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Abstract

Tailoring the properties of electrospun fibers requires a detailed understanding and control of
their microstructure. We investigate the structure/property relationships in fabrics of randomly
aligned fibers of polylactide, a prevalent biopolymer, either as-spun or after annealing and
solvent-induced crystallization. In-depth characterization by field-emission scanning electron
microscopy (FESEM), wide-angle X-ray diffraction (WAXD), attenuated total reflection Fourier
transform infrared (ATR-FTIR), and modulated temperature differential scanning calorimetry
(MT-DSC) reveals that the as-spun fibers comprise crystalline and mesomorphic phases, as well
as oriented but mobile amorphous chain segments. These chains are mostly responsible for the
low-temperature cold crystallization and for the recovery endotherm around the glass
transition, while the mesophase transforms into crystals with nearly zero enthalpy. Such
behaviors are attributed to high molecular orientation, which is further evidenced by unveiling
a fibrillar superstructure in nanofibers. The thermodynamics and structural evolution under
different conditions are described from an energy landscape perspective. Finally, we propose a
micromechanism, based on a modified supramolecular model, which helps to elucidate the

fibers” molecular dynamics.
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1. Introduction

Over the past decades, a rising attention has focused on versatile and simple fabrication
methods, like electrospinning, that allow designing materials with tailored properties for a wide
range of applications.” 2 To make the most of electrospun (ES) fabrics, a thorough knowledge of
their constituents’ characteristics is essential.> An important, yet intricate characteristic of ES
fibers is the nature and extent of their molecular orientation, which directly affects the
microstructure and properties of individual fibers and their mats.* Many reports have outlined
enhanced molecular orientation with a decrease in fiber diameter due to higher draw ratios,

36 However, many details of the

and to the lesser extent, confinement effects.
structure/property relationships remain unclear and are sometimes controversial for various
systems.3> 7/ 8 Such discrepancies may arise from different intrinsic properties of polymers,

fabrication parameters, or even from the characterization methods utilized at the fiber or at the

mat scales.*

Several attempts have been made to comprehend and conceptualize the underlying
microstructure of ES fibers, most of which are extensively reviewed in the literature.>* This can

be attained by means of various methods like infrared and Raman spectroscopies,'%? electron

14

microscopy and diffraction,> atomic force microscopy,* ® X-ray scattering,® and

mechanical® and thermal'’ analyses, to mention only a few. The formation of various oriented

architectures has been suggested for different systems, such as fibrillar structures at the fiber

14

surfaces™ ' or across the thinnest fibers,'* nanofibrillar assemblies throughout the whole

nanofibers,!! a skin-core structure composed of a bulk-like isotropic core surrounded by highly-

19

oriented chains in the skin,’® a homogenous structure,’® and supramolecular structures?®



consisting of anisotropic “particles”, i.e. regions of densely-packed orientation-correlated
amorphous chain segments which preferably orient along the fiber axis.> Among them, the skin-
core structure is the most explored one for polymers with a glass transition temperature (Tg)
higher than room temperature (RT). However, Xu et al.?! recently reported the presence of
cylinder-like substructures in ES polycarbonate fibers with characteristics analogous to the
supramolecular structure originally proposed by Arinstein.” Yet, there are few reports about the
formation of such oriented amorphous regions and their impact on the structure and properties

of ES fibers.

Many of the above-mentioned studies have investigated individual fibers or bundles composed
of aligned fibers to better understand their structural development in the course of spinning.
While such preparation and investigation approaches are required to quantify molecular
orientation, they also face drawbacks such as being complex, time-consuming and, in some
cases, prone to characterization artifacts.® In the case of bundles, an excess molecular
orientation could also be imposed by the collector due to fabrication parameters necessary to
align the fibers macroscopically, e.g. a high take-up velocity on a rotating drum.* In this context,
employing bulk characterization methods to study randomly-aligned fibers can complement
studies on individual fibers by providing information on their structure and molecular dynamics
in conditions akin to the spinning of the nonwoven mats that are used in the vast majority of

applications.” 1% 22,23

A good model system to survey the structure/property relationships in ES fibers is polylactide

(PLA), a widely used biosourced and biodegradable plastic,?* because it manifests detectable



characteristics which are sensitive to the processing conditions.'® 2> 26 Specifically, it was shown
that molecular orientation within PLA fibers can lead to thermal and structural effects such as
the appearance of an enthalpy recovery endotherm and the formation of a mesomorphic
phase.® 17/ 27 Very recently, Morel et al.” investigated the diffraction and thermal properties of
PLA mats with different fiber diameters and deduced the formation of a skin-core structure.
According to their later study on fibers subjected to solvent-induced crystallization (SIC), the
skin would initially consist of a mesophase oriented along the fiber axis while the core would be
amorphous.? Their investigations were conducted on single fibers, fabrics of aligned fibers, or
fabrics of randomly-aligned fibers drawn to various strains prior to the analyses. Thus, it would
be advantageous to systematically investigate PLA fabrics of randomly-aligned fibers which

experienced no additional strains.

In the present work, we precisely investigate the structure/property relationship in PLA
nonwoven fabrics by field-emission scanning electron microscopy (FESEM), wide-angle X-ray
diffraction (WAXD), attenuated total reflection Fourier-transform infrared spectroscopy (ATR-
FTIR), and modulated temperature differential scanning calorimetry (MT-DSC). Complementary
post-treatments of the fabrics by thermal annealing and/or by submersion in a solvent which
can swell PLA and induce crystallization without destroying the PLA structure?® help revealing
the microstructural evolution in the fibers. A model is proposed to describe the molecular
dynamics of the as-spun and post-treated fibers and to rationalize the observed

structure/property relationships.

2. Experimental Section



2.1. Materials, chemicals, and solution preparation

PLA granules (PLA 4032D, 1.2 — 1.6 mol.% D-isomer lactide, NatureWorks, USA) were used after
annealing at 65 °C for 1 h. Dichloromethane (DCM, = 99.0%, Merck), N,N-dimethylformamide
(DMF, > 99.0%, Merck), and formic acid (FA, 98 — 100%, Merck) were used as-received, as
solvents or co-solvents. An appropriate amount of PLA granules were dissolved in DCM at RT
using a magnetic stirrer. Then, DMF was added so that a solution of 7% w/v of PLA in the mixed

solvent of DCM/DMF in 70:30 v/v ratio was obtained.

2.2. Electrospinning

Electrospinning was carried out on a Full Option Lab ES Il (Nanoazma, Iran) apparatus. Details of
fabrication variables are presented in Table S1 of the Supporting Information. We tried to
minimize any changes to the fabrics imposed by variation of processing conditions, e.g.
humidity, temperature, needle inner diameter, and take-up velocity. The PLA solution was
supplied through a blunt needle with large enough orifice (19-gauge) to prevent excess shear
on the solution. The feeding rate was controlled such that a constant, uniform jet exited the
spinneret with good quality of formation and flight towards the collector. The collector was a
stainless steel drum (d = 80 mm) rotating at 50 rpm. Such a low rotation velocity ensures that
mats of randomly-distributed fibers are collected and that the effects of high take-up speeds
are minimized.?° The prepared mat was immediately separated from the substrate and dried in
a vacuum oven at 30 °C for 48 h. After drying, no significant amount of solvents was detected
according to thermogravimetric analysis, TGA (Figure S1). For comparison, a thin film of a few

micrometers thickness was prepared by casting the same solution on a glass petri-dish followed



by vacuum drying. The sample is named as L25SC. Also, an amorphous PLA film is prepared by

guenching the molten polymer into ice-water.

2.3. Post-electrospinning treatments

Several samples were cut from the as-spun mat and subjected to annealing and/or solvent
treatments described below. Thermal annealing was conducted in an air circulation oven
(Heraeus UT 6 P) with a temperature control of 1 °C. The samples were placed in the pre-
heated oven and kept for 15 min, followed by air cooling to RT. Solvent treatment was
conducted by dipping PLA fabrics in FA. Each sample was secured in a polypropylene frame and
submerged in the solution under a fume hood. The solution was kept in a borosilicate glass
tube capped with a silicone rubber tapered plug. After 90 min immersion, the samples were
removed and dried in a vacuum oven as above. The samples were named as LT(FA), where T
refers to the annealing temperature (25 for as-received samples, 65 for the samples annealed
at 65 °C, and 90 for the samples annealed at 90 °C, respectively) and FA indicates a further
solvent treatment in formic acid, if applicable. Detailed information on the samples is provided

in Table S2.

2.4. Characterization techniques

TGA experiment was conducted on a METTLER TOLEDO TGA/DSC-1 thermogravimetric analyzer
(Mettler-Toledo, Switzerland), at a heating rate of 10 °C min™ using argon as the purge gas.
FESEM was performed using a MIRA3 (TESCAN, Czech Republic) microscope operated at 20 kV.
Mats were sputter-coated with platinum prior to analysis. Image analysis was done thanks to

Image) software. WAXD patterns were collected on a Philips/PANalytical X’"Pert PRO MPD



diffractometer (PANalytical BV, The Netherlands) using Cu-Ka radiation (A = 1.542 A) with an
accelerating voltage of 35 kV. ATR-FTIR spectroscopy was conducted on an Equinox 55 FTIR
spectrometer (Bruker Optics, Germany). MT-DSC thermograms were recorded on a DSC Q100
(TA Instruments, USA) under nitrogen atmosphere. Before tests, calibration of the heat flow
and heat capacity values were performed using indium and sapphire as the references,
respectively. The optimum analysis values for heating rate, modulation temperature, and
modulation period in MT-DSC analyses were selected as 2 °C min, 0.3 °C, and 60 s,
respectively, in order to vyield sufficient cycles of modulation during thermal events and
eventually the most reliable results. Such values are under “heat-only” conditions.3’ The
reliability of results was verified by repeating the experiments at least twice. The data were

analyzed using TA Universal Analysis software.

3. Results and discussion

3.1. Characterization of ES PLA nanofibrous structure

A FESEM micrograph of a representative PLA fabric is shown in Figure 1. The fibers are
randomly distributed at the very low drum rotation speed used, essentially flawless, and mostly
uniform in their size along the fiber length. The fibers present a fairly narrow size distribution

characterized by polydispersity indices of less than 0.12 for all samples prepared.
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Figure 1. Characterization of L25 mat via FESEM imaging. The inset shows the histogram of the
fibers diameter. Approximately 200 measurement were made and frequencies were calculated

using Microsoft Excel’s Analysis ToolPak.

The crystal structure, molecular conformation, and chain order of the as-spun mat is examined
using WAXD and ATR-FTIR analyses. Figure 2a shows a WAXD pattern corrected for the
instrumental background and fitted to Voigt profiles. The PLA mat demonstrates a semi-
crystalline nature consisting of amorphous, mesomorphic, and crystalline phases. Three
amorphous halos are discernible at 26 of 15.0°, 21.2°, and 32.0° according to deconvolution of
the signals. Two coincident peaks are centered at 26 = 16.6° and correspond to the (1 1 0) or (2

0 0) reflections of the orthorhombic a or a’ phases together, and to the mesomorphic phase,
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respectively.?® 31 The values of full width at half maximum (FWHM) of these peaks are 1.1° and

4.7°, respectively. As a measure of initial crystallinity and chain order in the as-spun fibers, the

integrated intensities of the ordered phases’ reflections are calculated in proportion to the area

under the whole diffraction pattern. The contributions of crystalline and mesomorphic phases

are ~ 2 % and 10 %, respectively. It is noteworthy that for such sample comprising a large

amorphous content along with crystallites or lamellae of a few nanometers size, it is difficult to

accurately separate the contributions of elastic and inelastic scattering and to eliminate the

instrumental error in the recorded signal.3?
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Figure 2. (a) WAXD pattern and (b) ATR-FTIR spectra of L25 mat.
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An ATR-FTIR spectrum of the as-spun (L25) sample is shown in Figure 2b. The dominant phases

can be discerned from the bands in C=0 stretching region,3 a close-up of which is reproduced

in Figure S2. Previous reports suggested that a broad band centered at 1757 cm™ would be
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detected for amorphous PLA, while the crystalline phase of PLA shows a sharp band at 1759 cm”
L accompanied by several shoulders and band splitting.3* 3> When the mesophase is formed, the
band shifts to around 1753 cm™.33 3> Here, we observe a relatively sharp band centered at 1756
cm™ with a negligible shoulder, consistent with the predominance of the amorphous phases
noted in the WAXD pattern. While the band position is different from that of the mesophase, its
relative sharpness suggests a higher chain order than that expected for a completely

amorphous sample.

We also performed a close examination in the region of skeletal C-C stretching coupled with
CHs rocking in the inset of Figure 2b where two bands are discernible at 956 and 918 cm™. In
particular, the latter suggests chain order in the sample. Indeed, a band at 922 cm™ is
characteristic of the ordered 103 helical chain conformation and a shift in its position has been
correlated to changes in conformational order and/or packing.®> On this basis, several studies
ascribed the band at 915 — 918 cm™ to formation of the mesophase.3* 3538 In the present work,
the band position at 918 cm™ supports our WAXD and other FTIR indications for the presence of
the mesophase along with the crystalline phase. The slight shift towards higher wavenumbers
was previously attributed to better ordered chain conformation in the mesophase as a result of
high molecular orientation in highly drawn PLA.38 This could also be the case here, although the

contribution of the crystalline phase to this band is also influential.

Zhang et al.3® estimated the proportion of the ordered phases (crystal and mesophase) by
dividing the integrated intensity of the ordered phase band (Ass) to the summation of peak

areas of amorphous (Assg) and ordered phase bands. In our work, the relative content of

12



ordered phase is calculated as ~ 50 %, which is much higher than that obtained from WAXD
results (12 %). A similar discrepancy was found in previous studies” '* where the crystallinity of
as-spun PLA fabrics was different when determined using different techniques. IR spectroscopy
is sensitive to conformational order at the molecular scale while WAXD requires long-range
order to produce diffraction peaks associated to ordered phases. The results thus suggest that
the PLA fibers contain a large fraction of non-crystalline and non-mesomorphic but
conformationally ordered chains as a result of high draw ratios during electrospinning. The peak
at 918 cm™ thus appears to represent not only the crystalline and mesomorphic phases, but
also the contributions of locally-ordered amorphous chain segments. These chains, hereafter
named as AROCS (amorphous regions of oriented chain segments), could be included in the
above-mentioned supramolecular structures™ 2° consisting of anisotropic “particles”. In the next
section, MT-DSC is used as a complementary and highly sensitive technique to investigate the

details of the structure of ES fibers.?°

3.2. Thermal behavior of ES fabric

Several features at the scale of molecules and molecular ensembles can be interpreted from
DSC, such as chain confinement, crystallinity, and molecular orientation.” 26 A powerful
counterpart to this analysis is MT-DSC, through which transitions otherwise hidden or
overlapped by other processes can be perceived or distinguished.*® Figure 3a shows the MT-
DSC thermogram for the ES PLA mat heated from RT to above the melting region. For

comparison, the thermogram of bulk PLA cast from the same solution is depicted in Figure 3b.
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The thermal characteristics of all transitions observed are presented in Table S3, along with

details on their determination.
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Figure 3. Investigation of thermal properties of PLA samples through MT-DSC: (a) as-spun mat

(L25) and (b) solution-cast film (L25SC).

Upon heating the ES PLA, a glass transition (T, denoted by 1 in the insets) takes place at about
60 °C, accompanied by an endothermic event with a maximum at around 58 — 59 °C which is
not detected for the PLA film. The presence of this endotherm normally reflects the enthalpy
recovery of the amorphous chains due to thermal relaxation or physical aging below T,.26 4!
Some researchers rather claimed that molecular orientation in PLA fibers is responsible for the
observation of such recovery peak.!”” 2’ Besides, several reports attributed this endotherm to
partial “melting” of the mesophase.® 26 One can see in the MT-DSC results that this peak is only
present in the non-reversing signal, implying that it is a kinetic event and cannot be considered
as “melting”. This arises from the fact that in heat-only modulation, like the present analyses,

any melting events necessarily show a sign in reversing signal.3% 4% 43 Meanwhile, a second very
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weak and shallow endotherm is observed in the reversing signal just above T (denoted by 2 in

|ll

the inset of Figure 3a), which may represent the expected partial “melting” of the mesophase.
We can envisage that the kinetic endotherm observed in our work is an enthalpy recovery peak
that mostly arises out of the molecular orientation due to the shear exerted on the polymer jet
below Tg during the spinning process. Such recovery occurs only in the mobile amorphous
fraction (MAF) and could not be attributed to rigid amorphous fraction (RAF) or mesophase.?*

4 We will bring further evidence on the origin of the recovery peak and its relation to the

structural features of ES fibers in Section 3.3.3.

According to Figure 3a, the recovery event is followed by a significant cold crystallization (CC)
exotherm at ~ 75 °C, well below the normal PLA CC peak above 100 °C. A low-temperature CC
can result in the formation of the less-ordered a’ phase rather than the ordered a crystals.” 34
Many studies attributed a decreased CC temperature to high molecular orientation within ES
fibers leading to lower activation energy for crystallization.'® 1> 174> Concurrently, a decrease of
G, in the reversing signal is observed, denoted by 3 in the inset of Figure 3a, which can be
linked to the transformation of less-constrained to more-constrained MAF and/or development
of a RAF upon cold-crystallization.*® Ma and coworkers® proposed that the whole process
between ~ 45 and 85 °C in the reversing signal is an endothermic peak in the glass transition
region. Notwithstanding, we believe that their observation should be revised as three
consecutive events: a transition from glassy to supercooled liquid state which only occurs in the
MAF, a weak melting of the mesophase, and a significant upward step due to cold-

crystallization, during which the sample would shrink.
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The final thermal event, observed for both the ES fibers and bulk PLA, is the melting of the
crystalline phase at around 160 °C. As shown in Table $3, the melting enthalpy (AHny) and total
degree of crystallinity (Xctot) are lower for the ES sample than those for the solution-cast film.
The high evaporation rate during spinning can kinetically freeze the chain conformation and
reduce the crystallization capability of the ES sample. We note that .t of ES PLA is comparable
to the proportion of ordered phase obtained by ATR-FTIR, suggesting that most of the locally

ordered chain segments would eventually crystallize during the DSC heating run.

The enthalpy of cold crystallization, AH., shows the considerable contribution of cold-
crystallized regions to the total crystallinity of the fibers. CC occurs most likely in the regions
with highly-ordered chains that can easily reorganize. One can assume that such regions are
uniformly distributed inside the fibers because their proportion is higher than that afforded by
a thin skin at the surface of the fibers. It is also higher than the mesophase fraction calculated
from the WAXD pattern, which implies that the chains that can undergo CC are not limited to

the mesophase.

Also, the initial degree of crystallinity of the ES sample before the DSC ramp, X, is much higher
than that obtained by WAXD (26 % vs. 2 %). This value already excludes the contribution of
chains that crystallized during CC so a possible crystallization prior to the CC event remains an
open question. Indeed, it is still not clear which phases or regions contribute the most to the CC
event, and how the mesophase can reorganize into the crystalline phase without the previously

reported “melting” process.
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3.3. Effect of post-treatment on structure/property relationships of ES mats

To further explore the microstructure of the fibers and survey their structure/property
relationship, several samples were cut from the as-spun ES mats and were annealed to just
above the recovery temperature (65 °C) or above CC (90 °C). These annealing temperatures
were selected according to the MT-DSC thermograms for three different as-spun samples,
magnified in the range of 40 - 100 °C in Figure S3. Other samples were treated in FA, either with

or without previous annealing, to promote solvent-induced crystallization.

3.3.1. Microstructure of annealed and FA-treated fibers

FESEM micrographs of the post-treated samples illustrate how annealing and/or submerging in
FA can affect the fibrous structure of the mat as well as the individual fibers (Figures 4 and 5).
Figure 4 shows that FA treatment results in a swelling of the fibers, compared to the as-spun
mat, which is preserved after vacuum drying. The average fiber diameter increases from ~ 420
+ 140 to ~ 520 + 150 nm after FA treatment (inset of Figure 4a). Although the fibers are fused in
some spots and the network becomes tighter, the porous structure of the mat is generally
preserved. An interesting morphology is revealed as a consequence of the interaction of PLA
with FA (Figure 4b). In some fibers, the crystalline lamellae are distributed periodically along
the fiber surface and connected by interfibrillar tie molecules, with their c-axis fairly parallel to
the fiber axis. We will provide evidence below that this SIC is not restricted to the fibers’

surfaces.
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Figure 4. FESEM micrographs of FA-treated as-spun mat: (a) Low magnification image of L25FA
with the inset showing the fibers size distribution; (b) Close investigation of the solvent-induced

fibrillar superstructure.

Morel et al.'® studied the SIC of PLA fibers in the presence of acetone, which is a PLA solvent. In
such a case, it is not easy to differentiate the effect of a solvent on the bulk from that on the
fibrous PLA. Here, we observed this phenomenon via a brief controlled exposure of PLA to FA.
This polar protic organic acid (total Hansen solubility parameter, 6; ~ 25 MPa'?) has a lower
capability of dissolving or swelling PLA (8: = 21.2 MPa%?) compared to acetone (6: =~ 20.1
MPa'/2).28 Consequently, it cannot easily penetrate and affect bulk PLA. In spite of this, our
observations clearly show that FA can diffuse into PLA fibers. Thus, the structure of ES fibers
should be less compact than that of bulk sample. Our findings also imply that there are regions

of highly-oriented chain segments along the fiber’s axis which can readily crystallize upon

18



exposure to FA. Morel et al.!3 reported that these regions are essentially the mesophase. Here,
we suggest that ordered amorphous chains (AROCS) can also take part in SIC, in line with the
proposed formation of ellipsoid-like anisotropic “particles”” as well as the formation of cylinder-

like structures?! parallel to the fibers axis.

Figure 5. FESEM micrographs of annealed samples before and after FA treatment: (a, a’) L65, (b,

b’) L6SFA, (c, ¢’) L9O; (d, d’) LOOFA.

Annealing at 65 °C (L65), a temperature slightly above Tg but below Tcc, (Figures 5a and a’)
brought about local distortion and protrusion of some fibers due to chain relaxation and
surface tension. When additionally exposed to FA (L65FA), some annealed nanofibers become
swollen and knitting of the fibers would occur (Figure 5b). A close investigation of the
nanofibers in Figure 5b’ reveals that FA can enter these fibers as for L25FA, although the

fibrillar superstructure is less noticeable on the fiber surfaces. When the annealing temperature

19



exceeds the CC event (L90), the nanofibrous structure becomes more compact. As seen in
Figure 5c¢, wavy nanofibers are evident in L90 and they are merged in some spots. However, in
contrast to the other FA-treated samples, immersing L90 in FA has little to no effect on
nanofibers’ size and structure, except for their serration in some points (Figures 5d and d’). This

implies that FA molecules could hardly penetrate the fibers.

3.3.2. Crystal structure of post-treated mats

WAXD patterns of annealed and FA-treated samples are presented in Figure 6. The appearance
of a relatively sharp peak at ~ 16.4° - 16.6° indicates that crystallization (o or a’) occurs during
either annealing or FA treatment. Except for L65, all treated samples show a high degree of
crystallinity estimated as 47, 24, 46, 45, and 45 % for L25FA, L65, L65FA, 190, and L90FA,
respectively, compared to only 2 % in the as-spun sample. These high values, close to the
maximum degree of crystallinity in bulk PLA, indicate that CC and/or SIC can occur throughout
the fibers and not only at their surface as observed by FESEM. Fitting the WAXD patterns
reveals that thermal annealing leads to development of the less-ordered polymorph of o’-PLA,
whose reflection is shifted to lower 20. In contrast, SIC in FA favors formation of more perfect
and stable crystalline polymorph (a-PLA) in non-cold crystallized samples (L25FA and L65FA),
analogous to the effect of acetone.’® It is noteworthy that the peak deconvolution shows no
indication of mesophase for any of the treated mats. One can therefore deduce that short-term
annealing at just above Ty (L65), below the CC event, is sufficient to transform the mesophase

into a crystalline structure.
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Figure 6. Diffraction patterns of samples processed by annealing and/or immersion in FA

(L25FA, L65, L65FA, L90, and L90FA). The pattern of L25 sample is reproduced for comparison.

Values of FWHM of the most intense reflection are calculated as 0.8, 0.6, 0.6, 0.3, and 0.4° for
L25FA, L65, L65FA, L90, and L90FA, respectively. In comparison, a broader peak (1.1°) was
present for the as-spun L25 mat. This reduction in peak width can be ascribed to the formation
of larger secondary crystallites and to the coalescence of existing lamellae during annealing or
FA treatment.’® > Similar to the FESEM observation, the WAXD results indicate that FA could
negligibly affect the crystalline structure of L90. In particular, no shift is detected in the peaks
position due to either crystal imperfection or a’ — a transition, consistent with the absence of
FA diffusion into the L90 structure. The case is rather different for the mat annealed at 65 °C. In

contrast to L65, L65FA mostly consists of a-PLA, which shows that annealing at 65 °C results in a
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fiber structure still loose enough to host FA molecules and allow at least a partial @' — a

transition.

3.3.3. Thermal characteristics of post-treated ES mats

We also conducted MT-DSC analyses on the annealed and solvent-treated samples (Figure 7).
FA-treated samples and samples annealed at above CC attained close to their maximum
possible crystallinity. The calculated yc of post-treated samples, summarized in Table 1, are in
good agreement with degrees of crystallinity obtained from WAXD results. It is seen that FA can
induce slightly higher crystallinity than CC, perhaps because FA molecules facilitate the
conformational changes of chain segments. The higher T; of post-treated samples with higher
crystalline fraction arises from the high level of ordering of their lamellae and the tie molecules

connecting them, as evidenced by the discovery of a fibrillar superstructure.
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same factor for legibility.
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Table 1. Summary of the thermal characteristics of post-treated samples comparing with as-

spun mat

Tg,mid Trec Tec Tm AHyec AHcc AHn Xc Xc,tot
Sample

(°c)  (°Q) (°C) (°C) (.g) (g gt (%) (%)
L25 59,5 58.6 75.1 161.0 1.8 12.3 40.4 26 44
L25FA 629 60.3 74.5 161.1 0.6 1.1 45.8 48 49
L65 59.6 59.9 75.9 161.4 1.6 12.0 42.1 28 45
L65FA 61.4 60.6 72.7 161.1 0.4 0.6 43.5 46 47
L90 63.1 - - 161.4 - - 41.9 45 45
L90FA 63.0 - - 160.5 - - 40.4 43 43

Figure 7b shows that a very weak recovery and CC can be discerned for L25FA and L65FA, while
they are absent for L90 and L90FA. As expected, L65 experienced a considerable CC during the
analysis. Furthermore, it shows a substantial enthalpy recovery endotherm, which was
unexpected because the thermal history related to relaxation of chains should have been
cleared through annealing at above the recovery temperature, i.e. 58.6 °C. In the WAXD pattern
of L65 no reflection attributed to the mesophase was present. So, in contrast to some previous
studies,® 7 2% 37 both the enthalpy recovery and CC events should be ascribed to the presence of

structural features other than the mesophase. Also, the contribution of analysis-related or
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aging-related structural relaxation to the recovery peak at around 59 °C should be small. This
can be inferred from the DSC thermogram of a quenched sample (Figure S4), where the
enthalpy recovery is relatively small despite a higher MAF content. It is deduced that the
recovery is most likely the consequence of conformational rearrangements due to high
molecular orientation within the fibers.” At least parts of the amorphous chains in each fiber
are rapidly solidified in a highly-oriented state, as proposed within the AROCS. Their
solidification in such an ordered state makes them analogous to the chains structurally relaxed

by aging below Tg in order to dissipate their frozen-in enthalpy toward the equilibrium glass.’

The hypothesis can be illustrated using the potential energy landscape (PEL) formalism (Scheme
1). Generally, structural relaxation during the aging process in the mobile amorphous portion of
a polymer gives rise to the changes in the conformation of initially non-oriented chain segments
towards attaining lower entropy and lower energy states.** When the polymer is heated to
above T, the structural relaxation is readily recovered as the chains reach the supercooled
liquid state. The observation of an endotherm concurrently with the glass transition is the most
important sign of such process.”® In the case of the AROCS, however, the chain segments are
highly oriented upon their formation, so their conformation is originally in a lower energy state.
As a consequence, they cannot easily explore the PEL and remain trapped in a deep local
minimum. WAXD and MT-DSC results for L65 suggest that the AROCS are not destroyed when
the sample is heated to just above Tg, so that these chain segments reach a higher local
minimum energy and can return to their initial more stable energy state on cooling. The process
is seemingly reversible, as illustrated in Scheme 1, unless the oriented chain segments attain

high enough energies to overcome the barriers and explore the PEL for a deeper minimum, i.e.
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formation of crystals with a defined enthalpy of cold crystallization. Any crystallization of the
AROCS seems unlikely below Tg. This can rationalize the similarity of the AHcc, AHm, and Xc
values for L25 and L65 samples (Table 1). Further studies should be conducted on the aged ES
mats as well as amorphous samples in order to compare AH(c and also relaxation kinetics of

the AROCS with those of the unconstrained amorphous chains through the relaxation process in

the glassy state.
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Scheme 1. Potential energy landscape for ES PLA fibers containing amorphous regions of
oriented chain segments (AROCS). The energy landscape represents the possible energy states
and structural transitions of the chains within the AROCS in comparison to those of the

physically-aged chain segments.

The role of the AROCS on thermal characteristics is further surveyed by calculating the size of

cooperative rearranging regions (CRRs) within ES fibers of L25 and L65 (Figure 8). CRRs’ size is
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calculated in the glass transition region and is ascribed merely to MAF or regions comprising
MAF. The values of cooperativity length (o), represented in Table S4, show that CRRs’ size of
L25 (2.2 nm) and L65 (2.3 nm) is lower than that of the melt-quenched sample (2.8 nm) with
almost completely amorphous structure (Figure S5). Monnier and coworkers!’ reported an
increased CRR size in PLA fibers in comparison to quenched films, i.e. 3.6 against 2.8 nm. They
attributed this observation to the cohesive role of the mesophase as anchoring points between
macromolecules which increases intermolecular interactions. In contrast, Araujo et al.??
reported a lower CRR size for polyacrylonitrile fibers, especially when higher molecular

orientation was achieved in the fibers with smaller diameters. Our observations are in line with

the latter and suggest that high molecular orientation is not eliminated after annealing at 65 °C.
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Figure 8. Variation of the in-phase and out-of-phase components of heat capacity at constant

pressure in the range of dynamic glass transition temperature for (a) L25 and (b) L65 samples.

It is also seen in Table S4 that the average temperature fluctuation of one CRR at Tg (6T) is

almost equal for L25, L65, and the quenched sample. A higher 8T is generally attributed to
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hindered mobility of amorphous chains inside a CRR due to the geometrical confinement.?? As
the rearranging movements in a certain CRR are independent from those in other CRRs,*® we
can deduce that the presence of molecular orientation in ES fibers did not significantly alter the
chain mobility within an individual CRR. This outcome can be interpreted by means of the
supramolecular structure model.> The subchains in the AROCS, analogous to the directionally-
correlated worm-like subchains in the “particles”, are responsible for high molecular
orientation, and their uniform distribution throughout the fibers decreases the cooperativity in
comparison to a quenched sample. However, these AROCS would minimally confine the MAF or

hinder the chains reorganization, because the AROCS are part of the MAF themselves.

3.4. Structural evolution during electrospinning and post-electrospinning treatments

By comparing yc of L25 with that of L65 in Table 1, one can suggest that the calculated value for
L25 is indeed the summation of primary crystals initially present in the as-spun fibers and some
secondary crystals formed upon heating to Tg. Indeed, mesophase reorganization into a
crystalline phase apparently happens prior to or at the very early stage of CC. It was verified by
WAXD that the mesophase crystallizes during a short annealing at 65 °C. So, we can consider
the difference between yc and ycot as the portion of the AROCS which can crystallize during CC
or SIC. This content is ~ 18 %, verifying the significant contribution of the AROCS to the

microstructure of the fibers.

Regarding the evolution of mesophase in the system, it seemingly crystallizes with almost no
detectable thermal transition. We can propose two potential reasons: 1) the enthalpies of

mesophase melting and its reorganization into crystals are both very low; 2) the mesophase
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melting (in reversing signal) and reorganization (in non-reversing signal) events are overlapped
by the glass transition and enthalpy recovery events, respectively. Due to the rather symmetric
shape of these events in all recorded curves (Figure S3), the latter is unlikely. So, one may think
of the transformation of mesophase to crystalline phase with nearly zero enthalpy. This is
consistent with the observations of Stoclet and coworkers.?® They showed that for PLA films
drawn to high strains, mesophase melting would appear as a post-Tg endotherm around 70 - 75
°C with an enthalpy AH,™®° = 70 J g’. Afterwards, it can recrystallize into the stable a phase
during a CC process. They observed that a higher applied strain, and thus a higher expected
orientation, resulted in a smaller melting endotherm and in a narrower gap between the
melting endotherm and CC exotherm. They also reported that the chain orientation remains
even up to CC temperature in such a case and that the mesophase directly transforms to the
crystalline phase without melting. To show the validity of our hypothesis, we depict a higher
magnification of the reversing signal in the range of the glass transition and cold crystallization
events in Figure 9. It clearly shows that no melting of mesophase is present in the glass
transition region for neither L25 nor L65 samples. However, a very small post-Tg endotherm is
observable beyond 65 °C, which can be attributed to the melting of a small portion of

mesophase which is less cohesive.?®
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Figure 9. Magnification of MT-DSC reversing signal for two different as-spun (L25) and two
different annealed (L65) samples. The hatched regions are seemingly attributed to the melting

of some mesophase.

In our study, the mesophase content in the as-spun samples is estimated by WAXD to be
around 10 %. This content should have led to a much larger endotherm around Tg, considering
the proposed AH,™®°, if this peak was indeed due to mesophase melting. Moreover, the
endotherm maximum is located slightly below Tg, in contrast to the study of Stoclet and
coworkers.?® Last but not least, the endotherm is only detected in the non-reversing signal,
which implies that the connected thermal event is not a heat capacity-related one, like
“melting”. We can deduce that the mesophase reorganizes into the crystalline state directly
without a sequence of melting and subsequent crystallization. Similar to the suggestion of

Stoclet et al.?® for the samples prepared via high draw ratios, heating the as-spun mats first
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leads to the reorganization of the mesophase into the less-ordered a’ phase (Figure 6) with
almost zero enthalpy of crystallization (Figures 7 and S3). The higher ordering of the mesophase
in fibers, compared to drawn films, can be inferred from its WAXD peak at a larger angle than
that observed by Stoclet et al.,3! i.e. 16.6° compared to 16.2°. So, the molecular dynamics just
above the glass transition favor the transition of the mesophase to a’ both thermodynamically

and kinetically.

Based on our observations, a schematic representation of ES fibers’ plausible inner architecture
is depicted in Scheme 2 for as-spun and annealed/FA-treated samples. The inner part of the as-
spun fibers contains a substantial fraction of anisotropic AROCS and mesophase, in addition to
the crystals and unoriented amorphous chains. The formation of a skin-core structure® 3 is
rejected because the contribution of the AROCS and mesophase is higher than plausible if they
were restricted to a thin skin. In the meantime, the model shows the heterogeneity of the
structure throughout the fibers, in compliance with previous studies.> ** When an ES PLA mat is
annealed at just above Tg, the mesophase would reorganize into less-perfect o’ crystals while
the anisotropic AROCS would remain almost unchanged. Annealing at above CC or submersion
in a suitable solvent stimulates crystallization in nearly all ordered regions, so that crystallinity

reaches close to the maximum possible value.
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Scheme 2. Proposed model for the inner architecture of ES semi-crystalline PLA fibers, upon

formation and after post-treatment.

4. Conclusions

PLA nanofiber mats were fabricated under controlled electrospinning conditions. Through the
in-depth investigations by WAXD, ATR-FTIR, and MT-DSC, the formation of the regions of highly-
oriented amorphous chain segments (AROCS) was revealed along with a mesomorphic phase.
To validate this conjecture, ES PLA mats were subjected to post-treatments by annealing and/or
submersion in FA. It was found that upon annealing the mats to just above Tg, the mesophase

reorganizes into less-perfect crystalline a’ phase. The anisotropic AROCS appear responsible for
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the enthalpy recovery peak near Tg and were inclined to crystallize by cold-crystallization upon
annealing at higher temperature and by SIC in the presence of FA. In both cases, the ES fabrics
nearly reached their maximum possible crystallinity. A fibrillar superstructure is observed in the
FA-treated mats, which helps elucidating the molecular dynamics within the fibers and
investigating their likely chain orientation. We finally proposed a model of the inner

microstructure of the as-spun, solvent-crystallized, and cold-crystallized PLA fibers.
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