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a b s t r a c t

The molecular dynamics in the amorphous phase of electrospun fibers of polylactide (PLA) has been
investigated using the cooperative rearranging region concept. An unusual and significant increase of the
cooperativity length at the glass transition induced by the electrospinning has been observed. This
behavior is attributed to the singularity of the amorphous phase organization. Electrospun PLA fibers
rearrange in a pre-ordered metastable state which is characterized by highly oriented but non-crystalline
polymer chains, and the presence of highly cohesive mesophase which plays the role of an anchoring
point in the amorphous phase. The successful processing of electrospun fibers of plasticized polylactide is
also demonstrated. It is shown that the plasticizer remains in the polymer matrix of the nanofiber after
electrospinning. When PLA is plasticized, the loosening of the macromolecules prevails over the pref-
erential orientation of the chains; therefore no mesophase is formed during the electrospinning and the
cooperativity length remains the same. When the content of plasticizer increases, the inter-chain
characteristic distances estimated from wide angle X-ray scattering (WAXS) are redistributed, suggest-
ing a change in the level of interactions between macromolecules. It is assumed that the resulting
decrease of the cooperativity length is driven by the progressive reduction of the number of inter-chain
weak bonds. It is shown that in a non-confined environment, the number of structural entities involved
in the alpha relaxation is strongly dependent on the level of physical interactions in the amorphous
phase.

1. Introduction

In the theory of Adam and Gibbs [1], the relaxation process
related to the glass transition is cooperative, and the motion of a
structural unit is only possible if a given number of neighboring
units are also in motion. Among the different models used to es-
timate the size of the Cooperative Rearranging Region (CRR) or
cooperativity length, is the thermodynamic approach proposed by
Donth [2] which relates the CRR to the dynamic heterogeneity
deduced from the temperature fluctuation associated with the
glass transition. This approach provides a picture of the relaxation

time at the glass transition which is directly observable through
calorimetric measurements [3]. According to this approach [2], the
cooperativity volume x3Ta at the dynamic glass transition temper-
ature Ta can be estimated from the following equation:

x3Ta ¼
�
1
�
Cp

�
Glass �

�
1
�
Cp

�
Liquid

rðdTÞ2
kBT

2
a (1)

With kB the Boltzmann constant, dT the average temperature
fluctuation related to the dynamic glass transition of a CRR, r the
density, and Cp the heat capacity at constant pressure. Two causes
for cooperativity changes have been observed so far. The first re-
lates to changes in thermodynamic variables such as temperature,
and the second to structural modifications of the material. In the
first case, it is well known that the cooperativity length increases
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when the temperature decreases from the crossover temperature
for which the cooperativity arises to the glass transition tempera-
ture [4e6]. In the second case, the approach of Donth has widely
been used to investigate the decrease of cooperativity for two kinds
of structural hindrances namely external and internal hindrances.
External hindrances are related to geometrical restrictions like the
confinement between nanolayers [7,8] or the addition of additives
such as fillers [9,10] or plasticizer [11]. On the other hand, internal
hindrances are related to the materials itself, in other words its
microstructural modifications such as spherulitic crystallization
[12,13] or orientation/crystallization of the amorphous phase
induced by drawing [5,14].

In the last decade, the growing interest for polylactide (PLA) as a
promising substitute to petroleum issued polymers has led re-
searchers to investigate how its macroscopic properties could be
tailored by controlling its microstructure. Because of the strong
dependence of PLA macroscopic properties on its microstructure
[15] and molecular dynamics [16], the cooperativity of the alpha
relaxation process has been particularly investigated when the
relaxation dynamics of the amorphous phase are modified by
orientation [17], crystallization [13], or even plasticization [11].
However, the impact of several microstructural modifications on
the amorphous phase dynamics remains unknown. For example, as
illustrated by several authors [18e20], given conditions for drawing
or thermal crystallization may induce the development of an in-
termediate ordering structure called a mesophase which prefigures
the crystallization. The observation of the mesophase is generally
reported for semi-crystalline materials [18e22] for which crystals
strongly impact the investigation of the molecular mobility.
Consequently, no study deals with the impact alone of the meso-
phase on the molecular dynamics of the amorphous phase. One of
the challenges to carry out such a study lies in obtaining a unique
microstructure where the mesophase is only dispersed in the ori-
ented amorphous phase, without the presence of crystals. In the
current study, we propose to electrospin polylactide (PLA) fibers to
create this specific microstructure. Electrospinning is a simple
technique to implement in order to produce polymer fibers with
diameters ranging from the micro-to the nanoscale [23e25]. The
technique has emerged as a useful technique to producemicro- and
nano-fibers that have found wide applications in fields such as
tissue engineering [26], biomedical [27], filtration [28], or elec-
tronic [29]. Despite the simplicity of the technique, many factors
influence the fiber morphology including the solution flow rate, the
distance between the syringe and the collector, solution concen-
tration and the spinning voltage among others. In addition, very
complex processes are involved that influences the fiber structure
including the very rapid solvent evaporation as well as the me-
chanical and electrical forces which induce an orientation of the
macromolecular chains along the fiber axis [24]. For these reasons,
electrospinning can lead to complicated internal microstructures
and high contents of mesophase [30]. Zong et al. [31] initially re-
ported that electrospun fibers of polylactide (PLA) exhibit highly
oriented chains although they are non-crystalline. Recently Ma
et al. [32] confirmed this result by showing that the electrospinning
carried on free-end fibers of PLA leads to the formation of an
original microstructure where the amorphous phase is oriented
with evidence of a mesophase but without the formation of any
crystals. In the current study, we report for the first time on the
cooperativity lengths obtained for as-spun fibers of polylactide
using Donth's approach. We use the electrospinning technique in
order to avoid the effects related to the confinement of the amor-
phous phase by crystals, similar to what is observed during draw-
ing. The process has been designed to prevent any formation of the
crystalline phase during the fiber formation.

As is well known, the applications for neat PLA are usually

compromised due to its inherent brittleness [33]. Thus, plasticizers
are often added to PLA in order to improve its mechanical prop-
erties. Acetyl Tributyl Citrate (ATBC) considered here, is among the
most widely used plasticizers [33,34]. In this study, we report for
the first time the electrospinning of plasticized PLA. Here, the goal
is to observe if the internal modifications related to the mesophase
still exist when ATBC is added as a plasticizer. It will allow another
aspect of the impact of microstructural modifications on the
amorphous phase dynamics to be depicted from the combination of
both internal/external hindrances. Two series of samples have been
analyzed: as-spun plasticized fibers and bulk plasticized PLA.
Finally it is of interest to determine if the plasticizer remains inside
the fibers after the electrospinning process and thus still acts as a
plasticizer for the polymer nanofibers.

2. Experimental

2.1. Materials

Semi-crystalline PLA pellets (grade 4042D) were provided by
Natureworks. The content of L-lactide and D-lactide were about 96%
and 4% respectively. The number-average and weight-average
molecular weights were Mn ¼ 116 kDa and Mw ¼ 188 kDa
respectively, as measured by Gel Permeation Chromatography.
Acetyl tributyl citrate (ATBC, CAS Number 77-90-7) was purchased
from sigma Aldrich (France). PLA and ATBC were dried at 80 �C
under vacuum for 12 h. Blending was performed with an internal
mixer (Haake Rhecord 9000) at 160 �C and 60 rpm for 15 min. After
a subsequent drying step (4 h at 80 �C under vacuum) bulk samples
were obtained. In order to perform WAXS, bulk samples were
thermo-molded in films of 1 mm thickness. For each system, neat
PLA were heated during 5 min between two hot plates, and then
the obtained films were quickly quenched in cold water. The
measure of density leads to a constant value equal to 1.25 g/mol
independent of the plasticizer content.

2.2. Electrospinning set-up

The polymer solutions were prepared in mix solvent of chloro-
form and acetone (chloroform:acetone ¼ 2:1 in volume), both
purchased from sigma Aldrich (South Africa). Plasticized and non-
plasticized PLA were dissolved in the mix solvent and stirred us-
ing a magnetic stir bar at room temperature until homogenization
of the solution. The required amounts of polymer were figured out
to give a concentration solution of 8 wt% in PLA. Then, the polymer
solution was placed in a horizontally glass pipette with a capillary
around 1 mm diameter. At 5 cm from the needle, a petri-dish
covered by an aluminum foil took place as a collector. The needle
and the collector were connected to a high-voltage power supply
which can generate a voltage up to 50 kV. The electric field applied
was 1 kV cm�1. The flow rate was controlled by a pump at
0.04 mL min�1. The electrospinning process took place under
controlled atmospheric conditions at 25 ± 2 �C and 35 ± 4% relative
humidity. The thickness of the final as-spun fibers mat was less
than 1 mm.

2.3. Scanning electronic microscopy (SEM)

The morphology of as-spun PLA fibers was investigated by
scanning electronic microscopy (LEO 1430VP) after being gold
coated during 3 min. The diameter of as-spun fibers was measured
with an image analyzer (AxioVision 40LE). For each sample, average
fiber diameter and standard deviation were determined frommore
than 200 measurements of the random fibers.



2.4. Wide angle X-ray scattering (WAXS)

WAXS measurements were performed on a PANalytical X'Pert
Pro diffractometer in BraggeBrentano mode with X'Celerator de-
tector. The generator was set up at 45 kV and 40 mA and the copper
Cu Ka radiation (l¼ 1.54 Å) was selected. The systemwas equipped
with a silicon-made sample holder on a spinner stage PW3064, and
a goniometer PW3050/60 system. The silicon holder used is neutral
(no diffraction peak) in order to avoid a baseline subtraction step.
The distance from the sample to the detector was fixed at 14 cm.
The measurements were run at room temperature from 5� to 45� at
0.04 �/s and with a rotational speed equal to one revolution per
second. Quenched films and as-spun fibers mats were directly
placed on the silicon holder without any preparation. The peak
fitting was then performed using the Grafitylabs software after
background subtraction to determine the different amorphous
contributions by following the method outlined by Stoclet et al.
[21].

2.5. Modulated temperature differential scanning calorimetry (MT-
DSC)

Modulated temperature differential scanning calorimetry (MT-
DSC) experiments were performed in a DSC Q100 from Thermal
Analysis instruments under nitrogen atmosphere (50 mL min�1).
The calibration in temperature and energywas done using standard
of indium, while the calibration of the heat capacity was carried out
using sapphire as reference. The MT-DSC experiments were per-
formed in heating from 0 to 200 �C, in “Heat-Only”mode (±0.318 K
for the oscillation amplitude, 60 s for the oscillation period and
2 K min�1 regarding the heating rate). This mode is recommended
to investigate the coupling of different thermal events such as glass
transition and cold crystallization without any disturbance caused
by instantaneous cooling. The as-spun fibers and bulk samples
mass were kept around 5 mg. The Al reference and sample couples,
pan and lid, were identical to within ±0.01 mg. By MT-DSC, in
addition of the modulated heat flow, the apparent specific complex
heat capacity C* can be obtained by following the complete
deconvolution procedure proposed by Reading and co-authors [35].
Its in-phase component versus temperature C0 appears as a step,
when its out-of-phase component Cʺ draws a peak in the glass
transition region.

3. Results and discussion

From the SEM images shown in Fig. 1, it is evidenced that the
process of electrospinning produces PLA fibers with diameters and
distributions that are largely independent of the composition. No
visible morphological defects such as beads are evident. Neat PLA
fibers (Fig. 1A) exhibit an average fiber diameter of 0.80 mm with a
standard deviation of 0.18 mm, when plasticized PLA fibers (5%, 10%
and 15%) display an average fiber diameter and a standard devia-
tion of 0.78 ± 0.18 mm, 0.69 ± 0.17 mm and 0.81 ± 0.18 mm,
respectively (Fig. 1(B)e(D)). No visible morphological defects such
as beads are evident, and no significant change is observed on the
addition of plasticizer. This indicates that the plasticizer has no
influence on the fiber diameter during the processing, and that no
fiber size variations will interfere in the subsequent analyses of the
fibers.

Fig. 2 shows theWAXS analysis for the neat PLA of the quenched
films as well as the as-spun fibers. For the quenched film of neat
PLA (Fig. 2A), the experimental spectrum displays the usual pattern
of a non-crystalline PLA. The fit of the WAXS intensity profile dis-
plays three peaks with maxima located at 2q ¼ 15.5�, 2q ¼ 21.3�,
and 2q ¼ 30.9�. Stoclet et al. [21] have reported three peaks located

at 2q¼ 15.0�, 2q¼ 21.2� and 2q¼ 31.0� for wholly amorphous films,
which is in close agreement with our results. The three peaks are
characteristics of the chain spacings in amorphous PLA. The com-
ponents at 2q ¼ 15.0� and 2q ¼ 21.2� arise from two characteristic
inter-chain spacings. The third component at 2q ¼ 31.0� is associ-
ated to the intra-chain spacing along the chains which refers to the
distance of 0.29 nm between the methyl groups in the 3-fold he-
lices [21]. As shown in Fig. 2B, the fit of the WAXS intensity profile
for the as-spun fibers of neat PLA also exhibits three peaks as
defined above, but in addition there is a fourth Gaussian peak with
a maximum located at 16.0� (see Table 1). The relative area of this
fourth peak is only 4% but its introduction increases the fit corre-
lation (shown in Supplementary information). Moreover, Ma et al.
[32] have recently reported the need for the introduction of this
fourth peak for non-crystalline electrospun fibers. This fourth peak
exhibits a low FWHM equal to 3.0�. That is characteristic of a
microstructural organization with an order that is intermediate
between the amorphous phase and the crystals. For this reason it
has been attributed to the response of themesophase. The presence
of mesophase in electrospun fibers is concordant with the
assumption made by Zong et al. [31] that the electrospinning of
polylactide can lead to highly oriented chains that do not have
enough time to organize into crystals before solidification. It is also
worth mentioning that this WAXS profile has also been reported by
Stoclet et al. [21] when drawing PLA only 10 �C above its glass
transition.

Fig. 3 displays theWAXS intensity profiles of the quenched films
(Fig. 3A) and as-spun fibers (Fig. 3B) that are plasticized with 15%
ATBC. For the quenched films, the WAXS intensity profiles of neat
and plasticized PLA are superimposed in the value domain of 2q
ranging from about 20 to 40�. From this observation, we can deduce
that the addition of the plasticizer does not affect the characteristic
intra-chain distances. On the other hand, in the value domain of 2q
ranging from about 10 to 20�, the WAXS intensity profiles are
slightly differentiated. Because of the lack of evidence in literature
about the fitting procedure for the analysis of plasticized PLA, many
fits have been tested, particularly the possibility to fit the domain
related to the inter-chain characteristic spacings by one or two
contributions. It was, however, impossible to clearly establish the
best fit due to the high similarity of the correlation coefficients. As a
consequence, the same fitting procedure was used for the
quenched film of neat PLA. In this way, only peak I corresponding to
the highest inter chain spacing is modified by the addition of
plasticizer. This variation may suggest that the addition of plasti-
cizer involves a redistribution of the inter-chain spacing in the
amorphous phase.

Fig. 3B shows that, for as-spun fibers, the 2q value domain that is
characteristic of the intra-chain distances has WAXS intensity
profiles that are the same for neat and plasticized PLA. This
observation confirms the assumption made for the quenched films.
On the other hand, the fitting procedure reveals a significant in-
crease of the correlation coefficient when fitting with only three
peaks, i.e., by removing the contribution associated to the presence
of the mesophase. Moreover, the position and shape of the two
contributions linked to the inter-chain spacing in the amorphous
phase are modified compared to neat PLA. The results confirm that
the electrospinning of neat PLA induces the creation of a highly
ordered non-crystalline microstructure with the presence of mes-
ophase. In the case of plasticized electrospun PLA fibers, the mes-
ophase is no detected. In a general way, the addition of plasticizer
changes the environment in the amorphous phase. It does not
affect the intra-chain characteristic spacings but induces a strong
redistribution of the inter-chain characteristic spacings.

Fig. 4 shows the average heat flow versus temperature obtained
from MT-DSC analysis for all the materials. In all cases, three



Fig. 1. SEM pictures along with the fiber diameter distribution of as-spun neat and plasticized PLA fibers. (A) Neat PLA. (B) PLA þ 5% ATBC. (C) PLA þ 10% ATBC. (D) PLA þ 15% ATBC.



thermal events are clearly observed: an endothermic heat flow step
characteristic of the glass transition, an exothermic peak due to the
cold-crystallization of a part of the amorphous phase and an
endothermic event related to the fusion of the crystalline phase. As
explained in the introduction, one of the major concerns of the
study lies in the creation of non-crystalline samples. It has been
verified by the equality between the enthalpy of cold-
crystallization and the enthalpy of fusion that no crystals are pre-
sent prior to the MT-DSC analysis. However, one could immediately
see for the as-spun fibers series that the cold-crystallization en-
croaches on the temperature range of the glass transition. For this
reason, the quantitative analysis of both thermal events has been

made by separating the events related to the variations of the heat
capacity which appear in the reversing heat flow, from the kinetic
events which appear in the non-reversing heat flow. An example of
this protocol is given in Fig. 5.

In practice, the glass transition temperature has systematically
been determined from the reversing heat flow. At the same time,
the equality between the enthalpy of cold-crystallization and the
enthalpy of fusion has been double checked using the average heat
flow signal on the one hand as usually performed from classical
DSC, and both the reversing and the non-reversing heat flow sig-
nals from MT-DSC on the other hand. The enthalpies of cold-
crystallization and fusion are shown in Table 2. These are

Fig. 2. WAXS intensity profiles and the associated fit of the experimental spectra for: (A) quenched film of neat PLA, (B) as-spun fibers of neat PLA.

Table 1
Position 2q; Full width at mid-height FWHM; and relative area A of the characteristic peaks of the amorphous phase (I; II; III) and the mesophase (M) obtained from the fitting
of the WAXS experimental spectra for the as-spun fibers and the quenched films of neat PLA.

Neat PLA Peak I Peak II Peak III Peak M

2q (�) FWHM (�) A (%) 2q (�) FWHM (�) A (%) 2q (�) FWHM (�) A (%) 2q (�) FWHM (�) A (%)

Quenched films 15.5 7.0 51 21.3 6.1 28 30.9 9.4 21 / / /
As-spun fibers 14.1 8.0 70 21.2 6.0 20 31.7 6.9 6 16.0 3.0 4

Fig. 3. WAXS intensity profiles for: (A) quenched film of neat PLA (green line) and quenched film of PLA þ 15% ATBC (black line), (B) as-spun fibers of neat PLA (green line) and as-
spun fibers of PLA þ 15% ATBC (black line). The supposed fits of the experimental spectra for the plasticized materials are displayed in solid gray lines with the individual con-
tributions in dashed blue lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



independently equal which proves that the samples are non-
crystalline prior to the analysis. This result confirms the previous
observations made from WAXS. From the average heat flow curves
for quenched neat and plasticized films (Fig. 4A), we observe that
when ATBC is introduced in the bulk PLA, both the glass transition

and the cold crystallization are shifted to lower temperatures, due
to the plasticization. This shift is constant for both thermal events
leading to Tc max � Tg mid ¼ 43 �C independent of the content of
ATBC. By contrast, the peak of fusion changes from a double peak to
a single peak which is preceded by an exothermal event. According

Fig. 4. Average heat flow versus temperature from MT-DSC for: (A) quenched films, (B) as-spun fibers. The curves are shifted for the sake of clarity.

Fig. 5. Protocol for the determination of the degree of crystallinity and the glass transition temperature from MT-DSC curves obtained for the as-spun fibers of neat PLA: Average
heat flow (solid line); reversing heat flow (dashed line); and non-reversing heat flow (dashed dotted line) versus temperature: (A) full DSC scan temperature range; (B) glass
transition domain.

Table 2
Classical DSC parameters for the quenched films and the as-spun fibers: Tg mid glass transition temperature at the transition mid-point; Tc max temperature at the maximum of
the peak of crystallization; DHc enthalpy of crystallization; Tf max temperature at the maximum of the peak of fusion; DHf enthalpy of fusion. In the case of double fusion peaks,
Tf max corresponds to the maximum of the peak with the highest surface. The values of the temperatures are givenwith an accuracy of 1 �C when the values of the enthalpies
are given with an accuracy of 2 J/g.

ATBC (%) Tg mid (�C) Tc max (�C) Tc max � Tg mid (�C) DHc (J/g) Tf max (�C) DHf (J/g)

Quenched films 0 61 105 44 27 156 27
5 52 95 43 26 154 26

10 45 86 41 23 152 24
15 36 79 43 24 150 24

As-spun fibers 0 57 88 31 27 154 28
5 50 79 29 26 152 27

10 41 71 30 24 151 27
15 36 67 31 24 150 27



to many authors [36e38], the double peak is characteristic of the
concomitant formation of both highly ordered a crystals and less
ordered d crystals [39] (also called a0 crystals [40]). On the other
hand, the exothermal event is typically observed when only
d crystals form during the cold-crystallization [41] and is charac-
teristic of their reorganization in a crystals just prior the fusion
[41,42]. As a consequence the nature of the crystalline formwhich is
generated during the cold-crystallization changes when the PLA is
plasticized. One can also note that the temperature of fusion Tf max
decreases slightly with an increase of the ATBC content. This is
likely due to the creation of crystals with a lower degree of
perfection. The electrospinning of PLA (Fig. 4B) induces a decrease
of the glass transition temperature from 61 to 57 �C. A previous
study by Zong et al. attributed this behavior to an increase of the
surface to volume ratio in electrospun materials having air as a
plasticizer. Obviously Tc max � Tg mid also decreases from 43 �C to
30 �C. This observation is usual in electrospun fibers [31,32,43] as
the orientation of the macromolecules enhances the cold-
crystallization which therefore occurs at a lower temperature. In
the case of electrospun fibers, Tsuji et al. [43] conclude that the
crystallization has been frozen by the fast removal of the solvent
from the electrospun fibers. Edwards et al. [44] and Ma et al. [32]
even consider that extended polymer chains in electrospun fibers
can act as row nuclei during heating just above glass transition.
When electrospinning is carried on plasticized PLA, Tg mid decreases
from 57 �C to 36 �C as the content of ATBC increasing from 0% to 15%
evidencing the plasticizing effect of the ATBC. The decrease of both
Tc max and Tf max previously reported for quenched films is also
recorded. Eventually, Tc max � Tg mid remains equal to 30 �C which
means that in spite of the plasticizer addition, the macromolecules
are oriented during the electrospinning. As we discussed before,
the plasticizing effect of ATBC is evidenced in both quenched films
and electrospun fibers. However one can rightfully question the
solubility of ATBC in PLA when the blend is dissolved in a mix of
chloroform and acetone. From the Hildebrand solubility theory
[45,46], the small molecules in the electrospinning solution (chlo-
roform, acetone and ATBC) have closelymatching parameters; [18.4
(MJ m�3)0.5] for ATBC, [19.0 (MJ m�3)0.5] for chloroform, [20.0
(MJ m�3)0.5] for acetone. On the other hand, the Hildebrand solu-
bility parameter of PLA is equal to [21.9 (MJ m�3)0.5]. Consequently
there is a chance that the ATBC will be partially carried along by the
solvent during the evaporation. In Fig. 6, the Tg mid is given as a
function of the ATBC weight content for both quenched films and
electrospun fibers. Clearly the trend is independent on the process,
as the Tg mid decreases similarly with an increasing content of ATBC.
The expected variations of the Tg mid with the content of ATBC ac-
cording to Fox law have also been included in the figure. To do this,
it has been foreseen that the tendency will shift whether we
consider Tg mid of quenched films or as-spun fibers as the reference
Tg mid for neat PLA. In both cases the variations of the glass tran-
sition temperature roughly follow Fox's law. This proves that the
ATBC remains trapped in PLA during the evaporation of the solvent,
likely because of its lower vapor pressure at ambient temperature,
its higher molecular weight and its higher boiling point compare to
chloroform and acetone.

To confirm the structural modifications revealed by WAXS, it is
interesting to investigate whether plasticization and electro-
spinning cause changes affecting the glass transition profile. Fig. 7A
shows the average heat flow and the non-reversing heat flow for
the quenched film of neat PLA in the glass transition domain. The
interest in using the non-reversing heat flow in this case is to
highlight the possible kinetic events occurring simultaneously with
the glass transition. For example, in Fig. 7A, a peak is recorded on
the non-reversing heat flow signal, which is related to the existence
of an endothermic event. Classically, due to the glassy character of

PLA at ambient temperature, this peak might be attributed in to
physical aging. For the PLA plasticized with 15% ATBC, the profile
presented in Fig. 7B is similar but the glass transition as well as the
peak in the non-reversing heat flow signal are significantly
broadened. This observation is consistent with previous observa-
tions on plasticized polylactide [11,33] and is related to an increase
of the relaxation temperature distribution induced by the plasti-
cizer addition. We cannot be definitive concerning the nature of
this peak. Nevertheless, its enlargement with plasticization co-
incides with the increase of the dynamic heterogeneity in the
amorphous phase [11]. Typically this heterogeneity reflects in the
structural relaxation [11,47] so the initial hypothesis of physical
aging is reinforced. In Fig. 7C, two thermal events can be distin-
guished. The first appears at the beginning of the glass transition,
similar to the peaks observed in Fig. 7A and B. It is reasonable to
consider that it is related to the same thermal event, most likely the
recovery of structural relaxation. The second peak occurs just at the
junction between the glass transition and the cold-crystallization.
Ma et al. [32] in their DSC analyses on free-end fibers, also
observed a shouldering between the glass transition and the cold-
crystallization but they did not ascribed it to any given thermal
event. In our study, this behavior is only observed for the as-spun
fibers of neat PLA so the existence of the second peak could be
related to the presence of mesophase previously revealed byWAXS.
Indeed it has been reported that the “melting” of the mesophase in
oriented PLA often occurs in the glass transition temperature range
when its thermal stability is low [18,48]. According to Lv et al. [48],
when the formation of the mesophase is not followed by a subse-
quent crystallization (which provides a good representation of the
microstructure of as-spun fibers), the molecular ordering induced
by the process is completely destroyed above Tg due to the
conformational rearrangements of the macromolecules that
become possible with the sudden gain of molecular mobility. When
electrospinning is carried on plasticized PLA, as shown in Fig. 7D,
the two separated thermal events observed for as-spun fibers of
neat PLA are replaced by a broad peak covering the entire tem-
perature range. In these conditions, it is impossible to definitively
assert whether or not this peak constitutes the signature of only
one thermal event. It is clear, however, that the ATBC strongly
impacts the organization of the macromolecules.

Fig. 6. Tg mid versus ATBC weight content for all materials. The solid curve corresponds
to the Fox law by considering the Tg value of the quenched film of neat PLA. The dashed
curve corresponds to the Fox law by considering the Tg value of the as-spun fibers of
neat PLA.



Fig. 8 shows the C0 and Cʺ signals for neat PLA and blends with
15% ATBC for the as-spun fibers and the bulk samples. From these
two components, as explained elsewhere [13], it is possible to
extract the dynamic glass transition temperature Ta that corre-
sponds to the maximum of the Cʺ peak, the heat capacity at con-
stant pressure extrapolated to Ta in the glassy Cp glass and liquid Cp
liquid states, as well as the mean temperature fluctuation associated
with the glass transition dT that allow the calculation of the coop-
erativity length xTa. The density of the amorphous phase is also
needed for the calculation of the xTa and has been approximated as
being equal to the density of the material, i.e., equal to 1.25 g/mol
due to the obvious majority of the amorphous phase in all the
samples. All these relaxation parameter values are presented in
Table 3.

As expected, the plasticizer addition in bulk PLA from 0% to 15%
weight content induces a decrease of Ta from 62 �C to 36 �C. It also
increases dT from 3.1 �C to 5.5 �C without clear modification of the
heat capacity step DC0 which leads xTa to decrease from 2.8 nm
down to 2.0 nm. The values of cooperativity lengths agree with
those reported by Dobircau et al. [11] on PLA plasticized with ATBC,
as well as those reported by Delpouve et al. regarding neat PLA bulk

[13]. When the neat PLA undergoes electrospinning, Ta decreases
similarly to Tg from 62 �C to 59 �C. An increase of DC0 from 0.49 to
0.57 J g�1 K�1 is also recorded. However, the usually high uncer-
tainty around the values of the heat capacity step does not allow for
the distinguishing of whether this variation is significant or not. On
the other hand, the C00 peak is obviously narrower for the as-spun
fibers than the bulk. Consequently, the as-spun fibers present an
average fluctuation temperature of 2.4 �C against 3.1 �C for the bulk
and the cooperativity length in the as-spun fibers reaches 3.6 nm
against 2.8 nm in the bulk, which corresponds approximatively to
an increase of the cooperativity length of around 30%. Such an in-
crease of cooperativity induced by the process is not usual and
rarely mentioned in literature, so it will get further consideration in
the following paragraphs. Finally one can observe that the plasti-
cized materials exhibit similar values of relaxation parameters
whether they are electrospun or not. In other words, the electro-
spinning has no effect on the alpha relaxation of plasticized
polylactide.

As mentioned in the introduction, the cooperativity length is
dependent on both the temperature and the structural organization
into the material. In the present study, the cooperativity length has

Fig. 7. Average heat flow (solid lines) and non-reversing heat flow (dashed dotted lines) versus temperature fromMT-DSC for: (A) quenched films of neat PLA, (B) quenched films of
PLA þ 15% ATBC, (C) as-spun fibers of neat PLA, (D) as-spun fibers of PLA þ 15% ATBC.



been calculated for each material at the dynamic glass transition
temperature in order to limit the observed variations to structural
causes. Fig. 9 aims at picturing the structural dependence of the
cooperativity resulting from the external and internal hindrances
imposed on the material by focusing on four representative sys-
tems. In the bulk amorphous PLA (system 1), the macromolecules
arrange themselves into random coil, leading to a cooperativity
length close to 3 nm which is in accordance with reported values
for the characteristic length of the glass transition related to dy-
namic heterogeneity [3,49,50]. It is often reported in the literature
that the relaxation time distribution broadens when the amor-
phous phase becomes constrained [13,47]. Since the electro-
spinning induces the orientation of the macromolecules of PLA in
the amorphous phase (system 2), one might have expected that the
cooperativity at the glass transition will decrease. On the contrary
the molecular motions at the glass transition are more cooperative.
To explain this result, we should first consider that despite the

orientation of the macromolecules, the material is non-crystalline
which means that the amorphous phase is not confined in any
way. That makes a big difference compare to semi-crystalline
drawn materials that typically exhibit lower cooperativity mo-
tions at the glass transition [5,14]. In this latter case, the decrease of
cooperativity induced by the drawing should not be attributed to
the induced orientation of the macromolecules but to the presence
of crystallites confining the amorphous phase. It is also interesting
to notice that the increase of cooperativity in an initially bulk
amorphous material is often related to the same cause, i.e. the
creation of nano-domains playing the role of anchoring points
between the macromolecules [10,51]. In our case, we can reason-
ably assume that the highly cohesive mesophase plays this role by
increasing the level of inter-molecular interactions, thus leading to
the global increase of the cooperativity length. The opposite effect
occurs when adding ATBC to the bulk PLA (system 3). Although the
action of the plasticizer still deserves more investigations, it is
revealed from our WAXS measurements that the increase of the
dynamic heterogeneities which leads to the decrease of the average
cooperativity length is associated to a redistribution of the inter-
chain distances. This is consistent with the assumption that the
cooperativity length is correlated with the nature and the number
of inter-chain interactions [52]. In regard to this hypothesis, the
decrease of the cooperativity length could be interpreted as the
consequence of inter-chain bond breaking. Finally, although MT-
DSC results suggest that the macromolecules are oriented in the
electrospun plasticized materials (system 4), the cooperativity at
the glass transition remains unchanged before and after electro-
spinning. We assume that the changes in molecular dynamics
induced by the plasticizer addition are prevalent over the structural
reorganization induced by electrospinning, and that the plastici-
zation is not favorable to the formation of the mesophase.

Fig. 8. MT-DSC in-phase component C0 and out-of-phase component Cʺ of the complex heat capacity C*: (A) quenched films of neat PLA, (B) quenched films of PLA þ 15% ATBC, (C)
as-spun fibers of neat PLA, (D) as-spun fibers of PLA þ 15% ATBC.

Table 3
Modulated Temperature DSC parameters for the quenched films and the as-spun
fibers: Ta dynamic glass transition temperature, DC0 heat capacity step from the
in-phase component; dT mean temperature fluctuation related to the glass transi-
tion, xTa cooperativity length at the dynamic glass transition temperature.

ATBC (%) DC0 (J g�1 K�1) Ta (�C) dT (�C) xTa (nm)

Quenched films 0 0.49 ± 0.05 62 ± 1 3.1 ± 0.2 2.8 ± 0.3
5 0.44 ± 0.05 55 ± 1 4.1 ± 0.2 2.5 ± 0.2

10 0.49 ± 0.05 46 ± 1 4.7 ± 0.3 2.1 ± 0.3
15 0.51 ± 0.05 36 ± 1 5.3 ± 0.3 2.0 ± 0.3

As-spun fibers 0 0.57 ± 0.05 59 ± 1 2.4 ± 0.1 3.6 ± 0.3
5 0.50 ± 0.05 51 ± 1 4.0 ± 0.2 2.6 ± 0.2

10 0.51 ± 0.05 42 ± 1 4.7 ± 0.3 2.2 ± 0.2
15 0.45 ± 0.05 35 ± 1 5.4 ± 0.3 2.0 ± 0.2



4. Conclusion

The microstructure induced by the electrospinning of polylac-
tide depends both on the level of orientation of the macromole-
cules and on the necessary time for the macromolecules to
reorganize in crystals. In this study, a highly ordered but non-
crystalline microstructure has been generated, exhibiting about
4% of mesophase. In comparison to bulk polylactide, the alpha
relaxation of electrospun PLA is more cooperative. Since the
cooperative motions at the glass transition are often related to the
aptitude of the polymeric chains to connect by physical bonds, it is
assumed that the mesophase plays the role of anchoring points
between macromolecules due to its high cohesiveness. The plasti-
cization of polylactide cancels any difference of cooperativity
length between bulk and as-spun fibers. Both exhibit a decrease of
cooperativity with the content of plasticizer. We assume that the
plasticization induces strong modifications in the inter-chain
characteristic spacing and frustrates the creation of physical in-
teractions between macromolecules. This effect prevails over the
changes in the macromolecule organization that are induced by
electrospinning. It is also worth mentioning that the electro-
spinning of plasticized PLA is successful.
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