based on other polyesters’® of
severely different T,s and miscibilities, and shows that despite
the chemical forced coexistence of different polymers, there
are still physical mechanisms that drive the phase separation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Comparative DSC traces (a) during cooling at the highest achiev-
able rate (~90 K min~) and (b) the subsequent heating at 10 K min~* for all
samples. The inset of (a) shows a cooling scan for PCL(75)/PIS(25) during
cooling at 5 K min~, whereas the inset of (b) shows with better magnifica-
tion the region of the melting of PCL crystals.

The results of the thermal transitions are quite similar when
the samples are cooled at a higher rate (Fig. 5), with indications
for weak cold crystallization upon heating slightly above T,
(Fig. 5b) probably due to incomplete crystallization during
cooling.

To visualize the situation on semicrystalline morphology,
i.e., a term used to describe together the number(s)-size(s)-
distributions(s) of the polymer crystallites, we employed POM.
The results are shown in Fig. 6. The POM images are repre-
sentative of all PCL-based systems, during crystallization from
the melt. Please note that the thermal protocol employed for
POM is similar to that of scan 2 in DSC, so that a comparison
between the two techniques is facilitated. Within all composi-
tions, spherulites are formed exhibiting similar sizes, varying
between tens and hundreds pum. In all cases, the sample volume
is finally filled with crystallites. The formation of small and
larger crystals could possibly lay at the origins of the double-
peaked melting recorded in DSC (insets to Fig. 3b and 5b).
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Fig. 6 Representative POM images for all PCL-based samples, during cooling from the melt state, results are shown at selected and indicated
temperatures. For PCL(90%)-b-PIS(10%), the oval-shaped image is observed, differing from the other samples, which is due to the smaller amount

employed for the said sample in POM (for technical reasons).

Regarding the effects of the copolymer composition on the
semicrystalline morphology we do not observe systematic alter-
nations. For example, on average larger crystals are formed in
PCL(95%)-b-PIS(5%) and PCL(90%)-b-PIS(10%), whereas quite
smaller ones are formed within PCL(75%)-b-PIS(25%), whereas,
the latter samples demonstrates a view quite similar to that of
neat PCL.

Regarding the quality of the spherulite structure, XRD
measurements revealed interesting effects. In Fig. 7a, we pre-
sent comparative XRD spectra for all samples, upon subjection
to the same thermal/crystallization protocol. Neat PCL exhibits
diffraction peaks originating from crystal forms, in accordance
with the literature.”® The corresponding 20 positions are
reported within Fig. 7a.

When comparing neat PCL with the PCL-b-PIS systems, the
diffraction peaks for the latter are the same in number and
appear broadly in the same 26 range, but with migration toward
lower 20 by about 1°. The result has been checked by different
samples and re-positionings of all samples and was found
repeatable. This interesting effect suggests larger unit cells
for the crystals of the copolymers or, from another point of
view, it can be connected to looser lamella packing in the
crystals.*®”® These are compatible with the discussed effects
on T,, in Fig. 4b. The effect on chain packing arises most
probably from the presence of the more rigid PIS block.

9222 | Soft Matter, 2022, 18, 9216-9230

The first factor seems less possible. To support that, we present
in Fig. 7b previously published XRD results*®* on neat PCL
samples prepared by ROP by our group, characterized by a
variety of molar masses, and subjected to a similar thermal
treatment to that of the present study. Within these results, no
significant migration of the diffraction peaks was observed.

Also, from the data of XRD and upon careful analysis in
terms of mathematical models (Lorentzians, not shown here),*®
we estimated the crystalline fraction by the said technique,
CFxrp. The results have been shown in Fig. 4a and show quite
good agreement with those on CF, by DSC.

In the light of combined XRD (260 changes) and DSC (low-
ering of T;,) effects on the probable looser lamella packing in
the copolymers seems essential, however, at the same time, CF
increases. An opposite behaviour would be expected in general;
whereas, it has been observed before for complex systems, such
as copolymers.®””®”° This non-trivial situation here, regarding
crystallization, suggests that the mechanisms of chain-folding
(lamellae) or/and the inter-chain interaction, probably also the
nucleation, in the case of the present copolymers is different as
compared to homopolymers.

In the case of PCL(75%)-b-PIS(25%) shown in Fig. 4a, the
mismatch between CF. and CFxgp is worth noting. The mismatch
seems to exist even when considering together the uncertainties
in the estimation of CFxgp (£0.01) and CF, (£0.05). This could be,

This journal is © The Royal Society of Chemistry 2022
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samples. Indicated are the main 20 positions for the crystalline-related
diffraction peaks, whereas horizontal red arrows have been added to point
the effects induced in the copolymers. For comparison with the present
systems, we show in (b) the results for neat PCLs prepared via ROP,
characterized by a variety of M,, (adapted from Ref. 48 with permission
from Elsevier).

in principle, due to the different techniques and the far different
methods of calculation of crystalline fractions. Except for these,
we should not ignore the presence of significant amounts of
amorphous segments (PIS) in between the segments (PCL-rich)
interfering in the crystallization process. Also, in some cases, XRD
is known to be less sensitive in delicate/weak changes in
crystallinity®® (and references therein).

A final comment on XRD, refers to a diffraction peak
recorded at 27.2° in neat PIS. A similar peak is recorded in
PCL-25%PIS at 27.0°. The measurements have been repeated to
check the recordings and the peaks were recorded again. The
origin of these two peaks is unknown and mainly unexpected,
as they seem to arise from PIS, which, is, nevertheless, amor-
phous. Unfortunately, we could not propose anything on the
origin of the peak, since this is a relatively novel polymer, the
available data in the literature are limited and there are no
similar recordings for comparison.

This journal is © The Royal Society of Chemistry 2022
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At this point, we turn our attention to molecular mobility as
studied by BDS. The results by BDS are discussed on the basis
of the frequency, f, and temperature, 7, dependence of &’
(imaginary permittivity), which is related to the dielectric loss.
In Fig. 8a and b, we present the raw results for neat PCL and
initial PIS. Therein, we record in the form of ¢’(f) peaks the
various types of dielectric relaxations, related directly to the
relaxation times of the molecular groups. The relaxation pro-
cesses are categorized into the local ones, recorded in general at
temperatures below T,, exhibiting low contributions to the
permittivity and named with the Greek letters B, 7y, etc.,*"*?
whereas, the segmental (large scale) ones, are recorded at T >
Ty, named 0.*** The « relaxations are related to the glass
transition and, as expected, contribute more strongly to the
dielectric signal. In polymers, there is a qualitative difference
between the glass transition as recorded by calorimetry (static)
and by dynamical techniques (dynamic, « relaxation). However,
the static glass transition is due to collective chain segment
mobility with relaxation times of ~100 s, the dynamic o
relaxation screens the molecular mobility of the chain, more-
over, for various relaxation times (dynamics).***> In some cases
of polymers of relatively short chains, including PCL, another
segmental-related process can be recorded, i.e., the so-called
Normal Mode.*®

In neat PCL (Fig. 8a), at T between —150 and —50 °C, the ypcy,
and fpcp, relaxations are recorded, arising from the mobility of
local PCL molecular groups. Examples of fitting (HN model,
eqn 4) of all processes are presented in Fig. 9. ypc, has been
proposed to originate on dipole moments arising from rota-
tions (crankshaft-type) of the non-bound carbonyls on the PCL
backbone.?*7:8% Due to the latter, a connection of this local
mobility with the segmental one is considered,®* similarly to
many other polyesters (lactide-, furan-, vanillate-based).®*~"
The connection is monitored, among others, via the sharp
increase in its strength and changes in its overall time scale
when T approaches T, on heating (Fig. 8a). The time scale of
7pct, has been found independent of M,,*® whereas it exhibits
a general increase in magnitude, Ae, with increasing M,,.
The activation energy for ypcr is Eie = 0.36 eV. At higher
temperatures/lower frequencies, the weaker fpcp, is recorded
with E,.c ~ 0.5 eV. fpcr, has been attributed to chain crankshaft
motions in the amorphous and crystalline phase by Van-
derschueren et al.®® Grimau et al.®” showed that the strength
of fpcr, increases upon hydration whereas it is independent of
M,.*® The relaxation has also been categorized as a process of
the so-called Johari-Goldstein -type.’*°> Finally, at around
—60 °C, the segmental opc;, relaxation enters our frequency
window (Fig. 8a). In general, for all polymers, the relaxation
arises from dipole moments perpendicular to the polymer
chains, subsequently, it screens the cooperative motions of
the polymer chains in the rubbery state.®® The fragility of opcr,
was m, = 75 (Table 2), denoting a weak level of chain-chain
cooperativity, most probably due to the semicrystalline char-
acter of the polymer.*®°*°* With the increase of temperature,
opcr, migrates fast to higher frequencies and the low-frequency
becomes dominated by strong signal uptake, due to the
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4

Isothermal BDS plots (raw data) of the imaginary part of dielectric permittivity against frequency for (a) neat PCL and (b) initial PIS. Indicated are

the main relaxation processes recorded at selected temperatures. On the right side, we show real images of the samples in the form of sandwich-like
capacitors of well-defined geometries, employing silica spaces, placed in the BDS measurement cell.

involvement of strong effects related to ionic conductivity and
interfacial charge effects.®>®> Examples are shown in Section S1
ESI+ (Fig. S2).

Regarding initial PIS, the &’(f, T) is presented in Fig. 8b.
Please note that, in contrast to PCL, PIS is amorphous, whereas
its dielectric relaxation spectra are shown here for the first
time. Two local-like and one segmental relaxations are recorded
within PIS. The faster relaxation is named here as yp;s, observed
in a temperature range from —130 to —50 °C. yp;s could be fitted
well with the symmetric HN term (eqn (4)) with oy ~ 0.2-0.3
and fun = 1. The process exhibits an E,. equalling 0.43 eV. yps
should monitor the most localized motion of PIS, however, due
to the lack of similar data in the literature, we could not
conclude its molecular origin. Following yp;s, the slower by ~4
order of fmagnitude and slightly weaker fpis is recorded at
temperatures from about —80 to —50 °C. fipg was fitted by a HN
term with oy ~ 0.31 and fyy = 1 (Fig. 9). The E,. of fps is
relatively high, ~0.8 eV, denoting a more ‘difficult/rigid’

9224 | Soft Matter, 2022, 18, 9216-9230

relaxation of the corresponding molecular unit. fps could
possibly correlate with the coupled tetrahydrofuran rings of
PIS, in part or in whole (Fig. 1). Finally, the strong segmental
opys is recorded at temperatures from 55 to 95 °C. aps exhibits an
asymmetric ¢’ (f) peak, as expected for amorphous mobility.**°® The
corresponding HN shape parameters are oy ~ 0.5 and fiy = 0.65.
The fragility of ops was estimated as m,, = 175 (Table 2).

To directly assess the copolymer composition effects on
molecular mobility, we present selected results in comparative
isothermal ¢”(f) plots of Fig. 9. The same results are replotted as
comparative isochronal ¢”(T) plots and shown in Fig. 10. This
latter form of presentation enables a more direct comparison
with the calorimetric data. Fig. 10a shows the isochronal ¢’(T) at
the lowest frequency of measurement of ~0.1 Hz, the excellent
agreement and temperature coincidence of the calorimetric
glass transition (step) with the dielectric one (x relaxation peak).
The coincidence is due to low frequency which is comparable to
the equivalent frequency of DSC (10~ *® Hz or else, relaxation

This journal is © The Royal Society of Chemistry 2022
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(b) =60 °C, (c) —40 °C and (d) 70 °C, for all samples. The recorded relaxation processes (peaks) are indicated on each plot. The added dash-dotted lines

are fittings of the HN model to each &”(f) peak.

Table 2 Values of interest by BDS on the segmental PCL relaxation. The estimated dielectric glass transition temeperature, Ty giel. and the fragility index
of a relaxation, m,, the HN shape parameters, oy and Sun. and representative values of the dielectric strength, Ae,

Ty psc (CC) T diel (OC) my" (OC) OCHNb Pun Af?:xb
PCL (neat) —66 —54 75 ~0.30 1 0.6 > 0.3
PCL(95%)-b-PIS(5%) —67 —56 69 ~0.28 1 1.0 —» 0.6
PCL(90%)-b-PIS(10%) —66 —62 63 ~0.30 1 1.0 - 0.4
PCL(75%)-b-PIS(25%) —66 —65 62 ~0.26 1 0.9 — 0.6
PIS (initial) 51 52 175 0.52 > 0.47 ~0.65 1.4 > 22

“ Refers to time scale of o relaxation upon stabilization of crystallization.

time ~100 s). In the said figures, we follow that, within
the copolymers, the local and segmental relaxations of PCL
dominate the signal, since the latter is the majority. However,
it is interesting that the op;s relaxation cannot be resolved in
the copolymers (Fig. 9d and 10). We recall results by DSC, in
particular the insets to Fig. 3a and 5a, within which a glass
transition step of PIS was recorded for PCL(75%)-b-PIS(25%).
We can assume that the corresponding opg relaxation is present
here, however, is cloaked by the strong conductivity of PCL
(Fig. 9d and 10). This is a strong indication that the PCL-phase
is continuous throughout the whole sample volume for all
copolymer compositions. This continuity is not disturbed by
the PIS phase, which is glassy between for low Ts and up to
~50 °C.

This thus provides strong indications that the distribution
of PCL and PIS is excellent for 5 and 10% PIS, whereas, for

This journal is © The Royal Society of Chemistry 2022

b The arrows mark the effects recorded with increasing temperature.

25%PIS, PIS can be organized in nanodomains that are also well
distributed within the copolymer volume. These data provide
support for the successful synthesis of the copolymers, as in
previous works on other co-polyesters,*®*®””® while, from the
methodological point of view, they prove the power of BDS as a
tool for studying the structure-property relationship in polymers.

On the critical analysis of the complex spectra, shown in
Fig. 9, we were able to construct the molecular mobility map
that shows the time scale for all relaxations, in terms of the
peak frequency maxima, logfiax, against the inverse tempera-
ture, 1000/T (else called Arrhenius plots). These data are shown
in Fig. 11.

In Fig. 11a, the different compositions of the copolymers
does not seem to affect the time scale of ypcr, whereas, the
addition of PIS leads to an acceleration of ffpc;. Neither of
these relaxations is expected to change with M,, alternation.*®

Soft Matter, 2022,18, 9216-9230 | 9225
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Fig. 10 Comparative isochronal curves of ¢’ against temperature for all
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the conductivity related phenomena at higher temperatures. The results are
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BDS data (left axis) are directly compared with the calorimetric ones (right
axis) for neat PCL and initial PIS. In the inset to (b) we compare with
corresponding results on neat PCLs prepared by ROP for a wide range of
M,s (4-71 kg mol™Y) from a recent work by our group.*®

The acceleration of fpcy, is accompanied by systematic suppres-
sion of its strength, A¢, from ~0.6 in PCL down to 0.2 in
PCL(75%)-b-PIS(25%). At the same time, we recall the mono-
tonic increase in CF (Fig. 4a). From that, we may conclude that
Prcr is activated within the amorphous PCL domains. The
suppressed Ae should not be due to increased interchain
interactions, as in such case its time scale would be in general
hindered and that would be incompatible with the recorded
acceleration of fipcy.

The attention is now brought to segmental relaxation.
Fig. 11b focuses on apcr. We recall that the BDS data are
recorded isothermally at each T and at gradually increasing
temperatures. As can be seen in Fig. 11b, during the initial
temperatures (closer to T,) the time scale points for apcy,
coincide well with the calorimetric T,. As T increases, a
disturbance-like change and a migration toward decelerated

9226 | Soft Matter, 2022,18, 9216-9230
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dynamics are recorded. This is due to the isothermal stay for
some minutes at T where the polymer chains have become
mobile (rubbery state) and most probably annealing of crystal-
lization or additional cold crystallization take place.*® Thus,
crystal rearrangements’®® and/or additional growth is
expected. This occurs in all cases of PCL-based samples. Please
note that in DSC upon continuous heating, we have not
recorded a significant exothermal event above T, denoting cold
crystallization. Among others this shows the high resolving
power of BDS, being sensitive to such delicate polymer-phase
changes.

So, only the experimental data for apc;, upon completion of
crystal annealing have been fitted to the VFTH model (eqn 6).”*
The fitting results are shown in Fig. 11b, as curved lines, which
are characteristic of cooperative relaxations. The fitting
involved the locking of the f,vrry parameter to the phonon
frequency (10" Hz).*>*° From the extrapolation of these curves to

This journal is © The Royal Society of Chemistry 2022
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semicrystalline morphology, subsequently, to the inter-crystal distances, d.

the equivalent frequency of conventional DSC (foq ~ 10~>° Hz),
we estimate the so-called ‘dielectric glass transition temperature’,
Tgaie- Also, from the evaluated fragility strength parameter of
eqn 6, we calculated the fragility index, m,, > which can be used as
the measure of chains’ cooperativity. The results on Ty gie; and m,,
are listed in Table 2 and are presented in comparison to the
calorimetric Ty in Fig. 12.

In Fig. 12, we follow a monotonic decrease in Ty gic) Simulta-
neously with a decrease in m,. Both results can be compatible
with the shortening of the average chain length in the copolymers.
However, we should always take into account the existence of an
important crystalline fraction.

Coming back to Fig. 11b, therein, we compare the data of
the present work with those of neat PCLs prepared by ROP and
of various M,s.*® The latter results correspond again to semi-
crystalline PCLs of CFs from 0.39 to 0.46 wt.*® Therein, with the
exception of the lowest M, (~4 kg mol '), the semicrystalline
morphology was much denser as compared to the present PCL-
based samples. As a result, the corresponding Ty gic1 as well as
m,, had been recorded to be significantly smaller, namely, Ty gici
between —71 and —80 °C and m,, between 39 and 42. These data
have been interpreted in terms of systematic increasing effects
of spatial nanoconfinement of the amorphous mobile chains
between the PCL crystals.*®

Adopting a similar scenario here, we propose that the
decrease of Ty gic; and m,, here, arises from spatial confinement
of the chains between the crystals (milder compared to that of
the previous work*®). The said confinement is expected to arise
from the formation of small/narrow amorphous polymer zones
between the crystallites. To help the discussion, we visualized
the situation by the scheme shown at the right side of Fig. 12.
In order for the confinement to be effective, the average width, d,
of these amorphous zones should be comparable to the chains’
cooperativity length, £, namely, a few nm*®#1% (and references
therein). Obviously, this cannot be checked by the present
techniques. On the other hand, the effects of the expected
decrease in M, in the copolymers should be mainly indirect,

This journal is © The Royal Society of Chemistry 2022

via imposing direct effects on the rate and crystalline fraction.
Except for the concept of crystals-related spatial confinement
(scheme in Fig. 12), other complex scenarios could be employed
to explain the dynamics situation. For example, special chain
topology alternations in the copolymers and the existence of
significant numbers of separated nano-phases, within which the
constraints imposed on the polymer chains lead to suppression
in the chain cooperativity. For the time being, only assumptions
can be made, as these are quite delicate points that cannot be
easily assessed by conventional techniques, especially when
involving effects on the nanoscale. Small angle X-ray scattering
(SAXS) could illuminate these aspect point’"”? in the future.

Compatible to the aforementioned spatial confinement,
may be the increase in the free volume'®' of the amorphous
phase leads to the increase of the interchain distances. Such
results could be interesting from the point of view of manip-
ulating the air (oxygen) and water sorption, subsequently, to
favour the compostability of our copolymers.

Such aspects as well as others referring, e.g., to the mechan-
ical performance and thermal conductivity can be illuminated
in future work. Along these, an in-depth structural character-
ization of PCL-b-PIS copolymers and degradation studies are in
progress and will be soon reported.

4. Conclusions

In this work, we investigated the molecular mobility and
thermal transitions in novel PCL - PIS block copolymers, with
semicrystalline PCL being the majority. Due to the latter, the
properties of PCL were found to govern the final material
properties, from local to segmental mobilities, ionic conductivity
and crystallinity. The impact of PIS, an amorphous renewable
polymer exhibiting high T, was found to be indirect, in the
sense of contributing to the lowering of the PCL block length
and facilitating a certain chain topology. As a result, the seg-
mental mobility of PCL chains was found to accelerate,
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demonstrating lower cooperativity. The mobility of PCL in the
copolymers was found to be altered, in comparison to neat PCL
(of various M, values), and this again arises from the synthetic
route. Subsequently, the indirect effects led to a moderately
enhanced crystal nucleation and a worth noting increase in
the crystalline fraction. On the other hand, compared with neat
PCL, there are differences recorded in the structure of the
crystals, consisting, for example, of looser lamellae. These out-
comes are expected to play significant roles in the final proper-
ties of our materials, e.g,, on the mechanical performance,
thermal conductivity, gases and small molecule permeation,
compostability, etc., that are exploitable within many applica-
tions regarding polymeric materials.*"'°>'% Such issues are
worth studying in the future, considering the sustainable char-
acter of the said polymers. From the methodological point of
view, in accordance with previous works on co-polyesters synthe-
sized by similar strategies,”®®””® we showed that the combi-
nation of the employed techniques (BDS, DSC, etc.)'* in
addition to careful analysis of as many parameters as possible,
is able to provide a structure/topology/inter-chain association
view of complex polymeric materials that cannot be easily
discerned via optical microscopy or other structure techniques.
Moreover, once again, we conclude that implementing a syn-
thetic strategy for co-polyesters is found to be successful regard-
ing the achievement of homogeneous systems.
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