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1. Introduction

Molecular dynamics and crystallization in
polymers based on ethylene glycol methacrylates
(EGMAs) with melt memory characteristics:

from linear oligomers to comb-like polymerst
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Panagiotis A. Klonos (2 ? and Apostolos Kyritsis (2 *?

In this article we present results on the glass transition, crystallization and molecular dynamics in relatively
novel oligomers, oligo-ethylene glycol methacrylate (OEGMA), with short and long chains, as well as in the
corresponding nanostructured comb-like polymers (POEGMA, short and long), the latter being prepared via
the RAFT polymerization process. For the investigation we employed conventional and temperature modulated
differential scanning calorimetry in combination with high resolving power dielectric spectroscopy techniques,
broadband dielectric relaxation spectroscopy (BDS) and thermally stimulated depolarization currents (TSDC).
Under ambient conditions short OEGMA (475 g mol™,, ~4 nm in length) exhibits a remarkable low glass
transition temperature, Ty, of —91 °C, crystallization temperature T. = —24 °C and a significant crystalline
fraction, CF, of ~30%. When doubling the number of monomers (OEGMA-long, 950 g mol™%, chain length
~8 nm) the Ty increases by about 20 K and CF increases to ~53%, whereas, the T. migrates to a room-like
temperature of 19 °C. Upon formation of comb-like POEGMA structures the grafted OEGMA short chains,
strikingly, are not able to crystallize, while in POEGMA-long the crystallization behaviour changes significantly
as compared to OEGMA. Our results indicate that in the comb-like architecture the chain diffusion of the
amorphous fractions is also strongly affected. The semicrystalline systems exhibit significant melt memory
effects, this being stronger in the comb-like architecture. It is shown that these effects are related to the inter-
and intra-chain interactions of the crystallizable chains. The dielectric techniques allowed the molecular
dynamics mapping of these new systems from the linear oligomers to POEGMAs for the first time. BDS and
TSDC detected various dynamics processes, in particular, the local polymer dynamics (y process) to be
sensitive to the T, local dynamics triggered in the hydrophilic chain segments by water traces (f), as well as
the segmental dynamics («) related to glass transition. Interestingly, both the short and long linear OEGMAs
exhibit an additional relaxation process that resembles the Normal-Mode process appearing in polyethers. In
the corresponding POEGMAs this process could not be resolved, this being an effect of the one-side grafted
chain on the comb backbone. The revealed variations in molecular mobility and crystallization behavior
suggest the potentially manipulable diffusion of small molecules throughout the polymer volume, via both the
molecular architecture as well as the thermal treatment. This ability is extremely useful for these novel
materials, envisaging their future applications in biomedicine (drug encapsulation).

‘graft-like’ structures composed of carbon-carbon backbones
(hydrophobic) and multiple oligo(ethylene glycol) side-chains

Poly(oligo ethylene glycol methacrylate) (POEGMA), the material ~ (branches)' which are hydrophilic. Such materials are usually
of interest here, belongs to a class of polymers demonstrating addressed as brush- or comb-like polymers*® being the non-

linear poly(ethylene glycol) (PEG) analogues.> For short side
chains, which occur for less than ~10 ethylene glycol units,
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as upon thermally induced dehydration they undergo a nano-
phase transition.>® This transition is due to the distinct chemical

t Electronic supplementary information (ESI) available. See DOI: 10.1039/ nature between the backbone and the branches so that, in the
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presence of solvents, selective chain associations are favored
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(nano-domain formation).'®™"* The nano-phase transition occurs,
however, without POEGMA exhibiting formation of inter- and/or
intra-chain hydrogen bonds between the side chains (branches,
ethylene glycol-like). Nevertheless, for longer side chains,
POEGMA homopolymers lose their thermoresponsive character
due to the domination of side chain associations and the for-
mation of crystalline domains above a critical length of PEG side
chains. The specific features of PEG side chain crystallization in
the morphology of brush copolymers has gained significant
attention during the last few years,*'* indicating the contin-
ued interest in the morphological behavior of this rather
unique polymer.

Brush copolymers consisting of an amorphous main chain
and crystallizable side chains can phase separate into a variety
of morphologies resulting in copolymers with interesting
properties.>®'*™'7 The crystallization behavior of such brush
polymers has been investigated in the past decades by various
groups, and according to the generally most accepted model
the main chain and a fraction of side chains in the vicinity of
the main chain constitute the amorphous phase whereas the
side chains are incorporated into crystalline lamella separated
by amorphous domains.>'® It is widely accepted that factors
such as the backbone rigidity, the nature of the linking groups,
and the length of the side chains affect significantly the side
chain crystallization.>'® In the case of PEG side chains, the
reported results have indicated that the crystallization temperature,
T., decreases as compared to linear long PEG [poly(ethylene oxide),
PEO| macromolecular chains and the degree of supercooling
depends strongly on the length of the side chains, with T, ranging
from slightly below 0 °C to about 65 °C.*'*® Furthermore, it has
been shown that crystallization in the brush copolymers was
hindered by frustration in packing of the crystallizable PEG chains
which can be realized either in the interdigitating or the end-to-end
form.>"

PEO has been widely employed as a crystallizable block
copolymer component, in various polymer architectures like,
for example, block-copolymers and star-like structures, leading
to a great diversity of literature reports on its crystallization
temperature as a function of morphology,® usually far below the
PEO equilibrium melting temperature, Tp,,, of 76 °C."® The dynamic
crystallization of homogeneously nucleated PEO nanodroplets
has been reported in the range between —30 and —45 °C (peak
crystallization temperatures during cooling from the melt),
ie. quite close to the glass transition temperature, Ty, for small
PEO microdomains.” Interestingly, when confining bulk PEO in
self-ordered nanoporous anodic aluminum oxide (AAO) with a
pore diameter of 25 nm, the homogeneous nucleation crystal-
lization temperature has been observed to be as low as —38.8 °C.*!
Strong PEO supercooling effects have usually been interpreted as
manifestations of the homogeneous nucleation process for PEO
chains. For PEO homopolymers, similarly to other macromole-
cules, the heterogeneous nucleation process has been suggested
as the main crystallization mechanism.>”> However, it has been
demonstrated that ‘melt memory effects’ lead to a special case of
homogeneous nucleation for PEO homopolymers as well as other
macromolecules.” The melt memory is a common phenomenon
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in polymer crystallization where recrystallization of a semicrystal-
line polymer depends strongly on the existence of the so-called
“melt structure” of its previous molten state.*”>*> Depending on the
temperature of the melt and/or the annealing time in the molten
state, the molten state may retain a “melt structure” with preserved
orientation of the chains. This orientation originates initially from
the chain conformations in the crystalline structures or is
produced by sticky chain associations of the chains in the melt,
due to inter-chain segmental contacts, for example via for-
mation of inter/intramolecular hydrogen bonds or other types
of weak forces.”****” During re-crystallization of the macro-
molecular chains, an increase in 7. (and the crystallization rate)
is observed, caused by a self-nucleation process, and the effect
is known as the melt memory effect. The strength and specific
features of the melt memory effect may offer an additional tool
for assessing the degree of complexity in the macromolecular
structure and dynamics of various chain architectures due to
the existing chain associations and structural constraints.

In the present work we investigate, for the first time, the
crystallization behavior, thermal transitions and molecular
dynamics of POEGMA homopolymers with PEG side chains of
two different and rather short lengths. Such materials aim at
drug delivery applications, therefore the deeper scope here is
the extraction of information on the ability to tune the crystal-
linity parameters as well as the diffusion of small molecules
(ions, water, drug solutions) via these materials. In order to
study the chain architecture effects, i.e. that the crystallizable
chain is anchored to the polymer backbone, the corresponding
free oligomeric chains (OEGMA) will be studied in parallel.
The results of this study will be discussed also in the light of
recent findings in similar oligomers.”®*° Among the most
effective tools for studying molecular dynamics in polymers
are the dielectric spectroscopy techniques®*™* and, thus, this
technique is employed here. To the best of our knowledge
experimental results concerning the molecular dynamics,
crystallization behavior and thermal transitions (glass transi-
tion), demonstrating the changes from OEGMAs to comb-like
POEGMAs with very short PEG chains, have not been reported
yet. More specifically, we investigate the crystallization, glass
transition and molecular dynamics of linear OEGMA with short
(degree of polymerization, d,, = 8-9) or longer (d, = 19) chains in
parallel with comb-like POEGMAs consisting of short or long
OEGMA branches (i.e. totally four compositions). For this
work, we employ differential scanning calorimetry (DSC), of
the conventional as well as the temperature-modulation mode
(TMDSC), and broadband dielectric relaxation spectroscopy
(BDS), supplemented by another special dielectric technique
in the temperature domain, thermally stimulated depolariza-
tion currents (TSDC). Emphasis is given also on memory effects
recorded on the crystallization behaviour of both the oligomers
and the brush copolymers, where inter-chain interactions and
structural constraints are expected to play a dominant role. The
systems are studied upon equilibration unde room conditions
(temperature and humidity), upon subjection to different melting/
crystallization conditions and, especially for molecular dynamics,
upon mild drying.

Soft Matter, 2021,17,1284-1298 | 1285
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2. Materials and methods

2.1. Materials and synthesis

Four samples are studied here, shown schematically in Scheme 1,
namely two commercial linear OEGMAs (Sigma-Aldrich) with
short (475 g mol ™', d,, = 8-9, ~4 nm, OEGMA-short)** and long
(950 g mol ™', d, = 19 ~8 nm, OEGMA-long) chains and two comb-
like polymers, POEGMA-short and POEGMA-long, consisting of
10 branches on average, that are the linear OEGMA-short and
OEGMA-long, respectively. The POEGMAs were synthesized using
the abovementioned short and long oligomers via the reversible
addition-fragmentation chain transfer (RAFT) polymerization
process (Scheme 2). It should be noted that PMMA/PEG polymer
blends are reported to be miscible above the T, for PEG,"
therefore, the main and side chains in these graft copolymers
are expected to be molecularly homogeneous when PEG is melted.

The OEGMAs were purified by mixing with inhibitor remover
resins (Aldrich #311332), via stirring for 5 min, and subsequently
the inhibitor remover resins were removed by filtration.

In order to prepare POEGMA polymers with short®® and long
side chains, reversible addition fragmentation chain transfer
polymerization (RAFT polymerization) was employed, using
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPAD) as
the chain transfer agent (CTA), 2,2-azobis(isobutyronitrile) (AIBN)
as the radical source, to a CTA to initiator ratio ([CTA],/[I],) of 5:1
and 1,4-dioxane as the polymerization solvent. Before the poly-
merization reaction, the OEGMA monomers (M, = 475 g mol "
and M, = 950 g mol ') were purified using a filled column
including inhibitor removers (butylated hydroxytoluene and
hydroquinone monomethyl ether, obtained from Sigma-Aldrich).
AIBN was purified by recrystallization from methanol, CTA was
used as received (Sigma-Aldrich) and 1,4-dioxane (99.8%) was
dried over molecular sieves. The reaction was carried out for
24 h, under an inert atmosphere, at 70 °C (Scheme 2). After the
polymerization, the reaction was quenched by cooling the solution
at low temperature (—20 °C) and upon exposure to air. The
resulting polymers were purified by precipitation in n-hexane
excess twice. In the case of POEGMA-long, further purification
was required, hence it was dialyzed against distilled water using a
dialysis tubing cellulose membrane of 3500 Da MWCO to remove
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unreacted oligomer. The polymers were dried in a vacuum oven for
48 h at room temperature and then size exclusion chromatography
(SEC) was implemented to determine the average molecular
weights and molecular weight distributions.

All samples were studied mainly as received (ambient condi-
tions), whereas in selected cases they were studied upon further
drying. The latter was achieved by letting the sample to equili-
brate at a low relative humidity of ~2 rh%, over phosphorus
pentoxide (P,Os) in a sealed glass desiccator.

The main structural characteristics of the samples under
investigation are listed in Table 1.

2.2. Characterization methods

2.2.1. Differential scanning calorimetry (DSC, TMDSC).
The glass transition, crystallization and melting transition of the
materials were investigated in a high purity helium (99.9995%)
atmosphere in the temperature range from —150 to 70 °C by
means of a TA Q200 series DSC instrument (TA Instruments,
USA), calibrated with sapphires (for heat capacity) and indium
(for temperature and enthalpy). The samples of the liquid-like
form of ~8 mg in mass were closed in TZero aluminium pans
and sealed with TZero Hermetic lids.

Totally three (3) thermal protocols for conventional DSC were
applied and are described in the following: (scan 1, partial melting
for some samples) Cooling from 40 °C to —140 °C at 10 K min~" and
heating to 70 °C at 10 K min~ ", (scan 2, well melting) cooling from
70 °C to —140 °C at 10 K min~" and heating to 70 °C at 10 K min~",
(scan 3, isothermal annealing above melting) melting of the samples
for 10 min at different temperatures (e.g. 0-40 K) above their
melting temperature, cooling to —150 °C at 10 K min "
subsequent heating at 10 K min~". The measurements indicated
as scan 3 aimed at the study of melt memory effects in the polymers
of this work. Finally, all samples were investigated by DSC of the
Temperature-Modulation mode®” (TMDSC) with a heating rate of
2 K min', a temperature amplitude of 1 K, and a modulation
period of 60 s, in the temperature range from —140 to 40 °C, on
fresh samples of ~12 mg in mass placed into Tzero aluminium
TA pans.

and

CH

=/ Mo
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Scheme 1 Structure of the systems under investigation, namely (a) the linear oligomers OEGMA-short and OEGMA-long and (b) the corresponding

comb-like polymers POEGMA-short and POEGMA-long.
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Scheme 2 Synthesis route for poly(oligo ethylene glycol methacrylate) via RAFT polymerization (POEGMA short x = 9, POEGMA long x = 19).

Table 1 Values of interest from the DSC measurements regarding scan 1, scan 2 and TMDSC: glass transition temperature, T,, heat capacity change
during glass transition, Ac,, crystallization temperature and enthalpy, T and AH., respectively, crystalline fraction estimated from AH. and comparison
with the heat of fusion of poly(ethylene glycol) (197 J g~3)*® and melting temperature and enthalpy, T, and AH,,, respectively. Included are values for the

average molecular weight, M,,, and the length of OEGMA (or side-chain/branch in POEGMA), Lchain

35

Scan 1 Scan 2 TMDSC

M,, Lenain - Ty Ac, Ty Ac, T. AH, CFpgg T AH,, Ty Ac,

—1 o —1 -1 —1 —1 o —1 o, —1 ) —1 —1

Sample (gmol™) (mm) (°¢) (g 'X) (K) (g K) (¢ (g) M) (Q 0gg) (€ 0g K7
OEGMA-short 475 3.9 —91 0.16 —91 0.17 —24 58 0.30 —-31/-7 52 —90 0.22
OEGMA-long 950 ~8 -71  0.13 —-70 0.13 19 104 0.53 34 107 —-73 0.16
POEGMA-long 9500 ~8 —61 0.24 - — —4 93 0.47 36 106 —-63 0.19
POEGMA-short 5000 3.9 —70 0.89 —70 0.89 —_ 0 0 — 0 —69 0.85

2.2.2. Broadband dielectric spectroscopy (BDS). BDS*° mea-
surements were carried out in a nitrogen atmosphere on liquid
and liquid-like samples by placing them between finely polished
brass plates of a capacitor (electrodes, 20 mm in diameter)
employing thin silica spacers (~50 pm in thickness), to keep
the distance between the brass electrodes constant and ensure
good electrical contacts. The capacitor was inserted between the
parallel electrodes of a Novocontrol BDS1200 sample cell and an
alternate voltage was applied to the capacitor in the sample
cell. The complex dielectric permittivity ¢* = ¢’ — i¢”
recorded isothermally as a function of frequency in the broad
range from 10" to 10° Hz via a Novocontrol Alpha frequency
response analyzer, at temperatures from —150 to 70 °C on heating,

was

This journal is © The Royal Society of Chemistry 2021

at steps of 2.5, 5 and 10 K, depending on the process under
investigation. Two temperature scans were performed. The tem-
perature was controlled to better than 0.5 K with a Novocontrol
Quatro cryosystem. Prior to the 1st BDS temperature scan the
sample was cooled from room temperature (~15-20 °C, i.e. partial
melting) to —150 °C at 2 K min~*, whereas prior to the 2nd BDS
scan the sample suffered an isothermal annealing at 70 °C (well
above melting) for ~20 min and cooled to —150 °C at 2 K min™ .
Simultaneously with these cooling scans (ramps) ¢* was recorded
for the selected high frequency of 100 kHz.

BDS results were analyzed by fitting model functions
the experimental data in order to evaluate the time scale
(temperature dependence of the frequency maxima of dielectric

30,38 o
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loss), the dielectric strength and the shape parameters of the
recorded relaxations.*® To that aim, we employed the Havriliak-
Negami (HN) equation®®

E(f) = o A

T @y

wherein, A¢ is the dielectric strength, f, is a characteristic
frequency related to the frequency of the maximum dielectric
loss (¢"), &, describes the value of the real part of dielectric
permittivity, &', for f » f;, and fux and oy are the shape
parameters of the relaxation.>* A sum of HN terms of type (1),
one for each of the relaxations, was critically fitted to the experi-
mental data at each temperature and the fitting parameters were
determined. The temperature dependence of segmental dynamics
(o relaxation) is typically described by the Vogel-Fulcher-Tammann-
Hesse (VFTH)* equation, eqn (2),

7 =prew( 70 ) ®

where T, is the Vogel temperature, D is the fragility strength
parameter and f; is a frequency constant. In the case of local (non
cooperative) dynamics, the corresponding temperature dependence
obeys the Arrhenius equation,* eqn (3).

1)

S(T) = foam exp (—i}d) @)

In eqn (3), E. is the activation energy of the relaxation process and
foanh is a frequency constant.

2.2.3. Thermally stimulated depolarization current (TSDC).
TSDC is a special dielectric technique in the temperature domain®°
characterized by high sensitivity and high resolving power, the
latter arising from its low equivalent frequency (10~ *-10> Hz).
TSDC measurements were carried out in a TSDC Novocontrol setup
(Novocontrol GmbH, Germany) on similar sandwich-like capacitors
(~50 pm thickness and 20 mm in diameter) to those described
above for the BDS measurements. The sample-capacitor was
inserted between the electrodes (polished brass plates), placed in
a Novocontrol TSDC sample cell and polarized by an electro-
static field E, (~200 V pm™") at polarization temperature T}, for
time ¢, = 300 s. With the field still applied, the sample was
cooled down to —150 °C (cooling rate 10 K min ', under
nitrogen flow), sufficiently low to prevent depolarization by
thermal energy, then short-circuited and reheated up to 30 °C
at a constant heating rate, » = 3 K min~'. Temperature was
controlled to better than 0.5 K by means of a Novocontrol Quatro
liquid nitrogen cryosystem. The discharge currents generated
during heating were measured as a function of temperature with
a programmable Keithley 6517B electrometer of high sensitivity.

3. Results and discussion

3.1. Crystallization and glass transition - calorimetry

Fig. 1 shows the DSC thermograms of scan 2, ie. cooling from
70 °C to —140 °C at 10 K min~ ' and heating to 70 °C at 10 K min ™',
during heating and cooling for OEGMA-short and OEGMA-long.

Both samples exhibit crystallization (exothermic peaks) during

1288 | Soft Matter, 2021, 17, 1284-1298
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Fig. 1 Comparative DSC thermograms during cooling at 10 K min~* and

subsequent heating at 10 K min~? of scan 2 (well melted samples) for OEGMA-
short and OEGMA-long chains. The inset focuses on the glass transition during
heating. The main thermal events are marked in the plots, whereas the heat
flow (in mW) has been normalized to the sample mass (W g~3).

cooling and glass transition (step) and melting (endothermic
peaks) during heating. The respective characteristic values by
DSC can be found in Table 1.

OEGMA-short crystallizes at T. = —24 °C, exhibits a glass
transition at a remarkable very low temperature, T, ~ —91 °C,
and complex melting peaks between —60 and —2 °C, with the
maxima being located at Ti,,; = —31 °C and T,,, = —7 °C. The
enthalpy of crystallization, AH,, is equal to 58 J g~ '. To make an
estimation of the crystalline fraction, CF, we compare AH, with the
enthalpy of fusion of a known polymer with the more similar
structure to that of OEGMA, namely PEG, with AHppg =197 ] g~ .
We may report that in the literature different AHpgg values have
been used, for example 188 J g~ ' ® (and references therein), being
however in a similar range to the value employed here. Thus, the
crystalline fraction of OEGMA-short is estimated based on PEG to
equal CFprg = 0.30 wt (Table 1). In the inset to Fig. 1, the glass
transition step of OEGMA-short is quite sharp and demonstrates
an overshoot at the high-temperature side. Such overshoots are
generally observed for flexible chains (polymers) and have been
correlated with structural relaxation.*' These characteristics along
the low Ty, in general, denote the expected enhanced mobility for
OEGMA-short chains in the glassy state.*>

On the other hand, the OEGMA-long chain (Fig. 1) crystallizes
at the significantly elevated temperature 7T, = 19 °C, i.e. more than
40 K higher than that of OEGMA-short. It should be marked
that the latter T, value is highly suppressed as compared to
that of linear PEO chains.® OEGMA-long demonstrates a larger
degree of crystallinity, equal to CFprg = 0.53 wt (Table 1). Then, T,
of OEGMA-long is —70 °C, i.e. by 21 K higher than that of OEGMA-
short, accompanied by a quite more broad range of relaxation
times, as reflected in the wide glass transition step. At higher
temperatures, ~34 °C (Fig. 1), the melting of crystals is recorded
for OEGMA-long, which is ~40 K higher than OEGMA-short.

The first clear effect recorded by DSC is that of the additive
contribution of linear chain length on the degree (CFpgg
increases) as well as the nucleation (T elevates) of crystallinity.

This journal is © The Royal Society of Chemistry 2021
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The increased T, in OEGMA-long should be the combined
result of the longer chain length*® (according to the Fox-Flory
prediction of MW dependence of T,) and that of the increased
crystallinity,** with the second factor expected to impose the
most serious constraints on the amorphous chain diffusion.
The focus in now turned on the thermal transitions of the
comb-like polymers via Fig. 2. Therein, the cooling/heating DSC
scans for the two POEGMAs are comparatively shown with
those for OEGMAs. In Fig. 2a, POEGMA-long exhibits a single
crystallization peak at —4 °C, i.e. 23 K lower than its homologue
oligomer OEGMA-long, and melting at ~ 36 °C. Surprisingly, we
cannot distinguish a clear glass transition step in Fig. 2b for
PEOGMA-long during scan 2 despite the fact that CFpgg equals
0.47 wt, being smaller than that of the corresponding oligomer.
Interestingly, when looking back at the results for scan 1 for the
same sample (dashed-dotted line in Fig. 2b), a clear glass
transition step is revealed at —61 °C (Table 1). We recall that the
only difference between the measurements of scan 1 and scan 2
is that of the different initial temperature prior to the cooling,
namely, 40 °C and 70 °C for scan 1 and scan 2, respectively. A full
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temperature range comparison between scans 1 and 2 (as well as
upon fast cooling) can be found in Fig. S1 in the ESL} Therein, the
difference in the initial temperature, from 40 to 70 °C, had
resulted also in a significant change in T,, namely from 21 to
—4 °C, respectively. We will come back to this interesting point in
the next section (melt memory effect).

Coming to POEGMA-short in Fig. 2, the sample demon-
strates a completely amorphous character, as neither crystalli-
zation nor melting peaks are recorded. Instead, a strong glass
transition step at 7, = —70 °C with a large change in heat
capacity Ac, = 0.89 J g~ is recorded as the unique thermal
transition of POEGMA-short. The values are identical for scans
1-3 (not shown) denoting independency of the glass transition
from the initial temperature and the cooling rate, in contrast to
POEGMA-long. The values for the T, and Ac,, have been checked
also by the more advanced technique of TMDSC (Fig. 2¢) and
were found to be similar to those by the conventional DSC
(Table 1). Interestingly, the recorded value of Ac, for the fully
amorphous POEGMA-short is in perfect agreement with the Ac,
value calculated for the amorphous PEG chains of the brush

7 scan 2
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polymer taking into account the value that has been suggested for
fully amorphous PEO (0.97 ] g * K~ *)** and the weight fraction of
PEG side chains in the POEGMA-short macromolecule (~ 0.82 wt).

Combining all results on crystallization together up to this
point, we conclude to Fig. 3. In Fig. 3a, it becomes clear that by
doubling the length of linear OEGMAs from ~4 to ~ 8 nm both
the T. and CFpgg increase, indicating that the number of crystal
nuclei increases and, most probably, the thickness of the
crystalline lamella, as is also suggested by the simultaneous
increase of Ty, (Fig. 3b). Nucleation seems to be hindered when
going from linear OEGMA-long to comb-like POEGMA-long, as
T. decreases along with CFpgg. At the same time 7T}, seems to be
almost unchanged in Fig. 3b. The effect can be rationalized
considering the different morphologies of the two samples
(inset schemes in Fig. 3a) and, consequently, the different
constraints imposed on the spatial distribution of the polymer
chains and their packing manners, along with the impact of
these morphologies on the expected inter-chain interactions
(polar interactions) between the OEGMA chains.> Coming to
POEGMA-short, again on the basis of the schematic scenario of
Fig. 3a, we propose that the short-branched comb entities of
POEGMA-short preclude the formation of similar lamellar
packing, in contrast to the rest of the cases, including that of
OEGMA-short. In addition, in the case of POEGMA-short we
could conclude that either no nucleation takes place, due to
quite a small number of initial contact points, or that the
crystallizable chains fail to be integrated into growing crystals
due to significant geometrical constraints."*

3.2. Melt memory effects in crystallization behavior

Previously we commented on the different T. between the
semicrystalline samples and the effect of the cooling rate for
a given sample; more interestingly, on the effect of different
initial temperatures, Tipitial, above Ty, (40 °C for scan 1 and
70 °C for scan 2) on the T. for POEGMA-long. Looking back to
the data for all semicrystalline samples and comparing between
scans 1 and 2, we observed similar behaviors.
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To follow further this phenomenon, we performed for all
semicrystalline samples further DSC measurements (scans 3),
namely by increasing gradually Tihiia by 5 K (always in the
molten state), performing 10 min isothermal annealing there,
and cooling to —150 °C at 10 K min~'. For POEGMA-long, we
additionally performed a 30 min isothermal annealing at 17 °C,
i.e. below its melting point and almost at the onset of its
crystallization (melt- or hot-crystallization annealing). The
results by these measurements are shown in Fig. 4-6.

Fig. 4 shows the results by scans 3 for the two linear
oligomers. In both cases the elevation of Tj,jia results in the
significant lowering of T. by up to 11 K for OEGMA-short and
12 K for OEGMA-long (vertical double arrows in Fig. 5). At the
same time CFpgg remains unchanged and T, decreases by a few
K. This effect can be understood by invoking the concept of
annealing in a non-isotropic melt and subsequent recrystalliza-
tion of the semi-crystalline polymers via the self-nucleation
mechanism (melt memory effect). Annealing at Tinitial (Tinitial
being close to, however, above the melting peak in DSC scans) the
thermal history of the sample is not completely erased and the
recrystallization during cooling is accelerated via a self-nucleation
process. The lower the value of Tinita, the higher the T. upon
cooling from the annealing stage, indicating a stronger nucleation
effect.?>** Thus, the observed suppressions in T, with an increase
in the annealing temperature denote the retarded self-nucleation
process that, in our case, may be correlated with the inter-chain
interactions and chain-chain associations.”*® With increasing
Tinitial @above Ty, the linear OEGMA chains seem to be gradually
dissociated from each other (inset schemes in Fig. 4 and 6),
revealing, thus, a structured molten state. The crystallization
behavior of the oligomers is more clearly shown in Fig. 5, where
the heating DSC scans of the oligomers (scan 2) are plotted
together with the T. values recorded during cooling after anneal-
ing for 10 min at various temperatures (Tinisal, in scan 3). The data
of Tinita in Fig. 5 are in the so-called self-nucleation domain,
i.e. Tinirial IS at temperatures where the endothermic melting peak
completely disappears in the DSC heating scan.”>*” We observe
that for OEGMA-long the thermal history is erased by annealing at
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Fig. 3 Column diagrams comparing (a) T. with CF and (b) T,, with AH,, for all samples. The insets to (a) are simplified models employed here to
rationalize the observed changes in crystallization (arrows) arising from the length of the OEGMA branch and the change from linear oligomers to the

comb-like polymers.
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Fig. 5 (Left axis, lines) Heating DSC scans of the two linear OEGMAs and

POEGMA-long recorded during the scan 2 protocol and (right axis, points) the
corresponding crystallization temperatures, T, as a function of Tia Super-
imposed on the melting endotherm of each sample (data obtained by scan 3).
Included are also the T, recorded during cooling in scan 2 (vertical short-
dashed line), i.e. starting cooling at 70 °C after annealing there for 1 min.

temperatures of about 20 K above the end of the melting event,
whereas, interestingly, for OEGMA-short the corresponding critical
temperature elevation seems to be higher than 20 K in Fig. 5.
The strength of the melt-memory effect can be indicated by the
maximum recorded value of AT = T, — Tcisomelr, Where T¢ is the
value recorded in scan 3 measurements and T¢ jsomel: the saturated
value of T, when the sample is cooled from its isotropic melt, i.e.
with no “memory structure”.”*” The data in Fig. 5 suggest that
melt-memory effects are of comparable strength in the oligomers.

Since T, does not change significantly and, furthermore,
glass transition is also unchanged (neither in the position nor
in strength, insets to Fig. 4), we expect similar semicrystalline
morphology, namely in the size, number, and distribution of
crystals,*®™*® for different Tiniga-

The situation in the semicrystalline comb-like polymer
POEGMA-long (Fig. 6) is even more interesting. The increase

This journal is © The Royal Society of Chemistry 2021

of Tinitia1 UP to 45 °C leads to similar effects to that in the linear
oligomers. For a further increase in Tipjtia to 50 and 55 °C, T,
drops rapidly to 3 and —4 °C, respectively. The phenomenon
does not proceed with a further increase in Tinita to be 60 and
70 °C, suggesting that 55 °C is the lower temperature for
complete chain-chain dissociation (Fig. 5). In other words,
for the comb-like POEGMA-long 55 °C is the lower temperature
for fully erasing the sample’s structure memory in the melt.
Furthermore, although the critical temperature for erasing
thermal history in POEGMA-long is only 15 K above the melting
event, ie. lower than in OEGMA-long (please see Fig. 5), the
strength of the melt-memory effect as indicated by the maximum
of AT = T, — T isomelt is double than in the linear homopolymer
(about 24 K, a vertical double arrow in Fig. 5). These features
imply that due to complex topological constraints existing in the
brush polymers, different mechanisms may drive the memory
effect between the linear and comb-like polymer architectures.
Simultaneously, for Tinia = 55 °C, T, decreases slightly, the
melting profile exhibits a qualitative change and CFpg remains
almost unchanged. Nevertheless, the glass transition vanishes
in Fig. 6b, indicating in this case that the semicrystalline mor-
phology is severely altered, leading to more serious constraints
on the mobility of the amorphous polymer fraction. A final point
with respect to the data of Fig. 5 refers to the width of the region
wherein the T, changes with Tjitia. Based on the self-nucleation
theory,*® the said region is called the ‘self-nucleation domain
(DII).** The self nucleation domain is wider for OEGMA-short,
whereas more short in the case of longer OEGMA and POEGMA.

More work is needed, for example, by wide angle X-ray
scattering (WAXS) to identify the proposed alternations in the
crystal structure as well as by small angle X-ray scattering (SAXS)
for the presence of large nanoscopic domains due to the amphi-
philic character of the OEGMAs. Regarding the suggested alter-
nation in the semicrystalline morphology between the different
samples or between the different thermal protocols for the same
sample, polarized light microscopy (PLM) measurements,>
again at low temperatures, could shed more light.

Soft Matter, 2021, 17,1284-1298 | 1291
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(a) DSC cooling/heating thermograms for POEGMA-long demonstrating the strong memory effects on crystallization, by 10 min isothermal
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The inset schemes are used for rationalizing the results via the degree of inter-chain associations/dissociations. (b) Focus on the interesting behaviour of
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3.3. Molecular dynamics - dielectric spectroscopy

Raw BDS results. The results by BDS for each sample are
presented in Fig. S2 in the ESLt in the form of isothermal
curves of the imaginary part of dielectric permittivity, &”,
against frequency, f, for all temperatures of recording. Addi-
tional raw data by BDS can also be found in Section S2 in the
ESI.f Totally five relaxation processes related to molecular
mobility are recorded in the light of BDS.

To more easily follow the temperature evolution of the &’
isotherms, data from Fig. S2 (ESIt) for selected temperatures
both below and above T, are reproduced in Fig. 7 and shown
comparatively for all samples. Along with these data we added
results by the employed fitting of ¢’ (f) peaks in terms of HN models
(HN, eqn (1), Section 2.2.3) for POEGMA-long and OEGMA-long.

At temperatures lower than the T, we record for all samples
the secondary y and weak f relaxation (Fig. 7a and b), whereas
at temperatures above T, we record the segmental o (Fig. 7c
and d) relaxation which is the dielectric analogue of the
calorimetric glass transition.’ In the case of linear OEGMAs,
an additional quite strong process is recorded closely to «,
however at lower frequencies. This is the case of the slightly
slower process o’ in Fig. 7c and d. For a further increase of the
temperature, the frequency response signal is dominated,
especially at the low-f side, by strong phenomena related to
ionic conductivity (electrical carrier motion, ¢ peak) and,
possibly, interfacial polarization effects.*®

The various effects in molecular dynamics will be discussed in
the next section on the basis of comparative dielectric maps
(Arrhenius plots) determined via the employed fitting. The para-
meters of fitting as well as additional evaluation, namely the
activation energy, E,., of local relaxations, the fragility (or else
cooperativity) index, m,>' and the dielectrically estimated glass
transition temperature, Ty qiel (€xtrapolated time scale of « at the
relaxation time t = 100 s)*° are listed in Table 2 for all samples.

Overall dielectric-calorimetric dynamics map. We now come
to the overall dielectric map of Fig. 8a, wherein we present the

1292 | Soft Matter, 2021, 17, 12841298

reciprocal temperature dependence of the relaxation time
7 corresponding to the ¢’ maxima (peaks). For the sake of
clarity, we separated the results to those for the linear oligo-
mers (Fig. 8a - top) and for the comb-like polymers (Fig. 8a -
bottom). Included in the dielectric map are points by DSC
(for T,) and by the special dielectric technique in the tempera-
ture domain, TSDC, at the corresponding equivalent relaxation
times TSDC. In Fig. 8b we show the respective results for the
reciprocal temperature dependence of dielectric strength, Ae.

Local y relaxation. The y process exhibits all the character-
istics of a local polymer relaxation process, namely an Arrhenius-
like time scale (linear) with constant E, (0.3-0.4 eV, Table 2), a
symmetric shape (i = 1, Table 2) and an increasing Ag(T) trend
(Fig. 8b). Putting the time-scale data together in a common
diagram we created Fig. S6 (ESIT). Therein, y for the POEGMAs,
YPOEGMA, 1S almost identical, whereas it is accelerated in the two
OEGMAS, Yorgma- Compared with the structurally similar poly-
mer, PEG, in Fig. S6 (ESI{) the corresponding process, ypgg,”>">
fits quite well with yporgma here. ypeg has been attributed to the
‘crankshaft motions’ of methylene sequences.>*® In the case of
POEGMA-long, yporcma demonstrates a change in its E,c (from
0.38 to 0.55 eV, Table 2) at higher temperatures. In a very recent
work, 1*® studied by BDS
poly(oligo(ethylene glycol) methyl ether methacrylate) (POEG-
MEA) networks including samples with similar numbers of
oxyethylene groups (8-19). They recorded a y process with a similar
time scale to that of yporgma here, slightly lower E,.. ~ 0.26 eV
(24.9 k] mol ") and attributed its origins to the dipole moments of
the ending methoxyl groups.>”°

Local p relaxation. The weak f process is described again

Czaderna-Lekka et a several

by an Arrhenius-like (Fig. 8a) symmetric relaxation (Table 2) of
a higher E,. ~ 0.7 eV (Table 2) and slower time-scale as
compared to y. This suggests that f is related to either larger
molecular entities and/or of more difficult (constraint) mobility
than y. Similarly to y, in Fig. 8a (please see also Fig. S6, ESIt) the
points of f for the POEGMAs are more close to each other,

This journal is © The Royal Society of Chemistry 2021
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of fitted Havriliak-Negami (HN) terms for POEGMA-long and OEGMA-long; full term analysis being shown in (e) and (f).

moreover, being separated (slower) from those of the OEGMAs
(faster f therein). Comparing again with PEG we find slower
p points for POEGMAs to coincide well with those for a
relaxation of PEG assigned to hydrated local sites of the polymer
chain (Bpra6)°>”* (and references therein). In Fig. S6 in the ESL}
we demonstrate the vanishing of f of POEGMA-long (under
ambient conditions) upon drying (at ~2 rh% over P,Os), while,
in our recent study’® on the same POEGMA-short however

This journal is © The Royal Society of Chemistry 2021

purposely dried therein, § was also absent. Therefore, we con-
clude that f§ relaxation here arises from the hydrophilic part of
our amphiphilic OEGMA chains, and is triggered by the presence
of water molecules. The E,. of § in PEG has been found to
change at temperatures above T, and due to that it has been
addressed also as a relaxation of the Johari-Goldstein (JG)*°
type.>>>® Such a change in the time scale is recorded here for
f in OEGMA-short (Fig. 8a, E,.; changes from 0.65 to ~1.00 eV,

Soft Matter, 2021,17,1284-1298 | 1293
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Table 2 Values of interest from the analysis of the BDS measurements:
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shape parameters of the Havriliak—Negami (HN) equation, ayy and fun.

activation energy, E. (in eV and kJ mol™, Arrhenius equation), fragility index for o relaxation, m,, and dielectric glass transition temperature, Tgdiet (details

in the main text)

7 Relaxation f Relaxation

o Relaxation o’ Relaxation
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POEGMA-long 04 1 0.38 - 0.55 37 — 53 04 1 0.67 65 0.7 1 86 —53 — —
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Fig. 8

(a) Dielectric-calorimetric map (Arrhenius plots) and (b) dielectric strength, Ae, namely the reciprocal temperature dependence of the relaxation

times (z) and Ag, of the various relaxations recorded for (top) the two linear oligomers and (bottom) the two comb-like polymers. The lines connecting the
experimental points are fittings of the Arrhenius (straight lines) and the Vogel-Fulcher—Tammann—-Hesse (curved lines). Included in (a) are data for the
calorimetric Tgs (DSC, TMDSC) and results by TSDC at the corresponding equivalent relaxation times.

Table 2). In the recent work, Czaderna-Lekka et al.>® reported a
process of similar time-scale and strength to f here, exhibiting
an increase in E,. with the increase in the oligoether chain
length. Also, therein,”® in the case of longer chains, § was found
to be strongly affected by cold crystallization. We could not check
such effects in our case as the E, of  is almost identical for all
samples (0.65-0.67 eV, Table 2) and cold crystallization is not
recorded here, moreover, it cannot be recorded at temperatures
below T.

Regarding local dynamics in general, it is clear that both
types of processes are recorded faster in the linear oligomers.
Considering the probable molecular origins for these dynamics

1294 | Soft Matter, 2021, 17,1284-1298

as described above we can rationalize this effect via the concept
of less inter-molecular interactions in the OEGMAs and, on the
other hand, of more geometrical constraints in the mobility of
side chains in the comb-like POEGMAs. Consequently, we
expect the y and f processes to be activated, on the one hand,
from the same molecular groups,35 however, in the comb-like
entities of POEGMA under more ‘constraints’.

Segmental a relaxation. o relaxation arises from dipole
moment components perpendicular to the chain backbone
(Scheme 3, bottom right).>° In Fig. 8a, the time scale of « obeys
the VFTH law®" (eqn (2), curved lines). When extrapolating the
VFTH curves toward higher relaxation times in the dielectric

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Simplified model schemes for rationalizing the overall effects
on crystallization (top) and describe the proposed origins of the segmental
and local dynamics in the linear OEGMAs and comb-like POEGMAs
(bottom).

map, the points of o meet quite well with those by DSC and
TSDC. This proves that « is the dielectric analogue of glass
transition. Regarding the shape of «, by taking a glance of Table 2
in the case of long chain-based systems the relaxation is sym-
metric with (agn ~ 0.7, fun = 1) while for the short chain-based
one the relaxation is asymmetric (o ~ 0.4-05, Sy = 0.4-0.6). In
POEGMA-short and OEGMA-short this can understood from the
lower CFpgg (0 and 0.30 wt, respectively Table 1) suggesting that
molecular mobility is not seriously affected by the crystals for the
linear chains.® In such a simple case, we would expect also that
Ae decreases with T, which is the conventional behavior for an
o process in amorphous polymers.*® Actually, the opposite Ag(T)
behavior can be followed in Fig. 8b, namely the A¢ increasing with
T. This suggests that serious constraints may already exist, even in
the amorphous POEGMA-short; furthermore, the constraints are
gradually loosened with temperature. As seen in Scheme 3, we can
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imagine that such constraints can be in both cases the inter-chain
interactions and, additionally, those imposed by the comb-like
structure of OEGMA ‘grafted’ practically on an almost rigid back-
bone. Due to this grafting in addition to more forced inter-chain
interactions in POEGMA-short we also record the « relaxation
decelerated (slower, Fig. 8a and Fig. S6, ESIT) exhibiting lower
cooperativity (fragility, m, ~ 141, Table 1) as compared to
OEGMA-short (m, ~ 92). When comparing between short and
long oligomers, in OEGMA-long o is symmetric, weaker, however,
exhibits increased cooperativity than that of OEGMA-short. We
recall that CFpgg has become now more significant, 0.53 wt
(Table 1), which is compatible with more retarded dynamics of
the mobile amorphous segments. In the comb-like POEGMA-long,
o is the most slow among the samples, it is again symmetric due
to the high CFpgg (0.47 wt) and demonstrates a moderate fragility
(m,, = 86). This experimental finding suggests that in POEGMA-
long the segments that contribute to the o process exhibit more
hindered dynamics, as compared to the linear oligomer, being
‘grafted’ onto the PMMA backbone of the comb (Scheme 3).

Segmental-like a’ process. In the raw data of the BDS (Fig. 7c
and d) for the two linear OEGMAs an additional process/peak
(indicated as «') is recorded at some orders of frequency lower
than «. This is in agreement with the TSDC results for the same
samples (Fig. 9), moreover, upon employing the more advanced
methodology of selected thermal sampling (ie. selecting
the activation temperature window).®> More specifically, while
the temperature position of o in TSDC (when recorded) for the
different samples follows well that of T,, the additional con-
tribution of o’ in the oligomers was further checked exploiting the
more sophisticated technique of polarization within a selected
temperature window, an example being shown for OEGMA-long in
Fig. 9b. o« was found to arise from a real dipolar motion rather
than being related to ionic conductivity. More results by TSDC,
involving various polarization and thermal protocols, can be
found in Section S3 in the ESL{

The magnitude (A¢) of o, in BDS measurements, lies on a
similar order to that of o. o’ was fitted with the HN equation,

b 10 polarization (activation) window OEGMA-long
p -

Irsoc (A)

100 -80 -60  -40

temperature (°C)

120

140

(@) Comparative TSDC curves for all samples, for selected T, being indicated the main relaxation peaks recorded. (b) More advanced TSDC

possibilities, in particular results for OEGMA-long comparing between the overall and partial temperature range polarization (thermal sampling) and
revealing two discrete contributions (« and «’) to the TSDC related to segmental dynamics.
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giving the shape parameters oy ~0.6-0.8 and Sy =1 (Table 2)
which are indicative of a symmetric and quite narrow peak
(similar to the corresponding TSDC peak in Fig. 9b). The results
for the time scale of this process have been included in our
dielectric maps. «’ obeys the VFTH law, with however signifi-
cantly different fragility as compared to o. The extrapolation of
the VFTH curves to the equivalent DSC relaxation time (100 s)
makes the process to approach the calorimetric 7.

Combining all the above results we suspect that the dipolar
and very narrow process o’ might be the manifestation of the
Normal Mode (NM) relaxation, hardly observed in PEG macro-
molecules due to enhanced crystallinity.®*"* It is supposed that
the particular molecular structure of OEGMAs, i.e. the amphi-
philic nature of chains that have no ‘“‘active” end-groups, may be
the cause of the activation of the NM relaxation process, which
arises from the fluctuation of the polymer chain end-to-end
vector (parallel to the OEGMA chain, Scheme 3, bottom-right).
Upon critical analysis such contribution could not be resolved
for the POEGMAs. On the basis of Scheme 3 again, this can be
understood via the one-side grafted OEGMA chains in the comb-
like entities, which makes the ‘global dipole’ fluctuation quite
more weak (very low A¢).> Moreover, the one-side-grafted chain
is expected to exhibit a faster NM, in particular, of ~4 times
smaller relaxation time as compared to the corresponding free
chain, due to the tethered chain end.®>®® In this case, the NM
here may demonstrate the same time scale as the segmental
o relaxation. Similar processes have been recorded by Kozanecki
et al.*® in poly(2-(2-methoxyethoxy)ethyl methacrylate) and, more
recently, by Czaderna-Lekka et al in POEGMEA networks,*®
however they did not extensively discuss its behavior. For the
time being, we wish to not further comment on the interpreta-
tion of o’.

At the higher temperature/lower frequency side of Fig. 7d
and 8, the strong ¢ process is recorded. ¢ is exceptionally
narrow (o = 0.7) and symmetric (S = 1). ¢ is most probably
related to long range charge transport through the amorphous
regions and subsequent charge accumulation at interfaces in the
semi-crystalline structures.’” With an increase in temperature we
observe in Fig. 8a (bottom) a disturbance in the time scale of g,
which is most probably the effect of melting of the crystals and
restructuring of the morphology (please compare with Fig. 2a).

So far, the results of the present study could be interpreted
by employing a combination of the existing knowledge, similar
effects from the literature and schematic models developed in
the frame of this investigation. From the methodological point
of view, the widely used combination of the techniques here,
DSC and BDS, were once again proved quite useful and effective
in illuminating aspects regarding the molecular dynamics and
possible structure, even at the nanoscopic scale. Obviously
more work is needed to shed more light on specific raised
questions, for example, with respect to the crystallization and
structuring of the linear OEGMAs and comb-like POEGMAs.
Measurements on these systems by wide/small angle X-ray
scattering (WAXS/SAXS) in combination with Fourier transform
infrared (FTIR) spectroscopy are expected to provide further
insight, for example by the monitoring of crystal structuring,
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identification of probably ordered structures in larger domains
and record changes of the inter- and intra-chain interactions.
Also, PLM measurements under various conditions could be
found useful for studying the semicrystalline morphology.

4. Conclusions

In this paper we show results on thermal transitions and
molecular dynamics in new amphiphilic linear oligomers with
short and longer chains, OEGMA (-short ~4 nm, -long ~8 nm),
in direct comparison with their homologue comb-like polymers,
POEGMAs (-short and -long), with ~10 OEGMA-branches. The
investigation involved measurements by calorimetry (DSC) and
dielectric spectroscopy (BDS, TSDC). With the exception of
POEGMA-short, all samples are semicrystalline, with the amount
of crystallinity (0 to 53 wt%) and the nucleation being favored
(elevated T.) for the longer chains. The semicrystalline systems
exhibit also ‘memory’ characteristics related to the nucleation of
crystals, the effect being more pronounced for the comb-like
architecture. These results are rationalized in terms of the role of
expected inter-chain interactions, namely hydrogen bonds, on
the initial polymer ordering (nucleation) and further on crystal
growth. The changes in T, (—91 to —61 °C) seem to follow those
of CF especially when the latter is high (>40 wt%). The direct
chain length effects cannot be resolved here, as the samples
cannot be kept in the amorphous state.

BDS in combination with TSDC enabled the molecular
dynamics mapping of these systems for a wide temperature
range (—150 to 50 °C). All samples demonstrated two sub-T,
local relaxations (y and f), interestingly, resembling those of
the more similar polymer, PEG. Especially f§ is a water-related
process and arises from the hydrophilic part of OEGMA. The
dielectric analogue of glass transition, o relaxation is recorded
here for all samples, with its time scale being in close agreement
between the three techniques. Obviously, « arises from the
chains not merged into the crystals, equivalently, not suffering
serious interactions by neighboring chains. In the comb-like
polymers, the mobile chains (braches) suffer additional con-
straints due to their ‘grafting’ onto the backbone of the comb,
this being reflected on the retardation of « as compared to
the linear OEGMAs, the effect being more pronounced for the
short chains. Finally, the OEGMAs demonstrate an additional
segmental-like relaxation («’) which exhibits the characteristics
of the normal-mode process, namely screening the fluctuation of
the chain end-to-end vector. The latter process is not recorded in
the POEGMAs, most probably due to the constraints imposed by
the one-side ‘grafting’ of the branches.

Overall, the deeper scope of the design of these materials is
achieved, as the expected information on the possibility of
tuning crystallization and polymers chain diffusion was success-
fully extracted by the direct and indirect dielectric techniques.
The latter is quite interesting, also from the methodological
point of view, and proves once again the dielectric techniques
quite power tools with respect to the structure-property relation-
ship investigations.

This journal is © The Royal Society of Chemistry 2021
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