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Abstract 

Ultrafine diameter fibers of polyacrylonitrile (PAN), obtained from electrospinning, have 

huge potential for structural applications since they exhibit an unusual combination of 

strength and toughness. However, the difficulty to characterize their supramolecular 

architecture limits their production at the industrial scale. In this work, the glass transition of 

electrospun nanofiber mats of PAN was investigated by means of thermal analysis techniques. 

Modulated temperature differential scanning calorimetry (MT–DSC) and dielectric relaxation 

spectroscopy (DRS) were used, and relaxation parameters characteristic of the glass transition 

were obtained. Reduction in average fiber diameter resulted in broadening of the glass 

transition and a shift of its midpoint to higher temperatures as observed by MT–DSC, 
revealing additional level of constraints in the amorphous phase. The DRS curves, obtained 

above the calorimetric signature of the glass transition, superimpose independently on the 

fiber diameter. This result, which contrasts with MT–DSC observations, shows that the 
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constraint of mobility evidenced at the glass transition, is suppressed when driving the fiber 

mat to higher temperatures. The dielectric strength increases with temperature, revealing an 

increase in the density of dipoles participating to the relaxation dynamics. This result, 

commonly attributed to the progressive mobilization of initially constrained amorphous phase, 

supports the hypothesis that electrospinning process induces higher level of polymer chain 

orientation at small fiber diameters, which fades away when crossing the glass transition. The 

orientation impacts the temperature dependence of the relaxation time close to the glass 

transition, as it shows higher deviation from Arrhenius behavior with the decrease of the fiber 

diameter. This leads to an increase of the fragility index which comes in opposition to the 

decrease in the cooperativity length, estimated from the temperature fluctuation approach of 

the cooperative rearranging region (CRR) concept. To explain this result, both volume and 

thermal contributions of the fragility index have been calculated, and a strong increase in the 

thermal contribution has been observed for the most oriented material. This result is 

interpreted as a signature of an increase in the polymer chain rigidity.   

 

INTRODUCTION 

 

Electrospinning is a process which allows creating continuous micro– or nanofibers by jetting 

polymer solution in high electric field [1–10]. Due to the growing interest in the fabrication of 

continuous nanofibers for structural and functional applications, electrospinning was used in 

different fields such as tissue engineering [4,11], medical [12], filtration [6,13], food industry 

[14] and opto–electronics [15]. Fibers obtained by electrospinning can exhibit outstanding 

mechanical properties, such as combined strength and toughness, when their diameter is less 

than 250 nm [16]. To explain this result, it was hypothesized that electrospinning can generate 

high level of orientation while preserving low degree of crystallinity [16]. Indeed, the 

macromolecular chains undergo both electrical and mechanical stretching during 

electrospinning [1]. On the other hand, the crystalline growth occurs in a confined 

environment which can slow down the crystallization kinetics [17]. In addition, fast solvent 

evaporation may hinder the crystallization process [18]. As a result, the microstructure 

generated by electrospinning is complex, with the possible coexistence of crystalline and 

amorphous phases, as well as mesophase [19]. Mesophase is defined as an intermediate order 

structure which is a precursor to crystallization [20–22]. Ma et al. [23] investigated the 

formation of mesophase in electrospun polylactide. They show [23] that mesophase behaves 



similarly to rigid amorphous fraction (RAF), i.e., the part of the amorphous phase, resulting 

from the coupling between crystal and amorphous phases, which does not relax at the glass 

transition [24–26].  

The possibility to process nanofibers that are both strong and tough is very appealing. To 

reach this objective, the microstructure in the nanofibers should be perfectly controlled. The 

evaluation of orientation is particularly critical since the polymer chain alignment is one 

probable needed condition for the nanofiber to exhibit high values of modulus, true strength, 

and toughness, as previously reported [16]. Despite the interest to characterize polymer chain 

orientation in electrospun fibers, access to such information is highly challenging [27]. 

Relevant spectroscopic techniques exhibit significant artefacts due to light interaction with 

sub–wavelength diameter fibers, exhibiting high surface curvature [28]. In addition analysis 

of individual fibers requires designing new experimental protocols. Consequently, most of the 

studies are currently carried out on nanofiber mats. The question of the quantification of 

polymer chain orientation in nanofibers has been reviewed recently [29]. Various techniques, 

including X–Ray diffraction, Polarized Fourier Transform, infrared spectroscopy, thermal 

analyses, NMR, selected area electron diffraction, polarized optical light spectroscopy, 

polarized Raman spectroscopy, and also emerging techniques for evaluation of orientation, 

were investigated. Although some techniques are promising for quantification of orientation, 

most of them are restricted to the analysis of the orientation in the crystalline phase [29]. 

However superfine nanofibers are characterized by their low crystallinity. Therefore the 

interrogation of the amorphous phase is crucial and it is of interest to propose new approaches 

to characterize polymer chain alignment in electrospun systems. The goal of this study is to 

investigate whether the orientation of the amorphous phase in the electrospun nanofibers 

could be tracked from thermal analysis. To do so, characterization of polyacrylonitrile (PAN) 

nanofiber mats has been performed by both modulated temperature differential scanning 

calorimetry (MT–DSC) and dielectric relaxation spectroscopy (DRS). In PAN, degradation 

occurs before melting. Thus the analysis of the calorimetric data is jeopardized by the 

degradation which modifies or suppresses the response of the sample during the melting. In 

this context it becomes difficult to assess properties regarding the crystalline phase of PAN 

from DSC curves. Only the amorphous state can be safely interrogated from usual thermal 

analysis protocols. Our idea is to investigate whether the glass transition signature in 

nanofiber mats changes as a function of the average fiber diameter. The cooperative 

rearranging region (CRR) concept introduced by Adam and Gibbs [30] has been applied at the 

glass transition of PAN. A CRR is defined [30] as a subsystem which can rearrange its 



configuration into another, independently of its environment upon a sufficient thermal 

fluctuation. Each subvolume can be then considered as a thermodynamic system in metastable 

equilibrium with fluctuating variables [30]. Calculating the CRR size when the glass 

transition occurs in restricted volume, i.e., confined environment at the nanoscale, has been 

the object of previous studies [31–33]. A decrease of the CRR size has been reported when 

the amorphous phase is confined between the layers of organophilic clay [31], in multi nano–

layer polymer films [32], and by crystals [33]. Furthermore, many investigations on drawn 

films also evidenced a decrease in the cooperativity length [34–38] as well as anisotropy in 

the CRR size [38]. Monnier et al. [39] investigated the CRR size in electrospun fibers of 

polylactide. They showed that the very early stage of orientation of electrospinning is 

characterized by the cohesive role of mesophase which leads to a slight increase in the CRR 

size [39]. Cho et al. [40] showed by employing Adam-Gibbs theory that the fast interface 

dynamics of polymer fibers should influence the cooperative motion of monomers.  

Furthermore, the calculation of CRR size has recently be applied to new biobased polymers 

[41].  

In this work the relaxation dynamics of PAN nanofibers mats are investigated at the 

calorimetric glass transition from MT–DSC, and in the liquid state from DRS. The 

temperature dependence of the relaxation time is obtained from DRS, and the degree of 

deviation from Arrhenius behaviour, i.e., the fragility index [42] is calculated. Since the 

improvement of mechanical properties, essentially attributed to the high orientation in the 

amorphous phase linked to low degree of crystallinity, is observed for diameter less than 250 

nm, the average diameter of the PAN fiber in the mat goes down to 232 nm.   

 

EXPERIMENTAL 

 

Materials 

PAN fibers were electrospun at ambient conditions from PAN (Pfaltz and Bauer, Inc.®; cat# 

P21470, MW = 150 000 g/mol in average) solutions in N,N–dimethylformamide (DMF) 

(Sigma–Aldrich®; cat# 271012) in a 1 mL syringe using a 20 gauge needle and a feed rate 

equal to 0.6 mL/h. Fibers were collected on a stationary target covered with aluminium foil. 

The applied voltage was 12 kV; the distance between the spinneret and collector was 20 cm. 

The samples were electrospun from 8, 10, and 12 wt% of PAN in DMF.   

 



Scanning electron microscopy (SEM) 

Nanofiber diameter was examined by scanning electron microscopy (SEM) in an 

environmental apparatus (Quanta 200 FEG from FEI®) with no coating and no additional 

preparations. Several images of each mat were taken at different locations. Nanofiber 

diameters were measured for at least 200 fibers in each sample using ImageJ® software, 

average diameter was calculated, and a histogram was constructed.   

 

Modulated temperature differential scanning calorimetry (MT–DSC) 

Experiments were performed on a DSC Q100 Thermal Analysis® instrument. The samples, 

cut from fiber mats, then folded, were about 2 mg, encapsulated in Tzero® DSC aluminum 

alloy pans, and disposed to recover the surface of the pan in contact with the thermal sensor. 

Calibration in temperature was carried out using standards of indium and benzophenone. 

Calibration in energy was carried out using standard values of indium. The specific heat 

capacity for each sample was measured using sapphire as a reference. The modulation 

parameters were chosen to obtain a clear view of the glass transition (oscillation amplitude of 

2.5 K, oscillation period of 100 s, and heating rate of 1 K.min-1). The furnace was 

permanently swept by nitrogen flow (50 mL/min).  

 

Broadband Dielectric Spectroscopy (DRS)  

Dielectric relaxation spectra were measured with an Alpha Analyzer from Novocontrol® 

(frequency interval: 10-1—106 Hz). A portion of the mat was cut and placed between parallel 

electrodes, and the temperature was regulated through a heated flow of nitrogen gas, by 

means of a Quatro Cryosystem®, from 343 K to 473 K. The sample geometry was ranged 

from 80 to 100 μm thick and 20 mm diameter (upper electrode) for each sample. The 

thickness was measured when the nanofiber mat was placed between the electrodes. The 

complex permittivity ε* is calculated from: 

 �∗��� = �� − 	��� = 
�
�∗�����                                                (1) 

Where Z* = U* / I* is the impedance calculated from the Novocontrol system, U* is the 

applied voltage and I* the measured current, ε’ and ε’’ are the real and imaginary parts of ε*, 

i is the unit imaginary number, ω (=2πf) is the angular pulsation and f the frequency, C0 is the 

ideal empty cell capacity: 

 �� = �� ���
��                                                                            (2) 



Where ε0 is the vacuum permittivity, D is the diameter of the capacitor (upper electrode) and d 

is the thickness of the sample.  

The conductivity σ∗ of the material is calculated from the permittivity: 

              �∗ = �� − 	��� = 	2������∗ − 1�                                              (3) 

To analyze dielectric relaxation curves, the imaginary part of the permittivity has been fitted 

thanks to Havriliak–Negami (HN) complex function [43]. Grafitylab software was used to fit 

the experimental data using the least squares method. The correlation coefficient of the 

Havriliak-Negami fits was higher than 0.99 for the whole sample series. The relaxation times 

were extracted isothermally using a HN contribution and a conductivity term.  

                     �∗��� = −	 � �
���� + ∑ ∆�$

%&'���($�)$*+$ + �,-                  (4) 

Where k is the number of contributions for the fitting procedure (equal to 1 in the present 

study), n is a fitting parameter related to the conductivity slope, Δε is the dielectric strength, τ 

is the relaxation time, and α and β are the broadening and asymmetric shape factors. ε∞ is the 

permittivity at high frequency of the relaxation process, with Δε = εS - ε∞, where εS is the 

permittivity at low frequency (static). The errors associated to the fitting procedure are 

estimated about 5% for α and β and 3% for σ, n, τ and Δε.  

 

RESULTS AND DISCUSSION 

SEM pictures of the electrospun fibers are given in Figure 1. For all compositions, the fiber 

shape is globally homogeneous and the majority of the fibers do not show any beading effect. 

For 8, 10, and 12 wt% of PAN in DMF, the average diameter of fibers in the mats are 232 nm 

(Fig. 1a), 451 nm (Fig. 1b), and 785 nm (Fig. 1c), respectively. In the following sections, the 

samples are named as PAN_232, PAN_451, and PAN_785 accordingly. 



 

Figure 1. SEM pictures along with the fiber diameter distribution of as–spun solutions containing 8 

(a), 10 (b), and 12 (c) wt% of PAN in DMF respectively. Samples are named PAN_x, where x is the 

fiber average diameter in the PAN.  

 

The diameter is less dispersed when decreasing the concentration of polymer in solvent. 

PAN_785 exhibits the widest dispersion in the fiber diameter, whereas the diameter profile is 

the narrowest for PAN_232. Besides, the fiber diameter distribution of PAN_232 does not 

extend beyond 375 nm, whereas 375 nm is close to the minimum fiber diameter in PAN_785. 

Therefore the role of fiber size on both thermal characteristics and relaxation properties can 

be reliably investigated through the analysis of the three nanofiber mats. From the average 

heat flow curves recorded from MT–DSC (shown in Supporting Information Figure SI.1), the 

calorimetric signature of the glass transition is indiscernible since it is covered by parasitic 

thermal events. A clear view of the glass transition can however be obtained by applying the 

complete deconvolution procedure, suggested by Reading [44], to obtain the in–phase 

component C’ of the complex heat capacity. MT–DSC recorded variations of C’ in the glass 

transition domain are presented in Figure 2a. Characteristic parameters obtained from the 

glass transition investigation are given in Table 1. 

 



Table 1. Relaxation parameters obtained from MT–DSC and DRS for PAN_232, PAN_451, and 

PAN_785. Fragility values are given with an uncertainty of 10 %. mV and (m - mV) are calculated for 

αT/κ = 1.5 MPa / K.  

 

 MT–DSC DRS 

 
∆Cp 

(J g-1 K-1) 

Tg mid 

(K) 

δT 

(K) 

ξΤα 

(nm) 
m mV m - mV 

PAN_232 0.40 ± 0.04 360 ± 1 6.2 ± 0.2 1.7 ± 0.2 133 ± 14 124 ± 13 9 ± 1 

PAN_451 0.27 ± 0.04 354 ± 1 4.5 ± 0.2 1.9 ± 0.2 106 ± 11 93 ± 10 13 ± 2 

PAN_785 0.30 ± 0.04 351 ± 1 4.0 ± 0.2 2.2 ± 0.2 100 ± 10 81 ± 9 19 ± 2 

 

The curves have been shifted to coincide at 333 K with the solid heat capacity values given by 

Gaur et al. [45]. The corresponding equation of solid heat capacity that was reported is Cp = 

exp[0.222649 (ln T)3 – 3.36593 (ln T)2 + 17.6347 (ln T) – 28.1638] J mol-1 K-1. This 

procedure can be applied since the solid heat capacity is expected to be largely independent 

on the microstructure [46]. This means that, although the degree of crystallinity and the 

degree of orientation should be different between samples, we assume the solid heat capacity 

to remain invariant. It is helpful when the heat capacity variation with temperature has to be 

accurately known, as for the CRR calculation. The glass transition temperature measured at 

midpoint Tg mid is shifted towards higher temperature (from 351 to 360K) with the decrease of 

the fiber diameter. Furthermore, the glass transition significantly broadens. According to 

Hempel et al. [47], the temperature fluctuation δT associated with the main relaxation process 

(α–relaxation) reflects the heterogeneity in the amorphous phase dynamics. δT was estimated 

by fitting dC’/dT (shown in Figure 2b) with a Gaussian peak shape and determining its 

standard deviation. δT increases from 4.0 K for PAN_785 to 6.2 K for PAN_232. Many 

studies report an enlargement of the glass transition, i.e., an increase of δT, when the 

amorphous phase mobility is hampered by geometrical confinement [31–32], crystalline 

growth [33,36], or orientation [34–38]. From Figure 2a, one can observe that the heat capacity 

step at the glass transition is significantly higher for PAN_232 (∆Cp = 0.40 J g-1 K-1 versus 

approximately 0.30 J g-1 K-1 for the two other materials). This indicates that the relative 

content of amorphous phase relaxing at the glass transition increases with the decrease of the 

average fiber diameter. This means that the broadening and the shift of the glass transition for 

PAN_232 are not related to higher crystallinity content. This result is however consistent with 



previous work reporting that the reduced diameter fibers have less crystallinity but improved 

chain orientation [16]. Similar results were obtained by characterizing electrospun PAN fibers 

from several techniques including X–Ray diffraction, Infrared and Raman spectroscopy [29].  

 

      
 

 

Figure 2. (a) MT–DSC in–phase (C’) component of the complex heat capacity and (b) its derivative 

dC’/dT versus temperature for PAN_232, PAN_451, and PAN_785. 

 

As constraint slackening in polymer chains is expected to occur above the calorimetric glass 

transition [48], severely impacting the amorphous phase orientation, it is interesting to extend 

the range of investigation of the relaxation process to higher temperatures. The range of 

solicitation frequency accessible from DRS experiments allows investigating the molecular 

mobility far above the calorimetric glass transition, as the glass transition dielectric signature 

(segmental relaxation) is detected at higher temperature for higher frequency. An example of 

the detection of the segmental relaxation as a function of temperature and frequency is given 

for PAN_785 in Supporting Information (Figure SI.2). For all systems, it has been obtained 

between 378 and 443 K. It shows that the segmental relaxation signature shifts towards lower 

temperatures when decreasing the frequency from 106 to 102 Hz. The frequency domain 

investigated has been limited by conductivity phenomena. From these curves the permittivity 

has been analyzed.  



       

Figure 3. Real (a) and imaginary (b) parts of the complex dielectric permittivity recorded at 419 K 

from DRS for PAN_232, PAN_451, and PAN_785. Data have been normalized to the relaxation 

maximum response. 

 

One concern for the analysis of the permittivity results is that PAN mats between parallel 

electrodes are not bulky materials; instead they contain a certain volume of non–controlled air 

(nanofibers + air between nanofibers). The real part of the permittivity of air, equal to 1, is 

different from the one of PAN bulk material or fiber alone. Thus, even knowing the perfect 

thickness of the NF mats, the measurement will not provide the accurate permittivity value of 

the PAN fiber alone. Electromagnetic mixing models may help to calculate the average 

permittivity of the two–phase material. However, the exact amount of air in the system is not 

known. Consequently, a normalization of the permittivity was performed to compare the 

shape and position of the peak maximum of the α–relaxation, i.e., real and imaginary part of 

the permittivity were divided by the value of ε’ and ε’’ at the related α–relaxation time (at 

419K). This leads to ε’’/ε’’max = 1 for the relaxation time corresponding to the maximum 

response associated with the dielectric manifestation of the glass transition. Therefore, both 

real and imaginary parts of the complex dielectric permittivity recorded at 419 K (random 

choice in the investigated temperature range) are presented after normalization in Figure 3a 

and Figure 3b respectively (raw data are provided in Supporting Information Figure SI.3). 

Nevertheless, according to Figure 3b there is no significant change in the position of the 

maximum (refer to Supporting Information Figure SI.3 for cross comparison between curves). 

At low frequencies, conductivity phenomena are superimposed to the relaxation. One can 

notice that the observation of relaxation is extended to 103 Hz for the fiber mats with largest 

diameter nanofibers, whereas it is restricted by conductivity to high frequencies (104 to 106 

Hz) for PAN_232, which also exhibits the highest conductivity values. Figure 4 depicts the 

real (a) and imaginary (b) parts of the conductivity. It can be seen that the DC plateau 



corresponding to the nearly linear behavior of the real part of the conductivity, increases when 

the fiber diameter decreases which reveals the higher conductive character when decreasing 

the fiber diameter. These results are consistent with the study of Zhang and Rutledge [49], 

which reports that the conductivity of polyaniline fibers increase by solid state drawing which 

both increases orientation, and decreases the average diameter. The increase in the real part of 

the permittivity is most likely related to the undesirable effect of electrode polarization which 

is observable in Figure 4b by the change of slope in the imaginary part of the conductivity 

[50]. It can be seen in Fig 3 and Fig 4 that the deviation (in frequency) from AC regime in 

both real and imaginary part of the conductivity coincide with the increase in the imaginary 

and real part of the permittivity respectively, related respectively to the conductivity of the 

material and the parasite electrode polarization effect.  

 

    

Figure 4. Real (a) and imaginary (b) parts of the conductivity as a function of frequency at 146°C for 

PAN_231, PAN_451 and PAN_785.   

 

More information related to the mobility in constrained amorphous phase can be obtained 

from the variations of the dielectric strength ∆ε. The values of ∆ε were obtained from the HN 

analysis of raw data. An example of Havriliak–Negami fitting is given in Figure 5. It can be 

seen that the experimental points are well fitted with a conductivity term and a HN 

contribution. Examples of fitting parameters related to the conductivity term are given in 

Table SI.1 of the Supporting Information. Figure 6 displays the fitting parameters α and β 

obtained from Havriliak–Negami equation. For the lowest accessible temperatures, about 40 

K above the calorimetric glass transition, the fitting parameters are quite different, revealing 

potential structural differences between samples. On the other hand, for the highest 

temperatures, the samples exhibit the same fitting parameters (close to 0.7 for α and to 0.45 



for β) as the relaxation shape starts to merge for each sample to finally have the same shape at 

very high temperature.  

 

 

Figure 5. Example of the fitting procedure with a conductivity term and a HN contribution performed 

for PAN_785 at 130°C. Empty squares are the experimental points, red dash line is the HN function, 

blue dash line is the conductivity term and dark cyan dash line is the sum of the two contributions. The 

obtained correlation coefficient is equal to 0.998 after 2 iterations. 

 

 

Figure 6. Fitting parameters α and β, obtained from Havriliak–Negami equation, versus inverse 

temperature for PAN_232, PAN_451, PAN_785. 



 

In Figure 7, ∆ε is normalized to its maximum value, and plotted as a function of temperature 

for all the samples. This allows comparing directly the trend of the dielectric strength for each 

sample as a function of temperature. However, we do not recommend comparing the absolute 

value of the dielectric strength as the amount of air is influencing this value. The variation of 

the normalized dielectric strength with temperature follows a similar trend for all the samples 

and converges at high temperature. The expression of ∆ε is given by the Kirkwood–Fröhlich 

equation [51–52]: 

∆� = &
.�� / 0�

-12
3
4                                                                 (5) 

Where ε0 is the vacuum permittivity, g is the Kirkwood correlation factor, µ2 is the time–

correlation function of the total dipole moment, kB is Boltzmans’s constant, T is the 

temperature, and N/V is the volume density of dipoles. While Eq. 5 shows that ∆ε is inversely 

proportional to the temperature, Figure 7 reveals in contrast that the dielectric strength 

monotonically increases with temperature. An overall increase in ∆ε might be related to an 

increase of the correlation factor (which is however known to be inversely dependent on the 

temperature), an increase in the dipole moment (which seems unlikely since all the fiber mats 

are made of PAN), or an increase in the density of dipoles N/V. The increase of N/V with 

temperature has previously been reported for semi–crystalline polymers [53] and is associated 

with the progressive mobilization of constrained amorphous phase which devitrifies in a 

temperature domain that is not limited to the calorimetric glass transition. For example this 

could indicate the presence of RAF in the material. Indeed RAF is the part of the amorphous 

phase that does not mobilize during the glass transition but devitrifies in a temperature 

domain, often broad, which stands above the glass transition. Electrospinning induces an 

orientation of the polymer chains. Thus, we hypothesize that this behavior is the signature of 

initial orientation, which severely constrains the mobility in the amorphous phase close to the 

calorimetric glass transition, but then progressively vanishes with the temperature increase 

due to polymer chain relaxation. Until merging of the curves, the dielectric strength is the 

lowest for PAN_232. This is consistent with the idea that polymer chains are more oriented in 

this sample.  

 



 

Figure 7. Evolution of the normalized dielectric strength with temperature obtained from DRS 

measurements for PAN_232, PAN_451, and PAN_785. The error bars were estimated as 10% of the 

recorded value.  

 

In Figure 8a the relaxation time is plotted as a function of the inverse of temperature. As 

expected, the samples exhibit a non–linear dependence of the relaxation time with 

temperature, which is typical of the α–relaxation process associated with the glass transition. 

The Arrhenius plots were fitted with the Vogel–Tamman–Fulcher (VTF) law: 

5 = 5�678 � �2�
2
2��

                                                                        (6)

 

Where τ0 is a pre–exponential factor, D is a dimensionless parameter related to the slope 

variation (steepness strength), and T0 is the Vogel temperature. VTF fitting parameters are 

given in Table 2.  

Table 2. Fitting parameters of the VTF equation for PAN_232, PAN_451 and PAN_785 obtained 

from the combination of MT–DSC and DRS results (solid line).  

 log τ0 D T0 

PAN_232 -10.5 ± 0.1 3.1 ± 0.1 321.2 ± 0.8 

PAN_451 -10.9 ± 0.1 3.8 ± 0.1 314.0 ± 0.5 

PAN_785 -11.0 ± 0.1 4.2 ± 0.2 307.5 ± 1.2 

 

 



We observe a good concordance of the fits with, and without, adding the calorimetric glass 

transition data at the relaxation time corresponding to a period of 100s of MT–DSC analysis. 

At high temperature the relaxation time is the same for all materials, while the curves start 

deviating from each other with the decrease in temperature. PAN_232 exhibits the highest 

relaxation times close to the glass transition. From a Tg normalized representation of the 

relaxation time variations (Figure 8b), it is possible, as proposed by Angell [42], to compare 

the materials by the slope of the deviation from the Arrhenius behavior, using the fragility 

index m.  

9 = �:;<=��(�
�>2/2@A B

2C2@
                                                                       (7) 

Despite the shift of the glass transition, PAN_451, and PAN_785 exhibit the same fragility 

index (about 100). On the other hand the slope is more steep for PAN_232 leading to a 

fragility index of 133. The uncertainties on kinetic fragility are about 10% of the calculated 

index (see Table 1).  

               

Figure 8. (a) Evolution of the relaxation time with the inverse of temperature from DRS 

measurements and (b) Tg normalized variations of the relaxation time for PAN_232, PAN_451, and 

PAN_785. Dashed curves correspond to VTF fit from DRS data and solid curves correspond to VTF 

fit from the combination of DRS and MT–DSC data.  

 

According to the approach of Donth [54], the cooperativity length ξ can be calculated from 

the temperature fluctuation associated with the glass transition, which can be estimated from 

calorimetric measurements such as MT–DSC using Equation 8:  

D2)
. = E =

FG@HIJJ L)
 =
FGHMNOMP L)Q-12)�

RS2�                                                     (8) 



Where Cp is the specific heat capacity at constant pressure, kB is the Boltzmann’s constant, Tα 

is the dynamic glass transition temperature, ρ is the density equal to 1.2 [55], and δT is the 

mean square temperature fluctuation associated with the glass transition. The Cp glass and 

liquid values as well as the δT were extracted first by MT–DSC measurements from the 

calorimetric glass transition temperature for every sample. Values of ξ = 1.7 nm, 1.9 nm, and 

2.1 nm were obtained for PAN_232, PAN_451, and PAN_785 respectively. Saiter et al. [56] 

proposed to extend the calculation of the cooperativity length from the calorimetric glass 

transition to the rise of cooperativity at the temperature of crossover, by combining DRS and 

MT–DSC measurements. To do so, δT was estimated as a function of temperature from DRS 

results. Cp glass was estimated as a function of temperature from the equation proposed by 

Gaur et al. [45]. Cp liquid was recorded as a function of temperature from MT–DSC 

measurements. Data are reported in the supporting information as Table SI.2, SI.3 and SI.4 for 

PAN_232, PAN_451 and PAN_ 785 respectively. As can be seen in Figure 9a, for 

temperatures significantly above the calorimetric glass transition, the cooperativity length is 

identical between samples. Moreover, the cooperativity decreases with the increase of 

temperature, consistently with previous studies [56–57]. The cooperativity is plotted in Figure 

9b as a function of relaxation time.   

           

 

Figure 9. (a) Cooperativity length as a function of temperature, and (b) as a function of the relaxation 

time, calculated for PAN_232, PAN_451, and PAN_785.  

 

For τ = 16 seconds, which corresponds to the calorimetric glass transition, cooperativity 

differs between the samples. ξ decreases with the fiber average diameter. A decrease of 



cooperativity was previously reported when increasing the polymer chain orientation [34–38]. 

On the other hand, for lower relaxation times, the cooperativity is the same between 

PAN_232, PAN_451, and PAN_785. This again suggests that the relaxation dynamics are 

only influenced by orientation close to the calorimetric glass transition.  

Hong et al. [58] separated the fragility index m in two contributions (see Eq. 9). The index mV 

depicts the pure thermal variations of the relaxation time in isochoric conditions. Its 

counterpart (m - mV) represents the fragility term that is sensitive to volume variations.  

          9 = 94 + T4#
V �&��-1  WL

X                                                               (9) 

Where κ is the compressibility and αT is the coefficient of thermal expansion of the 

supercooled liquid at Tg. The ratio αT/κ goes from 0.5 to 3.0 MPa / K for a wide range of glass 

formers, and ∆V# is equal to 5% of the cooperativity volume. Therefore (m - mV) depends on 

the cooperativity length. For an average value αT/κ = 1.5 MPa / K, (m - mV) = 9, 13, and 19 

for PAN_232, PAN_451, and PAN_785 respectively were obtained. Thus PAN_451 and 

PAN_785 exhibit close values for mV, 93 and 81 respectively, while mV equal to 124, for 

PAN_232, is significantly higher. As shown in a previous study on plasticized polylactide 

[59], the variations of cooperativity and fragility are correlated under the condition that mV 

almost remains invariant. On the other hand, relaxation parameters m and ξ can also exhibit 

opposite variations [36,60] like in the present study. By investigating the relaxation dynamics 

in interpenetrated networks [61], we recently gave a structural interpretation of each fragility 

contribution in polymers. (m - mV), which follows cooperativity, depicts the level of interchain 

interactions, whereas mV is a parameter characteristic of the backbone rigidity, increasing with 

intrachain interactions, that could develop during orientation. It is assumed that mV is the 

highest for PAN_232 because the amorphous phase is more oriented in this sample. One can 

consider that in the present study mV gives qualitative information regarding the degree of 

orientation in fiber mats. More generally, we observe that the average fiber diameter has a 

strong impact on several relaxation parameters obtained from thermal analysis. The combined 

use of MT–DSC and DRS is potentially interesting to supplement data obtained from 

spectroscopy techniques such as X–Ray diffraction.  

 

CONCLUSION 



Characterizing polymer chain orientation in electrospun fibers is of high interest since their 

outstanding mechanical properties result from a combination of low crystallinity and high 

polymer chain alignment. This study shows the possibility to obtain relative information, i.e., 

to compare electrospun fiber mats, by investigating the relaxation dynamics, from the 

combination of modulated temperature differential scanning calorimetry (MT–DSC) and 

dielectric relaxation spectroscopy (DRS). The mat with smaller average nanofiber diameter 

exhibits both a decrease of the cooperativity length at the calorimetric glass transition, and an 

increase of the thermal contribution of fragility. Our interpretation is that these results are 

caused by a constraining of amorphous phase dynamics and by an increase in the polymer 

chain rigidity respectively. The potential explanation that these results could be related to an 

increase of the degree of crystallinity is inconsistent with the experimental results since the 

material exhibiting the lowest cooperativity also has the highest content of amorphous phase 

relaxing at the glass transition. More probably the change in the glass transition dynamics is 

associated with a stronger polymer chain alignment. Moreover, the relaxation dynamics, 

investigated from DRS, merge far above the calorimetric glass transition but significantly 

below the melting domain, suggesting a constraint slackening in the amorphous phase when 

crossing the glass transition. These results are also consistent with the decrease in crystallinity 

for smaller average nanofiber diameters previously observed by X–Ray diffraction studies 

[29]. It is worth mentioning that the influence of the orientation on the relaxation dynamics is 

only detected for the mat with the smallest average fiber diameter. This result is in agreement 

with previous investigations [16] showing major improvements in mechanical properties for 

nanofibers with diameter below 250 nm.  
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